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EXPLANATORY NOTE 

The Proceedings of the Third International Con
ference on the Peaceful Uses of Atomic Energy 
comprise a single, multilingual publication of sixteen 
volumes. This form was prescribed by the General 
Assembly of the United Nations in approving the 
Conference budget. 

Papers accepted for consideration at the Con
ference are accordingly printed herein only in the 
original language of submission, each being followed 
by its abstract in the other three languages of the 
Conference.* 

The budgetary arrangements for the Conference 
required also that Governments provide abstracts 
and papers in two of the Conference languages. One 
of the three abstracts following each paper is, there
fore, in a translation provided by the Government 
concerned. The abstracts were translated into the 
other two languages either by the Division of 
Language Services, International Atomic Energy 
Agency (IAEA) in Vienna, or, with its assistance, 
through the intermediary of the national atomic 
energy authorities in London, Paris, Moscow and 
Madrid. 

The Foreword by the Secretary-General of the 
United Nations, the Preface by the Director General 
of IAEA, and this Explanatory Note, together with 
the records of discussion at each of the six scientific 
general sessions and thirty-six technical sessions of 
the Conference, are published in all four languages. 
All other material, which is largely of a formal 
nature and is confined to Volumes 1 and 16, is 
published in the language of submission or delivery, 
followed in the case of French, Russian and Spanish 
originals by the English translation. 

Governments whose national tongue is not one of 
the four Conference languages were consulted as 
to their preference for the language in which their 
papers should appear in these Proceedings. 

The Table of Contents in each volume gives the 
titles of papers in the original language, or language 
of choice, followed in the case of French, Russian 
and Spanish titles by the English translation. 

Starting from the 992 abstracts submitted by 
Governments, specialized agencies and IAEA, the 
Scientific Secretariat, working under the guidance 

* The languages of the Conference were English, French, 
Russian and Spanish. 
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of the United Nations Scientific Advisory Com
mittee, finally chose 747 papers for inclusion in the 
Programme of the Conference; of these, 358 were 
selected for oral presentation at the 42 working 
sessions. 

In arranging the programme, the Scientific Secre
tariat aimed at achieving a balanced schedule, 
providing for the oral presentation of as many papers 
as possible at each session while still leaving ade
quate time for discussion of the material presented. 
Two afternoons were left entirely free, to enable 
informal groups to discuss matters arising out of 
discussions at the formal sessions of the Conference. 
No records were taken of such informal meetings. 

Wherever possible, the author, or authors, of 
papers were consulted during the Conference by 
members of the Scientific Secretariat, who acted as 
secretaries of session, or by the team of editors made 
available for the purpose by IAEA, * * to ensure 
maximum accuracy. 

The records of discussion at the various sessions, 
based on notes taken in the meetings by IAEA 
records officers,** and checked where necessary 
against the sound recordings made of all sessions, 
were prepared by the Division of Language Services 
of IAEA in English, and subsequently translated 
into French, Russian and Spanish through the inter
mediary of the atomic energy authorities in the 
three countries concerned (see third paragraph of 
the present note). 

The editing of the English, French and Spanish 
papers was carried out at the United Nations Office 
at Geneva under United Nations supervision by a 
team of editors, whose services, also, were made 
available by the atomic energy authorities of their 
respective countries, with some help from outside 
consultants. The editing of the Russian papers was 
done in Moscow in similar circumstances. The 
following served as editors: Mr. A. de Calmes, 
Dr. C. E. Granados, Mr. D. H. Hill, Mr. V. F. 
Kalinin, Cand. Tech. Sc., Dr. R. Lapage, Mr. E. T. 
Maries, Dr. J. D. C. Mole, Mr. C. Segot, Mr. J. J. 
Stobbs, Mr. C. R. Symons and Mr. J. Williamson. 

The task of printing this large collection of scien
tific information has been shared by printers in 

** The names of the scientific secretaries, editors and 
records officers will be found in the list of the Conference 
Secretariat in Annex 1, Volume 1, of this series. 



Belgium, Canada, France, Switzerland, the Union 
of Soviet Socialist Republics and the United 
Kingdom. 

Volume 
No. 

Full titles of the sixteen volumes of these Pro
ceedings, together with the sessions covered by each 
volume, are as follows: 

Sessions included 

Progress in Atomic Energy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A, B, 1.6, C, H 

2 

3 

4 

Reactor Physics 

Reactor Studies and Performance 

Reactor Control 

3.1 

3.2, 3.3 

3.4, 3.5 

5 Nuclear Reactors - I. Gas-cooled and Water-cooled Reactors . . . . . . . . . . . . . . . 1.1, 1.2, 1.3 

6 Nuclear Reactors- II. Fast Reactors and Advanced Concepts. . . . . . . . . . . . . . . 1.4, 1.5, 1.7 

7 Research and Testing Reactors.......................................... D, 1.9, 1.8 

8 Reactor Engineering and Equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.101 1.11 1 3.7 

9 Reactor Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.81 2.91 2.4 

10 Nuclear Fuels - I. Fabrication and Reprocessing . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.31 2.61 2.7 

11 Nuclear Fuels- II. Types and Economics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.51 2.1 1 2.2 

12 Nuclear Fuels-Ill. Raw Materials ...................................... 2.11 1 2.121 2.10 

13 Nuclear Safety . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.9, 3.8 3.6 

14 Environmental Aspects of Atomic Energy and Waste Management . . . . . . . . . . 3.101 3.11 

15 Special Aspects of Nuclear Energy and Isotope Applications . . . . . . . . . . . . . . E1 4.1 1 F1 G1 4.2 

16 list of Papers and Indexes 

vi 



NOTE EXPLICATIVE 

Les Actes de la troisieme Conference intema
tionale sur !'utilisation de l'energie atomique a des 
fins pacifiques sont publies ici sous la forme d'une 
edition unique, multilingue, en seize volumes. Cette 
presentation a ete decidee par 1' Assemblee generale 
lorsqu'elle a approuve le budget de la Conference. 

En consequence, les memoires qui ont ete acceptes 
pour la Conference sont reproduits ici dans la langue 
originate dans laquelle ils ont ete soumis et sont 
suivis d'un resume dans les trois autres langues de 
la Conference *. 

Aux termes des dispositions budgetaires prises 
en vue de Ia Conference, les gouvemements devaient 
fournir les resumes et les memoires dans deu-!( des 
langues de la Conference. Ainsi, sur les trois resumes 
qui suivent chaque memoire, un est une traduction 
foumie par le gouvemement interesse. La traduction 
des resumes dans les deux autres langues a ete faite 
soit par la Division des services linguistiques de 
l'Agence intemationale de l'energie atomique 
(AlBA), a Vienne, soit avec son concours, par les 
soins des organismes nationaux competents en ma
tiere d'energie atomique a Londres, Paris, Moscou 
et Madrid. 

L'avant-propos du Secretaire general de !'Orga
nisation des Nations Unies, Ia preface du Directeur 
general de 1' AlBA et Ia presente note explicative, 
ainsi que Ies comptes rendus de chacune des six 
seances scientifiques generales et des trente-six 
seances techniques de la Conference, sont publies 
dans les quatre langues. Tous les autres textes, qui 
pour la plupart sont d'un caractere non technique et 
figurent dans les volumes 1 et 16, sont publies dans 
la langue dans laquelle ils ont ete presentes par 
ecrit ou oralement et sont suivis, lorsque cette langue 
est l'espagnol, le fran~ais ou le russe, d'une tra
duction en anglais. 

Les gouvemements des pays dont la langue offi
cielle n'est pas l'une des quatre langues utilisees a 
la Conference ont ete consultes pour savoir dans 
quelle langue ils preferaient voir paraitre leurs 
memoires. 

La table des matieres de chaque volume donne 
les titres des memoires dans la langue originale ou 
dans la langue choisie; ces indications sont suivies, 

* Les langues de Ia Conference etaient I'anglais, l'espa
gnol, le fran~ais et le russe. 

vii 

pour les titres en espagnol, en fran~ais et en russe, 
de la traduction en anglais. 

Sur les 992 resumes presentes par les gouveme
ments, les institutions specialisees et 1' AlBA, le 
Secretariat scientifique, travaillant sous la direction 
du Co mite consultatif scientifique des Nations Unies, 
en a finalement retenu 7 4 7 pour les inscrire au 
programme de Ia Conference; sur ce nombre, 358 
ont ete presentes oralement aux 42 seances de 
travail. 

En etablissant le programme de la Conference, 
le Secretariat scientifique a cherch6 a realiser un 
equilibre: il s'est efforce de menager un temps suffi
sant pour la presentation du plus grand nombre 
possible de memoires tout en laissant du temps pour 
leur discussion. Deux apres-midi avaient ete laisses 
entierement libres afin de permettre aux participants 
d'organiser des reunions non officielles et de dis
cuter en petits groupes des questions qui se posaient 
a la suite des seances officielles de la Conference. 
Ces reunions n'ont pas fait !'objet de comptes 
rend us. 

Toutes les fois que cela a ete possible, !'auteur 
ou les auteurs des memoires ont ete consultes pen
dant la Conference par les membres du Secretariat 
scientifique, qui ont assure le secretariat des seances, 
ou par l'equipe d' « editeurs » que l'AIEA ** avait 
mis a cet effet a la disposition de la Conference, 
afin d'assurer !'exactitude la plus grande. 

Les comptes rendus des discussions aux reunions, 
etablis d'apres les notes prises en seance par les 
redacteurs de comptes rendus de 1' AlBA** et com
pares toutes les fois qu'il le fallait avec les enregis
trements sonores, ont ete rediges en anglais par la 
Division des services linguistiques de 1' AIEA, puis 
traduits en espagnol, en fran\tais et en russe par les 
soins des organismes competents en matiere d'ener
gie atomique des trois pays interesses (voir le troi
sieme alinea de la presente note). 

Les memoires rediges en anglais, en espagnol et 
en fran\tais ont ete mis au point pour !'impression 
a !'Office europeen des Nations Unies a Geneve, 
sous le controle de l'ONU, par une equipe de redac-

** On trouvera les noms des secretaires scientifiques, des 
« editeurs » et des redacteurs de comptes rendus dans Ia 
liste des membres du secretariat de Ia Conference a l'an
nexe 1 du volume 1. 



teurs mis a la disposition de la Conference par les 
organismes competents en matiere d'energie ato
miques des pays interesses, avec l'aide de quelques 
consultants exterieurs. La mise au point definitive 
des memoires rediges en russe a ete faite a Moscou 
dans les memes conditions. Voici les noms des 
redacteurs qui ont assure la mise au point des 
memoires: M. A. de Calmes, M. C. E. Granados, 
M. D. H. Hill, M. V. F. Kalinin, Mne R Lapage, 
M. E. T. Maries, Mne J. D. C. Mole, M. C. Segot, 

Numero 
du volume 

M. J. J. Stobbs, M. C. R Symons et M. J. 
Williamson. 

Des entreprises de Belgique, du Canada, de 
France, du Royaume-Uni, de Suisse et de !'Union 
des Republiques socialistes sovietiques se sont par
tage la tache que representait !'impression de cette 
masse importante de documents scientifiques. 

Les titres complets des seize volumes des Actes 
de la Conference, ainsi que les numeros des seances 
sur lesquelles porte chaque volume, figurent ci-apres: 

Seance• 

Progres accomplis dans le domaine atomique . . . . . . . . . . . . . . . . . . . . . . . . . . . A, 8, 1.6, C, H 

2 Physique des reacteurs 3.1 

3 Etude des reseaux et performance des reacteurs . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2, 3.3 

4 Contr&le des reacteurs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.4, 3.5 

5 Reacteurs nucleaires - I. Reacteurs refroidis par un gaz et reacteurs refroidis a 
l'eau . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . .. .. .. . . 1.1, 1.2, 1.3 

6 Reacteurs nucleaires- II. Reacteurs a neutrons rapides et reacteurs d'avant-
garde . . . . . . . . . . . . . . . . . . . . . . . 1.4, 1.5, 1.7 

7 Reacteurs de recherche et reacteurs d'essai de materiaux. . . . . . . . . . . . . . . . . . D, 1.9, 1.8 

8 Technologie et equipement des reacteurs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.10, 1.11, 3.7 

9 Materiaux pour reacteurs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.8, 2.9, 2.4 

10 Combustibles nucleaires- I. Fabrication et retraitement . . . . . . . . . . . . . . . . . . . 2.3, 2.6, 2.7 

11 Combustibles nucleaires- II. Caracteristiques et aspects economiques . . . . . . . 2.5, 2.1, 2.2 

12 Combustibles nucleaires - Ill. Matieres premieres . . . . . . . . . . . . . . . . . . . . . . . . 2.11, 2.12, 2.10 

13 Surete nucleaire . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.9, 3.8, 3.6 

14 Influence sur le milieu de l'emploi de l'energie nucleaire. Traitement et elimi-
nation des dechets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1 0, 3.11 

15 Aspects particuliers de l'energie nucleaire et applications des radioelements. . E, 4.1, F, G, 4.2 

16 Liste des memoires et index 
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llO.HCHHTEJibHA.H 3AITHCRA 

Tpy.a.hl TpeTbeii Me}I{,.U,yHapo.li,Hoii KaH<l>e

peHU.HH no HCnOJib30BaHHIO aTOMHOH aHeprHH 

B MHpHhiX l.l,eJI.HX npe,li.CTaBJI.HIOT C060H e,li.HHOe 

MHOrO.H3bi11HOe H3,ll.aHHe H3 WeCTHa,ll.l.l,aTH TO· 

MOB. TaKa.H $OpMa 6biJia npe.a.yCMOTpeHa feHe

paJibHOH AccaM6Jieeii OpraHH3aU.HH 06'be.li.H

HeHHbiX Hau.Hii npH o.a.o6peHHH e10 610)I)KeTa 

KoHq>epeHU.HH. 

DpHH.HTble K paccMoTpeHHIO KoH<PepeHu.Heii 

,li.OKJia.D.hl COOTBeTCTBeHHO ony6JIHKOBaHbl 3,ll.eCb 

JIHWb Ha .H3h1Ke OpHrHHaJia; npH aTOM KIDK,ZI.biH 

,li.OKJia,ll. conpoBO.)KJ.J.aeTC.H aHHOTal.I,Heii Ha .li.PY

rHX Tpex .H3h1Kax KoH<PepeHU.HH*. 

biO)I)KeTHble nOCTaHOBJieHH.H B OTHOWeHHH 

npose,zJ.eHHSI KoHq>epeHU.HH TaiOKe npe.a.ycMaTpH

BaJIH, 11TO npaBHTeJibCTBa npe,li.CTaBSIT aHHOTal.I,HH 

H ,li.OKJia,ll.bl Ha .li.BYX Sl3b1Kax KoHq>epeHl.I,HH. no-

3TOMY O,li.Ha H3 Tpex aHHOTal.I,HH, conpOBO.>K,ll.a

IOlllHX Ka.)KJ.J.biH ,li.OKJia,ll., SlBJISleTCSl nepeBO,li.OM, 

npe,li.CTaBJieHHbiM COOTBeTCTBYIOlllHM npaBH· 

TeJibCTBOM. AHHOTal.I,HH 6hiJIH nepeBe,ll.eHbl Ha 

,ll.pyrHe ,li.Ba Sl3b1Ka JIH60 0T,ll.eJIOM nepeBO,li.OB 

Me.>K.a.yHapo.a.Horo areHTCTBa no aTOMHOii aHep

rHH (MAfAT3) B BeHe, JIH6o c ero noMOll.lbiO 

npH COTPY.li.HH11eCTBe HaU.HOHaJibHbiX opraHOB, 

Be,ll.aiOll.lHX BOnpocaMH aTOMHOH aHeprHH, B 

JlOH.li.OHe, DapH.>Ke, MocKBe H MaApH.a.e. 

Bse.a.eHHe H npe.a.HcJIOBHe feHepaJibHOro 

CeKpeTapSI OpraHH3aU.HH 06·beAHHeHHblX Ha

U.Hii H feHepaJibHOro AHpeKTopa MAfAT3, co

OTBeTCTBeHHo, H HaCTOSlll.laSI nO.HCHHTeJibHaSJ 

sanHCKa, HapSI,ll.y C npOTOKOJiaMH Ka.)KJ.J.OrO H3 

WeCTH Hay11HbiX nJieHapHbiX 3aCe,ll.aHHH H TpH,ll.

l.l,aTH UiecTH ceKU.HOHHbiX sace.a.aHHH KoH<PepeH

U.HH, ny6JIHKYIOTCSI Ha acex qeTblpex .H3b!Kax. 

Bee .ll.pyrHe MaTepHaJibl, KOTOpbie no CBOeMy 

xapaKTepy B OCHOBHOM OTHOCSlTCSl K 11HCJIY 

O$HU.HaJibHbiX H CO,ll.ep.>KaTCSl B TOMaX 1 H 16, 
ny6JIHKYIOTCSl Ha Sl3biKe OpHrHHaJia; H KOr,ll.a 

pel!b H,ll.eT 0 q>paHU.y3CKHX, pyCCKHX H HCnaH

CKHX OpHrHHaJiaX, TO K HHM npHJIO.>KeH aHrJIHH· 

CKHH nepeao.a.. 

C npaBHTeJibCTBaMH CTpaH1 H3blK KOTOpbiX 

He OTHOCHTCH K l!HCJiy l!eTblpex H3biKOB KOH$e-

* .HsMKaMH Komprpen~n liilJIJI.IBCI>: anuuiicKnii, !ppan
~zyacKHii, pyccxuii u ucnancKuii. 
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peHU.HH, 6biJIH npoae.a.eHbl KOHCYJibTaU.HH no 

noso.a.y Taro, Ha KaKOM .H3h1Ke 6hiJIO 6bl .>Ke

JiaTeJibHO, no HX MHeHHI01 ony6JIHKOBaTb B Ha

CTOSlll.lHX Tpy.a.ax npe,li.CTaBJieHHble HMH ,li.O

KJia,ll.bl. 

B coAep.>KaHHH Ka.>KJJ.oro TOMa yKasaHhl 

sarJiaBHSI AOKJia.a.os Ha SI3h1Ke opHrHHaJia JIH6o 

Ha .ll.pyrOM H36paHHOM .H3h1Ke, H B TOM CJiyqae, 

KOr ,ll.a pel!b H,ll.eT 0 q>paHl.l,y3CKHX1 pyCCKHX H 

HCnaHCKHX 3arJiaBH.HX1 HX COnpOBO.)KJ.J.aeT aHr· 

JIHHCKHH nepeBO,ll.. 

113 992 aHHOTal.I,HH1 npe,li.CTaBJieHHbiX npa

BHTeJibCTBaMH, cneu.HaJIH3HposaHHbiMH yqpe.>K

.a.eHHSIMH, a TaiOKe MAfAT~, YtieHbi:H ceKpeTa

pHaT, pa6oTaSI no.a. pyKOBO.li.CTBOM HaytiHOro 

KOHCYJibTaTHBHoro KOMHTeTa OpraHH3aU.HH 061>· 

e,li.HHeHHbiX Hal.I,HH1 B HTOre OT06paJI 747 ,li.O· 

KJia,li.OB ,li.JISl BKJIIOl!eHHSl HX B nporpaMMY KOH

q>epeHU,HH; H3 HHX 358 fibiJIH OT06paHbl )J.JISI 

npeACTaBJieHHSI B ycTHOH q>opMe Ha 42 pa6ol!HX 

sace,ll.aHHHX. 

flpH cocTaBJieHHH nporpaMMbl YtieHblii ceK

peTapHaT CTaBHJI l.l,eJibiO ,li.06HTbCSl CfiaJiaHCH· 

pOBaHHOrO paCnHCaHHSl 1 KOTOpOe ,ll.aJIO 6bl 

B03MO.>KHOCTb npe.a.cTaBHTb B ycTHOii q>opMe 

MaKCHMaJibHOe KOJIH'ieCTBO ,li.OKJia,li.OB Ha Ka.>K· 

,li.OM 3aCe,ll.aHHH npH o6ecnel!eHHH ,li.OCTaTO'i· 

HOrO BpeMeHH )J.Jl.H npoBe,ll.eHHSl .li.HCKYCCHH no 

noso.a.y npe.a.cTaBJieHHoro MaTepHaJia. B ABYX 
CJiyl!aSIX HMeiOll.leeCSI BO BTOpOH nOJIOBHHe ,li.HSl 

BpeMSI OCTaBHJIH Hepacnpe,ll.eJieHHbiM1 C TeM 

'iT06bl ,ll.aTb B03MO.>KHOCTb HeO$HU.HaJibHbiM 

rpynnaM 06Cy,li.HTb BOnpOCbl1 B03HHKWHe B 

XO,ll.e ,li.HCKYCCHH Ha O$HU.HaJibHbiX 3aCe,ll.aHHSlX 

KoHq>epeHU.HH. Ha TaKHx Heo<PHU.HaJibHblx sa

ceAaHHSIX npOTOKOJibl He COCTaBJISlJIHCb. 

flo Mepe B03MO.>KHOCTH1 C aBTOpOM HJIH 

aBTOpaMH ,li.OKJia,li.OB KOHCYJibTHpOBaJIHCb B XO,ll.e 

KoHq>epeHU.HH l!JieHbl YlleHoro ceKpeTapHaTa, 

KOTOpble BblllOJIHSlJIH <l>YHKU.HH CeKpeTapeii 3a
Ce,ll.aHHH, JIH6o TaKHe KOHCYJibTaU.HH nposo

,li.HJIHCb rpynnOH pe,ll.aKTOpOB1 KOTOpble 6biJIH 

Bbi,ll.eJieHbl MAr AT3** )J.JISI aToii U.eJIH, c TeM 
'iTOfibi ofiecnel!HTb MaKCHMaJibHYIO TOl!HOCTb. 

** clJaMBJBB Y'l6Hh!X CCKpeTapeii, pe)l;aKTOpOB B HpOTOKOJB
CTOB npBBCIJ;CHhl B nepetrBe COTpyp;HBKOB CeKpeTapHaTa Kon-
4Jepe~H B npBJIOJKCBBB 1-0M K TOMY 1-My naCTO!U~eii CepBB. 
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MArAT3*, H npoaepeHHble, no Mepe Heo6xo
JI.HMOCTH, nyTeM cpaBHeHHH co sayKoao:H aa
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Ha~bHbiX opraHOB, Be,ll.alOW.HX BOnpocaMH aTOM
HOH ~meprHH, B Tpex 3aHHTepeCOBaHHbiX CTpa
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38nHCKH). 
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a )l{eHeae, no,ll. pyKOBOJI.CTBOM OpraHHaaumi 
06'be,li.HHeHHblx HaUH:H rpynno:H pe,ll.aKTOpoa, 

* <1JaMBJUill f'I611Iil: C6Kp6T&pei, pelf.&KTOpOB H npOTOKOJIR• 
CTOB npRBep;eHLI B nepe'IRe COTpfp;RRKOB CeKpeTapRaTa Kon
<Pepe~n B npRJIOlK6llliH 1-0M K TOMf 1-Mf H&CTOli111;6H cepRR. 
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NOTA EXPLICATIVA 

Las Aetas de la tercera Conferencia Internacional 
sobre la Utilizacion de la Energia Atomica con Fines 
Pacfficos estan constituidas por una publicacion 
(mica y plurilingtie compuesta de dieciseis volu
menes, en conformidad con lo dispuesto por la 
Asamblea General de las Naciones Unidas al apro
bar el presupuesto de la Conferencia. 

Por consiguiente, las memorias aceptadas para 
ser examinadas en Ia Conferencia solo figuran impre
sas en el idioma original en que se presentaron, y 
cada una de ellas va seguida de un resumen de la 
misma en los otros tres idiomas de Ia Conferencia *. 

En los arreglos presupuestarios para la Confe
rencia se dispuso tambien que los gobiernos tenian 
asimismo que presentar resumenes y memorias en 
dos de los idiomas de Ia Conferencia. En conse
cuencia, uno de los tres resumenes que siguen a 
cada memoria es una traduccion facilitada por el 
gobierno interesado. Los resumenes fueron tradu
cidos a los otros dos idiomas, ya por la Division de 
Idiomas del Organismo Internacional de Energia 
Atomica (OlEA) de Viena, o, con su asistencia, por 
conducto de las autoridades nacionales de energia 
atomica de Londres, Paris, Moscu y Madrid. 

La introduccion del Secretario General de las 
N aciones Unidas, el prefacio del Director General 
del OlEA y la presente nota explicativa, junto con 
las aetas de los debates celebrados en cada una de 
las seis sesiones cientfficas generales y las treinta y 
seis sesiones tecnicas de la Conferencia, se publican 
en los cuatro idiomas. El resto del material, que 
reviste en su mayoria un caracter oficial y esta con
tenido exclusivamente en los volumenes 1 y 16, se 
publica en el idioma en que fue presentado o entre
gada, seguido para los originales en espaiiol, frances 
y ruso, de la traduccion en ingles. 

Se consulto a los gobiernos cuyo idioma nacional 
no es uno de los cuatro idiomas de Ia Conferencia 
para saber en emil de ellos preferian que se publi
caran sus memorias en estas Aetas. 

El indice de cada volumen contiene los titulos 
de las memorias en el idioma original, o en el idioma 
elegido, seguidos, cuando se trata de titulos en 
espaiiol, frances y ruso, de la traduccion en ingles. 

De los 992 resumenes presentados por gobiernos, 
organismos especializados y el OlEA, la Secretaria 

* Los idiomas de la Conferencia fueron el espafiol, el 
frances, el ingles y el ruso. 

xi 

Cientifica, bajo la direccion del Comite Cientffico 
Consultivo de las N aciones Unidas, escogio por 
ultimo 7 4 7 memorias que deb ian ser incluidas en 
el programa de la Conferencia; de estas, 358 fueron 
seleccionadas para ser presentadas oralmente en las 
42 sesiones de trabajo. 

AI preparar el programa de actividades, Ia Secre
taria Cientifica trato de conseguir un justo equilibria, 
y asi se previ6 la presentacion oral del mayor numero 
posible de memorias en cada sesi6n, pero dejando 
todavia tiempo suficiente para examinar la informa
cion presentada. Se dejaron dos tardes totalmente 
libres, a fin de que los grupos oficiosos pudieran 
examinar las cuestiones que surgieran en las sesiones 
oficiales de Ia Conferencia. No se levanto acta de 
tales reuniones. 

Siempre que fue posible, el autor, o los autores, 
de las memorias fueron consultados en el curso de 
Ia Conferencia por miembros de la Secretaria Cien
tffica, que actuaron de secretarios de sesion, o por 
un grupo de editores facilitado a dicho efecto por 
el OlEA**, a fin de asegurar la maxima exactitud. 

Las aetas de los debates celebrados en las diversas 
sesiones, basadas en notas tomadas en las reuniones 
por redactores de aetas del OlEA**, y verificadas 
siempre que fue necesario mediante las grabaciones 
efectuadas en todas las sesiones, fueron preparadas 
por la Division de ldiomas del Organismo lnterna
cional de Energia At6mica (OlEA) en ingles, y 
traducidas despues al espaiiol, el frances y el ruso 
por conducto de las autoridades de energia at6mica 
de los tres paises interesados (vease el tercer pa
rrafo de la presente nota). 

La preparaci6n para Ia publicaci6n del texto de 
los documentos en espaiiol, frances e ingles se 
efectuo en la Oficina de Ginebra de las Naciones 
Unidas, bajo Ia fiscalizacion de las Naciones Unidas, 
por un equipo de editores cuyos servicios fueron 
tambien proporcionados por las autoridades de ener
gia atomica de sus respectivos paises, con alguna 
ayuda de consultores del exterior. La preparaci6n 
para Ia publicaci6n de los documentos en ruso se 
efectu6 en Moscu en circunstancias analogas. 
Actuaron de editores las personas siguientes: Sr. A. 
de Calmes, Dr. C. E. Granados, Sr. D. H. Hill, 

** Los nombres de los secretaries cientificos, editores y 
redactores de aetas figuran en la lista de la Secretaria de 
la Conferencia, en e1 anexo 1, volumen 1, de esta serie. 



Sr. V. F. Kalinin, Dra. R. Lapage, Sr. E. T. Maries, 
Dra. J. D. C. Mole, Sr. C. segot, Sr. J. J. Stobbs, 
Sr. C. R. Symons y Sr. J. Williamson. 

En la impresion de esta gran recopilacion de 
informacion cientifica han participado impresores 

Numero 
del vo/umen 

de Belgica, el Canada, Francia, el Reino Unido, 
Suiza y la Union de Republicas Socialistas Sovieticas. 

Los titulos completos de los dieciseis volt1menes 
de estas Aetas, junto con las sesiones comprendidas 
en cada volumen, son los siguientes: 

Sesiones 

Progresos realizados en el dominio at6mico . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A, 8, 1.6, C, H 

2 Fisica de los reactores. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1 

3 Estudios sobre reticulados. Funcionamiento de reactores . . . . . . . . . . . . . . . . . . . 3.2, 3.3 

4 Control de los reactores. . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . 3.4, 3.5 

5 Reactores nucleares -I. Reactores refrigerados por gas y por agua. . . . . . . . . 1.1, 1.2, 1.3 

6 Reactores nucleares - II. Reactores rapidos y conceptos mas avanzados. . . . . . . 1.4, 1.5, 1.7 

7 Reactores de investigaci6n y de ensayo .. . .. . . . . .. . . .. .. .. .. . . . .. .. . .. .. 0, 1.9, 1.8 

8 Tecnologia y equipo de los reactores . .. . .. .. .. .. . . . .. .. .. .. . .. .. . .. .. . 1.1 0, 1.11, 3.7 

9 Materiales de los reactores . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . 2.8, 2.9, 2.4 

10 Combustibles nucleares- I. Fabricaci6n y tratamiento . . . . . . . . . . . . . . . . . . . . 2.3, 2.6, 2.7 

11 Combustibles nucleares -II. Caracteristicas y estudios econ6micos........... 2.5, 2.1, 2.2 

12 Combustibles nucleares- Ill. Primeras materias . . . . . . . . . . . . . . . . . . . . . . . . . . 2.11, 2.12, 2.10 

13 Seguridad nuclear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.9, 3.8, 3.6 

14 lnfluencia del empleo de Ia energfa nuclear sobre el ambiente. Evacuaci6n de 
residuos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1 0, 3.11 

15 Aspectos especiales de Ia energia nuclear y empleo de los radioelementos.... E, 4.1, F, G, 4.2 

16 Lista de documentos e indices 
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Development of organic-liquid coolants 

By W. M. Campbell,* A. W. Boyd,* D. H. Charlesworth,* R. F. S. ·Robertson** 
and A. Sawatzky** 

Hydrocarbon mixtures with high boiling ranges have 
been studied for a number of years as both coolant 
and moderator for nuclear reactors. Two reactors 
of this type, the OMRE and PNPF, have operated 
successfully in the USA. In order to take full advantage 
of these liquids, however, they should be used only 
as the coolant, and the operating temperatures should 
be considerably higher than in those two reactors, 
necessitating a thorough understanding of the be
haviour of the materials under reactor conditions. 
This paper deals with the coolant studies carried out 
in Canada which provide confidence that an organic
liquid-cooled heavy-water-moderated reactor can be 
economically competitive with any of the other re
actors currently being studied in the Canadian pro
gram. A companion paper deals with the non-coolant 
aspects of the reactor development [1]. 

COOLANT DECOMPOSITION 

General 
The thermal and radiation stabilities of pure 

terphenyl isomers and of various terphenyl mixtures 
were studied. The mixtures were Santowax OM 
(about 70% ortho- and 30% meta-terphenyl) Santo
wax WR (Santowax R with the para-terphenyl re
moved) and partially hydrogenated terphenyls. 

Pyrolysis 
The pyrolytic studies were carried out by heating 

the samples sealed under vacuum in ampoules at 
closely controlled temperatures ( ± 1 oq over the 
range 400-475 °C [2]. Table 1 shows some typical 
data. 

Samples of pure o- and m-terphenyl decomposed 
such that the concentration, c, followed first-order 
kinetics, dcfdt = -kc. A mixture of the pure isomers 
such as Santowax OM also showed first-order de
composition characteristics, but for reactor-grade 
Santowax OM the kinetics more closely approximated 
second-order. The kinetics of the formation of 
decomposition products having very high boiling 
points (high boilers, HB) varied, and their initial 
production rate was significantly lower than the 
decomposition rate of the terphenyls. 

* Chalk River Nuclear Laboratories, Atomic Energy of 
Canada Limited, Chalk River, Ontario. 

** Whiteshell Nuclear Research Establishment, Atomic 
Energy of Canada Limited, Pinawa, Manitoba. 
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Gas-production rates were generally independent 
of monomer concentration in the liquid. As pyrolysis 
continued ·at temperatures above 450 °C, the pro
portion of H2 in the gas fell while that of CH4 and 
C2 hydrocarbons increased. Biphenyl was initially 
produced at significant rates above 450 °C. At lower 
temperatures the molecular weight of the HB fraction 
was about 460. After long exposures at temperatures 

Table I. Initial pyrolytic decomposition rates 

Initial conversion, %/h !1E* 
Hydrocarbon a at 400°C at 450 oc at 475 °C kcal/g mole 

SantowaxOM 0.04 0.8 3.0 66 
o-terphenyl 1.0 
m-terphenyl 0.4 
Santowax HOM 0.2 7.0 30 61 

• See Table 3 for compositions. 

~450 °C the molecular weight of the HB fraction 
climbed to over 700. 

Santowax HOM (see Table 2) is less stable than 
Santowax OM, but it should be noted that the tem
perature for a given decomposition rate is only 
30 °C lower for HOM than for OM. 

The effect of some impurities was also examined 
-200 ppm chlorine added as chlorinated biphenyl 
had little effect on decomposition rates while the 
addition of 10% HB-40 (see Table 2) increased rates 
by a factor of two. 

One experiment was performed to study the effect 
of prior irradiation on the pyrolysis of o-terphenyl. 
The total decomposition in a sample which had been 
irradiated and then heated was found equal to the 
total expected from pyrolysis and radiolysis alone. 
There was, however, conversion of lower-molecular
weight radiolysis products to high boilers during 
the subsequent heating. 

Electron irradiations [3] 

Samples were irradiated in stainless-steel capsules 
in the Van de Graaff accelerator at temperatures 
between 350 and 450 °C. The dose rate was 70 Wfg 
and the temperature was controlled to within ±5 °C. 
The energy input was calibrated by measuring the 
hydrogen yield from benzene. 

The decomposition rates for ortho- and meta
terphenyl and Santowax OM at different total doses 
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Table 2. Stability of low-melting-point coolants 
to reactor irradiation [8] 

Irradiation: 50% fast neutrons, 50% y-rays 

Temperature 
Coolant 

325 'C 350 'C 375"C 

Imtlal rate of coolant decornposHion relative to Santowax OM = 1 

DOM 0.87 0.95 0.78 1.01 0.90 
HOM 1.27 1.26 1.46 1.44 1.77 
HB-40 1.7 2.4 2.4 

Imual rate of HB formation relative to OM = 1 

DOM 0.98 1.01 0.90 0.87 0.89 
HOM 0.87 1.05 0.71 0.77 0.94 
HB-40 1.55 1.40 0.96 1.35 

Rate of gas production relatJve to OM = 1 

DOM 1.17 1.14 1.29 1.32 1.03 
HOM 3.8 3.4 2.7 4.0 6.7 
HB-40 11 10 14.0 29 

Composiuon of startmg matenals 

Santowax OM: 3.4% biphenyl, 66.2% ortho, 30.1 ~~ meta and 
2.1 ~;.;para terphenyl 
DOM: 29.2% biphenyl, 51.9% ortho, 18.5~<, meta and 0.4% 

para terphenyl 
HOM: 0.3% biphenyl, 56.4% ortho, 2.2% meta, 0.1 % para 

terphenyl and 41% hydroterphenyls 
HB-40: 18.1 % ortho terphenyl, 82% hydroterphenyls (hydro

genated Santowax R) 

showed a second-order dependence. On the other 
hand, the gas yields were largely independent of the 
amount of decomposition. Ortho-terphenyl is less 
stable than meta-terphenyl but the high-boiler yields 
are nearly the same for the two compounds. The 
difference in stability is due to formation of inter
mediate compounds. Appreciable amounts of ben
zene, biphenyl and triphenylene have been found. 

Reactor irradiations [4] 
The irradiations were .carried out in capsules in

side an annular fuel element in NRX at temperatures 

. z . 
g 
y 

TEMPERATURE , •c 

Figure I. Irradiation of terphenyls 
Curve A: o-terphenyl, reactor irradiation 0.1 and 0.3 Wjg; 
Curve B: m-terphenyl, reactor irradiation 0.1 Wjg; Curve C: 
Santowax OM, reactor irradiation 0.1 W/g; CurveD: Santowax 

OM, electron irradiation 70 W/g 
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controlled to within ± 1 °C. The dose rates which 
varied from 0.1 to 0.3 Wjg were measured using 
calorimeters, graphite-C02 ion chambers and the 
hydrogen yield from cyclohexane [5]. In this facility 
the energy deposition due to gamma rays was very 
nearly equal to that from fast neutrons. 

The results of irradiations at different temperatures 
and different dose rates are compared with the elec
tron irradiations in Fig. 1. The initial G values on this 
graph were calculated from integral values assuming 
second-order dependence on the concentration and 
have been corrected for pyrolytic decomposition. 

The increase in G values with temperature for 
o- and m-terphenyls was much greater tlian for Santo
wax OM. The Santowax OM values are lower for both 
reactor and elect-ron irradiations. The reason for 
this is not yet known. At 375 °C, from the known 
ratios of energy deposition by fast neutrons and 
y-rays, a ratio of Gn/G1 of 3/1 for o-terphenyl can be 
calculated. 

The dependence of the yield of other products upon 
temperature in the reactor irradiation of ortho
terphenyl is shown in Table 3. The relatively high 
initial yields of benzene and biphenyl at temperatures 

Table 3. Radiolysis of o-terphenyl: initial G values 
Radiation: 50% fast neutrons, 50% y-rays 

Dose Rate: 0.1 Wfg 

Temperature, °C 

HB production • 
Total gas, mole/100 eV 
Benzene, mole/100 eV 
Biphenyl, mole/100 eV 

200 300 

0.40 0.40 
0.06 0.08 
0.03 0.04 
0.01 0.04 

350 400 

0.44 0.69 
0.10 0.14 
0.05 0.17 
0.06 0.11 

• Molecules of monomer converted to HB per 100 eV. 

450 

2.20 
0.23 

·0.33 
>0.4 

above 400 °C (accounting for 20% of the total 
decomposition) are similar to those found in the 
high-temperature pyrolysis of terphenyl. All these 
results indicate that in the range 350--400 °C there is 
a change in the radiolytic reactions with a marked 
increase in the decomposition rate and in the formation 
of lower-molecular-weight products. 

These effects are most pronounced in o-terphenyl 
or ortho-rich mixtures. Irradiations of low o-ter
phenyl mixtures at 400 °C in a loop at the Massa
chusetts Institute of Technology [6, 7] have not shown 
any large concentrations of intermediate products. 

The stability of low-melting-point coolants relative 
to that of Santowax OM when subjected to reactor 
radiation is shown in Table 2. Although the rate of 
gas evolution is much higher in the hydrogenated 
compounds their over-all stability at temperatures 
below 400 oc is comparable to that of terphenyl 
mixtures and because of their low melting points they 
may be preferable reactor coolants. 

FOULING 

The formation of deposits on fuel-element surfaces 
was one of the major objections cited against organic 
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coolants in the early days. As shown below two years 
of satisfactory in-reactor operation have demon
strated that it can be controlled without difficulty. 
First, it was necessary to set a fouling target. The 
thermal conductivity of a fouling film was measured 
and found to be about 0.004 Wcm-1 oc-1. With a heat 
flux of 100 Wfcm2 a 10 p,m film will raise the sheath 
temperature 25 °C. Arbitrarily an increase in sheath 
temperature of 25 oc per year was assumed acceptable 
which set the maximum fouling rate at 0.2 p,gfcm2 h. 

Two types of fouling have been recognized [9] 
and since their behaviour is quite different they will 
be discussed separately below. Both types are caused 
by impurities in the coolant. 

Mass-transfer fouling 

The film produced here is mainly iron and iron 
oxide and may contain up to 99% iron. The organic 
content is very low. Figure 2 shows a cross section 
of a typical mass-transfer film. To form this film iron 
from the piping walls at about 350 °C reacts with 
some trace impurity in the coolant and goes into 
solution. The iron complex is then carried through 
the circuit until it contacts the hot fuel element 
surface at 425-500 °C. At these temperatures the 
complex breaks down depositing the iron and releasing 
the complexing agent which is carried around again 
to pick up another load of iron. The driving force for 
the transfer is the temperature difference between the 
hot fuel sheath and the cooler piping. 

A number of factors affect the rate of deposition. 
The rate increases with coolant velocity (R oc 
V0·5 to 1.0) and it doubles when the hot surface 
temperature is increased by 25-70 °C. Radiation 
does not appear to be an important factor. 

Chlorine is by far the most important of the impuri
ties affecting mass-transfer fouling [10]. Deposition 
rates as high as 200 p,gfcm2 h have been found when 
the total chlorine was 190 ppm. Some chlorine com
pounds were about 20 times as effective as others. 

The active chlorine compound adsorbs on or 
reacts with the iron pipe wall. Thus the system can 
be drained and flushed, but surface contamination 
may still be present and produce a high fouling rate. 
This means that a low chlorine content in the coolant 
does not always guarantee a low fouling rate and a 
better criterion is the total chlorine in the system, 
i.e., in the coolant plus that on the walls. Operating 
experience has shown that an acceptably low fouling 
rate is obtained if the total chlorine is the equivalent 
of'3 ppm in the coolant. 

Mass-transfer fouling can be eliminated by re
moving all iron-containing materials from the 
circuit. 

Oxygen in the coolant was suspected as a fouling 
promoter. Tests were carried out with 500-3 000 ppm 
oxygen in the coolant but fouling was not increased 
in spite of a 12-fold increase in the total iron content 
of the liquid. Tests showed, that in the 100 ppm 
range the effect of water was similar to that of 
oxygen. 
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Figure 2. Cross section of typical film deposited 
by mass-transfer mechanism 

Gray portion of deposit is Fe30 4 , light portion is mainly ()(Fe. 
Composition 85% Fe, 1% C, 0.3 ~,;; H. 

Surface temperature 496 oc 
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Figure 3. Cross section of typical film deposited 
by particulate mechanism 

Composition 91% organic, 9% Fe30 4 • 

Surface temperature 485 oc 
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Figure 4. Cross section of film on a fuel sheath typical of recent 
in-reactor experience 

Surface temperature 480 oc 

The iron complexing agent has not been identified 
yet. Tracer studies with 59Fe showed that most of the 
iron in the coolant will pass through a 0.05 p,m filter. 
This and other observations indicate the iron is 
present in solution rather than as a colloid. The active 
compound is soluble in benzene but not in hexane. 
Free radicals are known to be present in irradiated 
coolant but are not thought to be fouling promoters 
as such, although some trace free radical might be 
responsible. 

Particulate fouling 

Films produced by this mechanism are almost 
entirely organic in nature. Figure 3 shows a cross 
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section of a typical film. This mechanism, as originally 
proposed by Gercke [11], depends on micron- or 
submicron-size particles of organic material, or in
organic particles coated with organic, impinging on 
the hot surface and sticking to it. Film formation 
appears to be unaffected by irradiation, it decreases 
as fluid velocity increases and it doubles with an 
increase in surface temperature of about 30 °C. 
Impurities such as chlorine, oxygen, etc., do not 
have any appreciable effect on particulate fouling. 

Practical in-reactor experience 
In the Canadian program all the in-reactor experi

ence has been with a 2:1 mixture of ortho- and meta
terphenyls with 30% OMRE high boiler in the X-7 
loop in NRX over a period of three years. Early 
fouling rates were high [9], in the range of 10--
40 p.gjcm2 h, even though the iron content of the 
coolant was about 2 ppm. Both mass-transfer and 
particulate mechanisms were present. As coolant 
quality improved with purification, the rates were 
reduced and have been very low for the past two years. 
During a recent irradiation of 82 days in a thermal 
flux of 5 x 1013 njcm2 s with sheath temperatures of 
450--500 °C the deposition rate was less than 0.1 
p.gjcm2 h. The film is practically nonexistent as 
evident in Fig. 4. These results show that with ade
quate purification high sheath temperatures can be 
used without trouble from fouling. 

PURIFICATION 

The impurities which must be removed can come 
from three main sources: from the terphenyl make-up, 
from the environment when the system is open, 
and from reactions within the coolant system. Make
up coolant contains from 2-10 ppm Cl, 30--100 ppm 
H20, 1-10 ppm of inorganic material and dissolved 
oxygen. Air, water and chlorine-containing materials 
can enter an open system, especially if careful operat
ing procedures are not observed. Decomposition 
products ranging in molecular weight from hydrogen 
to high-molecular-weight polymers are formed by 
radiolysis and pyrolysis. Corrosion products and 
oxygen-containing compounds are formed by reaction 
of the system materials and the coolant with air and 
water. 

From experience with several loops it is clear 
that prevention of coolant and system contamination 
is by far the most important factor in coolant purity. 
Once the system has been allowed to become con
taminated with air, water, chlorine compounds, 
etc., it is difficult to restore adequate coolant purity; 
but it is not difficult to prevent contamination. 

Clay adsorption 
Contacting coolant with Attapulgus clay followed 

by filtration is a proved method of reducing the fouling 
tendency [12]. The clay retains some of the organic 
component necessary for mass-transfer fouling and 
much of the insoluble material. It also appears to 
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modify the remaining insoluble material, perhaps 
by agglomeration, so that it is more readily removed 
by filtration. 

The clay is dried at 370--400 °C, and used in a 
down-flow column with a coolant mass velocity of 
1.5 kgjcm2 h and a temperature greater than 300 °C. 
The effluent from the columns is filtered "through 
disposable glass-spool cartridges with a nominal 
rating of one micron. To assess column life the 
circulating coolant is· routinely monitored for its 
fouling ability (SPFT) [13], iron content and electrical 
conductivity. During a recent four-month run with 
one clay column in the X-7 loop, the SPFT rose from 
0.1 to 0.3 p.gjcm2 h, the iron content from 0.5 to 
2.0 ppm, and the electrical conductivity from 5 x 10-4 

to 10.5 x 10-4 M0-1 cm-1• By the end of the period 
the weight of coolant processed per unit weight of 
clay was 35 000. 

Chlorine removal 
Exclusion is the best means of maintaining a low 

chlorine level. Chlorine can be removed by contacting 
the coolant at about 325 °C with 0.5% palladium 
supported on alumina pellets or with magnesium 
ribbon [14]. The former is preferred since it is 
effective at lower temperatures and removes a larger 
variety of chemical forms of chlorine, particularly 
the form responsible for the fouling complex. When 
used upstream of the clay column with a mass velocity 
of 5-10 kgjcm2 h through the bed chlorine "concen
trations near 3 ppm can be maintained. The removal 
capacity has been 1.2 g Cljg Pd from high-chlorine 
coolant and 0.1 g Cljg Pd from coolant containing 
3-10 ppm. The maximum capacity corresponds to a 
Cl/Pd atomic ratio of 3.6. In systems where steel 
is exposed to the coolant, iron is usually removed 
with the chlorine in a Cl/Fe atomic ratio of about 
two. 

There is some evidence that the important chlorine 
species may be quite volatile and may be removed 
by a degasser. 

Degassing 
Degassing during normal operation removes hydro

gen formed by radiolysis and corrosion and helps 
minimize the hydriding of zirconium alloys. Nitrogen 
and light hydrocarbons are also removed to control 
the vapour pressure of the coolant. Water may be 
removed to maintain a concentration in the range 
50--100 ppm. If any oxygen gets into the system during 
maintenance, it should be strippe~ out below 150 °C. 

Initial clean-up of systems 
The time required to establish acceptable coolant 

quality is of special concern during the construction 
and commissioning of a new loop or reactor system. 
Recent experience with U-3, a large loop in NRU, 
has demonstrated that chemical cleaning of the piping 
and components is not required when mechanical 
cleaning and careful field inspection ·is used. The 
highest iron content observed in the coolant during 
the initial period was 7.5 ppm. The purjfication 
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Table 4. Effect of water on hydriding in autoclaves 
400 oc; dissolved H 2 ~ 100 ml/kg 

Water Zircaloy-2 
content 

of organic As Pre-
ppm pickled oxidized 

<40 ))0.5 0.032 
±0.007 

40-60 0.4 0.011 
±0.1 ±0.002 

60-1000 0.045 0.010 
±0.02 ±0.01 

system quickly reduced the level to 1 ppm and achieved 
good coolant quality in about three weeks. 

HYDRIDING OF ZIRCONIUM ALLOYS 

When organic liquids were first considered as 
coolants for reactors the materials which could be 
used in the core were reviewed. Preliminary studies 
[15, 16, 17] showed that aluminium materials such as 
SAP (or APM) were acceptable but zirconium alloys 
appeared unacceptable due to hydriding. This led to 
extensive work on SAP but almost nothing on zircon
ium. Work in Canada over the past two to three 
years, however, has shown that zirconium alloys can 
be used provided the coolant impurities are car~fully 
controlled. Work has been done at the Canadian 
Westinghouse Company Limited in autoclaves at 
365-425 °C for periods of 150-300 hours. Long-term 
tests at 350-400 °C have been performed by CRNL 
in the X-7loop in the NRX reactor [18]. Two surface 
conditions, pickled, and preoxidized (oxidized in air at 
400 °C for 48 hours) have generally been used. Alloys 
investigated have been Zircaloy-2, Zircaloy-4, nickel
free Zircaloy-2 and Zr-2, 5% Nb. (Zr-Nb specimens 
were heated one hour in vacuo at 880 °C, water 
quenched and tempered in vacuo for 24 hours at 
500 °C). The hydrogen pick-up varied with the alloy 
and in general Zircaloy-4 picked up 60% and Zr-2, 
5% Nb 20% as much as Zircaloy-2. 

The effects of certain variables are reviewed 
below: 

Water 

As in steam hydrogen systems [19] water above 
a certain concentration in the organic liquid reduces 

Hydriding rate. !'g/ctn2 h 

Ni-free Zircaloy-2 Zr-2.5% Nb 

As Pre- As Pre-
pickled oxidized pickled oxidized 

))0.5 0.010 ))1.0 0.012 
±0.005 ±0.012 

0.280 0.001 0.001 
±0.020 ±0.001 ±0.001 

0.025 0.002 O.Q25 0.001 
±0.015 ±0.002 ±0.005 ±0.001 

hydriding markedly. The results in Table 4 illustrate 
that the limiting concentration is about 60 ppm. 
Water contents as high as I 000 ppm do not appear 
to affect the rate. The effect of water is more marked 
for pickled than for preoxidized surfaces and is more 
significant with Zr-2, 5% Nb than with the other 
alloys. 

Hydrogen 

The effect of hydrogen in autoclave tests with a low 
water concentration is shown in Table 5. Pickled 
specimens hydride very readily and the rate increases 
with increasing H2 concentration. Preoxidation re
duces the rate considerably. With higher water con
centrations the effect of hydrogen is negligible. 

Chlorine 

Chlorine in the coolant was probably the cause of 
the high pick-up rates found in the early screening 
experiments [15, 16, 17], and is now thought to be 
the most important promoter of zirconium hydriding. 
Table 6 shows the effect. The active chlorine form is 
unknown. 

There are insufficient data yet to show whether 
chlorine-contaminated Zircaloy surfaces are per
manently damaged or whether the hydriding re
sistance can be restored by contacting the alloy with 
chlorine-free coolant. One clear fact has emerged, 
however, and it is that surface contamination of 
zirconium alloys even from fingerprints must be 
avoided at all times. 

Surface preparation 

Tables 4 and 5 show that an oxide film on the alloy 
reduces hydriding markedly. Table 4 shows that 

Table 5. Effect of H2 concentration on hydriding 
425 oc; H20 < 40 ppm 

Hydriding rate, !'g/crn2 h 

Zircaloy-2 Ni-free Zircaloy-2 
H 2 concentration 

ml/kg As pickled Preoxidlzed A2 pickled Preoxldized 

~1 O.Q25 0.005 
8 0.14 0.006 0.050 0.002 

~too 7.0 0.030 5.0 0.012 
±4.0 ±0.005 ±3.0 ±0.001 
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Table 6. Effect of chlorine on hydriding of Zircaloy-2 

Temperature, oc . . . . . . . . 
Chloride in coolant at 370 °C, ppm 

At start . . . . . . . . . 
At end·(after 67 hours) . . 

Hydrogen absorbed, f!g/cm2 h 
Pickled surface . 
Oxidized surface 

No chlorine added 

375 

0.8 
0.5 

0.39 
0.01 

50 ppm C2HC13 
Added initially 

370 

8.2 
1.6 

9.4 
2.1 

Table 7. Effect of preoxidation on hydriding of Zr alloys 
(X-7 Loop, out-reactor section) 

Temperature 300-400°C 
Duration . . 5 000 h 
H 2 content . . 10-140 ml/kg-usually 

40-80ml/kg 
Water content 10-120 ppm 

Hydriding rate, pg/cm2 h 

Specimen condition Zircaloy-2 Zircaloy-4 Zr-2.5% Nb 

Pickled ......... . 
Oxidized in air at 300 oc for 240 h 
Oxidized in air at 400 oc for 48 h . 
Oxidized in air at 500 oc for 2 h . 
Autoclaved in water at 300 oc for 216 h 
Autoclaved in steam at 400 oc for 48 h 
Autoclaved in steam at 500 oc for 2 h . 

specimens rapidly become oxidized when >60 ppm 
H20 is present. Table 7 shows the effect of various 
preoxidation treatments. A standard preoxidation 
procedure of 400 oc in air for 48 hours has been 
arbitrarily selected, but autoclaving in steam at 
400 °C for 48 hours or oxidizing at 500 °C for a 
shorter period appear equally acceptable. Early 
experiments at 600 oc show that this temperature is 
too high to produce a satisfactory oxide [18]. 

Temperature 
The data are scattered but with preoxidized speci

mens there is only a small increase in hydrogen pick
up between 365 and 425 °C. 

In-reactor experience; pressure tubes 
A Zircaloy-4 pressure tube (10 m long, 3.9 em in

side diameter, 0.11 em wall thickness) was used in 
the X-7loop in NRX from 22 October 1962 to 16 Sep
tember 1963. The normal fuel-irradiation program 
was carried out in it during this whole period. For 
5 300 hours of this period the outlet coolant tempera
ture varied between 350 and 400 oc while the inlet 
temperature remained about 320 °C. For the rest of 
the time the temperatures were considerably lower 
and hydriding was probably negligible. 

A visual examination of the tube at the end of the 
test showed no appreciable signs of scratches, wear 
marks, etc. Samples were taken at many points 
along the tube and analyzed for hydrogen content. 
The results are shown in Fig. 5. The difference in 
hydriding at the two ends of the tube may be due to 
the temperature difference, but the peak in the center 

0.029 
0.016 
0.009 
0.008 
O.D11 
0.009 
0.008 

0.005 ± 0.001 0.0015 ± 0.001 

is the first evidence of an irradiation effect. There 
are two suggested mechanisms for this : (a) neutron 
damage of the oxide film makes it more "porous" 
to hydrogen, (b) short-lived hydrogen radicals which 
are formed by irradiation may be absorbed more 
readily than normal hydrogen. 

A comparison of the data of Fig. 5 with the auto
clave data in Table 4 indicates that the hydriding rates 
in the X-7 loop were lower than the autoclave rates 
when the water was less than 40 ppm, but are higher 
than those where the water was above 40 ppm. This 
may be due to lack of water control in the X-7 loop 
coolant which varied from 10-120 ppm but was gener
ally about 50 ppm. There may also be a downstream 
flux effect which accelerated the pick-up in the outlet 
end of the tube since the difference in hydrogen con
tents between the inlet and outlet ends is somewhat 
more than would be expected due to the temperature 
difference alone. 

DISTANCE FROM INLET END OF TUBE , m 

Figure 5. Variation in hydrogen absorbed by a Zircaloy-4 
pressure tube irradiated 220 days in X-7 loop. 
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Table 8. Hydrogen contents of irradiated fuel-element sheaths 

Position 
H 2 in Zircaloy-2 sheath 

ppm 
H2 in Zr~2.5% Nb sheath 

ppm 

Upstream end . 
Center 
Downstream end 
Wire wrap ... 

276; 543: average 410 
216; 436: average 323 
328; 268: average 298 

124; 115: average 120 
151; 174: average 163 
166; 166: average 166 

7 640; 9136 

In-reactor experience; sheathing 

Three U02 elements clad in Zircaloy-2 and three 
in Zr-2, 5% Nb were irradiated in the X-7 loop for 
82 full-power days with average sheath temperatures 
of 480 °C. Each element had a Zircaloy-2 wire wrap 
spot-welded to it by the method used for CANDU 
production fuel. All the elements were preoxidized 
in steam at 55 atm and 400 °C for 30 hours. The main 
coolant impurities were 20-100 ppm H20, 20-
70 ml H2/kg and 0.2-2.7 ppm chlorine. 

After the irradiation the elements were examined 
and while all the sheaths were ductile, the wire wraps, 
particularly on the Zircaloy-2 elements, were quite 
brittle. Samples were taken from three positions on 
the sheath and wire wraps of two elements and ana
lyzed for hydrosen. The results are shown in Table 8. 
The high hydrogen content in the wire wraps is prob
ably due to thermal migration of the hydrogen from 
the hot sheaths to the cooler wires. Some of the 
variation in the sheath samples is undoubtedly due to 
the same reason. 

These hydriding rates are higher than desired. That 
for theZr-2.5% Nb sheath was ,_,18 x w-a #gfcm2 h. 
It is possible that these can be reduced considerably 
by maintaining a higher water content in the coolant. 

CONCLUSION 

The work to date in Canada has shown very clearly 
that the control of coolant purity is absolutely 
essential for an organic-cooled reactor. It has been 
shown further that coolant purity must never be al
lowed to get out of control since otherwise the sub
sequent clean-up will be long and difficult. Several 
years of operating in-reactor and out-reactor loops 
has proved that the control of coolant purity is no 
more difficult than in a water cooled reactor. Pro-

- vided the proper conditions are observed fouling will 
not be a problem, at least up to surface temperatures 
of 500 °C, and zirconium alloys such as Zr-2.5% Nb 
show real promise for fuel sheathing and pressure 
tubes. 
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ABSTRACT -RESUME-AHHOTALU.·1R-RESUMEN 

A/IS Canada 

Mise au point des caloporteurs liquides orga
niques 

par W. M. Campbell eta/. 

Des travaux de recherche et de mise au point 
effectues, en particulier, dans les boucles d'essai du 
NRX et du NRU ont permis de constater que les 
liquides organiques soot prometteurs comme calo
porteurs, qu'ils peuvent conservt>r leur purete sous 
!'action des radiations et de la chaleur et qu'ils soot 
compatibles avec les materiaux dont on peut disposer 
pour construire les reacteurs. 

On a mesure la vitesse de la decomposition ther
mique et celle de la decomposition radiolytique des 
isomeres terphenyles et des melanges a des tem
peratures allant de 150 a 475 °C. Pour le meme apport 
d'energie, les neutrons rapides causent environ trois 
fois plus de dommages que les electrons. On a mesure 
egalement la vitesse de decomposition d'autres 
liquides ayant des points de fusion convenables pour 
le demarrage initial du reacteur. L'un d'eux, un 
melange terphenyle partiellement hydrogene, avait 
une vitesse de decomposition semblable a celle des 
terphenyles. La vitesse de formation des gaz etait, 
elle, trois fois plus elevee. 

II est essen tiel que le liquide organique so it purifie de 
fa~on continue. Le terphenyle d'appoint contient 
de 2 a 10 ppm de chlore, j!t dans !'ensemble du systeme 
la teneur en chlore doit rester inferieure a 5 ppm. 
Le chlore peut etre enleve sur des lits de copeaux de 
magnesium ou de palladium place sur des granules 
d'alumine chauffes a plus de 325 °C; dans !'utilisation 
routiniere des boucles la teneur en chlore peut etre 
maintenue a moins de 3 ppm. D'autres impuretes 
soot enlevees par adsorption sur des lits d'argile 
Attapulgus a 325 °C. II faut eliminer le plus possible 
les macro-particules, par exemple par filtration sur 
laine de verre. Une partie de l'eau et une partie de 
l'hydrogene soot extraites so us forme de gaz; tandis 
que l'hydrogene qui reste doit avoir une faible con
centration, il importe de maintenir la teneur en eau 
aux environs de 100 ppm. 

On distingue deux types d'encrassement a la surface 
des etements de combustible. Le premier type est 
un depot qui contient plus de 70% de fer mais 
pratiquement pas de matieres organiques. Ce depot 
est forme par du fer qui part de la canalisation du 
circuit, oil la temperature est d'environ 300 °C, et 
qui atteint la surface des elements chauffes a 400-
500 °C. Le chlore (qu'on trouve surtout sur les parois 
du systeme) joue un role important dans ce transfert. 
Si dans le systeme la teneur to tale en chlore correspond 
a moins de 3 ppm telle que mesuree dans le calo
porteur, l'effet d'un tel transfert de masse n'est 
pas exagere. Le deuxieme type d'encrassement est 
un depot ayant une forte teneur en matieres organiques 

provenant du caloporteur. Les encrassements orga
niques sont plus notoires lorsque les surfaces des 
elements sont tres chaudes; cependant, ces encras
sements ne semblent pas beaucoup affectes par les 
radiations. Une etude effectuee recemment dans la 
boucle X-7 du NRX a permis d'etablir qu'apres 
82 jours d'irradiation dans un flux de neutrons 
thermiques d'environ 5 X 1013 cm-2 s-I, l'epaisseur 
du film d'encrassement etait inferieure a 1 f-lm sur 
les gaines chauffees a 450- 500 °C. 

Les alliages a base de zirconium soot compatibles 
avec les caloporteurs organiques, a condition que 
ceux-ci aient les caracteristiques voulues. Le chlore 
accelere la formation des hydrures mais, lorsque sa 
teneur est maintenue inferieure a 3 ppm, l'effet 
est reduit considerablement. La teneur en eau est 
egalement tres importante: on estime que la teneur 
optimale est d'environ 100 ppm. Si la teneur en eau 
etait trop faible, on ne pourrait pas avoir en per
manence un film d'oxyde impermeable a l'hydrogene. 
Un tube de force en Zircaloy-4 a ete mis a l'essai 
pendant 10 mois dans la boucle X-7 (essai le plus 
long de la serie). La temperature de sortie du calo
porteur etait de 350 a 390 °C et la teneur en eau etait 
faible: 10 a 50 ppm. Au bout de 10 mois d'irradiation, 
ce tube de Zircaloy-4 avait capte environ 80 ppm 
d'hydrogene. On a constate une plus grande capture 
d'hydrogene dans les regions ou le rayonnement avait 
ete plus intense. 

Paapa6oTKa opraHH4eCKHX mHAKHX 
Ten/IOHOCHTelleH 

B. M. KsMn6enn et al. 

HayqHo-nccJiep;oBaTCJihCI\He n oohiTH0-1\0HCT

PYHTopcHne pa6oThi rJiaBHhiM o6pa3oM B o6Jia

CTH HCIIhiTaHHH TOIIJIHBHhiX 1\0HTypoB peaHTOpOB 

NRX n NRU noHa3hiBaiOT, qTO opraHnqecHne 

JI\H,[(I\OCTII 11BJI.JIIOTC11 nepcnei\THBHhiMH TeiiJIOHO

CHTeJIHMH ,[(JIH peai\TOpOB, qTO HX qlfCTOTa 1\IOJI\eT 

coxpaHHThCH npn HaJinqnn II3JiyqeHnn: u TenJio

BhiX llOTOI\OB II qTo liMeiOTCH 1\0HCTpyH~IIOHHhie 

MaTepllaJII>I, KOTOphie COBMeCTJIMhl C 3THMH JI\H)l;-

1\0CTHMH. 

CHopocTH TenJioBoro u pap;noJinTnqecHoro pa3-

Jio:meHnH OT)l;eJibHhiX BH)l;OB TeplfleHJIJia H CMOCeii 

li3Mepn:JinCh npn TeMnepaTypax oT 150 p;o 475° C. 

llpn paBHoii norJio~eHHOH aHeprnn 6biCTphie Heii:

TpoHhl Bhi3hiBaiOT npnMepHo B TPH pa3a 6oJihJIIee 

noBpe:mp;eHne, qeM aJICHTpoHhi. CH!lPOCTh pa3Jio

:meHnn: H3MCpHJiaCh Tai\JI\0 )l;JIH p;pyrHX JI\H)l;I\OC

TCH, 1\0TOpbie o6Jia):(aiOT TeMnepaTypoii uJiaBJie

HHH, uop;xop;H~eJi ):(JIH nepBoHaqaJihHoro · 3anycKa 

peaHTOpa. 0)l;Ha qaCTHqHo fH):(pHpOBaHHaJI CMOCb 
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Tep<fJeHIJJIOB HMeeT IIpHMI'pHO TaKyiO »\(' Cl\OpOCTh 

paaJiomeHiul, KaK n uern,D,puposaunr,rii Tep<f!euuJJ, 

o~J;IIaKo ee raaoBLif.ICJICHIIe rr pnMepno B Tpu pa3a 

BLIIIle. 

HeiipepbiBHaH OlflfCTKa TCIIJionocllTOJJH HBJIHeT

CH BamHLIM <PaKTopoM. Co;~epmanne XJTOpa n JIC

rroJJI>ayeMoM Tep<fJeHMJJe KOJJe6JICTCH B MHTCpBaJH' 

2 -:- lQ · 10 -4 0/0 , a ero KOJJIIlfOCTBO BO BCeii: CMCTe

MO AOJimno rrpeBLIIIIaTh 5 · 10-40/o. XJiop Momuo 

YAaJIHTL rryTCM rrponycKaHnH •1epea c.rwii: Marmre

Boii: CTpymKJf JIJIU rpaHyJI ()f;lfCir aJJIOMHHJIH, 110-

KpbiTLIX llaJIJiaAHOM II HarpCThlX BbllllP 325° C, 
npnlfeM n ycJIOBIIHX o6Ll'IHoii 8KCHJJyaTar~nn Hon

Typon ero ypoBeHL Momno uo;:mepmMBaTL unme 

3 · 10-4 %. ,l],pyrne BMlJ:bi aarpHaHeHnH YAaJIHIOTCH 

HlJ:COpfi~neii Ha CJIOHX l'JIMHLI HTTarryJILI'YC rrpH 

325° C. nomPIOCTBO naBemenHLIX •wcTn~ noJimno 

6LITb cBep;eno K MMHIIMYMY <~IJJILTpa~neii, uaupM

Mep, '1epe3 4mJILTpbi, H3l'OTOBJICHHhle Jl3 CTel\JJO

BOJJOKHa. BoAa n BOA<>POA MoryT 6J,JTh y;~aJICHhl 
nyTeM npoAYBI\Jl nnepTHoro raaa, 11 XOTH co;~ep

maune BOlJ:Opo;Ja AOJilHHO JIO;};J,epiKIIBHThCH Ha 

unaKoM yponne, cy~ecTBYIOT npnquHLI AJIJl no;r

JiepmannH KOH~eHTpa~Mn BOJihl npnMepno na 

yponne 0,01%. 
YcTanonJieHLI ,D,Ba Tnrra aarpHaneHHH rrosepx

nocTeii TCIIJIOBLI)J,CJIJIIO~nx ::meMeHTOB. IIepni>rii 

THII aarpJI3HeHHH JiaOT OCa)J,OK, CO,D,epma~IIH CBLI

lUO 70% if\eJieaa IIpii OTCYTCTBMII IIO cy~OCTBY 
opraunqecKoro se~ecTna. On o6paayeTcH B pe

ayJILTaTe nepeuoca meJieaa na TpyfionpoBO)J,OB 

I\OHTypa npn TeMnepaType oKoJio :100° C ua ropH

'1He IIOBepXHOCTII TeiiJIOBbi)J;eJIHIO~H X aJICMeHTOB, 

uMero~nx TeMrrepaTypy 400-500° C. Bamuyro 

pOJib B aToM rrepenoce urpaeT x.rrop, fioJILIIIa11 

'laCTb KOTOporo 0Ct')J,8CT Ha CTCHI\aX CIICTeMLI. Ec

:111 ofi~ee CO)J,epmaHHC XJIOpa B CHCTeMe MPHbiiiC 

:i • 10 "4 % B TeiiJIOHOCHTPJJe, TO :JW41eKT MaCCOIIC

pe)J,alfii rrpneMJieMo MaJI. BTopo:ii: nm aarpH3HP

HIIH BLI3hiBaeTCH opraHII'11'CKHMU 1 18CTIH~aMII H 

TI'IIJIOHOCHTCJie Jl HpiiBO)J,IIT 1\ ofipa30B<lHiliO ocap,-

1\a c BLICOKIIM cop;epmamreM oprannqecKoro se~e

CTBa. BLICOKMe TeMnepaTyphi IIOBCpXHOCTII YBC

JlHlfHBaiOT KOJIII'IPCTBO 3ai'}JH3HPHJfj,i :JTOfO Bll)J,a, 

op;naKo o6Jiy•1enne, no-nn.n:nMoMy, ne oKaahiBaeT 

cy~ecTneuuoro BJTHJIHHH. Hep;aBHHe our,JThl n Ron

Type X-7 peaKTopa NRX uoKa3aJin, 'ITo rrocJw 

o6JiylfeHMH H Te'leHlre 82 )J,Heii liOTOI\OM Tl'ITJIO

BbiX HeifTpOHOB HHTeHCI1BHOCTbiO li}JUMepno 

5 · 1013 neurp/cM2 • eel'> nJieHKa aarpH3HeHnH ua 

o6oJIOlfl\<lX TOTIJII1Ba HpH TPMIIepaType 450--
5()00 C 6LJJia Menee f Ml'> TOJJII~HHOii. 

QnpKOHHeBLJe C IJJI<lBbi 11pu COOTBPTCTBYIO~HX 
YCJIOBIIJIX <>Ka3aJIIICb COBMPCTMMhlMli C opraHHlfC

CKHMII TeiiJIOHOCIITCJJHMH. XJJop cuoco6cTnyeT 6LI

CTpoMy rn,D,pnposauuro, no, TWr.n:a cop;epmaune 

XJiopa rrop;,D,epmnnaeTc n uume :1 · 10 -1 0/o, noT a<P

<PeKT 38MeTHO CHIImaeTCJI. 0'1PHb ll<liKHbiM HB

.TTJIOTCH T81\il\e KOH~CHTpa~IUI BO;J,bl, Tal\ T>aK, eCJIIl 

OHa CJIUIUKOM MaJia, OKMCHaJI lfJICHI\a, HPIIpOIIII

~aeMaH ~JIH nop;opo,D,a, ue coxpaHHPTCH. OnTH

MaJII>Han KOH~eHTpa~IIH BO/!hl COCT8BJIHeT, BPpO

HTHO, ol\oJio 0,01%. CaMoe iVlllTPJihHoe ucuLrTa-

W. M. CAMPBELL et a/. II 

nne fiLwo Hpone,D,eno n KOIIType X-7 c Tpy6oii: 11:1 

l~HpnaJIOH-4 IIOi-( /WBJieHJI('M. floCJlt' ofi;~y•IeHTIH ll 

Te'leHJie ;~eCHTH MPCHI~CR HpH TPMliPpaTypo 3a

Me)J;JIIITCJIH Ha BhiXO,J,e :150-390° C II HP60JiblllOi[ 

XOH~eHTpa~HH BO,J,hl ( 1-5 • 10-30/o) MaKCIIl\IaJIL

IIOC IIOI','lOIJ~('IUIC Bop;opo~a ClWaBOM COCTaBJIHJIO 

11pHMl'pHO 8 • 10"3 0/o. J1 MPIOTCH YKH3<1H IIH Ha TO, 

'ITO B ooJiaCTHx c fiOJl"ee BLICOKUM uoToKoM neii

Tponon nMPl'T Ml'CTO fioJieP Cll.'lhiiOe nano,D,opamn

naune. 

A/15 Canada 

Experimentaci6n con refrigerantes organicos 
liquidos 

per W. M. Campbell et a/. 

Los trabajos de investigacion y perfeccionamiento, 
realizados principalmente en canales de ensayo de 
combustible de los reactores NRX y NRU, muestran 
que los liquidos organicos ofrecen perspectivas intere
santes para Ia transmision del calor generado por los 
reactores, que es posible mantener su pureza en 
presencia de radiaciones y de flujos termicos y que 
existen materiales estructurales compatibles con esos 
liquidos. 

Se han medido, en el intervalo de temperaturas 
comprendido entre 150 y 475 °C, los indices de 
descomposicion termica y radiolitica de diferentes 
terfenilos puros y mezclados. Para una misma 
energia absorbida, los neutrones rapidos causan, 
aproximadamente, tres veces mas dafio que los 
electrones. Tambien se han medido los indices de 
descomposicion de otros liquidos cuyos puntos de 
fusion son adecuados para la puesta en marcha 
inicial de un reactor. Uno de ellos, consistente en 
una mezcla -de terfenilos parcialmente hidrogenados

1 

presento un indice de descomposicion aproxima
damente igual a! de los terfenilos, mientras que el 
indice de gases fue unas tres veces superior. 

La purificacion continua delliquido asume capital 
importancia. La proporcion de cloro contenida en el 
terfenilo utilizado como liquido de reposicion varia 
entre 2 y 10 partes por millon, y la concentracion en 
todo el sistema debe mantenerse por debajo de 5 partes 
por millon. El cloro puede eliminarse mediante 
lechos de virutas de magnesia o de paladio sobre 
granulos de alumina calentados a unos 325 oc; 
en regimen normal, la concentracion en los canales 
de experimentacion puede mantenerse inferior a 
3 partes por millon. Otras impurezas se separan por 
absorcion en lechos de arcilla Attapulgus, a 325 °C. 
Las impurezas en forma de particulas han de reducirse 
al minimo por medio de filtros de lana de vidrio. El 
agua y el hidrogeno pueden separarse por extraccion 
en atmosfera gaseosa y, si bien debe reducirse al 
minimo el contenido de hidr6geno, existen razones 
que aconsejan mantener la concentracion del agua 
alrededor de 100 partes por millon. 

Se han observado dos tipos de incrustaciones en 
las superficies de los elementos combustibles. El 
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primero consiste en un deposito que contiene mas 
del 70 por ciento de hierro y practicamente ninguna 
sustancia organica. Esta formado por el hierro 
arrastrado desde las tuberias del circuito (tem
peratura del orden de 300 °C) a la superficie de los 
elementos combustibles (temperatura de 400 a 500 °C). 
El cloro, la mayor parte del cual se encuentra en las 
paredes del circuito, desempefia un papel importante 
en el arrastre. Si la cantidad total de cloro contenido 
en el sistema es inferior al equivalente de 3 partes 
por mi116n en el refrigerante, este efecto de trans
ferencia de masa es tolerable. El segundo tipo de 
incrustaciones es causado por particulas organicas 
contenidas en el refrigerante y forma un deposito 
de elevado contenido en sustancia organica. La 
magnitud de este tipo de incrustaciones aumenta en 
funci6n de la temperatura de la superficie de los 
elementos combustibles, pero la irradiaci6n no 
parece afectarla mayormente. Recientes experimentos 
efectuados en el circuito X-7 del reactor NRX han 
mostrado que al cabo de 82 d de irradiaci6n en un flujo 
de neutrones termicos de 5 x 1013 cm-2 s-I, aproxi
madamente, el espesor de la pelicula de incrustaci6n 

W. M. CAMPBELL et a/. 

en los revestimientos del combustible, cuya tem
peratura se mantuvo comprendida entre 450 y 500 °C, 
fue inferior a 1 ,urn. 

Los autores demuestran que las aleaciones de 
zirconio son compatibles con los refrigerantes 
organicos, siempre que las caracteristicas de estos 
sean apropiadas. El cloro acelera la formaci6n de 
hidruros, pero cuando el contenido se mantiene 
por debajo de 3 partes por mill6n el efecto disminuye 
considerablemente. La concentraci6n del agua es 
asimismo muy importante; pues si es demasiado baja, 
no se conserva la pelicula de 6xido impermeable 
al hidrogeno; la concentraci6n optima del agua es 
probablemente de unas 100 partes por mi116n. El 
ensayo mas prolongado se realiz6 en un tubo a 
presion de Zircaloy-4 en el circuito X-7. Al cabo de 
10 meses de irradiaci6n, con una tempera'tura en la 
salida del refrigerante de 350 a 390 °C y escasa con
centraci6n de agua (10 a 50 partes por mi116n), 
la fijaci6n maxima de hidr6geno por Ia aleaci6n fue de 
80 partes por mil16n, aproximadamente. Se observaron 
sintomas de mayor fijaci6n en regiones de flujo mas 
elevado. 
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Etudes technologiques des fluides caloporteurs 
organiques * 

par P. Leveque** 

Plusieurs types de reacteurs ont ete developpes pour 
utiliser l'uranium naturel comme combustible. Le 
graphite et l'eau lourde sont, dans ce cas, deux 
moderateurs possibles. L'emploi de l'eau lourde 
permet d'envisager divers fluides caloporteurs: l'eau 
lourde, les gaz sous pression (en particulier le gaz car
bonique), les produits organiques. Cette derniere solu
tion a ete choisie par la Commission de !'EURATOM, 
et le projet est connu sous le nom d'ORGEL. 

Depuis les premiers travaux effectues aux Etats
Unis sur les fluides organiques on sait que les ter
phenyles sont les produits les plus prometteurs. C'est 
pourquoi Ia Commission de !'EURATOM a decide de 
concentrer ses efforts de recherches sur le terphe
nyle OM2***. 

Cependant la Commission a juge interessant d'etu
dier les possibilites d'utilisation de coupes d'origine 
petroliere dans le but d'obtenir des produits a bas 
point de fusion et moins chers. Les etudes ont porte 
principalement sur les alkylphenanthrenes. 

C'est une synthese des resultats obtenus sous diffe
rents contrats ** * * par des equipes comprenant duper
sonnel du Commissariat a l'energie atomique, de Ia 
soCiete Progil, de l'Institut fran~ais du petrole et de Ia 
Commission de !'EURATOM qui est presentee dans 
ce memoire. Ces differents programmes ont ete 
developpes dans les centres de Saclay et de Grenoble 
du Commissariat a l'energie atomique. 

RECHERCHES SUR LES TERPHENYLES 

Recherches analytiques 
L'etude de Ia decomposition thermique et radioly

tique des terphenyles que nous allons traiter a necessite 

*Avec Ia collaboration de: F. Franzetti, P. Mas, M. Masson 
et J. R. Puig, Commissariat a l'energie atomique; A. Houllier, 
R. Chaudet, J. Normand, D. Rosier et J. L. Trillet, societe 
Progil; P. Giuliani et G. Leleu, Institut fran«;ais du petrole; 
M. Vander Venne et H. Hannaert, EURATOM. 

**Commissariat a l'energie atomique, CEN-Saclay. 
*** Terphenyle OM2: nom commercial du produit fabrique 

par Ia societe Progil dont Ia composition est: biphenyle, 
1 %; o-terphenyle, 15,-25%; m-terphenyle, 70-80%; p-ter
phenyle, 5 %. La temperature d'apparition des premiers cris
taux de ce produit est inferieure a 90 oc; Ia temperature de 
prise en masse est inferieure a 80 oc. 

**** EURATOM-CEA: no• 011-60-12-0RGF; 013-60-12-
0RGF; 052-62-7-0RGF; 062-62-4-0RGF. EURATOM-PRO
GIL: nos 015-60-12-0RGF; 016-60-12-0RGF; 017-60-12-
0RGF; 059-62-3-0RGF. 

Marche d'irradiation EURATOM-CEA-PROGIL n°8 117-63-
4-0RGF. 
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des recherches de mise au point de methodes analy
tiques appropriees. 

Ces recherches ont ete effectuees par la societe Pro gil 
sous contrats EURATOM***** et ont fait l'objet 
d'une communication [1]. Elles ont permis: 

a) De mettre au point des methodes d'analyses de 
routine qui sont journellement employees, notamment: 

le dosage de l'eau par la methode de Karl Fischer; 
le dosage de traces metalliques par spectrometrie de 

flamme, absorption atomique ou colorimetrie; 
le dosage par chromatographie en phase vapeur du 

benzene, du diphenyle, des trois isomeres des ter
ph6nyles et de certains polyphenyles superieurs, 
notamment les quaterph6nyles; 

le dosage des produits lourds, de masse moleculaire 
superieure aux terphenyles, par microdistillation 
couplee ala chromatographie en phase vapeur. 

Cette derniere methode, qui permet de doser les 
produits. lourds avec une bonne precision (environ 
:r=o,s% en valeur absolue), a ete utilisee pour la 
determination de tous les resultats qui sont presentes 
ci-dessous. 

b) De developper les techniques d'analyse par 
chromatographie: 

en etudiant des impregnants stables a haute tem
perature; 

en employant des detecteurs divers (ionisation de 
flamme, capture d'electrons, thermistance, conducti
bilite thermique); 

en cherchant a mettre au point la chromatographie 
preparative. 

L'ensemble des connaissances acquises s'est avere 
fort utile pour etudier !'evolution des terphenyles 
Soumis a la pyrolyse OU a la radiolyse. 

Pyrolyse 
Les resultats obtenus sur la stabilite thermique des 

terph6nyles ont deja fait l'objet de communications 
[2, 3, 4]. Nous nous limiterons done a rappeler les 
resultats essentiels. 

La majeure partie des essais ont ete effectues en 
ampoules a des temperatures comprises entre 416 et 
520 °C. Apres pyrolyse on a determine les quantites 
de lourds et de gaz formes. 

Nos essais ont porte sur les isomeres para et meta 
et sur des produits commerciaux, les terphenyles OMl 

***** Contrats EURATOM-PROGIL no 006-60-10-0RGF 
et no 058-62-3-0RGF. 
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Figure I. Vitesse de pyrolyse des terphenyles; formation de 
lourds 

et OMP, et surtout le fluide de reference d'ORGEL, 
le terphenyle OM2. 

La figure 1 montre comment varie la constante de 
vitesse de pyrolyse en fonction de la temperature; 
cette constante de vitesse a ete calculee en adoptant 
une cinetique de reaction d'ordre 1 qui semble 
parfaitement convenir. 

Sur cette figure on voit que: 
la stabilite du para-terphenyle est sensiblement 

meilleure que celle du meta-terphenyle ou celle du 
terphenyle OM2; 

les stabilites du meta et du terphenyle OM2 sont 
tres voisines; 

nos resultats different tres sensiblement de ceux 
obtenus par de Halas [5]; 

les resultats de Wilkinson et Bates [6] pour le 
para-terphenyle sont en assez bon accord avec les 
notres. 

Les energies d'activation varient entre 80 kcal/mole 
pour le pura-terphenyle et 64 kcalfmole pour le 
terphenyle OM2 (formation de lourds). 

Entin on remarquera que les quelques essais en 
autoclave ou en boucle qui ont ete effectues donnent 
des resultats coherents avec les essais en ampoules. 

Le meme travail a ete fait en partant de la formation 
des gaz, mais en admettant une cinetique d'ordre 0. 
On remarque que le para-terphenyle presente une 
stabilite meilleure que celle du meta-terphenyle et du 
terphenyle OM2. 

Les energies d'activation calculees sont respective
ment de 79 kcalfmole pour le para et de 67 kcalfmole 
pour le terphenyle OM2. 

Radio lyse 

Si l'etude de la stabilite thermique represente une 
connaissance fort importante, il est bien evident que le 
resultat des etudes radiolytiques jouera un role 
determinant dans le choix des conditions d'emploi du 
fluide caloporteur. 

Les essais ont ete effectues en ampoules et dans des 
boucles. Le tableau 1 resume les caracteristiques de 
celles-ci. 

Radiolyse en ampoules 

La radiolyse en ampoules a ete effectuee alors que 
nous ne disposions pas de boucles, et, pour defricher le 

Tableau I 

IntensitC IntensitC 
Moyen Volume Volume moyennedu neutrons Tem¢rature Obser- Rere-

Nom d'trradiation Lieu total 1rractu: rayonnement en °"o d'Irrad1atton Press tons DC bit vations rences 

BLO I Melusine 25 it 321 8,71 0,216 Wg-1 19 jusqu'it 380 oc 10 kg em-• [7] 
pile 

BL02 Piscine de Grenoble 241 81 0,168 Wg-1 17,5 jusqu'it 450 °C 40 kg em-• 2m3 h-1 Peut [8] 
travailler Fig. 2 

it taux 
constant 

de 
polymeres 

BLO 3 2MW 30 I 61 0,1 Wg-1 15 25 kg em-• 6m3 h-1 Noyau [9] 
(40 kg em-• chauffant 

pour 50Wcm-• 
Ia partie (effet 
hors pile), joule 

direct) 

SR 2 Accelerateur Saclay 270 it 6ml 17 Wg-1 0 25 kg em-• 
lineaire 320m! environ 

d'electrons (250 g) (4,7 g) 
4 MeV 150W 
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probleme, les essais ont ete effectues dans un four 
place dans un convertisseur de la pile EL2 a Saclay. 

La dosimetrie effectuee par verres doseurs et 
detecteurs a seuil et en utilisant le cyclohexane a 
permis de connaitre la dose absorbee avec une 
precision de l'ordre de 30%. L'energie d'origine neu
tronique representait environ 30% de la dose total e. 

Les essais n'ont pu etre effectues que dans des 
fours dont les temperatures etaient comprises entre 
280 et 320 oc et 320-380 °C. 

A partir des resultats on a pu determiner le rende
ment radiochimique G dans un domaine de tempera
tures oil la pyrolyse est negligeable et on a trouve: 

G (- omp) = 0,23 ± 0,0 
G gaz = 0,029 ± 0,03 

Compte tenu de !'imprecision sur !'evaluation des 
doses, ces valeurs peuvent etre entachees d'une erreur 
systematique. 

Radiolyse sous electrons 

L'idee generalement admise est que, a dose egale, 
les neutrons ont un pouvoir destructeur beaucoup plus 
important que le rayonnement y. 

C'est pour essayer de verifier cette donnee que des 
essais de radiolyse sous electrons produits par un 
accelerateur lineaire ont ete effectw!s dans une petite 
boucle specialement construite a cet effet par Ia 
societe Progil. (On admet generalement que les 
electrons ont un effet comparable a celui du rayonne
ment y.) 

Les essais ont ete effectues a Saclay a des tempera
tures comprises entre 200 et 450 °C. Cependant, 
comme nous le verrons plus loin, la pyrolyse du 
produit radiolyse etant tres importante, nous nous 
sommes limites pour !'interpretation des resultats a 
des temperatures inferieures a 380 °C. 

La dosimetrie est faite par calorimetrie sur une 
cible placee derriere Ia fenetre du dispositif. Le 
rendement radiochimique calcule est de: 

G (- omp) = 0,12 =r 0,04 

Radiolyse en boucle en pile 

Cette partie du programme a ete realisee a Grenoble 
par un groupe de travail groupant le CEA, l'IFP et Ia 
societe Progil. Les essais ont ete effectues dans trois 
boucles, dont, notamment, les boucles BLO 2 et 
BLO 3 installees dans Ia pile MELUSINE. Une qua
trieme boucle (BLO 4), provenant de la transformation 
de BLO 2, est en construction et fonctionnera dans Ia 
pile SILOE. 

Dosimetrie 

Principes de Ia dosimetrie et choix des methodes 
La situation de la boucle dans le reflecteur nous 

commande les solutions apportees aux problemes de 
dosimetrie : 

-le pilotage du reacteur; les experiences voisines ne 
permettent pas d'avoir un flux constant dans les 
boucles; 
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-le volume du vase d'irradiation est suffisamment 
important pour que les gradients de flux y soient tres 
grands; 

-la mesure directe en continu de l'energie due aux 
neutrons rapides par des methodes calorimetriques 
n'est pas possible actuellement. 

Aussi nous avons des detecteurs integrateurs sur Ia 
boucle a l'exterieur dont !'indication est reliee au flux 
moyen dans le vase d'irradiation par l'intermediaire 
de mesures sur une replique du vase. 

Methodes de me sure des flux 
Flux gamma: Calorimetre isotherme a noyau de 

graphite qui donne a chaque instant Ia puissance et 
l'energie y re~ue par la boucle [10]. 

Flux rapide: Detecteur a seuil: Ni(1/n)S(l/n)Al. 

Methodes de ca/cul des depots d' energie 
Energie y: On multiplie !'indication des calorimetres 

par le rapport des coefficients d'absorption d'energie 
dans le liquide et le graphite. 

Energie due aux neutrons rapides [11]: 

loo <l>(E) a8(E)E dE 

On a calcule: II(x, A) = K(A) 
0 ioo 

<I>( E) dE 
1 

x =distance au creur de MELUSINE 
A = masse atomique du corps choque 

<I>(E) = spectre du flux rapide mesure au-dessus de 
1 MeV, calcuie entre 10 keV et 1 MeV en 
supposant une forme en 1/EE(E) 

a8(E) = section efficace de choc elastique 
K(A) = coefficient tenant compte des unites, ... 

L'energie rapide est alors II(x, A) x c/>(> 1), 
<I>(> 1) etant le flux rapide en nfcm2 

superieur a 1 MeV. 

Mesures sur les boucles 
Les valeurs caracteristiques de dosimetrie pour les 

boucles 1, 2 et 3 (fig. 2) pour 24 heures de fonctionne
ment effectif de MELUSINE a 2 MW sont indiquees 
dans le tableau 2. 

Critique des resultats 

Erreurs de mesure: 
Flux gamma ~3% 
Flux rapide ~2% 

Erreurs systematiques: 
Pour l'energie y on a fait une serie de mesures 

comparatives avec un calorimetre a compensation 

Tableau 2 

BLO I BL02 BL03 

Dn, Wh/g .. 0,7 0,36 
D 1, Wh/g .. 4,2 3,3 2 
Dt. Wh/g .. 5,2 4 2,4 
Rapport en . 
pile/total 8,7/30 7,7/30 6/28 
%Dn/Dt ... 19% 17,5% 15% 
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Figure 2. Boucle organique n° 2-Schema de principe 

electrique [12]. Les mesures coincident dans une 
plage de 5%. 

Pour l'energie due aux neutrons rapides: les 
methodes calorimetriques utilisees par nous-meme 
(calorimetre a eau) et par Richardson [13] ont 
demontre Ia validite de la methode de calcul. 

Erreurs de positionnement: 
Elles peuvent donner lieu a des erreurs assez 

importantes etant donne les forts gradients de flux 
dans le reflecteur d'une pile piscine. On peut estimer 
que les doses totales de rayonnement sont connues 
avec une incertitude egale ou inferieure a ± 10%. 
Mise au point de nouveaux dosimetres 

II faut ajouter qu'un calorimetre de reference a 
egalement ete realise dans le cadre de ces etudes [14]. 
II permet de mesurer avec une bonne precision, 
grace a l'etalonnage interne dont il est pourvu, des 
intensites atteignant 5 Wg-1 dans le graphite. 

Interpretation des resultats 
Nous n'insisterons pas sur les probH:mes que pose le 

fonctionnement des boucles et aborderons des 
maintenant !'interpretation des resultats. 

Une premiere methode que nous avons d'abord 
utilisee consiste a rapporter la decomposition observee 
a la dose absorbee par le produit irradie. On obtient le 
rendement radiochimique G bien connu, qui exprime 

le nombre de molecules decomposees par 100 e V 
d'energie absorbee. 

La figure 3 presente les resultats que nous avons 
obtenus par le mode de calcul avec les boucles BLO 2 
et BLO 3. 

Cette figure permet de faire deux constatations qui 
sont a l'origine d'un mode d'interpretation different, 
lequel, a notre avis, rend mieux compte des phenomenes 
observes, et surtout permet de transposer les calculs a 
d'autres installations pour peu qu'on en connaisse les 
parametres essentiels: Ia premiere, c'est qu'a partir de 
360 oc environ, Ia courbe de variation de G en fonction 

0 
200 250 

Courbe I 
Courbe It 

300 

l.wlto" BLO 2 I " BLO 3 

r 
'~I) /0 

~I 
e I 

350 400 Temperature °C 

Figure 3. Vitesse initiale de radiolyse G (-omp) (BLO 2- BLO 3) 
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de Ia temperature, qui est sensiblement une horizon tale, 
s'inflechit considerablement: le G augmente avec Ia 
temperature; Ia seconde, c'est qu'a partir de cette 
temperature, Ia courbe initiale se divise en deux, les 
courbes I et II, chacune d'elles correspondant a une 
boucle bien determinee. 

Cette anomalie apparente s'explique deja assez 
facilement si l'on songe que, par suite d'une position 
plus favorable, Ia dose absorbee par le terphenyle dans 
BLO 2 est environ 2,5 fois plus grande que celle 
absorbee par le terphenyle dans BLO 3. Par consequent, 
a dose absorbee egale, le temps de fonctionnement de 
BLO 3 est 2,5 fois plus grand que celui de BLO 2. 
Dans ces conditions on con'Yoit tres bien que l'effet de 
Ia temperature soit plus sensible dans BLO 3 que 
dans BLO 2. 

Cependant, si l'on essaie de corriger ces courbes en 
tenant compte des vitesses de pyrolyse du terphe
nyle OM2, on constate toujours un net inflechissement 
et une separation des resultats en deux courbes. 

Cette observation, recoupee par des mesures de 
vitesse de pyrolyse du produit radiolyse en auto
clave, en boucle et egalement en ampoules (essais 
EURATOM) et par !'augmentation de la population 
de centres actifs mesures par resonance magnetique 
nucleaire, a partir d'une temperature de l'ordre de 
380 °C, nous a conduit a penser que la vitesse de 
pyrolyse du produit radiolyse etait beaucoup plus 
grande que celle du terphenyle non radiolyse. 

Cette idee etant admise, nous avons cherche a 
l'exprimer mathematiquement en faisant intervenir des 
considerations de cinetique et en formulant deux 
hypotheses qui nous ont paru raisonnables. 

La premiere, c'est que la cinetique de la reaction 
etait d'ordre I, qu'il s'agisse de pyrolyse pure ou de 
radiolyse. Le choix de cet ordre n'est pas le produit du 
hasard : nous avons pu verifier graphiquement que 
tous nos resultats obeissaient bien a cet ordre. Nous 
devons cependant faire remarquer qu'un certain 
nombre d'entre eux etaient egalement bien representes, 
soit par l'ordre 0, soit par l'ordre 3/2, certains meme 
par l'ordre 2. 

Pour lever cette indetermination, BLO 2 a ete 
equipee d'un dispositif permettant de travailler a taux 
constant de polymere. 

II convient egalement de signaler qu'EURATOM a 
calcule, a partir des resultats experimentaux obtenus, 
que l'ordre le plus probable etait effectivement I. 

C'est egalement cet ordre que Mason, au MIT, a 
adopte pour interpreter les resultats qu'il a obtenus en 
irradiant en pile du Santowax R. 

La seconde hypothese a ete d'admettre que les 
effets radiolytiques et pyrolitiques etaient additifs. 
Certes, il ne s'agit pas d'une idee bien nouvelle en soi 
puisque de Halas [5] l'a deja formulee sans cependant, 
nous semble-t-il, l'etayer aussi rigoureusement que 
nous sur des resultats experimentaux. En tout cas, nos 
conclusions different tres sensiblement de celles de de 
Halas puisque les vitesses de pyrolyse du produit 
radiolyse que nous trouvons sont beaucoup plus 
im portantes. 
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Done, partant de I' equation: 

dC 
dt = (Ar + Bp)C 
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et en explicitant les constantes Ar et Bp nous trouvons 
I' equation: 

dC 
dt = (k1J + k 2)C 

a partir de laquelle on calcule aisement la valeur 
apparente GaT du rendement radiochimique. 

(GaT)x = 11,65 ( k1 + ~:) 
(l'indice x se rapporte a un boucle donnee; J., est. 
l'intensite moyenne absorbee dans le terphenyle, 
expnmee en Wg-1). 

A partir de cette formule nous avons calcule les 
constantes k1 et k 2 en resolvant le systeme de deux 
equations a deux inconnues qu'on obtient en utilisant 
les valeurs de (GaT)., et J., des boucles BLO 2 et BLO 3. 

Nous pouvons egalement effectuer une resolution 
graphique en portant en fonction de 1/T la constante 
globale de vitesse 

- (GaT)x Jx 
K., = k 1d., + k 2 = 11 65 

' 
Ce mode de calcul est illustre par la figure 4 

(tableau 3). 
II permet de tirer les conclusions suivantes: 
a) Au-dessous de 380 °C, la vitesse de radiolyse du 

terphenyle est pratiquement constante et independante 
de la temperature (courbes I et II). Connaissant k1d.,, 

10-2 \ 

~ \ 

1 \\~., ~ ~ \ ~\, . , 

Resultats BLO 2 
+ Vttesse 1n1tiale globale 
o " " de pyro/ yse 

R8sultats BLO 3 
6 Vttesse 1n1tiole globale 
o 11 

" de pyrolyse 

Courbe IV · V1tesse de pyrolyse 
du terphenyle OM 2 

~ \ ~A +,,'-t;.' 

d~~\\~~~-~-+--==~~d 
10 -J \ \;\ Courbe t 

\ 0 \ 6 

\ \~~·....,,.___-r-~Co~urbe .!!_II t-----J 

\ Courbe 111 

Courbe IV\ 
10 -4 L__ __ _J____JL__ ____ l__ ____ l__ ___ __:' 

1,35 1,55 1.75 1,95 (1/T) 103 

Figure 4. Determination graphique des vitesses initiales de 
radiolyse et de pyrolyse a partir des resultats de BLO 2 et BLO 3 
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Tableau 3 

No essai oc OK l/T X 103 GaT 

A-14-200 200 473 2,114 0,24 
A-19-320 320 593 1,686 0,26 
B-11-320 320 593 1,686 
A-15-360 360 633 1,579 7 0,31 
B-1-360 360 633 1,579 7 0,29 
B-9-360 360 633 1,579 7 0,32 
A-16-380 380 653 1,531 0,33 
A-23-380 380 653 1,531 0,36 
B-2-380 380 653 1,531 0,36 
A-18-400 400 673 1,485 8 0,48 
B-3-400 400 673 1,485 8 0,70 
A-12-408 408 681 1,468 4 0,58 
B-4-410 410 683 1,464 0 1,16 
A-17-420 420 693 1,443 0 0,78 
B-5-420 420 693 1,443 0 1,47 
A-20-430 430 703 t,422 4 t,06 
B-6-430 430 703 t,422 4 2,20 
A-21-440 440 713 t,602 5 1,50 
B-8-440 440 713 1,602 5 3,86 
A-22-450 450 723 1,383 1 2,96 
B-7-450 449 722 1,385 5,67 

on calcule aisement k1 et le rendement radiochimique 
vrai Gr. 

On trouve Gr = 11,65 K1 

Ce rendement radiochimique se situe autour de 
0,28 et, en attendant les resultats de mesures a des 
temperatures comprises entre 200 et 320 °C, la pente 
calculee des courbes I et II est 0,54 kcalfmole. 

b) A partir de 380 °C, la pyrolyse du terph6nyle 
radiolyse commence a devenir sensible. La variation 
de la constante de pyrolyse k2 est representee par la 
courbe III. On constate que les valeurs de k2 obtenues 
a partir des resultats des boucles 2 et 3 sont en 
parfait accord. 

L'energie d'activation calculee est de 54,2 kcalfmole. 
La meme representation graphique peut etre 

effectuee pour la formation des gaz. 

Discussion des resultats 
a) L'ordre des reactions radiolytiques et pyrolitiques 

a ete pris egal a 1. Cela ne fait pas de doute pour la 
pyrolyse. Par contre, les premiers resultats obtenus sur 
BLO 2, fonctionnant a taux constant de polymere, 
semblent indiquer que la radiolyse pure (0 < 360 °C) 
obeit plutot a une cinetique d'ordre 2. 11 est vraisem
blableque, lorsque la pyrolyse se superpose ala radio
lyse, l'ordre de la reaction varie de 2 a 1, ce qui 
complique ]'interpretation des resultats. On peut 
expliquer l'ordre 2 de Ia radiolyse en admettant que 
seule l'energie dissipee dans le terph6nyle intervient 
dans la reaction. 

b) 11 n'en reste pas moins vrai que la vitesse de 
pyrolyse d'un produit radiolyse est plus elevee que 
celle d'un produit vierge. Cela peut etre dil a !'appari
tion de derives alkyles. Cette hypothese est etayee par 
la similitude de l'energie d'activation de la pyrolyse de 
tels produits. 

c) Mason [15], en reprenant to us les resultats 
obtenus par des irradiations en piles. arrive a la 

d 

0,044 5 
0,045 4 

0,040 
0,021 

0,038 0 
0,044 7 
0,013 8 
0,0411 
0,016 6 
0,039 6 
0,015 
0,041 6 
O,Ot7 95 
0,038 5 
O,Ot5 24 
0,039 2 
0,014 73 
0,039 1 
0,17t 8 

k 1T + k 2T 

9,16 · w-• 
1,o1 · w-• 

1,06. w-• 
5,23 · w-• 

1,075 · w-• 
1,38. w-• 
4,26 · w-• 
1,69. w-• 
9,97 · w-• 
1,97 · w-• 
1,49 ·10-3 

2,78. w-• 
2,27 · w-• 
3,5 · w-• 
2,87 · w-3 

5,05 · to-• 
4,85. 10-3 

9,92 · w-• 
8,395 · w-• 

6,0 · w-• 
5,57 · to-• 
8,7 · w-• 
1,04 · w-• 
1,68 · w-• 
1,82. w-• 
2,4. 10-3 

2,42. w-• 
3,95 · w-• 
4,4 · w-3 

8,81 . 10-3 

7,93 · to-• 

conclusion que Gn = G1• Cela semble en contradiction 
avec nos resultats obtenus sous electrons. Mais si l'on 
compare ]'ensemble des resultats obtenus sous 
electrons l'on voit que G electron decroit lorsque 
l'intensite du rayonnement augmente. Or, nos 
resultats ont ete obtenus avec un accelerateur lineaire 
delivrant une dose instantam!e enorme (29 000 Wg-1). 

Cela explique sans doute notre G electron tres faible. 
D'autre part le G deduit des experiences en ampoules 
n'est pas assez sur pour conclure, bien que Ia con
tribution des neutrons a l'energie totale (30% de 
l'energie totale) soit plus importante que celle dissipee 
dans les boucles (17,5 et 15%). 

RECHERCHES SUR LES SUBSTITUTS 
AUX TERPHENYLES 

Le travail effectue sur les substituts aux terph6nyles 
s'est limite a des produits d'origine petroliere; il 
com porte deux parties: 1' etude extensive des coupes 
petrolieres et I' etude intensive des coupes <<alkyl
phenanthrene>>. 

Etude extensive des coupes petrolhkes 
Elle a fait I' objet de communications [16, 7], et nous 

n'en donnerons que les lignes generales. 
D'abord, une evaluation des diverses coupes petro

lieres possibles a ete faite sur Ia base de la stabilite 
thermique mesuree au moyen de differents tests 
comparatifs dans des autoclaves en acier inoxydable, 
de la stabilite radiolytique determinee par des essais a 
200 °C sous un accelerateur electrostatique d'electrons 
a lentille de 600 ke V de la societe SAMES, de la 
mesure de la teneur en impuretes et de la radioactivite 
induite qui en decou1e, de la determination de la 
teneur en aromatiques. 

Ensuite, la selection des meilleures coupes, fruit du 
travail precedent, a conduit a retenir principalement 
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Tableau 4. Caracteristiques des charges d'alkylphenanthrimes utilisees dans 
les essais d'irradiation en boucle en pile (BLO 1) 

AKP. 3 AKP.4 AKP. 5 

Intervalle de distillation A.S.T.M. oc 336-367 312-362 308-328 
Densite 25/4 1,082 1,086 1,044 
Indice de refraction n25 

d 1,669 1,672 1,6314 
Point de cristallisation (apparition des premiers cristaux) oc 10 6 40 
Poids moleculaire . 200 201 190 
Point eclair oc 184 182 170 
Point de feu oc 208 203 197 
Soufre ppm. 7 8 >8 
Stabilite thermique a (% monomere transforme): 

360 oc essai statique 8 h 1,25 3,3 
380 oc essai statique 8 h 3,2 1,60 3,6 
400 oc essai statique 8 h 6,3 4,0 3,7 
420 oc essai statique 8 h 21 11,4 7,8 

Stabilite thermique moles gaz/moles produit: 
360 oc essai statique 8 h neant neant neant 
380 oc essai statique 8 h neant neant neant 
400 oc essai statique 8 h 0,013 neant 0,03 
420 oc essai statique 8 h 0,165 0,075 0,055 

Stabilite radiolytique a aux electrons: 
acceleres a 177 oc . .2Wh/g 0,19 0,19 0,19 

G monomere transforme 4 Wh/g 0,18 0,18 0,19 
8 Wh/g 0,16 0,14 0,18 

20 Wh/g 0,11 0,11 0,15 
Analyse par activation b: 

Na ppm. 0,25 0,04 0,06 
Cu ppm. 0,12 0,015 0,02 
Mn ppm. 0,01 <5 · w-• 0,005 
Hg ppm. <0,02 0,05 0,02 
Cl ppm. <0,4 

aLes methodes utiltsees pour Ia mesure de Ia stab1ltte thermique et de Ia stabilite radiolytique sont decntes 
dans Ia reference [I]. 

b Analyse faite par Ia Section Application des radioelements du Centre d'etudes nucleaires de Grenoble. 

les coupes «alkyl phenanthrene» depourvues d'impu
retes et entierement aromatiques provenant du pro
cede de raffinage appele reforming catalytique, et 
notamment d'une de ses variantes, le powerforming. 

Entin, en vue d'ameliorer Ia stabilite thermique de 
ces coupes« alkyl phenanthrene», il a ete necessaire de 
verifier, dans ce but, l'efficacite de differents traite
ments: hydrodesalkylation, << prepyrolyse >>, etc. 

Etude intensive des coupes<< alkyl phenanthrene>> 

Elle a consiste a determiner la vitesse de decom
position de ces fluides dans des conditions isothermes, 
en melange avec leur propre produit de degradation 
dans une boucle d'irradiation installee dans Ia pile 
MELUSINE du CEN, Grenoble. 

Appareillage 

Les caracteristiques de Ia boucle denommee 
BLO 1 et celles du rayonnement re<;u par Ie vase 
d'irradiation ont deja ete publiees. 

La dosimetrie a ete faite suivant les memes principes 
que ceux mentionnes pour le terphenyle OM2. 

Le bon fonctionnement de !'installation a ete 
verifie au moyen de deux essais tests avec du diph6nyle 
a 350 oc et du terphenyle OM2 a 380 °C. 

Resultats 

Trois charges d'alkylphenanthrene ont ete etudiees. 
Leurs caracteristiques, leurs proprietes et leur com-

position sont assez voisines ainsi que le montrent les 
tableaux 4 et 5. 

Trois essais ont ete realises: le premier a 200 oc 
pour connaitre Ia part de decomposition due a Ia 
radio lyse seule; le deuxieme et le troisieme respective
ment a 360 et 380 oc pour chercher Ia temperature 
limite d'utilisation de ces fluides. 

a) La stabilite radiolytique a ete determinee en 
suivant Ia decomposition du produit mis en reuvre 
en fonction de la dose et en calculant Ia constante de 
vitesse et le G (-) radiochimique initial en supposant 
que Ia cinetique de Ia reaction suivait un ordre 1. 
Cette hypothese a ete faite parce que les resultats 
experimentaux la confirmaient passablement et aussi 
pour comparer les valeurs obtenues a celles 
trouvees avec le terphenyle OM2; cette comparaison 
est fournie par le tableau 6. 

La contribution de Ia pyrolyse seule est mesuree au 
moyen d'un essai en statique dans un autoclave de 
laboratoire. 

Cette contribution est negligeable a 200 oc; elle est 
de 1/3 et 2/3 respectivement a 360 et 380 oc dans Ia 
decomposition de Ia charge. Elle doit en realite etre 
plus forte si on admet que, comme pour le terphenyle 
OM2, Ia pyrolyse d'un produit radiolyse est plus 
importante. Un essai fait a 400 oc dans BLO 3 avec 
une charge d'alkylph6nanthrene (tableau 6) a du reste 
montre que Ia vitesse de decomposition etait reellement 
tres grande. 
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Tableau 5. Composition des charges d'alkylphenanthrenes 

% en poids a noyaux naphtah~niques 
fluoreniques . . 
phenanthreniques 
anthraceniques. . 
pyreniques . . . 
fluorantheniques . 

% en poids • - CH = aromatiques . . 
- CH2 - et CH3-aliphatiques . 

AKP. 3 

48 
3,5 
6 
4 

47 
13,5 

AKP.4 

0,5 
4 

49 
2,1 
6,5 
5,2 

51 
11,5 

AKP. 5 

% poids CnH2n-12'" 1 ,9 
% poids CnH2n-14 17,4 
% poids CnH2n-16 43,5 
% poids CnH2n-18 34,8 

115 

a Mesure par spectrometrie U.V. 
• Mesure par spectrometrie I.R. 
• Mesure par spectrometrie de masse 

•cnH2n-12: derives du naphtalime 
CnH2 n-14: derives du diphenyl 
CnH•n-16: derives du fluorene 

b) La variation des constantes physiques (densite, 
viscosite, conductibilite thermique, tension de vapeur) 
en fonction de Ia temperature pour un pourcentage de 
produit de decomposition identique souligne Ia grande 
similitude qui existe dans ce domaine avec les terphe
nyles, d'ou des coefficients d'echange thermique 
proches. Une exception cependant existe pour Ia 
chaleur specifique sensiblement plus basse pour les 
coupes« alkyl phenanthrene». 

c) L'activite induite du produit irradie est tres 
faible et equivalente a celle d'un produit de synthese. 

d) L'analyse detaillee par spectrometrie de masse 
des differentes families d'hydrocarbures avant et apres 
irradiation [17] a permis de mettre en evidence que 
c'est Ia famille du phenanthrene qui a Ia stabilite Ia 
meilleure, qu'une demethylation importante se pro
duisait, ce qui explique le G gaz important trouve, 
qu'une partie du polymere regenerait des produits 
initialement presents. 

En definitive, cette etude sur les substituts aux 
terphenyles d'origine petroliere a permis de connaitre 
les possibilites et les limites des coupes « alkylphenan
threne )) provenant du residu de reforming catalytique 
et retenues comme etant les meilleures. 

Elles offrent une combinaison de proprietes qui les 
rendent comparables aux terphenyles jusqu'a la 
temperature de 360 ac avec en plus les avantages 
d'avoir un point de fusion ne depassant jamais 40 °C 
et un prix qui pourrait etre inferieur. 

Des etudes actuellement en cours permettent 
d'esperer que leurs melanges avec du terphenyle OM2 
(dans certaines proportions) constituent des fluides de 
bas point de fusion ( < 30 oq et ayant une stabilite 

Tableau 6. Vitesse de decomposition et G radio 
chimique initial des coupes «alkyl phenanthrene» 

Temperature 
oc 

200. 
360. 
380. 
400 ... 

AKP OM2 

0,012 9 (BLO 1) 0,17 0,02 (BLO 2) 0,23 
0,013 6 (BLO 1) 0,18 0,027 (BLO 2) 0,31 
O,Q25 (BLO 1) 0,35 0,030 (BLO 2) 0,36 
0,274 (BLO 3) 3,86 0,060 5 (BLO 3) 0,70 

CnH2 n-18: derives du phenanthrene et anthracene 

thermique suffisante pour les employer jusqu'a 380 °C. 
De tels melanges presentent aussi une solution satis
faisante pour resoudre le probleme pose par le 
demarrage d'un reacteur ORGEL. 
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ABSTRACT -RESUME-AHHOTAUV1R-RESUMEN 

A/53 France 

Technological study of organic cooling fluids 

By P. Leveque 

Under contract to EURATOM (Vander Venne and 
Hannaert), the CEA and the Progil society have 
collaborated on a technological study of the terphenyls. 
The results obtained from the radiolysis and pyro
lysis of the product OM2 (70% m-terphenyl, 25% 
o-terphenyl, 5% p-terphenyl) are reported. Using two 
pile loops at temperatures up to 450 °C, a phenomena 
of accelerated pyrolysis on the radiolysed material 
has been demonstrated. Some by-products of the 
petroleum industry have also been studied, with a 
view to finding substitutes for terphenyl. 

A/53 ttlpaHL!H.R 

TexHonontYeCKHe HccneAOBaHHH >KHA
KHX opraHH"16CKHX TennOHOCHTeneH 

n. JleaeK 

RoMHCcapHaT no aToMHoii 3HeprHH <DpaHn;Hn 
H cpHpMa «fJpomHJib>> npoBeJIH COBMeCTHO no KOH
TpaKTY EnpaToMa (BaH ~ep BeHHe H XaHHa3pT) 
Tf'XHOJIOrH'IeCKOe HCCJie~OBaHHe TepcpeHHJIOll. 
llpHBO)l;.HTCH peayJILTaThl pa)J;HOJIH3a H nHpoJIH3a, 
noJiy'leHHLJe ua npo~yKTe OM2 (70% m-Tepcpe
HHJia, 25% o-Tep!jleHHJia, 5% p-TepcpeHHJia). llpu 
pa6oTe )l;Byx KOHTypon peaKTopa npH TeMnepaTy
pax )1;0 450° C Ha6JIIO)J;aeTCH .HBJieHHe ycKopeHHO-
ro nHpomt.aa pa)J;HaJIHaonauHoro npo)l;yKTa. BMJin 
TaKme HCCJie~OBaHhl HeKOTOpbie ll060'IHhle npo
~YKThl He!jJTenepepa6aTLIBarom;e{l npoMhlmJieH
HOCTH, 'IT06hl HaRTH 33MeHHTeJIH TepcpeHHJia. 

Af53 Francia 

Estudio tecnol6gico de los fluidos organicos 
para transferencia de calor 

por P. Leveque 

El CEA y Ia Sociedad Progil han emprendido en 
comun, en ejecuci6n de un contrato del EURATOM 
(Vander Venne y Hannaert), un estudio tecnol6gico 
de los terfenilos. Se exponen los resultados de Ia 
radi6lisis y de Ia pir6lisis obtenidos con el producto 
OM2 (70 % de m-terfenilo, 25% de o-terfenilo y 
5% de p-terfenilo ). El funcionamiento de dos circuitos 
de reactor a temperaturas de hasta 450 °C ha puesto 
de relieve un fen6meno de pir6lisis acelerada en el 
producto radiolizado. Se han estudiado asimismo 
algunos subproductos de Ia industria petrolifera 
con objeto de hallar sustitutos para el terfenilo. 
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Transferts de chaleur par liquides organiques 

par J. Villeneuve *, R. Ricque *, M. Courtaud * et F. Lanza** 

Dans le cadre d'un contrat passe par la Direction 
du projet ORGEL de !'EURATOM, on a etudie sur 
deux installations d' essais les caracteristiques d' echange 
thermique de differents terphenyles et !'influence, sur 
le coefficient d'echange, de l'encrassement des surfaces 
chauffantes par du terphenyle OM2 contenant, dans 
certains cas, du fer, du chlore ou des produits de 
decomposition. 

LES ETUDES DE COEFFICIENT D'ECHANGE 

Le dispositif experimental: boucle LO.SO.P 
L'ensemble de !'installation est represente par Ia 

figure 1. 

*Commissariat a l'energie atomique, CEN-G. 
**EURATOM, lspra. 

Equillbrage pour vidallge 

Rtfroiaii"sifiitn"TI 
pomu,., J 

pompe 

Flltre 

Le circuit principal de terphenyle est construit en 
grande partie en acier ordinaire et con9u pour fonc
tionner jusqu'a 450 oc et 20 kg/cm2 (pressurisation 
a !'azote). II est relie par son point bas a Ia cuve de 
stockage, dans laquelle le circuit peut se vidanger a 
peu pres integralement. 

La pompe, classique, a presse-etoupe, est du type 
centrifuge. 

La section d'essais est essentiellement constituee 
d'un tube d'acier inoxydable de 80 em de longueur 
chauffante, 12 mm de diametre interieur et 1 mm 
d'epaisseur. 

La mesure du debit est assun!e par un orifice 
deprimogene et un debitmetre a turbine. La pression 
differentielle de I' orifice deprimogene est transmise a 
une cellule de pression differentielle par deux lignes de 

I 

LEGENDE 

_ Terphenyle 

_Azote 

_ __ dawtherm 

lT 
t htrmocouple 

Tl arrlvies de courant ----, o, Dtbttmetre a dlaphratmt 

I D2 Dhltmetre a turbine 

I PR Prichauffe 

+ 
~ p Pressuriseur 

T Refroidissement I ~ Azote pour pressuriHur 
echangeur 

SE Section d'e11als 

Figure I. Schema de Ia boucle LO.SO.P 
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Tableau I. Composition des terphenyles essayes 

Composition en pourcentage 

Produits Ortho- Meta- Para-
testes Ugers terphenyle terphenyle terphenyle Lourds 

OMP. Traces 3,4 
OM2pur 0,5 18,5 
(OM2 + HBR) 1 0,4 16,9 
(OM2 + HBR) 2 0,4 15 
(OM2 + HBR) 3 Traces 13 

mesure constamment chauffees pour eviter le gel du 
terphenyle. Ces deux appareils soot etalonnes avec 
une precision de 0,3% au bane d'etalonnage hydrau
lique a froid; leur concordance en fonctionnement a 
chaud a toujours ete tres bonne (mieux que 2 ~~ pour 
80% des points d'essais). 

La densite superficielle de flux thermique est 
determinee a partir des mesures de tension et d'inten
site du courant continu alimentant la section d'essais. 

La mesure de temperature de fluide est effectuee 
aux extremites du canal d'essais par thermocouples et 
sondes a resistance de platine montes dans une gaine 
immergee dans un pot assurant le bon melange de 
fluide. 

Les temperatures de paroi soot mesurees par des 
thermocouples thermocoax brases dans des disques 
d'argent; ces disques soot serres contre la paroi et en 
soot isoles electriquement par une mince feuille de 
mica. L'isolation thermique y est realisee au moyen 
de lames d'air delimitees par trois cylindres en cuivre 
concentriques au canal d'essais. Entre les deux 
cylindres exterieurs se trouvent des fils chauffants 
thermocoax enrobes dans du ciment conducteur 
Thermon. L'enveloppe chauffante ainsi realisee fournit 
un flux bien uniforme. Le troisieme cylindre, de 
diametre inferieur aux precedents, delimite entre 
ceux-ci et le canallui-meme deux couches d'air. 

On regie, a l'aide de thermocouples brases sur les 
tubes de cuivre et montes en differentiel, les gradients 
radiaux a travers la couche d'air externe. Le gradient 
radial autour du canal d'essais est ainsi regie, a 1 ou 
2 degres pres, autour d'une valeur VOisine de zero, et 
le flux de fuite est par suite pratiquement annule. 

Un autre dispositif permet d'annuler egalement les 
pertes thermiques par conduction dans les barres 
d'amenee de courant. 

66,5 30 0,1 
76 5 0 
66 5,2 11,5 
57 5,1 22,9 
54,8 3,4 28,8 

Ces precautions permettent d'obtenir des bilans 
thermiques toujours compris entre 95 et 105% et 
donnent une amelioration considerable a la precision 
des resultats de coefficient d'echange. 

Les produits organiques testes 

On a effectue les mesures sur des terphenyles de la 
Societe Progil, dont la composition chimique est 
donnee dans le tableau 1. 

Les produits lourds (HBR) provenaient du reacteur 
americain OMRE. 

Ayant besoin de connaitre parfaitement les carac
teristiques physiques de ces produits jusqu'a 450 oc 
et 20 kgfcm2, on a construit a Grenoble un calorimetre, 
un conductimetre thermique, un viscometre et un 
densimetre permettant ces mesures [2]. On a obtenu les 
valeurs suivantes, valables entre 240 et 450 oc: 

Densite [(kgfm3
) • I0-3

] = a + b/T + cfT2 + d/P 
Viscosite [(kgfm s) · 103] = e + f/T + gfT2 + h/T3 

Chaleur specifique (j/kg oC) = j + kT 
Conductibilite thermique (W/m 0 C) = 1 + mT 
Test exprime en oc 

Les valeurs des constantes soot donnees dans le 
tableau 2. 

R.esultats d'essais de coefficient d'echange [3] 
L~s essais de coefficient d'echange ont ete tout 

d'abord realises avec le terphenyle OMP dans la 
gamme de parametres suivants (44 points d'essais): 

Densite de flux . . . 
Vitesse ...... . 
Temperature d'entree 
Nombre de Reynolds 
Nombre de Prandtl . 

50 et 100 W/cm2 

4 a 9 mfs 
320 a 4to oc 
t20 ooo a 370 ooo 
s,s a. 7,8 

Ils ont ete poursuivis pour 164 points d'essais avec 

Tableau 2. Constantes de caracteristiques physiques 

Fluide OMP OM2 OM2 + 10% lourds OM2 + 20% lourds OM2 + 30% Iourds 

a. -0,532 -0,373 -0,442 -0,36t -0,320 
b · 10-• 10,309 8,887 9,667 8,967 8,600 
c · 10-• -25,929 -21,820 -24,348 -22,172 -20,889 
d. IQ-• 23,055 19,109 2t,796 t9,626 t8,t87 
e . O,Ott O,t80 0,042 -O,t27 -O,t22 
J · to-• 0,034 -t,672 -0,063 t,716 t,656 
g · to-• 3,6t63 8,7990 3,2628 -2,4538 -t,8834 
h · to-• -O,t722 -5,5927 t,464t 8,8t5t 9,3927 
j t,644 t,584 t,587 t,590 t,594 
k. 2,40 2,43 2,38 2,34 2,29 
I . O,t487 O,t442 O,t438 0,1436 O,t432 
m ·tO• -t -1,05 -0,95 -0,86 -0,76 
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Figure 2. Resultats d'essais 

les terphenyles OM2 avec et sans produits lourds; la 
gamme de parametres explores est la suivante: 

Densite de flux . . . 
Vitesse ..... . 
Temperature d'entree 
Nombre de Reynolds 
Nombre de Prandtl . 

25 a 50Wfcm• 
1,5 a 8 m/s 
290 a 380 oc 
26 ooo a 210 ooo 
6,5 a 12 

La quasi-totalite (95 %) des 208 points d'essais 
repond a la correlation generale suivante: 

Nu = 0,00835 Re0 •9 Pr0•4 

les nombres sans dimensions etant calcules pour la 
temperature moyenne du fluide. 95% des points 
d'essais sont compris dans une bande de dispersion 
de ± 6% autour de cette correlation. La figure 2 
repn!sente !'ensemble des resultats d'essais. On a 
constate que Ia valeur de Ia densite de flux thermique 
n'avait pas d'influence nette sur les resultats. 

On a compare cette correlation avec les resultats de 
!'etude theorique de Martinelli [I]; l'analogie de 
Martinelli conduit a un exposant 0,9 pour le nombre 
de Reynolds comme la correlation ci-dessus. 

On constate, sur la figure 2, qu'un certain nombre 
de points presentent une dispersion anormale; ces 
points correspondent a des terphenyles a forte 
concentration de lourds, circulant a haute tempera
ture et grande vitesse. On peut penser que, pour ces 

conditions, la concentration des lourds ne reste pas 
uniforme dans l'ecoulement et qu'il peut s'etablir 
un gradient de concentration entre la paroi et le 
noyau turbulent; une etude systematique de ce 
phenomene reste a faire. 

Conclusion 

L'etude experimentale effectuee a done permis d'eta
blir une correlation empirique valable pour !'ensemble 
des produits testes. La faible dispersion des resultats 
laisse peu d'incertitude sur la determination de cette 
correlation moyenne; par ailleurs, les nombreuses 
verifications de mesure effectuees limitent la possibilite 
d'erreurs systematiques sur Ia valeur absolue du 
coefficient d'echange qu'on peut calculer a partir de 
cette correlation moyenne. 

Les effets separes des parametres Reynolds et 
Prandtl ayant ete analyses, !'extrapolation des 
resultats a l'aide de la correlation presentee doit 
pouvoir se faire avec une assez faible incertitude. 

ETUDE DE L'ENCRASSEMENT 
DES PAROIS CHAUFFANTES 

PAR LES POL YPHENYLES 

Le phenomened'encrassementdes paroischauffantes 
ou fouling etant tres complexe et influence par un 
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tres grand nombre de parametres, il a paru necessaire 
de reprendre cette etude dans le cadre du projet 
ORGEL a la lumiere des resultats deja enregistres 
dans d'autres laboratoires. 

Deux series d'essais ont pu etre envisagees: 
a) La premiere, ou les differents parametres sont 

ajustes aux valeurs qu'ils auront dans le reacteur, en 
particulier la composition du produit, les conditions 
thermiques et hydrodynamiques, etc. Cette serie 
permettra de connaitre les risques d'encrassement dans 
le n!acteur. 

b) La seconde, ou on essaiera de determiner plus 
particulierement !'influence de tel ou tel parametre, 
dans des conditions pouvant s'eloigner des conditions 
prevues dans le reacteur, de fa.;on a pouvoir aboutir a 
une meilleure comprehension du phenomene. 

L'etude du phenomene sur un essai s'effectue en 
deux temps: 

1) On suit 1'¢volution du phenomene par son 
influence sur le coefficient de transfert de chaleur. 

2) Apres l'essai, le depot obtenu est examine et 
analyse. 

Le dispositif experimental: boucle A 

La boucle 
La boucle d'essais a ete con.;ue pour fonctionner de 

fa.;on continue pendant toute la duree d'un essai 
prolonge. 

Cela a conduit a automatiser !'installation et a 
doubler uncertain nombre d'elements du circuit. 

La figure 3 represente le schema de la boucle, dont 
les caracteristiques principales sont les suivantes: 

Pression maximale: 40 kg/em• 
Temperature maximale sur !'ensemble de Ia boucle: 450 oc 
Debit: 0,6 m3/h a 3 m3/h environ. 

Le circuit principal, tuyauteries, vannes, pompes et 
instruments de mesure, ainsi que les capacites, sont 
en acier inoxydable. Une portion de circuit en acier 
doux est montee pour certains essais. Pour eviter des 
pertes de produits importantes pendant un essai de 
longue duree, Ies vannes sont du type a souffiet et les 
pompes sont du type etanche, a rotor immerge et 
paliers a roulements a billes. Deux filtres sont montes 
en parallele; ils sont constitues chacun par une 
cartouche filtrante demontable en marche. Les 
cartouches filtrantes sont en acier inoxydable fritte de 
porosite 3 f-t ou 7 #· 

Une mesure de perte de charge placee aux bornes 
des filtres permet de connaitre leur etat de colmatage. 

L'ensemble du circuit est «trace» au moyen de 
cordons chauffants sous gaine metallique et calori
fuges a l'amiante. Il est divise en une quarantaine de 
portions ayant chacune un circuit de rechauffage 
autonome et un thermocouple de controle. Un 
scrutateur mecanique permet de comparer successive
ment Ies indications des differents thermocouples a 
une tension de reference et assure Ia regulation de 
chauffage. 

Automatismes et securites 
Prevue pour fonctionner sans surveillance pendant 
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des periodes assez longues (nuits, fins de semaine), la 
boucle est dotee d'un certain nombre d'automatismes 
et securites. 

La puissance du canal d'essais, le debit et Ia 
temperature du fluide sont regles automatiquement. 
Les securites sont reparties en deux classes: l'une 
conduit a l'arret du chauffage du canal d'essais; 
]'autre conduit en outre a la vidange de !'installation. 
On a con.;u !'installation pour eviter Ie plus possible 
une telle vidange. En cas de defaut d'un debitmetre 
ou d'une pompe, !'installation se remet en route 
automatiquement sur Ies appareils de secours; de 
meme, en cas de panne de courant de courte duree. 

Le canal d'essais 
La figure 4 represente ce canal; il est a section annu

laire, et !'element chauffant, a chauffage direct, est un 
tube lisse en acier inoxydable, de diametre exterieur 
12 mm, d'epaisseur 0,5 mm, et de longueur active 
20 em. Les barres d'amenee de courant, de meme 
diametre que Ie tube chauffant, sont frettees sur ce 
dernier. 

L'ecoulement du fluide s'effectue entre ce tube et 
un tube concentrique dit «tube flottant », de diametre 
interieur 16 mm. Le centrage de !'arne chauffante sur 
ce tube est assure en trois sections par des aiguilles -
de quartz calibrees, maintenues dans des plans dia
metraux a 120 ° par des meplats usines sur les cosses 
d'amenee de courant. L'ame chauffante et le tube 
flottant sont places dans un tube de force. Les brides 
d'extremite sont isolees electriquement de I'enveloppe. 
Les barres d'amenee de courant sont percees en 
leur centre de fa.;on a permettre Ie passage des fils de 
thermocouples soudes sur Ia paroi interne du tube 
chauffant. 

Le canal d'essais ainsi realise a un diametre 
hydraulique de 4 mm, et les barres d'amenee de 
courant jouent le role de longueurs de tranquillisation 
sur 50 diametres a l'amont et 25 diametres a l'aval. 
Les vitesses d'ecoulement peuvent varier entre 2 et 
10 m/s. L'alimentation en courant alternatif permet 
une puissance reglable entre 0 et 48 kW (24 V, 
2 000 A), ce qui permettrait d'atteindre des flux de 
350 W/cm2

• 

Conduite des essais 
L'essai consiste: 
a) A faire circuler le produit aux caracteristiques 

prevues en mesurant periodiquement le coefficient 
d'echange et prelevant de temps en temps des echan
tillons de produits pour analyses. 

b) A examiner et analyser Ia surface du canal 
chauffant apres le demontage de fin d'essais. 

Essais effectues et resultats 
L'objectif du programme etait le suivant: 
a) Effectuer deux essais de longue duree avec du 

terphenyle OM2 propre dans une boucle entierement 
en acier inoxydable. Ces essais serviraient ensuite 
d'essais de reference. 

b) Mettre en evidence deux sortes d'encrassement: 
encrassement particulaire preponderant a faible vitesse 
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Figure 3. Boucle pour l'etude de l'encrassement, schema 
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Figure 4. Canal d'essais de Ia boucle pour !'etude de l'encrassement 
I: Entree du fluide; 0: Sortie du fluide; B: Barre d'amenee du courant; R: Refroidissement 

de Ia barre B; E: Tube chauffant; G: Tube de guidage; F: Tube de force 

et donnant un depot lisse contenant 80% environ de 
matieres organiques; encrassement moleculaire pre
ponderant a grande vitesse et qui donne un depot a 
peu pres entierement inorganique. II y aurait transport 
de fer du circuit sur l'element chauffant. 

On a done mis dans Ia boucle une section de 
corrosion en acier doux et on a fait circuler a grande 
et faible vitesse du terphenyle OM2, contenant des 
produits lourds et du chlore. 

Le tableau 3 resume le programme d'essais effectue. 
La teneur en eau du produit est restee inferieure a 

100 ppm, en general. · 
La variation du coefficient d'echange est donnee 

par Ia figure 5. 
On peut tirer de ces essais les constatations sui

vantes [3, 4]: 
Lors de I'essai A, le coefficient d'echange n'a 

absolument pas varie pendant les 918 heures d'essai; Ia 
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Tableau 3. Programme des essais d'encrassement 

Temperature 
initiale(OC) Dens itt\ Section Produits 

Duree Vitesse ftux d~acier lourds Chi ore 
Essai (heures) (m/s) Fluide Paroi (W/cm2) doux (%) (ppm) 

A 918 3 380 465 52 non 0,5 faible 
B. 248 3 405 502 62 non o a2,5 faible 
c 550 7,5 380 470 140 oui o,5 a 1 2 
D 240 3 380 470 55 oui 15 2 
E. 280 7,5 382 478 117 oui 28 2 
F. 120 3 382 478 56 oui 27 3 
G 504 7,5 380 476 117 oui 0,5 20 
H 414 3 380 478 55 oui 1,5 30 
I . 515 3 380 482 50 oui 38 40 

surface chauffante etait tres propre apres demontage. 
Rappelons que toute Ia boucle est alors en acier 
inoxydable. 

qu'on ait atteint une limite de fonctionnement en 
temperature pour le terphenyle OM2. 

Les essais C et D devaient montrer l'infiuence d'une 
section de tuyautage en acier doux sur l'encrassement 
tout en utilisant un fiuide pro pre; le coefficient 
d'echange, lors de l'essai C, a augmente de 4% en 
450 heures. La surface chauffante portait urr depot 
rugueux contenant environ 95% de fer. 

L' essai B etait destine a tester un fonctionnement a 
temperatures plus elevees; on n'a pas trouve sur Ia 
surface chauffante de depot dur et adherent, mais une 
boue ressemblant a des produits de pyrolyse qui 
affectent notablement le coefficient d'echange: il a en 
effet baisse de 15 % en 250 heures. II semble done Lors de l'essai D, le coefficient d'echange est reste 

Vitesse 3 m/ s Boucle inox OM2 pur Vitesse 8 m/ s ~ 

1,05 ~ 1--- -- ...;. 91 r h n .. 38o•c 
1,0 ://h A Tp = 4SO•c 
0,95 -

h 
~ 

1,0 ~ ~ 
ho -- --~ Tp = 405°C 

Y( --- - B Tp = 505•c 
0,90 

~ Boucle inox + Aeier doux 
Tf=3800C .-. Tp = 4800C 

1 '1 0 550 h 
1,05 ---

...0 -

-
1,0 D OM2 pur Cl,O 
0,95 

1,0 
1,0 I>. ~ 
~ ~ 

"""<. ~ 
F OM2 E0,90 --

~ 
0,90 --- -----f---- 30% HBR '<¢... 0,80 

~ - 504 h 
1,05 1,05 

~ 1,0 -- H OM2 G1,0 
0,95 -->--- + 30 ppm Cl2 

0,95 

-514 h 0 JOO 200 300 400 

1,0 /Sor~ie- OM2 Temps (h) 
Milieu 

r- Entr8e--...., - I + 38% HBR 
0,90 

~ + 40 ppm Ct 2 

0 100 200 300 400 
Temps (h) 

Figure 5. Essais d'encrassement. Variation relative du coefficient d'echange 
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parfaitement constant, malgre Ia presence de 15% de 
produits lourds de pyrolyse; Ia surface chauffante 
etait parfaitement propre apres l'essai. 

Les essais E et F etaient effectues avec du terphe
nyle OM2 additionne de produits lourds qui- on I' a 
vu par Ia suite- contenaient de !'oxygene sous forme 
combinee. Une section d'acier doux etait en place dans 
le circuit. Le coefficient d'echange a baisse de 20% en 
250 heures pour l'essai a grande vitesse (E) et de 8% en 
100 heures pour l'essai a basse vitesse (F). La surface 
chauffante etait recouverte, apres les essais, d'un 
depot noir lisse et adherent. II atteignait une epaisseur 
de 25 microns pour l'essai E, ce qui correspondrait a 
une conductibilite thermique de ce depot voisine de Ia 
conductibilite du terphenyle. A !'analyse chimique, 
ce depot contenait 22% de fer et correspondrait a un 
taux de deposition de 7 flgfh cm2• Le depot de l'essai F 
contenait 8-% de fer et correspondrait a un taux de 
deposition de 6 ttgfh cm2 environ. 

Les essais Get H ont ete realises avec du terphenyle 
OM2 contenant 30 ppm de chlore, Ia section d'acier 
doux etant toujours en place. Les coefficients d'echange 
ont tres peu varie et Ies surfaces chauffantes ne 
presentaient pratiquement pas de trace de depot a Ia 
fin des essais. 

L' essai I a ete realise avec du terphenyle OM2 
additionne de 38% de produits lourds fabriques par 
pyrolyse en atmosphere exempte d'oxygene; le 
terphenyle contenait 40 ppm de chlore. 

On a observe une diminution du coefficient 
d'echange de 12% en 500 heures dans Ia partie amont, 
sur laquelle on a retrouve un depot lisse; par contre, 
sur Ia partie aval, le coefficient d'echange a notable
ment augmente et on a retrouve un depot tres divise, 
sous forme de petites pyramides reparties sur la 
surface. On n'a pas encore analyse les depots, mais cet 
essai semble montrer que l'effet de l'encrassement n'est 
pas catastrophique, meme avec de fortes teneurs en 
lourds et en chlore; Fessai confirme que le tres fort 
encrassement observe lors des essais E et F provient 
probablement de !'oxygene contenu alors dans le 
produit teste. 

En resume, on a constate que seule avait une 
influence nette sur l'encrassement Ia presence d'oxy
gene combine dans le terphenyle. Des essais de 
verification doivent etre poursuivis, mais les essais 
deja realises permettent de penser que l'encrassement 
peut etre evite dans les reacteurs a liquide organique, 
meme si ces liquides contiennent des produits lourds, 
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a condition d'utiliser des terphenyles tres peu charges 
en impuretes et ne contenant pas d'oxygene. Si on en 
croit Ia reference [5], les essais en pile sous radiation 
n'apportent pas de changement considerable par 
rapport aux essais hors pile; les essais decrits ici 
apportent des maintenant un element optimiste aux 
projets du reacteur ORGEL. 

CONCLUSION 

Les essais effectues depuis 1961 au Centre d'etudes 
nucleaires de Grenoble ont permis de fournir Ia 
correlation de transfert de chaleur Nu =f 0,00835 
Reb0•9 Pr bM, valable avec une tres faible disper~ion pour 
5 terphenyles differents. D'autre part, ils ont montre 
que l'encrassement n'etait pas sensible si on prenait 
des precautions pour assurer Ia proprete du produit et 
du circuit. On n'a, en effet, note un encrassement des 
surfaces chauffantes a 480 °C de temperature de paroi 
et 380 oc de temperature de fluide que lorsque le 
terphenyle contenait de !'oxygene combine. Par contre, 
il est apparu qu'une temperature de paroi superieure 
a 500 oc entrainait une diminution du coefficient 
d'echange par pyrolyse locale du produit sur la paroi. 
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ABSTRACT -RESUM E-AH HOTAL.tVtJI-RESU MEN I 

Heat transfer with organic fluids 

By J. Villeneuve et a/. 

A/93 France 

Using a test channel with a circular cross section of 
12 mm internal diameter, the following heat transfer 

correlation, valid to about ±6 %, was determined for 
the terphenyls OMP and OM2 with 0, 10, 20 or 
30% of high polymers: Nub = 0.00835 Reb0•9Prbo.4· 
This correlation was established with fluxes ranging 
from 50 to 100 Wfcm2, temperatures from 290 to 
410 °C and Reynolds number from 30 000 to 350 000. 

Nine long-term tests were carried out (250 to 1 000 
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hours continuous running) to determine how deposi
tion on the heating surfaces affects the exchange 
coefficient. The loop is made of stainless steel except 
for one part in soft steel. No deposits are observed 
even if the terphenyl contains 30 ppm of chloride, 
while, on the other hand, deposition is appreciable 
when heavy substances containing combined oxygen 
are added. 

Csol1crsa rennonepeAal..fH opraHHI..fec
KHX TennOHOCHTefleH 

}t{. BHnbHeB et al. 

B :mcnepnMeHTaJihHOM KaHaJie c KpyrJibiM ce
'IeHHeM BHyTpeHHHM )J;HaMeTpOM 12 .M.M 6biJIO OII
pep;eJieHo cJiep;yroll.\ee ypaBHeHne TenJiorrepep;a<IH, 
TO'IHOCTh KOTOpOrO HaXO)J;HTCH B npep;eJiaX +6% 
;(JIH Tepif>eHHJIOB OMP H OM2 c 0, 10, 20 HJIH 
:30% -HbiM cop;epmaHHeM BhiCOKOMOJieKyJIHpHbiX 
llOJIHMepoB: Nu = 0,00835 Re0•9 ReM aTO COOT-

8 8 8 

HOIIIeHHe 6hlJIO YCTaHOBJieHo )J;JIH ITOTOKa OT 50 IW 
1:00 Brlc.JK2 npn TeMnepaType 290-410° C n 'IH
cJiax PeiiHOJih)J;Ca 30 000-350 000. 

BbiJIO nponep;euo p;eBHTh p;JIHTeJihHhiX OIThiTOB 
( OT 250 )1;0 1000 'l IIpH ycTaHOBHBUieMCH pelliHMe) 

,rt;JIH TOrO, 'IT06hi onpep;eJIHTh BJIHHHHe 3arpH3He
HHH HarpeBaiOII\HXCH IIOBepXHOCTeH Ha Koalf>lf>n
ll,HeHT o6Meaa. lleTJIH 6MJia cp;eJiaHa na Hepmane
ro~eii: CTaJIH, aa HCKJIIO'IeHHeM O)J;HOH '!aCTH, cp;e
JiaHHOH H3 MHrKoii cTaJIH. HnKaKoro aarpaaHeHHH 
He aa6Jirop;aeTCH .u;ame B TOM cJiy<Iae, Korp;a cop;ep
maane XJiopa B Tep<f>eHHJie p;ocTHraeT 0,003%; 
HaiTpOTHB, :lTO aarpH3HeHHe HBJIHeTCH 3Ha'IHTeJih
HbiM, KOrp;a p;o6aBJIHIOTCH THllieJihle npop;yKThi, CO
.rt;epma~He KHCJiopop;. 
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Tecnologia de los fluidos organicos para 
transferencia de calor 

por J. Villeneuve eta/. 

En un canal de ensayo de secci6n circular de 12 mm 
de diametro interior, los autores han determinado Ia 
correlaci6n de transmisi6n de calor Nub = 0,00835 
Reb0•9Prb0•4 , valida, con un margen de error de ±6% 
para los terfenilos OMP y OM2, con 0, 10, 20 6 
30% de altos polimeros. Dicha correlaci6n fue esta.-. 
blecida en un intervalo de fl.ujos de 50 a 100 W/cm~, 
de temperaturas de 290 a 410 °C y de numeros 
de Reynolds comprendidos entre 30 000 y 350 000. 

Se efectuaron nueve ensayos prolongados (250 a 
1 000 horas en regimen continuo) a fin de determinar 
el efecto que las incrustaciones que se depositan en Ia 
superficie de calefacci6n ejercen sobre el coeficiente de 
intercambio. El circuito es de acero inoxidable, salvo 
una parte que consiste en acero dulce; no se observa 
ninguna incrustaci6n, aun si el terfenilo contiene 
30 ppm de cloro; en cambio, Ia incrustaci6n es 
considerable cuando se anaden productos pesados que 
contienen oxigeno combinado. 
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Burn-out in subcooled forced convection boiling of 
polyphenyls 

By D. A. van Meel * 

The investigations reported in this paper were 
started in 1961,** since only scarce information was 
available at that time on the burn-out properties of 
organic coolants composed ofterphenyl isomers which 
are to be used in the Orgel reactor. 

Reliable measurements had to be performed of the 
burn-out heat flux as a function of the rate of flow, 
pressure and temperature under conditions to be 
encountered in the Orgel reactor. Burn-out was studied 
for upward flow through a vertical round stainless
steel tube heated by the Joule effect using direct current. 
Since the coolant in the reactor will be pressurized 
with nitrogen to such an extent that the bulk tempera
ture of the -liquid is always lower than its saturation 
temperature, burn-out will occur only under the 
condition of subcooled boiling at the heating surface. 
The experiments were therefore limited to this 
condition. 

The original composition of the coolant will be 
changed by radiolysis and pyrolysis, and products of 
higher volatility (gases and low-boilers) as well as of 
lower volatility (high-boilers) compared with ter
phenyls may alter the value of the burn-out heat flux 
if only because the saturation temperature at a given 
pressure deviates from its initial value. An important 
part of the experimental programme therefore consists 
of a study of the burn-out heat flux as a function of the 
concentration of low- and high-boiling components 
added to mixtures of terphenyl isomers. This study is 
not yet terminated at this moment. A calculation of the 
saturation temperature, which enters directly in the 
so-called degree of subcooling, is not very reliable for 
the complex systems under consideration. An appa
ratus was therefore constructed enabling its accurate 
measurement even if small amounts of very volatile 
substances are present. 

APPARATUS 
The test loop 

A schematic diagram of the stainless-steel test loop 
as used in the experiments on the effects of gases and 
low-boilers is presented in Fig. 1. The loop is com
pletely filled with about 30 kg of liquid. It contains a 
vessel allowing thermal expansion of the liquid, in 
which a diving-bell floats on molten solder. The solder 

• Central Technical Institute TNO, The Hague. 
•• The studies were made under contracts with EURATOM. 
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separates the liquid from the nitrogen which is used to 
pressurize the liquid. In the experiments in which the 
liquid was pressurized in direct contact with nitrogen, 
this expansion vessel was not used. Instead, a vessel 
was mounted between the pump outlet and the filter. 
This vessel, as well as the suction vessel, was partly 
filled with liquid which was pressurized directly with 
nitrogen. 

The loop is trace-heated electrically and insulated 
with expanded mica. The pump has been specially 
designed and constructed and consists of a modified 
single-stage regenerative pump provided with a 
mechanical seal that is cooled with oil to about 150 °C. 
Its capacity is 0.75 m3/h at a pressure head of 5 atm. 

The test section 
A simplified diagram of the test section is given in 

Fig. 2. The essential part is the test tube which is made 
of stainless-steel 316. Its dimensions are: length, 
500 mm; inner diameter, 5.07 mm; wall thickness, 
0.25 mm. Pieces of tube having a relative wall-thick
ness variation of less than 2% could be selected from 
commercially available tubing using {3-ray wall
thickness measurements. 

The test tube is enclosed within a pressure chamber 
in which the same pressure exists as within the test 
tube. To avoid deformation of the tube by thermal 
expansion, the tube is pre-stressed at room tempera
ture, so that it will be practically unstressed when 
heated. 

An unheated length of 500 mm, 5 mm bore tube 
precedes the test tube. 

INSTRUMENTATION 

Burn-out detection 
A burn-out detector, actuating a switch that cuts off 

the heating current within 14 ms after a hot spot has 
been detected, prevents the test tube from being 
damaged. The detector works on the well-known 
principle of the Wheatstone bridge, in which the upper 
half and the lower half of the test tube are incor
porated. The bridge signal is differentiated in order to 
ensure action in the case of fast-changing signals only. 

Temperatures 
The temperatures at the inlet and outlet of the test 

tube are measured by means of calibrated bare Ni-NiCr 
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Figure 2. Test section burn-out experiments on terphenyl coolants 
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thermocouples. The temperatures are simultaneously 
recorded on a double-line recorder. The location at 
which the outlet temperature, used to derive the degree 
of subcooling, is measured is indicated in Fig. 2. This 
location is sufficiently close to the location of the 
burn-out to neglect heat losses in between. The 
accuracy of the temperature measurement is 0.5 °C. 

Pressure 

The static pressure at the outlet of the test tube as 
well as the pressure drop over the test tube are 
continuously recorded using Barton differential
pressure cells. The connection tubes to the cells are 
filled with HB 40* (Monsanto) which has a low melting 
point. This product was chosen because the cells 
cannot withstand temperatures above the melting 
point of the terphenyl mixtures which are investigated. 
Recently, very thin membranes made of teflon were 
introduced in this system, in order to separate the 
contents of the loop from the manometer liquid. The 
accuracy of pressure measurement is about 1 %. 

Flow 

A recording turbine flow meter is used to measure 
the volumetric flow rate. Since experiments on the 
pressure drop over the unheated entrance tube of the 
section showed very good agreement with the resist
ance formula of Blasius, the flow meter can be 
frequently checked. The accuracy of flow measurement 
is about 2%. 

Power 

The voltage drop over the upper 10 em part of the 
test tube is recorded as well as the direct current 
through the tube. The accuracy of the value of electrical 
power, as calculated by multiplication of current and 
voltage drop, is about 2 %. 

Saturation tern peratu res 

An apparatus for measuring vapour pressures has 
been developed, a diagram of which is presented in 
Fig. 3. The vapour space above the liquid in the 
measuring chamber (adjustable-volume cell) may be 
reduced to practically zero during the measurement. 
As a consequence the composition of the liquid is not 
changed by evaporation of very volatile components. 
The adjustability of the volume of the cell is also 
needed to take up the thermal expansion of the liquid 
contents. During the measurement, the liquid is 
stirred continuously. The measuring chamber is 
surrounded by a bath df molten solder heated with 
electric-heating cable inserts. 

For the measurement of the saturation temperature 
as a function of pressure, the temperature is kept 
constant at a predetermined value. Pressure is 
measured by measuring the gas pressure needed to 
obtain zero displacement of the small pressure
measuring bellows, the position of which is indicated 
by a micrometer. Complete liquid-filling of the 

* Partially hydrogenated terphenyls. 
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variable-volume cell is observed if, owing to the 
incompressibility of the liquid, this measuring bellows 
cannot be returned to its zero position. Careful 
measurements with systems for which well-established 
data are available showed the accuracy to be 0.5 %. 

As indicated in Fig. 1, the apparatus is connected 
permanently with the test loop, which enables measure
ment of the saturation temperature while burn-out 
measurements are going on. 

HEAT BALANCES 

A comparison of the electrical heat input and the 
increase of the heat content of the liquid shows that 
the total heat loss of the test tube is about 3 %- This 
agrees with estimates of conduction and radiation 
losses by calculation. Most of the heat losses are to the 
lower end flange of the test section. Since only the 
upper 10 em part is used for measuring the electrical 
heat input, no corrections are made as in that part 
heat losses may be neglected. 

PHYSICAL PROPERTIES 

Composition of mixtures of terphenyl isomers 

The mixtures of terphenyl isomers are manufactured 
by Progil (France). The liquid to be used in Orgel is 
indicated as OM2 • Its composition is: diphenyl 
< 1 wt%, o-terphenyl 14-16 wt%, m-terphenyl 
79-81 wt%, p-terphenyl 3-5 wt%. Another liquid 
tested is OM1, having the composition: diphenyl 
< 1 wt %, o-terphenyl 64-66 wt %, m-terphenyl 
31-33 wt%, p-terphenyl2-4 wt%. 

Density, viscosity, specific heat 

The values of these properties were obtained from 
EURATOM, Ispra; Centre d'etudes nucleaires, 
Grenoble; and Pro gil. The only property used in the 
correlations is density. 

Saturation temperatures 

OM2• In the burn-out measurements on OM2 
pressurized in direct contact with nitrogen the curve 
available from CEN Grenoble as given in Fig. 4 was 
used, since at that time no results of self-performed 
measurements were available. From recent measure
ments of vapour pressures with the apparatus described 
previously the values given in Fig. 4 and indicated by 
Central Technical Institute TNO were obtained. 
OM1• For this mixture vapour-pressure data of 
Progil were used (Fig. 4). 
OM2-benzene systems. In Fig. 5 results of measure
ments with OM2 containing 0.2, 0.5, 1 and 1.5 wt% 
benzene are presented. Attention is drawn to the fact 
that a linear relation is found when a plot of pressure 
vs. benzene concentration at constant temperature is 
derived from this graph. 
0 M 2-diphenyl systems. The results of the measure
ments with OM2 containing 3, 5, 6 and 9 wt% diphenyl 
are presented in Fig. 6. Regarding OM2 as one and 



SESSION I. I 0 P/590 

220 
10 

340 360 380 400 420 

Log P (bor) ------ •c 

I 

1.5 

'-Pure OM 2 CEN Grenoble 1963 

1.80.10-J us 1.70 1.65 1.60 1.55 

Figure 4. Vapour-pressure data of pure OM 1 and OM 2 

diphenyl as the other component of a binary system, 
it may be concluded from these results that Raoult's 
law can be applied. 

RESULTS OF THE MEASUREMENTS OF 
THE BURN-OUT HEAT FLUX 

General 

In an early stage of the investigations a series of 
measurements was made in order to find out whether 
the heat flux at the moment that the burn-out detector 
cuts off the heating current differs from the heat flux at 

10 r-,32~o------~3~4o ______ ~,3T60~----~3~so ______ 4o,o _____ 4~2o_, 

1.5 

Log P (bar) ----- t('C) 

• OM2 + 1 5 wt% benzene 
+ OM2 + 1 0 wt% benzene 
x OM2 + 0 5 wt % benzene 

d OM2 + 0.2 wt % benzene 
o OM2 pure 

1 80 .10-J 1 75 1.70 1.65 1.60 1 55 

Figure 5. Vapour-pressure data of OM 2-benzene mixtures 
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Figure 6. Vapour-pressure data of OM 2-diphenyl mixtures 

which the test tube is really damaged. This was done 
by stepwise decreasing to zero the sensitivity of the 
detector. These experiments were made with water as 
a test liquid. No significant deviations were found, and 
the heat flux at which the detector cuts off the heating 
current is therefore considered to be equal to the 
burn-out heat flux. The degree of subcooling D..t8 is 
defined as the difference between the saturation 
temperature at the static pressure at the test tube 
outlet and the outlet temperature of the liquid. 

The measuring procedure is as follows. First, the 
desired level of pressure is adjusted. Next, a flow rate 
of the liquid is chosen. The power input into the test 
tube is then increased until the detector cuts off the 
current. Because of the heat input into the test tube, 
the temperature level of the circulating liquid is 
increased, and consequently the degree of subcoolin,g 
is decreased. In this way a series of burn-out heat 
fluxes is obtained at constant mass flow and constant 
pressure as a function of the degree of subcooling. At 
the end of a series the liquid is cooled using the 
water-cooled heat exchanger, another value of mass 
flow is chosen and the cycle is started again. 

At the location of burn-out a very thin black layer is 
deposited on the inner tube surface. However, even in 
a case in which about 400 "burn-outs" were produced 
in one and the same tube, no effects of changing surface 
conditions on the burn-out heat flux could be detected. 

OM2 pressurized with nitrogen 

About 600 runs were made with this system.* For 
the purpose of correlation 312 runs were used, made 

* The complete set of data is given in Research on the influence 
of the conditions of flow, subcooling and composition on the 
burn-out heat flux of polyphenyl reactor cooling agents, TNO 
Status Report VIII, Appendix Summary of run data on OM2 • 
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at an outlet static pressure of 2.9 bar. The other runs, 
made at pressures in the range of 1.5-4.5 bar, were 
afterwards compared with the correlation and no 
significant effect of pressure was found. The equation 
connecting the burn-out heat flux <I> with the mass 
velocity G and the degree of subcooling D.t. is: 

c;/J =57 + 9.17 x 10-3 X G 

+ 3.16 X I0-3 X G314 X D.t8 • (1) 

The equation was derived by applying the method of 
least squares for linear regression on the variables 
G and G3/4 x D.t •. As already mentioned previously, 
in these experiments the degree of subcooling D.t. is 
based on the curve of CEN Grenoble given in Fig. 4. 
Since this vapour-pressure curve is valid for OM2 

without nitrogen, the real degree of subcooling will be 
lower. Investigations on this subject are being done at 
this moment. 

Eq. (l) is valid for pressures between 1.5 and 4.5 bar, 
for mass velocities between 2 100 and 9 650 kg/m2 s 
and for values of D.t8 from 1-93 °C. The correlation 
coefficient for this equation is 0.96. The mean deviation 
of the experimental data from the equation is about 
8%. Because in individual series of measurements 
deviations are in the order of only 2%, it is believed 
that this value of 8% is caused by variations of the 
isomeric composition of different batches, or possibly 
by the presence of small amounts of light decomposi
tion products which could not be detected at the time 
these runs were made. 

OM1 pressurized with nitrogen 

With this system 16 runs were made at an outlet 
pressure of 2.9 bar for three values of the mass 
velocity. The results were evaluated in the same way 
as indicated in the previous section. 

The resulting equation is: 

c;/J = 55 + 10.9 X I0-3 X G 

+ 3.37 X I0-3 X G314 X !J.t8 • (2) 

The vapour-pressure curve, again for OM1 without 
nitrogen, is given in Fig. 4. The equation is valid for 
mass velocities between 4 000 and 11 000 kgfm2 s and 
degrees of subcooling between 3 o and 48 °C. The 
correlation coefficient is 0.998, the mean deviation 
about 2%. 

OM 2 pure 

Experiments on gas-free OM2 were made in the test 
loop to which the apparatus for the measurement of 
vapour pressure was connected. The degree of sub
cooling is derived from the CTI-TNO curve in Fig. 4. 
The static pressure at the outlet of the test tube was 
2.9 bar. The results could be correlated with the same 
type of equation as used before: 

c;/J = 81 + 9.17 X I0-3 X G 

+ 3.16 X I0-3 X G314 X D.t8 , (3), 

the mean deviation being about 4 %. 
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Figure 7. Burn-out heat flux of OM 2-benzene mixtures 

In view of what is said about the degree of sub
cooling used for Eq. (1) the fact that the second and 
third coefficient are the same in Eqs. (1) and (3) seems 
to be fortuitous. 

Pure OM 2 containing benzene 

Again the static pressure at the test tube outlet was 
2.9 bar. Basing the degree of subcooling upon the 
measurements presented in Fig. 5, the results could be 
correlated within 5% by extending Eq. (3) with a 
factor that is linear in the benzene concentration. The 
equation found is: 

c;/J = (1 + 0.26c1)(81 + 9.17 X I0-3 X G 

+ 3.16 X I0-3 X G314 X D.t8). (4) 

In Fig. 7 the data are presented by plotting 
c;/J ( 1 + 0.26c1)-

1 against D.t8 for different values of the 
mass velocity. 

Pure OM2 containing diphenyl 

The results obtained with these systems, using 
vapour-pressure data from Fig. 6, may be correlated 
in the same way as indicated in the previous paragraph 
using the equation: 

c;/J = (1 + O.Olc2)(81 + 9.17 X I0-3 X G 

+ 3.16 X I0-3 X G314 X /).(8). (5) 

DISCUSSION 

According to our results there is an effect of mass 
velocity even if the degree of subcooling tends to zero. 
This follows also from the formulae given, in contrast 
to equations of Core and Sa to [1] and of Robinson and 
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Lurie [2] for analogous liquids, which are of the type 
<I> = A + B X Gn X !it8 • 

The results obtained with the system OM2-benzene 
prove that the use of the correct degree of subcooling is 
in itself not sufficient to obtain one single correlation, 
and that a function of concentration has to be included. 
It is to be expected, however, that the empirical finding 
that a correlation is obtained by multiplying the 
complete equation (1) by a factor depending only on 
concentration is of only limited validity. 

In connection with the influence of benzene on the 
burn-out heat flux of OM2 it may be useful to observe 
that if the burn-out heat flux is not based upon the true 
degree of subcooling of the solution of benzene in 0 M2, 

but on the saturation temperature of pure OM2, 
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benzene is found to decrease the burn-out heat flux 
considerably. 

Symbols 

(]>: burn-out heat flux, W fcm2 

G: mass velocity, kg/m2 s 
11t8 : degree of subcooling, °C 

c1 : concentration of benzene, weight percentage 
c2 : concentration of diphenyl, weight percentage 
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A/590 Pays-Bas 

Calefaction en convection forcee par ebullition 
sous-refroidie de polyphenyles 

par D. A. van Meel 

Depuis 1961, le TNO, execute un vaste programme 
de recherches sur l'influence de Ia vitesse du fluide, le 
degre de sous-refroidissement et la composition de 
fluide sur le flux thermique critique de polyphenyles 
qui circulent en montant a travers un tube circulaire 
en acier inoxydable, chauffe par effet Joule. 

Une description de la boucle d'essai est donnee. 
On presente les resultats obtenus avec un grand 

nombre d'experiences sur des melanges d'isomeres du 
terphenyle pressurises par contact direct avec de 
l'azote. Ces resultats sont bien representes par une 
equation du type suivant: 

<I> = a + b · G + c · G314 
• !its 

('-1>, flux critique; G, vitesse de masse; !its, degre de 
sous-refroidissement). 

Les valeurs des coefficients seront donnees pour les 
compositions sui van tees (en poids): 

a diphenyle 1 %, o-terphenyle 14-16%, m-terphenyle 
79-81 %, p-terphenyle 3-5%; 

b diphenyle 1 %, o-terphenyle 64-66 %, m-terph6ny1e 
31-33%. p-terphenyle 2-4%. 

Des parametres, comme par exemple le degre de 
sous-refroidissement, sont bases sur les conditions 
regnant a !'orifice de sortie du tube d'essai, c'est-a-dire 
pres du lieu de calefaction. 

Le flux, au moment ou un brusque accroissement 
de la resistance du tube d'essai est indique par un 
avertisseur de cal6faction est interprete comme le 
veritable flux de calefaction. Quelques experiences, 
dans lesquelles le tube d'essai etait endommage par un 
veritable brfilage ont demontre que cela etait admis
sible. 

Apres ces measures sur des terphenyles sous azote, 
Ia boucle a ete modifiee de telle sorte que le fluide et le 

milieu pressurisant etaient separes l'un de l'autre dans 
une cloche a plongeur par de la soudure fondue, 
permettant d'etudier les effets separes des corps a 
bas point d'ebullition et des gaz. 

Les resultats portent sur des terphenyles ne con
tenant pas de composants volatils, ainsi que sur les 
effets de concentrations accrues d'azote, de benzene 
et de diphenyle. Ces resultats sont interpretes sur la 
base du degre de sous-refroidissement deduit des 
courbes de pression de vapeur determinees experi
mentalement. A cet effet, on avait developpe un 
appareil a pression de vapeur permettant de proceder 
a des mesures exactes de la pression de vapeur en 
fonction de la temperature et de la composition de 
melanges de terphenyles et de substances tres volatiles. 
Cet appareil, branche d'une fa~on permanente sur le 
boucle d'essai est caracterise par la possibilite de 
faire des mesures dans un tres petit volume de 
vapeur, ce qui permet d'eviter des changements dans 
la composition du liquide. 

A/590 HHp,epnaHp,bl 

HpH3HC KHneHHH nonH~eHH1108 8 yc
no8HHX npHHYAHTeiibHOH KOH8eK~HH H 
pa3HOCTH TeMnepaTypbl HaCbiU-'eHHH H 
TeMnepaTypbl OXIIaAHTeiiH Ha 8XOAe 8 

peaKTOp 

.,&. A. BaH-Meen 

C 1961 ro~a B HH~epJiaH~ax Be~yTcH nmpoRHe 

HCCJie~OBaHHJI BJIHJIHHJI CROpOCTH 11\H~I\OCTH, CTe

neHH He~orpeBa H COCTaBa 11\H~I\OCTH Ha RpHTH

'feCRHH TeiiJIOBOH IIOTOR IIOJIIHpeHHJIOB, ~HpRyJIII
pyiOIIJ;HH BBepx IIO Tpy6e RpyrJioro Ce'leHHJI H3 

HepmaBeiOru;eii: CTaJIH, uarpeBaeMoii: ~moyJieBhiM 
TeiiJIOM. 
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3YJILTaTLI onLITOB eorJiaeyiOTeH e ypaBHeHHeM 

Tuna: 

<D=a+ b·G+c·c'1'·M51 

r,n;e <I> - KpHTH'IeeKnii TenJioBoii noToK; G - Mae-

coBaH eKopoeTL; d t 5 - cTeneHL ue,n;orpeBa. 

IIpnBe,n;eHLI 3Ha'leHHH Ko::up<f>un;ueHTOB p;JIH eMe

ceii eJie,n;yiOID;ero eoeTaBa: 1) ,n;n<f>euuJI 1% Bee., 

opToTep<f>eunJI 14-16% Bee., MeTaTep<f>euuJI 79-
81% Bee., napaTep<f>eHHJI 3-5% Bee.; 2) ,n;u<f>e

HHJI 1% Bee., opToTep<f>eHHJI 64-66% Bee., MeTa

Tep<f>eHHJI 31-33 %· Bee., napaTep<f>eunJI 2-4% 
Bee. 

IIapaMeTpLI, uanpuMep eTeneHL ue,n;orpeBa, aa

BHeJIT OT yeJIOBHH Ha BLIXop;e OnhiTHOH neTJIH, 

TO eeTL npH6JIHffiaiOTeJI K napaMeTpaM, COOTBeT

CTBYIOID;HM MeeTy KpH3Hea KHIIeHHJI. 

B TOT MOMeHT, KOrp;a ,lJ;eTeKTOp KpH3Hea KHne

HHJI rroKaaLIBaeT peaKoe yBeJIH'Ieuue eorrpoTHBJie

HHH Tpy6hi aKenepuMeHTaJihHOII neTJIH, TeliJIOBOii 

IIOTOK e'IHTaiOT peaJihHLIM TeiiJIOBLIM nOTOKOM 

npu Kpnanee KHneHHJI. B ueKoTophiX onhiTax TPY-

6a aKenepnMeHTaJihHoii neTJIH noapem,n;aJiaeh 

BeJiep;eTBHe KpH3Hea KHlleHHJI. 8TH onhiTLI P,Ol\a-

3LIBaiOT ,n;onyeTHMOeTh no,n;o6HOfO KHneHIIJI. 

IIoeJie nenhiTaHHII e Teptf>euuJiaMH, uaxo,n;HID;H

MHeJI liO,ll; ,n;aBJISHHSM a30Ta, neTJIJI 6hiJia BH)l;OH3-

M8H8Ha TaKHM o6pa30M, 'IT06LI ffiH)l;KOeTh H a30T 

6LIJIH OT,ll;SJieHLI ,n;pyr OT ,n;pyra B BO)l;OJia3HOM KO

JIOKOJie nJiaBJIIIJ;HMeJI npliiiOSM. 8TO ,n;aeT B03MO)K

HOeTh ueeJie)l;OBaTh OT,ll;SJihHO BJIHJIHHe HH3KO

RHnJIIIIHX BSIIJ;SeTB H ra30B. 

IIpuae,n;eHhi peayJILTaTLI ueeJie,n;oBauuii Teptf>e

HHJIOB, He eop;epmaiD;HX JISTY'IHX KOMIIOHeHTOB, H 

,n;aHHLie 0 BJIHJIHHH YBSJIH'ISHHH KOHD;SHTpaD;HH 

a30Ta, 6eH30Jia H l!;HtPSHHJia. 8TH peayJILTaTLI HH

TepnpeTHpyiOTeJI no BeJIH'IHHaM eTeneuu uep;orpe

Ra, noJiy'IaSMbiM H3 aKenepHMSHTaJihHLIX KpHBLIX 

)J;aBJieHHJI napa. ,lJ;JIH 3TOH IJ;SJIH 6LIJI paapa6oTaH 

anrrapaT, no3BOJIJIIOIIJ;HH TO'IHO onpep;eJIJITL p;aBJie

IIHS napa B aaBHeHMOeTH OT TeMnepaTypLI H eoeTa

Ba IIpHMeeeii: Tep<f>eHHJIOB e pa3JIH'IHLIMH JISTY'IH

MH BSIIJ;SeTBaMH. 8TOT annapaT, eOS)J;HHSHHhiH He

noepep;eTBeHHO e aKenepnMeHTaJihHoii neTJieii:, 

,n;aeT B03MO)KHOeTL npOBO):IHTh H3MepeHHH B yeJio

BHJIX OlleHh MaJISHhKOfO IIpOeTpaHeTBa, 3aHJITOfO 

napOM, CJIS):IeTBHSM '18f0 JIBJIJISTeJI OTeyTeTBHe H3-

MSH8HHH eoeTaBa )KH)l;KOeTH. 
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Experiencias de quemado total en ebullici6n 
subenfriada por convecci6n forzada de poli
fenilos 

por D. A. van Meel 

Desde 1961 e1 TNO ha venido llevando a cabo un 
extenso programa de investigacion acerca de la 

D. A. VAN MEEL 

influencia de la velocidad del liquido, grado de 
subenfriamiento y composicion del liquido sobre el 
flujo termico critico de polifenilos fluyendo ascendente
mente a traves de un tubo de acero inoxidable calen
tado por efecto Joule. 

Se adjunta una descripcion del circuito de ensayos. 
Se aportan resultados de un gran numero de 

experiencias con mezclas de terfenilos bajo presion 
por contacto directo con nitrogeno. Estos resultados 
se correlacionan bien por una ecuacion del tipo 

c;p = a + b · G + c · G3i4 • D.ts 

(c[>, flujo termico critico; G, velocidad masica; D.ts, 
grado de subenfriamiento ). 

Los valores de los coeficientes seran dados para las 
siguientes composiciones (porcenta jes en peso); 

a) 1% de bifenilo, 14-16% deo-terfenilo, 79-81% de 
m-terfenilo, 3-5% de p-terfenilo; 

b) 1% de bifenilo, 64-66% de o-terfenilo, 31-33% 
de m-terfenilo, 2-4 % de p-terfenilo. 

Los parametros tales como, por ejemplo, el grado 
de subenfriamiento, estan basados en las condiciones 
a Ia salida de Ia seccion de ensayo, es decir, proximo a 
la localizacion del fenomeno de quemado total. 

El flujo termico en el momento en que un acusado 
incremento de Ia resistencia del tubo es indicado por 
un detector de quemado se interpreta como el autentico 
flujo termico de quemado. Algunas experiencias en 
que Ia seccion de ensayo se deterioro al efectuarse un 
verdadero fenomeno de quemado total mostraron que 
esto era permisible. 

Despues de estas medidas con terfenilos bajo 
nitrogeno, e1 circuito de ensayos ha sido modificado de 
manera que el liquido y el medio de presion quedan 
separados en una compana de bucear por material de 
soldadura fundido. Ello permite el estudio de los 
efectos separados de compuestos de bajo punto de 
ebullicion y de gases. 

Se presentan resultados sobre terfenilos que no 
contienen compuestos volatiles y acerca de los efectos 
de concentraciones crecientes de nitrogeno, benceno y 
bifenilo. Estos resultados son interpretados con 
relacion al grado de subenfriamiento tal como se 
deriva de las curvas de presion de vapor determinadas 
experimentalmente. Con este proposito se desarrollo 
un aparato de presion de vapor que permite medidas 
seguras de la presion de vapor como una funcion de la 
temperatura y composicion de mezclas de terfenilos y 
sustancias muy volatiles. Este aparato, que esta 
conectado permanentemente al circuito de ensayos, se 
caracteriza por la posibilidad de medidas bajo 
condiciones de un espacio de vapor muy pequeiio, 
con lo cual se evitan cambios de la composicion del 
liquido. 
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Heat transfer and pressure drop performance of 
herringbone and helical fin fuel elements 
for uranium J Magnox reactors 

By C. Cunningham,* B. E. Boyce,** T. Davis,*** and B. N. Furber**** 

Fuel elements which employ the principle of 
polyzonal spiral coolant flow described in [1], [2] and 
[3] are in use or planned for many gas-cooled reactors, 
particularly in France and the United Kingdom. The 
two main types are those with (a) multistart helical 
tinning and (b) herringbone or chevron tinning. 
Typical examples of both types are illustrated in [4] 
and [5] which also give salient dimensions of elements 
of current interest in Great Britain. The average heat 
transfer and pressure drop characteristics of many 
earlier designs of polyzonal fuel element have been 
reported in detail in [1 ], [6] and [7]. This paper has, 
therefore, been mainly confined to later designs 
incorporating a larger number of fins for which 
experimental data has not been published elsewhere. 
Salient features of experiment design and techniques 
evolved to measure accurately heat transfer data 
appropriate to normal operating conditions are 
discussed. The performance of polyzonal elements 
under low flow fault conditions is illustrated by typical 
results together with a note on the measurement of 
thermal radiation. The paper concludes with a brief 
presentation of results of tests to assess the influence 
of deformation and relative element orientation on 
heat transfer and pressure drop. 

RELATIONSHIP BETWEEN REACTOR DESIGN 
AND OUT-OF-PILE PERFORMANCE TESTS 

There are two main phases in reactor design which 
influence experimental work on fuel element heat 
transfer and pressure drop. These are (a) the optimisa
tion of the station and (b) the accurate assessment of 
the performance and operating conditions of the 
final design. 

In the first phase, which is essentially comparative, 
test data with relatively broad confidence limits on 
average performance of elements are adequate. For 
the second, when the major element details have been 
fixed, its performance must be measured in detail 
over the complete range of normal and fault conditions 

* The English Electric Company Limited, Whetstone, 
Leicester. 

* * United Power Company Limited, Heston, Middlesex. 
***United Kingdom Atomic Energy Authority, Reactor 

Development Laboratory, Windscale, Cumberland. 
****The Nuclear Power Group, Knutsford, Cheshire. 
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of the reactor. Such information enables the designer 
to predict accurately core and station performance 
and fuel element temperatures in detail, to design 
the gagging pattern, to ensure that levitation of 
elements does not occur and to assess reactor safety. 

Typical experimental data and techniques associ
ated with the two phases of reactor design are dis
cussed in the following sections. 

PRELIMINARY SELECTION OF A 
POL YZONAL FUEL ELEMENT 

The fuel element design evolved must be such that 
its rate of failure during reactor service is acceptable 
and this implies a stipulated limit on the probability 
(1 in 1 000, for example) of the maximum allowable 
fuel element cladding temperature being exceeded 
when all systematic and random effects have been 
considered. There are, of course, other design limits, 
such as maximum fuel temperature, which must also 
be adhered to, but this paper deals only with the heat 
transfer and pressure drop performance of the fuel can. 

The salient dimensions affecting performance 
which may be varied are fin outside diameter, fin 
height and thickness, number of fins, fin lead or angle 
and channel diameter. In practice, however, limits 
are set to can volume and to channel and fuel 
diameters by nuclear and core considerations and 
to tinning dimensions by the manufacturing process. 

Mean heat transfer test results are given in Table 1 
for helical cans ranging within these limits. The 
results are compared with predictions using two of the 
early correlations from [1] and [6]. The relatively poor 
performance of cans with the thickest fins is not fully 
understood but it is probably due to the conflict of the 
requirements of fin efficiency with those for high gas 
flow between the fins. With this reservation, the 
correlations enable mean heat transfer for a can to be 
predicted to better than 10% and this is adequate for 
preliminary surveys. The correlations tend to give 
pessimistic values of pressure drop for helical cans 
when extrapolated beyond the original test range, but 
correction factors have been derived to overcome this 
defect. The modified versions can then be used for the 
preliminary surveys. It may be noted, in passing, that 
the correlations of [1] and [6] predict accurately the 
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Table I. Influence of dimensional changes on the performance of multistart helical cans 

Measured Predicted [I) Predicted (6) 
Constant element details 

Varying dimension St' F S(ratio Fratio St' ratio Fratio {dtmenslOns in inches) 

Number of fins 
36 0.103 39.7 1.05 1.10 1.05 1.08 Fin diam 2.0 
40 0.109 47.2 1.07 0.93 1.05 0.91 Lead 12 
44 0.116 44.7 1.06 1.00 1.03 0.96 Root diam. 1.3 
48 0.131 46.6 0.99 0.98 0.96 0.92 Fin thickness . 0.025/0.035 
54 0.132 35.8 1.05 1.31 1.00 1.19 Channel diam 3.875 
60 0.136 35.0 1.08 1.38 1.02 1.22 

Fin height (inches) 
0.425 0.150 48.0 1.05 1.24 1.02 1.18 Lead 13 
0.375 0.132 41.0 1.09 1.11 1.01 1.07 Root diam. 1.3 
0.350 0.131 34.0 1.05 1.19 0.97 1.16 Fin thickness . 0.025/0.040 
0.325 0.128 30.0 1.01 1.22 0.93 1.15 Channel diam 3.875 
0.300 0.118 28.5 1.05 1.15 0.96 1.06 No. of fins. 54 

Fin tip and root thickness (inches) 
0.016/0.029 0.129 39.0 1.08 1.30 1.14 1.22 Fin diam 2.10 
0.016/0.039 0.132 42.0 1.13 1.22 1.11 1.13 Lead 13 
0.016/0.050 0.130 37.0 1.32 1.41 1.13 1.28 Root diam. 1.3 

Channel diam 3.9 
No. of fins. 60 

Fin lead (inches) 
12 0.136 35.0 1.06 1.33 1.02 1.22 Fin diam 2.0 
13 0.135 34.0 1.02 1.21 0.99 1.16 Root diam. 1.3 
16 0.121 29.5 1.01 1.15 1.01 1.08 Fin thickness . 0.020/0.035 

Channel diam 3.875 
No. of fins. 60 

f: Friction factor C' Moan Stanton n=b« 
St' = St.(S/A)} A : Free flow area 

and where De: Equivalent diameter 
F =f/(DeA2

) S: Surface area for heat transfer per unit 
length of element. 

All measured values of St' and Fare quoted at a Reynolds number= 7.5 x 105 (for the empty channel). 
The ratios shown are those for predicted to measured values of St' and F. 

trends of performance associated with changes in can 
dimensions ~nd may be used with confidence, there
fore, when an experimental datum is available within 
the range of interest. 

Two types of herringbone tinning have been 
examined experimentally. One had spiral fins in all its 
quadrants or sectors and can be compared directly 
in all its major dimensions with an element having 
pure multistart helical tinning. The tinning of the 
second type was at a constant angle to the element 
axis over the whole height of the fin, and spiral fin 
parameters such as number or lead of fins cannot be 
used to describe it. There is, however, no evidence 
to suggest any fundamental difference in flow char
acteristics or performance between the two types of 
tinning. Although experimental data is not so compre
hensive it has been found that the trends in mean heat 
transfer and pressure drop of herringbone cans with 
changes in dimensions are very similar to those for 
multistart helical cans. 

Splitters, braces and spring arm spiders, though not 
necessarily used on herringbone elements, are an 
essential feature of the multistart helical design. 
Splitters are required to establish the flow and are 
supported by braces which together serve the secondary 

function of limiting fuel element bow. The spider 
helps to locate and stabilise the element. Typical 
performance data for elements are given in Figs. 1 
and 2. The influence on element performance of 
splitter shape and clearance is discussed in [1] and [6]. 
Local heat transfer downstream of a brace is reduced, 
but it is usually possible to choose brace locations 
and design so that the minimum heat transfer on an 
element is not unduly affected. It is now possible, from 
tests on large scale models [3] and similar unpublished 
work on full scale elements, to explain at least qualita
tively the observed pattern of heat transfer variations. 
Although many devices for increasing the ratio of 
minimum to mean heat transfer such as variable lead 
[l] or local flow accelerators [3] have been examined, 
none has been found which gives a worthwhile increase 
in over-all performance. 

Having first narrowed the field by preliminary 
optimisation studies based on performance data from 
correlations and subsidiary experiments to assess 
effects of the various components like braces, spring
arm spiders, etc., a limited series of tests is carried out 
on a small number of specimen elemenfs of each of the 
more promising designs. These tests are similar to 
those described in [1] and [6] and are adequate for the 
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Figure I. Heat transfer and pressure drop for a helical fuel element 
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final selection if reasonable care is taken in their 
preparation and execution. They usually involve 
strings of three or four elements with thermocouples 
spaced uniformly approximately every two or three 
inches axially in one or two quadrants. 

EXPERIMENTAL MEASUREMENT OF PERFORM
ANCE DATA APPROPRIATE TO NORMAL 

REACTOR OPERATING CONDITIONS 
FOR THE SELECTED DESIGN 

In the preceding paragraphs heat transfer per
formance has been considered mainly in terms of 
mean Stanton number. Having selected a final style of 
element for a particular reactor, its performance must 
now be determined for the second design phase. The 
appropriate experiment must be designed to measure 
accurately the heat transfer in the light of its complex 
variations, the special conditions near the ends of 
elements and the variations within and between 
elements which are either inherent in the element due 
to, say, manufacturing tolerances, or those which 
result from random experimental error. All possible 
sources of systematic and random error must be 
eliminated or minimised, so that the design margins 
may be reduced to the lowest possible level. Some of 
the most important refinements of technique and 
apparatus found necessary are described in the 
following paragraphs. The pressure drop experiments 
are not discussed here as they are relatively straight
forward. The general procedure described in [1] and 
[6] is usually followed, the pressure drop being 
determined over an integral number of pitch lengths 
(i.e., from a point on one element to the corresponding 
position on another element in the test string) on 
strings of four or more elements. 

In laboratory tests polyzonal elements are heated 
by passing a current through stainless steel tubes with 
thin walls fitted inside the bore of the cans. These 
tubes are coated with a thin layer of ceramic material 
to insulate them electrically from the element. It is 
clear from the patterns of circumferential and axial 
variation, shown in Figs. lC, lD, 2C and 2D, that 
large systematic changes in local heat transfer occur, 
therefore special precautions must be taken in heater 
design to minimise spurious effects. A variable thermal 
resistance between the heater and can barrel or non
uniform heat generation due to changes in heater wall 
thickness are the most likely sources of error. Of the 
many different assembly methods investigated, only 
external pressurising of the element on to the heater 
tube was found to give a uniform interface thermal 
resistance. Although tubes with a very close tolerance 
on wall thickness are used, the variation in heat 
generation which results from the small changes in 
thickness which occur in practice around the tube 
section must be taken into account in deriving 
accurate experimental heat transfer data. This can be 
achieved by analysing the experiment described in 
later paragraphs to derive a correlation for the change 
in heat transfer coefficient with heater wall thickness 

C. CUNNINGHAM et a/. 43 

and adjusting the data to compensate. Two further 
refinements which have been considered are the sim
ulation of the pattern of reactor heat flux in the test 
channel and of the 7 to 8% heat generation in the 
moderator. The critical element in a reactor, however, 
is in a position where the heat flux is not changing 
significantly so the first refinement was considered to 
be unnecessary. Tests have shown that the heat 
transfer coefficient of an element is not influenced by 
heating of the wall of the containing channel and, 
therefore, the second refinement is also unnecessary. 

The heat transfer performance of the fuel element 
is sensitive to changes in fin efficiency. For a given 
geometry the fin efficiency is influenced by gas and 
metal thermal conductivities which are temperature 
dependent. It is, therefore, necessary in performance 
calculations to allow for differences between experi
mental and reactor gas and metal temperatures. In 
the past such allowances have been based on the 
results of specially designed experiments [1] but 
later work, especially on elements with increased 
numbers of fins, has shown that the early correlations 
are not sufficiently accurate. It is preferable for the 
final performance assessment to minimise the fin 
efficiency correction by using data obtained from 
experiments at temperatures as close as possible to 
those in the reactor. 

Unless special precautions are taken in the design 
of the ends of the element and heater assembly, heat 
transfer data obtained in these regions may be 
vitiated by axial conduction along the element or by 
heat generation in the electrical terminals and connect
ors. An apparatus designed to avoid these defects is 
described in [1], but it is cumbersome and not suitable 
for strings of three of more elements. Better designs 
have since been evolved which enable true heat 
transfer coefficients to be measured near the ends of 
the finning and allow the geometrical configuration 
between elements of a test string of seven or eight 
elements to be made similar to that in the reactor. 

Again, because of the complex heat transfer 
patterns associated with polyzonal elements, detailed 
testing requires the fitting of a large number of 
thermocouples to each element, often as many as 100. 
To minimise their disturbance to gas flow the smallest 
practicable diameter of thermocouple wire should be 
used, and great care should be exercised in the 
routing of the couples from the elements to the 
pressure seal at their exit from the rig channel. 
Chromel/Alumel thermocouples are usually used 
because they are compatible with the magnesium 
alloy of the elements and are readily available. It has 
been found, in practice, that the calibration of very 
fine Chromel/Alumel thermocouples shows significant 
variations between batches and there is also some 
evidence of calibration instability associated with the 
temperature history of the wire. Stringent precautions, 
including re-calibration after use, should be taken to 
avoid errors due to non uniform or unstable couples. 

The heat transfer experiment on the selected fuel 
element must be designed to meet two main criteria. 
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It must (a) cover the variables adequately and provide 
data for the objective assessment of their effect on 
heat transfer and (b) provide the required performance 
data for reactor design. Since the heat transfer of a 
polyzonal element depends on at least nine factors 
(as listed later) the classical experimental approach in 
which each variable is investigated in turn is both time 
consuming and costly. A very powerful, though not 
necessarily the ideal, method of coping with the 
situation is the Factorial Experiment. The technique 
is described in detail in the standard books on experi
ment design; two recent papers [8] and [9] are specifi
cally related to the present topic. The main advantages 
of the Factorial Experiment are: (a) it provides, with 
the minimum of test effort, an accurate estimate of 
experimental error and hence the datum for the 
assessment of the statistical significance of each 
variable included in the experiment, and (b) it enables 
the interaction, if any, of all variables to be examined; 
the effect on heat transfer of one variable may be 
dependent on the level of other variables and this 
must be investigated. 

For the experiment a group of some 20 to 30 cans is 
chosen randomly from the fuel element production 
line and each specimen is identified by, say, a letter 
of the alphabet. A typical Factorial Experiment 
involves a block of tests on four strings or sets of five 
elements as illustrated in Table 2, with complete or 

Table 2 

Position in set 
Set 

number 2 4 

1 A B c D E 
2 F G H I J 
3 K L M N 0 
4 p Q R s T 

partial replication of the block. Each test is carried 
out following a procedure similar to that described in 
detail in [1], the elements being assembled and 
instrumented with due regard to the refinements and 
precautions discussed above. 

The salient factors which influence heat transfer 
data from such an experiment are: (a) Reynolds 
number, (b) axial position along the element, (c) 
between element variations, (d) within element 
variations (between sectors, say), (e) position of 
element in string (set), (f) fin efficiency, (g) heater tube 
thickness variation, (h) relative orientation of suc
cessive elements, (i) test errors. As described later, it is 
the general practice to carry out separate orientation 
tests, so for the Factorial Experiment elements are 
fixed with corresponding quadrants aligned, and (h) 
does not occur as a Factor. Furthermore, a correction 
for fin efficiency as proposed in [ 1] or a basically 
similar one is generally applied, thus eliminating (f) 
as a Factor. Test errors, as used here, cover all errors 
associated with the experiment whether they be true 
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random errors or systematic errors specific to one test 
of the series or to only one element of a set. 

There is some freedom of choice of mass flow levels 
for the tests but it is more convenient for subsequent 
analysis if a minimum of three and a maximum of five 
levels are preselected and all tests performed as close 
as practicable to these levels. It is relatively simple to 
adjust the results to the preselected flow levels before 
the final analysis. The data is also adjusted for heater 
thickness variation at this stage. 

After the initial processing and adjustment of data, 
an analysis of variance is carried out which enables the 
significance of the various factors to be assessed 
together with their influence on the probability 
distribution for minimum heat transfer on an element. 
This distribution is required for the calculation of 
peak random fuel element temperature at the specified 
probability level. 

POL YZONAL ELEMENT PERFORMANCE 
AT LOW COOLANT FLOWS 

During normal reactor operation coolant flows are 
high and forced convection is the predominant 
mechanism of heat transfer from the fuel element. At 
reactor start-up, for part-load running and during a 
system failure such as gas circulator trip or a major 
rupture in the coolant circuit, flows are low and in the 
more severe cases stagnation may occur in one or more 
channels; heat is then transferred by natural con
vection or thermal radiation or by a combination of 
both. Tests have been carried out to obtain data for 
the performance assessment of fuel elements operating 
at these conditions. 

Convective heat transfer and pressure drop char
acteristics have been measured using C02 at various 
pressure levels and air at atmospheric pressure from 
normal operating levels down to 0.3% of full reactor 
mass flow. Basically the test procedure is the same as 
for those at higher flows with a number of specific 
additional features and precautions. It is essential that: 
(a) a string of at least three or four elements is tested 
in a vertical channel, (b) heat losses are reduced to a 
minimum and the rig calibrated to take account of the 
residual losses, (c) allowance is made for radiative heat 
transfer, (d) flow metering devices appropriate to the 
range being covered are used. Results follow the trends 
illustrated in Fig. IF. The flow, heat transfer and 
pressure drop parameters have been normalised using 
their respective levels at centre channel flow conditions 
as datum. 

In order to measure directly the effective emissivity 
of an element, the influence of convection must be 
minimised by testing at low pressures. A small 
contribution from gas conduction still remains and 
this can only be eliminated by testing under vacuum 
conditions. Magnox evaporates under a vacuum at 
temperatures in excess of 400 °C but by using a 
different experimental technique the emissivity of 
small specimens of the material can be determined up 
to 600 oc in a C02 atmosphere. The effective emissivity 
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of a complete element can then be calculated from this 
data using a theoretical method similar to that de
scribed in [10]. It is important that the small specimens 
have the same radiation characteristics as the element 
material and this is best achieved by cutting test 
specimens from the element itself. The accuracy of this 
approach has been demonstrated by comparison with 
experimental results for a complete element at 
temperatures below 400 °C. 

The element surface condition changes during 
reactor life, consequently its effective emissivity alters 
and data appropriate to the dwell time of each safety 
assessment must be used. The effective emissivity of a 
new element from a production line is about 0.4, 
while for "aged" elements it can increase to 0.7. In 
highly rated reactors it may be found that the emissiv
ity of new elements is insufficient to meet the safety 
criteria, however suitable surface treatments for 
increasing the emissivity are being developed. 

EFFECTS OF ELEMENT ORIENTATION 
ON PERFORMANCE 

When polyzonal fuel elements are loaded in a 
reactor channel they can assume positions in which the 
corresponding quadrants of successive elements are 
randomly orientated with respect to each other unless 
some device is used to give them a predetermined 
alignment. Orientation could be included as a Factor 
in experiments of the type described previously, but 
this would lead to a very large and costly experimental 
programme if the required over-all accuracy is to be 
maintained. Its effect is, therefore, usually investigated 
in a separate series of tests. 

In a typical orientation experiment, three or more 
elements are placed in the test channel of a press uri sed 
C02 loop. A specially designed apparatus enables the 
relative orientation of the second and third elements to 
be varied during a test without interrupting the gas 
flow or power supply. The first element remains at all 
times in line with the second to establish correct 
aerodynamic entry conditions, but the orientation of 
elements following the third can be altered between 
tests to investigate possible "carryover" of an orien
tation effect for more than one element length. 

Variations in heat transfer with orientation are 
shown in Figs. lE and 2E for a position four inches 
from the upstream end of both styles of element. In 
general, the heat transfer of a misaligned element 
varies in a cyclic pattern with angle of misalignment. 
This pattern is very marked over the upstream half 
of an element, but it attenuates and generally changes 
phase over the downstream half. There was little 
evidence of an appreciable "carryover" of the orien
tation effect to subsequent elements in a string. The 
salient difference between the patterns for the two types 
of finning is that there are four complete cycles in the 
pattern for multistart helical finning during a 360 o 

rotation, but only two with herringbone fins. The 
apparent asymmetry of the pattern for the helical 
element compared to the very uniform variation in all 
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sectors for the herringbone is mainly due to the 
presence of a spring-arm spider on the helical element. 
The amplitude of the variation is dependent on the 
configuration being tested as well as on axial position 
along the element, so each design must be investigated 
experimentally. Subsidiary pressure drop tests indi
cated that changes of pressure drop with element 
orientation are relatively small. 

It is outside the scope of this paper to describe in 
detail how the data is incorporated in temperature and 
performance assessment by the reactor designer, but 
the following results from typical calculations illustrate 
the importance of the orientation effect. For a gas
cooled reactor of about 500 MW(e) output with 
herringbone elements the difference in peak random 
temperature between the case where all elements are 
held in-line and that in which elements are randomly 
aligned is of the order of25 °C in favour of the former. 
Therefore, if predetermined alignment can be achieved 
by a device which is consistent with the diverse 
requirements of reactor design and economics, gains 
in reactor performance or margins will accrue. 

EFFECT OF DEFORMATION ON 
ELEMENT PERFORMANCE 

As a result of irradiation trials in reactors and out
of-pile tests in laboratories, the manner in which fuel 
elements are likely to deform during normal reactor 
life can be predicted. Data has been obtained on 
deformations of fins, splitters and braces for multi
start helical elements and of fins and locating lugs 
for herringbone elements, as well as on the bow
ing behaviour for both types. The magnitude of the 
distortions is governed mainly by operating conditions 
and details of the geometry of particular designs, and 
and is fully described in [4]. 

Tests have been carried out on both helical and 
herringbone elements to determine the effect on heat 
transfer and pressure drop of deformations calculated 
to be representative of those occurring during the 
design reactor life of the elements. The deformation 
imposed on th'e herringbone elements was, however, 
more severe than that on the helical specimens. 

Eight elements with multistart helical fins were 
pressurised on to heater tubes and each was tested in 
each of five channel positions over a suitable range of 
Reynolds number. For the first part of the test series 
the elements were undeformed while for the second 
part the representative deformation was applied. 
Closely spaced thermocouples were placed in groups 
along the axes of two diametrically opposite quadrants 
at regions where the probability of occurrence of a low 
heat transfer was known to be high. Other thermo
couples were spaced uniformly in an axial row in one 
of the quadrants to measure mean heat transfer before 
and after deformation. Statistical analysis of the test 
results showed that mean heat transfer did not change 
significantly with deformation and that a small but 
significant reduction in minimum heat transfer 
occurred. At reactor conditions this decrease was 
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2.6% with 95% confidence limit of ±0.3 %. The 
pressure drop of deformed cans was lower than that 
for undeformed elements by about 6%. 

A less precise series of tests was carried out on two 
constant angle herringbone elements of comparable 
design with the helical elements mentioned above. 
Similar trends in heat transfer were observed, the 
reduction in minimum heat transfer was 5% with 
associated 95% confidence limits of ± 5 %. A small 
increase in pressure drop was noted after deformation. 
Further work is in hand to assess the effect of element 
bow on performance. The magnitude of this effect is 
expected to be small. 

PERFORMANCE COMPARISON 
OF HERRINGBONE AND HELICAL ELEMENTS 

The data shown in Figs. 1 and 2, although specific 
to the elements tested, illustrate the salient features 
of heat transfer and pressure drop of four-sector 
constant angle herringbone and multistart helical fuel 
elements. (The evidence available on elements with 
more than four sectors is insufficient to justify their 
inclusion here.) 

The axial variations of heat transfer for both designs 
(Figs. lD and 2D) are strikingly similar, showing 
local depressions downstream of braces and locating 
lugs. On the other hand, the circumferential variations 
(Figs. lC and 2C) are markedly different. The differ
ences in effect of orientation have been discussed 
earlier; in general, random orientation has a greater 
influence on the heat transfer of herringbone elements 
than on that of helical types. The mean axial heat 
transfer at midquadrant on the herringbone element 
(Fig. 2A) is substantially higher than this parameter 
for the helical design (Fig. lA) but it can be shown 
that, when all the systematic and random departures 
from the mean have been considered, the difference in 
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minimum heat transfer between the two elements is 
only slightly in favour of the herringbone finning. 
The pressure drops over a pitch length of element 
(Figs. lB and 2B) are comparable for both designs. 

In general there is no marked performance advantage 
in favour of either design, and the ultimate choice of 
element is governed by factors from all the relevant 
fields, e.g., aerodynamic stability, endurance, safety, 
production costs, etc. 
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A/ 135 Royau me-U n i 

Caracteristiques de transfert de chaleur et de 
chute de pression des elements de combus
tible a ailettes helico"idales et en chevrons 
pour les reacteurs uraniumfMagnox 

par C. Cunningham et a/. 

Les elements de combustible polyzonaux conr,;us au 
Royaume-Uni pour les reacteurs uranium/Magnox a 
refrigerant gazeux ont soit des ailettes helicoi'dales 
decalees, soit des ailettes en chevrons, en tant que 
surfaces supplementaires d'echange. Cet expose traite 
principalement de Ia determination experimentale des 
caracteristiques de transfert de chaleur et de chute de 
pression de ces elements. 

Dans Ia premiere partie, on discute des donnees sur 
le comportement qui sont necessaires pour Ia selection 

d'une forme appropriee d'element de combustible. On 
presente des resultats d'essais pour illustrer les effets 
qu'exercent sur le transfert de chaleur et sur la chute 
de pression des changements dans les caracteristiques 
des parties saillantes de l'element, par exemple le 
nombre ou le pas des ailettes. On compare ces resultats 
avec les predictions faites en utilisant des correlations 
publiees precedemment. 

Lorsqu'une forme d'element de combustible a ete 
choisie pour un reacteur, il est necessaire de connaitre 
son comportement en detail et avec une haute pre
cision pour permettre au constructeur du reacteur de 
calculer Ia puissance de Ia centrale et les temperatures 
de }'element de combustible dans des conditions 
normales de fonctionnement. Ce memoire decrit les 
perfectionnements apportes aux appareils d'essai et le 
programme d'une experience type pour Ia mesure 
du transfert de chaleur dans ces conditions. 
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L'element de combustible choisi doit etre egalement 
con~u pour un fonctionnement sur lorsque le reacteur 
est exploite en charge partielle avec un faible debit 
de refrigerant ou lorsque des defaillances dans le 
systeme provoquent une perte partielle ou presque 
complete de refrigerant. Des experiences sur le 
comportement, permettant de se rendre compte de la 
valeur de !'element dans de telles conditions, sont 
decrites ainsi que des resultats caracteristiques. 

Le memoire traite enfin de deux aspects importants 
du comportement des elements de combustible 
polyzonaux sur lesquels peu ou pas de donnees ont 
ete publiees. Ce sont: a) !'influence de !'orientation 
au hasard des elements successifs dans un canal de 
reacteur sur le transfert de chaleur et la chute de 
pression, et b) les changements de comportement 
associes a la deformation des ailettes par les forces de 
gaz. On presente les resultats d'experiences qui 
illustrent l'ampleur des effets de ces deux facteurs sur 
le transfert de la chaleur et la chute de pression. 

A/136 CoeAHHeHHoe KoponescTso 

AaHH~e rennonepeAa4H H nepenaAa 
AasneHHfl y rennoBbiAenRIOU\HX 3ne
MeHTOB C WeBpOHHbiMH H BHHTOBbiMH 
pe6paMH Aflfl ypaH-MarHOKCOBbiX peaK
ropes 

K. KaHHHHreM et al. 

Mnoroaonnhre TeiiJIOBhl)J,eJIHIOI.Que 3JieMeHThi, 
eKoncTpyupoBaHHhie B Coe)J,nnennoM HopoJieBCT
JIP )J,JIH ypaH-MarHOI\COBhiX peaKTOpOB C raaOBhlM 
OXJiaii\)J,CHHCM, liM ClOT B 1\alJeCTB!' IIOBepXHOCTeii, 
('IIOC06HbiX paClliHpHThCH, MHOf03aX:o,[J;HhiC BHHTO
BhiC HJilf <<rneBponHhie>> pe6pa. AannaH pa6oTa 
OhiJia nanpaBJiena rJiaBHhiM o6paaoM na 31\cnepn
MenTaJJt.Hoe onpe,l.l;eJienne ,[J;aHHhiX TenJionepeAa•nr 
II Hepeiia)J,a )J,aBJJeHHH npH IICIIOJib30BaHim Tai\H\: 
TPIIJIOBbi/];CJIHIOIQHX 3JICMCHTOB. 

B ,li,OKJJa)J,e o6cym,l.J;aiOTCH ,[J;aHHhle, neo6xo,l.J;n
Mhm IVIH Bbi6opa IIO,[J;XO)J,HI.Qeii 1\0HCTpyi<~HH Te
IIJIOBhi/];eJJHIOI.Qero 3JieMeHTa. ti To6hl noRaaaTh 
IICiiCTBHe H3MCHCHHii Han6oJiee Baii\HhiX napaMe
TIJOB TeiiJIOBhl)J,CJIHIOIQHX 3JICMCHTOB, HaiipHMep 
'IUCJia HJIH mara CIIHpaJJH pe6ep, Ha TCIIJIOIIepe
lla'ly 11 neperra)J, )J,aBJJeHHH, B )1,01\Jra)J,e npe,li,CTaB
JieHhl peayJihTaThl HCIIhiTaHIIii. ~hH peayJibTaThl 
COliOCTaBHMhl C )J,aHHbiMH, rrpei'l;CI\a3aHHhlMH Ha 
OCHOBC panee ony6JIHI\OBaHHhlX aaBHCHMOCTeii. 

Hor)J,a 61.ma Bhl6pana 1\0HCTPYR~na TeiiJIOBhi
I!('JIHIOI.Qero 3JieMeHTa AJIH peaJ<Topa, HOTpe6oBa
JJaCh IIOi'J;p06HaH H OlJCHh TOlJHaH paapa60TI\a ero 
1\0HCTpyR~Hll, lJT06hi )J,aTh B03MOiKHOCTh 1\0HCT
pyi<TOpy peaJ<TOpa paCC'liiTaTh MOIQHOCTb CTaH~HH 
H TCMrrepaTyphl TCIIJIOBhl)J,CJIHIOIQCfO 3JICMCHTa IIpii 
nopMaJihHhlX pa6o'lnx ycJIOBHHX. Bo BTopoii 'la
CTH i'J;OKJia)J,a OIIHChiBaiOTCH HaJia,[J;Ka arrnapa
Typhl )J,JIH HCIIhlTaHHH. H THIIOBaH :mcnepHMCHTUJib-
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UaH 1\0HCTpyR~II.H TCIIJIOBhl)J,CJIHIOID;ero 3JICMCH'I'a 
I~JJH naMepeHHH Terr.T]onepe)J,a'lll. rrpn 3THX ycJio
nHHX. 

Bnr6pannhrii TeiiJIOBbip;eJIHIOIQHii 3JieMeHT p;o,;r
men 6hiTb TaJ<me cnpoeRTnpoBan c y'leTOM TpP
fioBanuii 6eaonacnocTn 3KCIIJiyaTa~uu, J<Or){a 
peaRTop pa6oTaeT c nerroJinoii narpya~<oii 11 
He60JihlliUM paCXO){OM TCIIJIOHOClfTCJIH lfJilf ROr){a 
IIOBpeiK){CHlfH B CIICTCMe UpHBO){HT 1\ 'laCTiflJHOll 
HJilf IIO'ITII IIOJIHOii IIOTepe TCIIJIOHOCIITCJIH. ai\CIIe
piiMCHThl ){JIH IIOJIY'ICHIIH ){aHHblX, J<aCaiOI.QliXCH 
O~CHI\11 TCIIJIOBhl;cl;CJIHIOID;CTO ::meMCHTa npH Tai\HX 
YCJIOBIIHX, OIIIIChiBaiOTCH HapHAY C Tliiiii'lHhlMII 
peay.rrhTaTaMH. 

HaJ<onc~ paccMaTpnBaiOTCH ){Ba naii\HhiX acneK
Ta pa60lJIIX xapaJ<TCpHCTHI\ MHOf030HHOro TCfiJI0-
13bl){CJIHIOID;Cf0 3JICMCHTa, ITO 1\0TOphiM 6hiJIO 
ony6JIHI\OBaHO MaJio CBC;cl;CHIIii: JIJIH OHH He 6hiJIH 
ony6JIIII\OBaHhl COBCCM. 0){JIH acnei\T BI\JIIO'IaeT 
nay'lenne BJIIIHHIIH xaoTn'leCJ<oro pacnoJiomeHifH 
CJJC;cJ;YIOID;HX: O;cl;JIH aa !(pyrHM Tt'IIJIOI3bT,[J;t'JIHIOII~H \: 
::JJJCMeHTOB B 1\alJCCTBe peaRTOpa Ha TCIIJIOIIepe
,[J;a'ly .n neperra!( p;aBJICHHH. BTopoii acrreKT 
eoCTOHT B nayqenmi naMeHennir xapaKTepucTHl\, 
CBH3aHHhiX c Aeif!opMallueii pe6ep nop; nanopo11r 
raaa. Ilpe,l.l;CTaBJICHbi 31\CrrepnMeHTaJILHhle peaym,
TaThi, 1\0TOphle yJ<a3hiBaiOT Ha CTeiieHh BJIIIHHUH 
:lTnx: ABYX iflaRTopon na TeiiJIOIIepe){a<ty 11 uepe
nap; ){an.nenna. 

A/135 Reino Unido 

Caracteristicas de cafda de presion y trans
misi6n de calor de los elementos combustibles 
de aletas helicoidales yen espina de pez en los 
reactores de uranio-Magnox 

por C. Cunningham eta/. 

Los elementos combustibles polizonales proyectados 
en el Reino Unido para los reactores de uranio
Magnox, refrigerados por gas, tienen, como superficies 
ampliadas, aletas, bien helicoidales de varias entradas, 
o bien en «espina de pez» o espigon. Esta memoria 
trata principalmente de la determinacion experimental 
de las caracteristicas de transmision de calor y caida 
de presion de tales elementos. 

Primero se discuten las caracteristicas de funciona
miento que es necesario conocer para la eleccion de un 
disefio adecuado del elemento combustible. Se 
presentan los resultados de las pruebas para demostrar 
los efectos de cambios en los parametros mas impor
tantes del elemento, v.g. numero 0 angulo de incli
nacion de las aletas, sobre la transmision de calor y 
caida de presion. Estos resultados se comparan con 
las predicciones que se obtienen utilizando corre
laciones publicadas anteriormente. 

Cuando se ha elegido un proyecto de elemento 
combustible para un reactor, es necesario conocer sus 
caracteristicas con gran detalle y elevada exactitud 
para que el proyectista del reactor pueda calcular 
Ia potencia de la central y las temperaturas del 
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elemento combustible en condiciones normales de 
funcionamiento. La memoria describe los refina
mientos en los aparatos de pruebas y el proyecto de un 
experimento tipico de desarrollo para medir Ia trans
mision de calor en estas condiciones. 

El elemento combustible elegido debe ser tambien 
proyectado para trabajar con seguridad cuando el 
reactor este funcionando a carga parcial con caudales 
bajos de refrigerante, o cuando fallos del sistema den 
Iugar a perdida parcial o pnicticamente completa del 
refrigerante. Se describen experimentos y resultados 
tipicos de los mismos, para obtener caracteristicas de 
funcionamiento que permitan Ia evaluacion del 
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comportamiento del elemento en las condiciones 
citadas. 

AI final se tratan dos aspectos importantes del 
comportamiento del elemento combustible polizonal 
sobre el cual se han publicado pocos o ningun dato. 
Estos son: a) Ia influencia de la orientacion al azar de 
elementos consecutivos en un canal sobre Ia trans
mision de calor y caida de presion, b) los cambios en 
las caracteristicas provocados por la deformacion de 
las aletas, debido a efectos dinamicos del gas. Se 
presentan resultados que muestran Ia magnitud de los 
efectos de estas dos facetas sobre Ia transmision de 
calor y caida de presion. 



P/136 United Kingdom 

Heat transfer performance of the polyzonal can 
for the CEGB reactors 

By H. F. J. Hadrill, E. W. V. Acton,* J. A. Hitchcock and S. B. H. C. Neal** 

The first phase of the civil nuclear power pro
gramme in the United Kingdom comprises eight twin 
reactor power stations under the control of the 
Central Electricity Generating Board and one station 
under the control of the South of Scotland Electricity 
Board. All these reactors, which have a total design 
output of 4 500 MW, have fuel elements consisting 
of solid rods of natural uranium contained in mag
nesium alloy cans. The extended surface which pro
vides for effective heat transfer is a polyzonal spiral 
for the first thirteen reactors. 

The responsibility for these reactors achieving their 
design output rests with the Consortia of manu
facturers engaged in the nuclear field. Consequently 
they have laboratories which provide detailed infor
mation on the heat transfer and pressure drop per
formance of particular fuel elements. However the 
information necessary to justify a design and provide 
the basis for an output guarantee does not always 
cover the requirements of the reactor operator. The 
anticipated dwell time of the fuel elements in the 
reactor is between four and five years and creep 
deformations of the extended surface will alter the 
heat transfer performance. The extent of the defor
mations will be governed by local areas of high 
temperature on the can surface. Both the polyzonal 
can and the herringbone can exhibit axial and-circum
ferential variations in their heat transfer performance, 
that of the latter being more marked. In examining 
the data presented by different laboratories on their 
cans it became evident that results were influenced 
both by the techniques employed and by the particular 
heat transfer loops used in the experiments. Con
sequently the Board decided in its capacity of reactor 
operator to conduct its own heat transfer experiments. 
These provide a comparison of fuel can performance 
and when allied with complementary measurements at 
the power stations enable the Board to assess directly 
the magnitude of some of the major variables affect
ing the heat transfer performance inside the reactor. 

Such work started at the Central Electricity Research 
Laboratories (CERL) in 1958 and has been continued 
at the Berkeley Nuclear Laboratories (BNL) since 
March 1962. During the last two years CERL have 

• CEGB, Berkeley Nuclear Laboratories, Berkeley, Glouces
tershire. 

* • CEGB, Central Electricity Research Laboratories, Leather
head, Surrey. 
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undertaken a fundamental investigation into the gas 
flow processes around a polyzonal can using a large 
scale model. The work of both Laboratories is 
described in the paper. 

Large scale model studies of the polyzonal can 

A schematic diagram of the rig is shown in Fig. 1. 
The test section represents one quadrant of a basic 
polyzonal can, four times normal size, which was 
heated electrically. The upstream entry length would 
accommodate an unheated length of can when this was 
required. Air was drawn over the test section by a fan 
which normally exhausted to atmosphere, but a closed 
loop could be formed when flow tracer techniques were 
employed. The model quadrant, which had 40 thermo
couples along its length measuring can surface 
temperature, was based upon an actual fuel element 
can. The good agreement between the heat transfer 
patterns of the can and the model justified the use of 
the latter for flow investigations. The test section was 
contained inside perspex covers which represented the 
channel wall. These allowed flow visualization tech
niques to be used and temperature and velocity probes 
to be inserted into observed positions. 

Basic fluid flow and heat transfer patterns 

A picture of the fluid flow pattern was obtained 
using tracers and wool tufts together with velocity and 
temperature surveys, both around the quadrant and 
between the fins. Relationships were thus established 
between the flow pattern along the channel and the 
axial variation in heat transfer [1]. 

The observations show that the primary effects 
responsible for the heat transfer variation are the 
levels of fin channel gas flow and fin entry temperature 
which in turn are controlled by the flow pattern along 
the fuel channel. Furthermore the flow over the can 
may be divided into two regimes, a developing flow 
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Figure I. Schematic diagram of test rig 
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Figure 2. Axial heat transfer variation 

and a fully established flow. The flow system is also 
dependent, especially at the start, as to whether or 
not an upstream can precedes the can being considered. 

With no upstream can present, axial flow approaches 
along the fuel channel; poor entry conditions result 
in low fin channel velocities and hence poor heat 
transfer (Fig. 2). The gas emerging from the first fin 
channels at the downstream splitter is both warmer 
and slower than the mainstream, with which it mixes 
to some extent. However, the emergent gas soon 
develops into a stream of warmer, slower gas which 
follows a spiral path around the periphery of the 
main channel. It displaces the cool, axially flowing 
gas from the main channel, forcing it down into the 
fin channels at a progressively faster rate thus causing 
fin channel velocities, and hence heat transfer, to rise 
rapidly. A peak value of heat transfer is reached 
immediately before the warmer, slower gas begins to 
re-enter the fin channels, usually about a third of the 
way along the can. The entry of this gas into the fin 
channels causes a sharp fall in heat transfer. 

Beyond this stage, the flow pattern can be regarded 
as fully established and consists of a shell of slow, 
warm, spiralling gas surrounding a core of fast, cool, 
near axially-flowing gas. The shell is composed of gas 
which becomes progressively warmer and slower 
towards the downstream end of the can, whilst the 
core slowly accelerates and warms only gradually, 
since it mixes little with the spiralling shell. The core 
pursues a spiral path along the fuel channel and this 
results in a cyclic variation in the fin channel gas 
velocities, their local value depending upon the 
proximity of the core to the fin tips at that point. The 
heat transfer variation is primarily dependent upon 
the fin channel gas velocity variation, the temperature 
of gas entering the fin channels being of second order 
in the regime of fully developed flow. 

The detailed investigations already described were 
repeated with an unheated quadrant model can placed 
upstream of the test section, this being equivalent to 
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an in line splitter arrangement. The modified heat 
transfer pattern is included in Fig. 2. 

Gas approaches the first fin channels on the test 
can in a direction close to that of the fin lead, the 
flow spiral from the upstream can maintaining much 
of its form past the cup-and-cone end fitting and on to 
the test can. The entry condition is considerably 
improved over that with no upstream can present. 
This results in improved heat transfer at the start of 
the can. The improved entry conditions also reflect 
in a slightly shorter flow pattern development length, 
resulting in an upstream displacement of the heat 
transfer pattern. The flow pattern is otherwise similar 
to that over the upstream can. 

Effects of splitter orientation and ancillary fittings 
In practice the flow conditions at the start of a can 

are determined by the type of end fitting and by the 
generally random orientation of the splitters on 
successive cans. These effects have been investigated 
on the model. When the splitters are a few degrees 
out of alignment, the spiralling flow rising away from 
the fins may be caught by the start of the splitter on 
the downstream can. The alignment between the three 
armed spider and the four quadrants is such that one 
quadrant will be shielded by a spider arm. This 
situation makes the entry conditions as poor as those 
with no upstream can. 

From such studies it seems likely that whatever 
the inlet conditions a point of minimum heat transfer 
will occur near the upstream end of a can. The value 
will depend upon splitter orientation and will not 
necessarily be the point of minimum heat transfer on 
the can. 

The effect on the flow pattern of braces is shown in 
Fig. 3. The gas velocity immediately downstream of 
each brace is markedly reduced, but heat transfer is 
less affected due to axial conduction. It was found that 
the general level of heat transfer over the upstream 
third of the can was further reduced due to the braces 
delaying the development of the flow pattern and 
encouraging the persistence of low fin channel 
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velocities near the start of the can. However better 
gas mixing is promoted by the braces and the general 
level of heat transfer is increased over the last two
thirds of the can, leading to an over-all increase in the 
mean level of heat transfer by 2-3 %. 

Laboratory experimental techniques 
and some factors affecting performance 

Considerable changes in experimental techniques 
have taken place in most laboratories over the last 
few years to improve the accuracy of heat transfer 
data. Air rigs at substantially atmospheric pressure are 
rarely used to evaluate heat transfer coefficients or 
friction factors; steam heating has ceased and direct 
current electrical heating is most commonly used to 
simulate heat generation. Flame sprayed aluminium 
oxide ceramic is the most widely used high temperature 
insulation between the stainless steel heater tube and 
the can. Since experiments in 1962 on the effect of 
heaters [2], most heat transfer tests have required the 
cans to be pressurized on to the heater tubes to reduce 
variations in local can temperatures caused by poor 
fit of the can on the heater. 
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Heater tubes 

It is important to ensure uniform local heat gener
ation and this is proportional directly to tube wall 
thickness. Figure 6 shows how the temperature varies 
in a cylindrical primary surface heated by a heater 
tube with a variable circumferential wall thickness 
[3]. The heater tubes used to test polyzonal cans are 
of 1 in (2.54 em) od and 0.028 in (0.07 em) wall 
thickness, and are manufactured by drawing; a 
variation in thickness of ± 10% is the best normally 
obtainable and this generally remains constant along 
the tube. It can be shown that the difference in St.(S/A) 
(St. = Stanton number, S = heat transfer surface 
area, A = flow area) between diametrically opposite 
quadrants is approximately proportional to the change 
in heater tube wall thickness from the mean value 
(assuming uniform heat generation) [4]. However, the 
effect is reduced by circumferential conduction in the 
wall of the can. An electrical analogue study [5] has 
shown that the temperature difference between the 
can root and the gas changes by a maximum of 
±6.5% and a minimum of ±4.7% for a variation of 
± 10% in heater tube wall thickness. A further 
correction has to be applied for the variation of 
electrical resistance with temperature. Thus any 
variation in thickness will lead to a variation in 
temperature which in turn causes a variation in the 
local heat generation rate. The above effects are 
shown in Fig. 7. The change in thermal resistance due 
to doubling the ceramic insulation thickness from 
0.0075 in (0.019 em) to O.o15 in (0.038 em) was found 
to have negligible effect. 

Figure 8 shows a typical variation in normalized 
St.(S/A) along a Hinkley Point can when testing with 
a heater to normal tolerances. The positions of 
maximum and minimum heat transfer are determined 
by the gas flow pattern and the positions of the braces. 
On average the two curves are separated by about 7% 
in St.(S/A) which suggests that although other effects 
were present in the tests, this scatter was largely due 
to the variations in heater tube thickness. 

In reactor performance assessments the minimum 
value of St.(S/A) wherever it occurs and the mean 
of the minima found in all four quadrants are often 
evaluated. Figure 9 shows two such curves plotted 
against wf~t (w =gas mass flow, ft =viscosity). The 
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Figure 5. Effect of modifications on gas temperature distribution within fuel channel 
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former curve probably defines the quadrant of maxi
mum heater thickness, the difference between the 
two curves being approximately 5% in St.(S/A). The 
analogue results have a mean of -!(6.5% + 4.7%) = 
5.6% and hence agree quite closely as other effects 
are neglected. 

Cumulative effects of manufacturing tolerances 

Allowance has to be made for variations in the 
physical dimensions of fuel element cans due to 
manufacturing tolerances. Changes in the diameter 
over the fins, the root diameter and the lead of the 
spiral have been assessed [6] and show a variation of 
±2.4% in St.(S/A) over the normal range of vt'ffl. 

Thus if all the tolerances are cumulative the variation 
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in St.(S/ A) will be approximately 4.8 %. In many heat 
transfer investigations the same can, or cans, are 
tested several times and are thus subjected to repeated 
thermal cycles. This leads to small dimensional changes 
which have been found to introduce variations of 
± 3.2% in St.(S/A) [6]. Where the repeated use of cans 
is necessary the test assemblies should be measured 
before and after an investigation. 

Effects due to thermocouples 

This is probably the most vexed subject in laboratory 
heat transfer techniques and can be divided into two 
main parts, namely: (a) the effect on the temperature 
being measured due to the presence of thermocouples; 
(b) changes in thermocouple signal due to variations 
in temperature level and gradient. 

The number of thermocouples used in a normal 
heat transfer test on a fuel element can has tended to 
increase. The normal procedure is to measure the can 
root temperature at 2 in (5.08 em) intervals along the 
centre line of each quadrant making a total of some 80 
thermocouples on each can. Nickel-chromium, nickel
aluminium alloy 32G (0.201 mm) (B. & S.) wire is 
used, each reel being calibrated. Figure 10 shows a 
typical test assembly with the thermocouples grouped 
together and led downstream along the splitters. One 
group may be seen on the first can, two groups at the 
centre of the second can and five at the centre of the 
third can. This leads to increasing interference with 
the gas flow over the length of the assembly. The 
effect of the thermocouples on f fA 2 de (f =fanning 
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Figure I 0. Section through test channel showing disposition of 
thermocouple cables in "ropes" 

friction factor, de = hydraulic diameter) can be seen 
in Fig. 11, an 11.7% increase being obtained on the 
third can at a value of wft-t = 2 x 105 ft. It is not 
possible to measure the change in St.(S/A) directly 
under the same conditions but its value must be 
affected. This difficulty has been overcome by leading 
the thermocouples along slots cut into the bottom, and 
within the thickness, of the splitters, which arrange
ment has no effect upon f fA 2 de and by implication 
upon St.(S/A). This procedure is now standard 
practice at the Laboratories. 

At temperatures above about 300 oc at the hot 
junction, the thermoelectric properties of nickel
chromium/nickel-aluminium wire change with time. 
Many heat transfer tests are undertaken at tempera
tures below 300 °C, but in assessing fuel element 
performance at reactor temperature it is necessary to 
maintain values of up to 450 oc for several hours. 
The change in measured temperature during this time 
is relatively small, but a more serious effect can follow 
changes in the structure of the thermocouple wire 
[7]. If the temperature gradient between hot junction 
and detector is changed, then much larger errors in 
temperature readings will occur [8]. To eliminate these 
errors completely requires calibration in situ, and 
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Figure II. Effect of thermocouple arrangement in Fig. 10 on 
(/A' de 
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Figure 12. Typical error curves for 32G (BS) nickel-chrome/ 
nickel-aluminium thermocouples 

since this is not practica hie, the effects are minimized 
by repeating low temperature readings taken early in 
heat transfer tests. Figure 12 shows typical results 
obtained from several specimens of nickel-chromium/ 
nickel-aluminium thermocouples. Curve (a) is the 
error obtained from calibrating normally, (b) is 
obtained on heating the hot junction from 200 °C 
to 400 oc in air in 100 °C steps over a 13 hour period. 
Curve (c) is an extreme case: it was obtained by 
heating several specimens 10 yards long in air for 22 
hours at 425 °C. For accurate results at elevated 
temperatures the use of noble metal thermocouples is 
recommended. 

Fuel element end effects 
In laboratory tests the end plug making the electrical 

connexions to the heater tube interferes with the 
simulation of an actual fuel element. Consequently 
the values obtained for St.(S/A) over the last few 
inches of the test element are often ignored. In the 
reactor a thermal insulation disc is incorporated 
between the end of the uranium bar and the magnesium 
alloy end cap. This is shown diagrammatically on 
Figure 13, together with the can axial temperature 
distribution, predicted on an electrical analogue. 
Improved end fittings have been develope(! in the 
Laboratories to provide a better simulation of the 
reactor case and it can be seen that the expected 
accuracy at 1.6 in (4.26 em) from the end of the can is 
0.25 °C at 1 kW per foot (30.5 em) heat generation 
rate. Results previously obtained on production cans 
are also shown in the figure. Heat is conducted into 
the end fittings of fuel elements inside the reactor; to 
obtain representative results in the laboratory it 
is necessary to ensure that: (a) the heated length of 
can is equal to the length of the uranium bar; (b) the 
length of can projecting beyond the ends of the heater 
bar should equal the length of can projecting beyond 
the uranium; (c) the end plugs should have low 
electrical resistance. (The necessarily high value of 
thermal conduction is fortunately unimportant.) 

Evaluation of ~erkeley reactor parameters 
A detailed temperature survey of No. 1 reactor 

operating at near full power was made as part of the 
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commissioning programme. The results were analysed 
by The Nuclear Power Group (TNPG) and are 
reported in their paper [9]. A second survey in 
December 1962 [10] enabled the Generating Board 
to further assess the fuel element performance [11]. 

The reactor operated under steady conditions during 
the survey and measurements were made of power, 
gas mass flow and neutron flux as well as can and gas 
temperatures. The axial flux plots, taken in positions 
remote from control rods, were interpolated to give the 
flux at particular channels. The channel mass flow 
was estimated from the total mass flow and the 
individual flow patterns established during previous 
commissioning tests. This enabled the heat transfer 
parameter St.(S/A) to be calculated at the position of 
the tenth fuel element which carried a thermocouple. 
The flow parameter wfp, was calculated in a similar 
manner. The heat output falls off in the outer channels 
of the core and the reactor is gagged to maintain 
sensibly constant maximum can temperatures. The 
value of wfp, varied from approximately 1.6 x 105 ft 
at the centre of the core to 0.5 x 105 ft at the outer 
channels. St.(S/A) is plotted against wfp, in Fig. 14. 
The graph is based on results calculated for 78 of the 
118 thermocouple fuel elements present in the reactor 
(the other positions were rejected owing to their 
proximity to control rods). 

The standard deviation of the observed values of 
St.(S/A) recorded in Fig. 14 is estimated to be 10.0%. 
Following a statistical analysis in which allowance 
has been made for the azimuthal variation in channel 
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heat generation rate, a correction has been made to 
this standard deviation. Consequently the actual 
variation in St.(S/A) is believed to reduce to 9.1 %. 
The reactor power during the survey was determined 
by five different methods which agreed to within 
±5%. A value of 544.3 MW has been used in this 
analysis . 

From the same basic data, TNPG have also deter
mined the variation in St.(S/A) with wfp,. Their 
estimate agrees almost exactly with the reactor line 
in Fig. 14. The design line of St.(S/A) Vs wffl. adopted 
by TNPG following laboratory heat transfer and 
pressure drop tests is also given in Fig. 14, together 
with the line obtained experimentally at BNL. The 
TNPG design line is approximately 10% below that 
measured in the flattened zone of the reactor. The 
reasons for the discrepancy most probably lie in the 
assumptions made in the theoretical analysis and in 
the accuracy of measurement both within the reactor 
and in the lal)oratory experiment. The following 
assumptions in the reactor analysis could affect the 
comparison: 

(a) 5.3% of the heat is generated in the graphite; 
(b) 4% of the gas leaks out of the channel before 

the thermocouple fuel element is reached; 
(c) 7% of the channel flow passes behind the 

struts; 
(d) The variation of axial heat generation rate is 

exactly proportional to the neutron flux as 
measured in a nearby flux plotting hole. 

Thus an increase of I % (i.e., from 5.3% to 6.3 %) in 
the graphite heat generation would lead to a 1.1 % 
reduction in St.(S/A). If the out-of-channel gas leakage 
is reduced by 1%, St.(S/A) is reduced by 2%. A 
further 2% reduction in St.(S/A) results if only 5% 
of the channel flow passes behind the struts. A 3 % 
error in estimating the neutron flux at the thermo
couple fuel element position would reduce St.(S/A) by 
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rate at the point of measurement 
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3 %. Perhaps even more significantly an error of 3 °C 
on the channel inlet gas temperature (equivalent 
to one standard deviation) would reduce St.(S/A) by 
4%. 

It is unlikely that the errors that do exist will all act 
cumulatively, but in comparing the results from 
laboratory experiments which have an estimated 
variation of ±3.5% with the reactor results, agreement 
such as that shown in Fig. 14 seems not unreasonable. 
Furthermore having once established a basis for the 
performance of fuel elements within the reactor at 
an early stage in their life, any changes which take 
place at a later stage are far more readily assessed. 

Deformation of surfaces exposed to coolant gas flow 

To facilitate the prediction of creep deformation of 
fins, splitters and braces caused by the coolant gas 
forces in the reactor channel, accelerated long-term 
hot loop tests have been carried out by the UKAEA 
Consortia and CEGB. In principle the tests consist of 
measuring the elements carefully relative to fixed 
datum points, subjecting them to gas forces usually 
in excess of reactor values for prolonged periods at 
high temperatures, followed by repeating the measure
ments to find the distortion suffered. 

Fin deformation 

On most of the current polyzonal cans, fin defor
mation can be considered to be made up of the 
superposition of several systematic patterns: 

(a) The main pattern of displacement varies cir
cumferentially but is axially constant, and can be 
attributed to the circumferential variation in differential 
pressure over the fins. Maximum deformation is in 
the direction of the gas flow and occurs about 10 o 

from the leading edge of the fin (on the lee side of the 
splitter) reduces to a minimum at the centre of the 
quadrant, and changes sign at the trailing edge of 
the fin; 

(b) Waving of the fins at the anti-ratchetting 
grooves is initiated by pressurizing the can on to the 
fuel and increases with thermal cycling and gas 
loading; 

(c) Deformation caused by abrupt changes in gas 
flow pattern, e.g., at braces and at the extreme ends 
of the can where the fins become deformed in pairs 
or groups; 

(d) At the fin leading edge, interaction of the fin 
deformation in (a) causes some of the fins to bend 
away from the splitter and increases the gap between 
the lee side of the splitter and the fin leading edge. 

Figure 15 shows the deformation suffered by fins 
in an endurance test. 

Figure 15. Example of fin deformation found in endurance test 
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Figure 16. Berkeley fuel element showing both splitter and 
brace deformation after endurance tests 

Splitter deformation 

The mode of splitter deformation varies from 
design to design, but in general is characterized by 
tilting and waving of the splitter. T.he splitter tends 
to lean away from the helical path of the gas: the 
braces oppose this movement but eventually they too 
lean over slightly so that the splitter tilts over its 
whole length. Due to the localized support of the 
braces and the axial variations in gas force, the 
splitter tilt varies along its length and a wave is 
produced. 

On some of the fuel element designs there is a 
tendency for one or two braces per quadrant to lift 
radially away from the fin tips. Initially this is caused 
by the system of forces acting on the splitter/brace 
assembly producing a radial deflection of the brace 
arch. A backwards tilting of the brace arch occurs 
due to the drag forces and this produces a positive 
angle of attack to the gas stream and results in a lift 
force approximately normal to the brace arch. 
Excessive amounts of brace lift have been reported: 
in the case of the Berkeley element up to 0.4 in. in an 
endurance test of 3 000 hours duration [12]. Figure 16 
shows the deformation suffered by the splitter cage 
in an endurance test. 

Impact damage and fast bursts 

The effect of local impact damage on fuel element 
heat transfer has been investigated by Lyall [13]. 
Unless the damage is both severe and widespread, 
the changes in performance are small; for example a 
change of 10% in Stanton number occurs locally when 
four adjacent fins are bent together to touch each 
other right across a single quadrant. If, however, an 
end weld suffers a small indentation, this may lead 
to ingress of C02 and subsequent oxidation of the 
uranium bar. This produces a local swelling some 
distance from the end of the element [14], leading 
rapidly to a rupture of the container, which is termed 
a fast burst. 

An investigation into the behaviour of such an 
element has been made both using an electrical 
analogue [15] and by experimental simulation [16]. 
In the experiment a normal heater tube representing 
the uranium heat source was placed inside a Magnox 
cylinder to assist axial heat conduction. A ceramic 
mound was built up on the outside of the cylinder to 
simulate uranium oxide and finally a Magnox fuel 
element can was pressurized down onto the assembly 
as shown in Fig. 17. Tests in a pressurized carbon 
dioxide loop [17] at a heat rating of 2.76 kW/ft 
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' 
a b c 

Figure 17 
(a) Simulated fast burst test assembly 35% circumferential 

strain; (b) Radiograph of fast burst; (c) An actual fast burst 

(0.09 kW fern) yielded the temperature differences 
between the can and the gas shown in Fig. 18. It can 
be seen that the can temperature at the point opposite 
the centre of the oxide mound was depressed by 
7.5 °C below the average can temperature. At a point 
2 in (5.08 em) downstream however, it had risen 16 °C 
above the average value. At a reactor maximum heat 
rating of 18 kW/ft (0.59 kWJcm) the temperature 
values would be 49 °C and 104 oc respectively, at 
the same Reynolds number. 

Referring back to Fig. 17 it can be seen that the 
oxide mound on the radiograph of an actual failed 
fuel element is asymmetric, the gradient on the 
downstream side of the mound being much less than 
on the upstream side. Comparison with Fig. 18 
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suggests that once the uranium has started to oxidize, 
the increase in temperature downstream of the mound 
leads to further oxidation of the bar and the mound 
grows progressively in the direction of the coolant 
flow. 

CONCLUSIONS AND FUTURE WORK 

The variation of heat transfer along the length of a 
polyzonal can has been explained in terms of the 
flow pattern. This shows that better gas mixing and 
better entry conditions would lead to a significant 
improvement in the mean level of heat transfer at 
the expense of over-all pressure drop. 

The present laboratory techniques for testing fuel 
element cans yield results which agree quite closely 
with data obtained directly from reactors. The work 
on deformations allied with post irradiation examina
tion should enable an accurate assessment to be made 
of the performance of fuel elements in the reactor as 
progressively higher irradiations are achieved. 

Apart from establishing as accurately as possible 
the heat transfer performance of different fuel ele
ments as successive reactors are commissioned, future 
work in the Laboratories will include investigations 
into the transient performance of the polyzonal 
surface and the applicability of alternative extended 
surfaces to replacement fuel charges. 
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A/136 Royaume-Uni 

Flux de transfert de chaleur de Ia gaine 
polyzonale dans les reacteurs du Central 

. Electricity Generating Board 

par H. F. J. Hadrill eta/. 

Ce memoire decrit les recherches sur le transfert 
de chaleur entreprises par le Central Electricity 
Generating Board, en ce qui concerne !'element de 
combustible polyzonal. On expose Ies problemes qui 
sont interessants pour l'exploitant du reacteur et qui 
rendent necessaire !'obtention d'une correlation aussi 
exacte que possible entre les donnees de laboratoire 
et le comportement de !'element de combustible dans 
le reacteur. 

La nature complexe de I'ecoulement du fluide et 
des processus de transfert de chaleur qui y sont associes 
autour de Ia surface spirale polyzonale, qui avait 
jusqu'alors echappe au traitement theorique pur, a 
ete etudiee en utilisant un modele a une echelle quatre 
fois plus grande que Ia normale. La comprehen
sion de base ainsi acquise de ces mecanismes est 
decrite dans cet expose, et on fait des suggestions 
pour ameliorer le flux de transfert de chaleur de Ia 
surface. 

Des etudes sur Ie transfert de chaleur avec surface 
polyzonale avaient montre que Ies resultats dependent 
tres fortement de Ia variation circonferentielle de 
I'epaisseur de Ia paroi du tube de chauffage, des 
effets accumules des tolerances de fabrication, ainsi 
que de Ia presence des thermocouples et des erreurs 
en resultant. Les autres facteurs qui ont ete etudies 
experimentalement comprennent Ies effets des pies 
de flux aux extremites des elements de combustible 
et les differences entre l'extremite d'un element de 
combustible dans un reacteur et !'assemblage de 
laboratoire chauffe electriquement. 

Les mesures des parametres de transfert de chaleur 
de !'element de combustible dans un reacteur de 
Berkeley sont comparees avec les resultats de labora
toire. On discute la deterioration de l'efficacite qui 
provient de Ia deformation par fluage des ailettes, 
deflecteurs et entretoises, et on donne une indication 
de !'amplitude des effets. Le cas d'un element de 
combustible defectueux contenant une excroissance 
d'oxyde sur Ia surface de Ia barre d'uranium a ete 
considere et on a evalue l'echange thermique a l'aide 
d'une experience dans laquelle on simule Ia geometrie, 
et on compare ces resultats avec ceux d'une etude 
analogique. 

A/136 Coep,HHeHHOe KoponeecTBO 

XapaKTepHCTHKH TennonepeAa4H a no
nHaoHanbH~x o6ono4Kax AflH peaKTO
poa U.eHTpanbHOro 3HepreTH4ecKoro 
ynpaaneHHH 

X. ctJ. ,D,>t<. X3APHI111 et al. 

B ;a.oKJiaue npe;a.cTaBJieHhi nccJieuonaHHH TeiiJIO

nepeuaqn B ITOJIH30HaJibHOM T8IIJIOBbii(8JIHIO~eM 

3JI8M8HTe, npOB8/WHHhle ~eHTpaJibHhiM :mepreTH

"<IeCI\HM ynpaBJieHHeM. J\paTI\0 paCCMaTpHBaiOTCH 

npo6JieMhl, npei(CTaBJIHIO~He HHTepec I(JIH OIIepa

TOpa Ha peal\TOpe H Tpe6yro~He ycTaHOBJI8HHH 

1\al\ MOii\HO 6oJieC TOqHOH KOppeJIHIIHH Meii\I(Y 

Jia6opaTOpHhlMH I(aHHhiMH H I(aHHbiMH HCIIhiTaHHii 

TenJIOBhlfl.eJIHIO~ero :JJieMeHTa BHYTPH peaKTopa. 

CJiomHaH .KapTHHa noTOKOB ii\Hfl.l\OCTH BOKpyr 

IIOJIH30HaJibHOH CIIHpaJibHOH IIOBepXHOCTH H CBH

aaHHhle c HHMH npollecchl TenJionepe;a.aqn, pac

cMaTpHBaeMhie pauee c qncTo TeopeTnqecKoii: Toq-

1\H 3peHHH, 6biJIH HCCJiei(OBaHhl ::mcnepHMeHTaJihHO 

Ha MOI(8JIH, BhliiOJIH8HHOH B qeTbipexKpaTHOM 

MaCIIITa6e. B ;a.oKJia;a.e npe;a.cTaBJieHhl ocuoBHhle 

peayJihTaThi, 1\0TOphle 6hlJIH IIOJiyqeHhl B :JTHX 

HCCJI8I(OBaHHHX, H BhiCI\a3aHhl 

nanpanJieHHhie ua yJiyqrneune 

TeiTJIOIIepei(R'lH C IIOBepXHOCTH. 

npe;a.JiomeHHH, 

xapaKTepHCTHK 

flpoBei(eHHhle HCCJI8I(OBaHHH XapaKT8pHCTHI\ 

llOJIH30HaJibHOii T8IIJIOIIepeuaqH IIOKaaaJIH KpHTH

qecKyiO 3aBHCHMOCTb peayJihTaTOB OT H3MCH8HHH 

TOJI~HHbl CT8HOK HarpeBaTeJihHhiX Tpy6oK, OT a<f>

<f>el\TOB HaKOIIJI8HHH IIpOH3BOI(CTB8HHbiX I(OHYCKOB 

H OIIIH60l\ B TepMonapax. Cpeuu upyrnx <f>aKTOpOB, 

IIOI(BeprHyThiX ::mcnepHMeHTaJibHOMY HayqeHHIO, 

J£CCJI8I(OBaJIHCh a<f><f>el\Tbl BCIIJI8CKa liOTOKa Ha KOH

IIaX TenJIOBhifl.eJIHIO~Hx aJieMeHTOB H paaJinqHJI 

M8ii\I(Y T8IIJI0Bblfi.8JIHIO~HM 3JI8M8HTOM B peaKTope 

H aJieKTpnqecKH uarpenaeMoii Jia6opaTopuoii: 

c6opKOH. 

PeayJihTaThl naMepeunii napaMeTpoB TenJione

pe;a,aqn fi.JIH TenJIOBhifl.eJIHIO~ero aJieMeHTa na pe

a.KTope B Bep.KJIH cpaBHHBaiOTCH c peayJiuTaTaMJf 

Jia6opaTopuhlx naMepeunii:. 06cymuaeTCH yxyuiiie

HHe pa6oqnx xapaKTepHCTHK, CBJI3aHHOe C ;a,e<f>op

MaiiHHMH aa cqeT noJiayqecTH B pe6pax, CKo6ax, 

pacnopKaX, H y.Ka3hlBaiOTCH BeJIHqHHhl 3THX :JtP

<f>e.KTOB. PaccMaTpnnaeTCH cJiyqaii: Bhlxoua H3 

CTpOH TCIIJIOBhli(8JIHIO~ero 3JI8M8HTa, HM8IO~ero 

HaCJIOeHHe 01\HCH Ha llOBepXHOCTH ypaHOBOrO 
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cTepmHH. Ou;eHKa TerrJIOBhlX xapaKTepHCTHK ,IJ;e

JiaeTCH Ha OCHOBaHHH :31\CIIepHMeHTa, B KOTOpOM 

HMHTHpyeTCH ,IJ;aHHaH reoMeTpHH, H 3aTeM CpaB

HHBaeTCH C pe3yJibTaTaMH aHaJIOrH'IHbiX HCCJie,IJ;O

BaHHM. 

A/136 Reino Unido 

Caracteristicas de transmisi6n de calor de las 
vainas polizonales de los reactores CEGB 

por H. F. J. Hadrill eta/. 

La memoria describe la investigaci6n sobre trans
misi6n de calor efectuada por la Central Electricity 
Generating Board sobre un elemento combustible 
polizonal. Sefiala los problemas que son de interes 
para el operador del reactor y que hacen necesario 
el obtener una correlaci6n tan exacta como sea 
posible entre los datos de laboratorio y el comporta
miento del elemento combustible en el reactor. 

Se han investigado, usando un modelo de cuatro 
veces, la escala natural, la naturaleza compleja tanto 
del flujo del fluido como de los procesos asociadas 
de transmisi6n de calor alrededor de la superficie 
polizonal helicoidal; estos fen6menos habian eludido 
previamente un tratamiento te6rico. Se describen en 
esta memoria los conocimientos basicos que se han 
llegado a obtener sobre estos mecanismos y se hacen 
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sugerencias para mejorar las caracteristicas de trans
misi6n de calor de la superficie. 

Las investigaciones efectuadas en los laboratorios 
sobre las caracteristicas de transmisi6n de calor de 
las polizonas, han mostrado que los resultados 
dependen en gran manera de las variaciones circun
ferenciales del espesor de la pared del tubo calentado, 
de los efectos acumulativos de las tolerancias de 
fabricaci6n y de la presencia de errores en los termo
pares. Se han investigado experimentalmente otros 
factores, como los efectos de los picos de flujo en los 
extremos de los elementos combustibles y las diferen
cias entre el extremo de un elemento combustible en un 
reactor y un conjunto calentado electricamente en el 
laboratorio. 

Se comparan con los resultados de laboratorio las 
medidas de los parametros de transmisi6n de calor de 
los elementos combustibles de un reactor de Berkeley. 
Se discute la disminuci6n de rendimiento que resulta 
debido a la deformaci6n por fluencia de aletas, 
separadores y soportes y se da una indicaci6n de la 
magnitud de estos efectos. Se ha considerado el caso 
de un elemento combustible averiado, con una 
formaci6n de 6xido sobre la superficie de la barra de 
uranio y se ha evaluado el comportamiento termico 
a base de un experimento en el cual se simula la 
geometria; se hace una comparaci6n con los resultados 
basados en un estudio anal6gico. 
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Thermal design aspects of gas-cooled power 
reactor cores 

By M. Troost,* P. Fortescue,* R. N. Lyon,** G. Melese* and G. Samuels** 

Before considering in detail thermal designs of 
selected reactor cores, it is desirable to look at the 
picture somewhat more broadly, in order to under
stand the principles responsible for the wide design 
diversities exhibited by the many variants of the gas
cooled reactor. Considerable insight into the general 
characteristics of gas cooling as applied to reactors is 
forthcoming at once from the most elementary 
arguments. For simplification, only perfect, constant
property gases and smooth uniform passages are used. 
Acceleration of the gas is neglected and a uniform flow 
distribution is assumed. Temperature drops inside fuel 
elements are not included. Some useful relations 
between reactor parameters are now derived. 

The following basic relations are used: 

The required heated surface per unit frontal area of 
the core is 

FA/S = E flT/(Nst tlt), (II) 

and the required hydraulic diameter of a channel is 

D = 4LNstF tltftlT. (12) 

Using the friction factor correlation for turbulent flow 
in smooth tubes 

(13) 

we find an expression for the hydraulic diameter, 

D = 0.136(2o:LF tltj/lT)0 ·835 [SECp,U tlTj(QM)]0 · 166 

(14) 

Frictional pressure drop: 
Mass balance: 

llp = 2fLV2p/(Dg0 ) 

w = pESV 
(l) 
(2) 
(3) 
(4) 
(5) 

Heat balance: Q = WCv flT 
Heat transfer: llt = Qf(pVcp FANst) 
Pumping power in the core: 
Reynolds analogy: 

W = (w llp/p)[T0/(T0 + llT/2)] 
Nst = rx.J(for smooth surfaces and 

NPr = 1, oc = 1/2). (6) 
(7) 
(8) 
(9) 

Hydraulic diameter: 
Specific heat: 

D = 4£SL/A 
Cp = Cp/M 

Average density: p = pM/[R(T0 + llT/2)]. 

Here, llp = core pressure drop 
L = core length 
p = average coolant density 
V = average gas velocity 
D = hydraulic diameter of channel 
w = total mass flow 

Kc = conversion factor (32.2 ft X pounds mass) (sec• x 
pounds force) 

£ = void fraction 
.ll T = coolant temperature rise in the core 
llt = average surface to coolant temperature drop 

Nst = Stanton number (h/ V pep) 
W = pumping power in the core 

Np, = Prandtl number (cp/1/k) 
Cp = coolant molar heat capacity 

Appropriate manipulation yields a general relation 
between thermal output perunitfrontal area of the core 
QjS as a function of the allowable core pumping 
fraction WfQ, the void fraction E and tltftlT, without 
any knowledge of the detailed core structure, 

I 
_ Ep flT(Cp3 W F flt2o:gc ) ! 

Q S - RT
0 

M Q 1 + tlTj2To . (10) 

* General Atomic, San Diego, California. 
**Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
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p = average ambient pressure 
NRe =Reynolds number (DVp//1) 

f = friction factor 
S = frontal area of core 

cp = coolant specific heat capacity 
Q = total thermal output 
F = heated fraction of the channel surface 
A = total frictional area in the core 
h = heat transfer coefficient 

T0 = absolute inlet temperature 
It = absolute viscosity 
k = thermal conductivity 

M = molecular weight 
R = universal gas constant 

The term ( Cp3f M)l emerges as a criterion of useful
ness of coolants, Eq. (10), but the required heated 
surface varies for different coolants, Eq. (14). The 
choice of coolant, however, is mainly determined by 
such factors as inertness, irradiation damage, and 
availability. Since gross output varies as rapidly as the 
square root of the pumping fraction, it often pays to 
devote a substantial fraction of the reactor output to 
pumping. The gross output is found to be proportional 
to the gas pressure and independent of the core length. 
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The ratio of the heated surface to flow area, FAfeS, 
depends only on the Stanton number for a given 
temperature limitation, Eq. (11). For a fixed flow area, 
it is shown in Eq. (10) that the thermal output does not 
change if the friction factor and the Stanton number 
are increased by the same factor, i.e., oc is constant but 
there is a corresponding reduction in the heated sur
face FA, Eq. (11). As shown later, we can use surface 
roughening that almost doubles the Stanton number 
for a penalty of locally tripling the friction factor. 
Since only the hotter 1/2 to 2/3 downstream section of 
the fuel element needs roughening, the over-all 
channel pressure drop is only doubled. When the 
surface temperature is limiting, the fuel element 
diameter may thus be doubled and the number of fuel 
elements decreased by a factor of four, for a fixed 
total fuel element volume, reactor size, total power 
and coolant temperature; increased internal tempera
tures may then become a limiting factor. 

MAIN FEATURES OF US 
GAS-COOLED REACTORS 

One type of gas-cooled reactor, e.g., EGCR 
(Experimental Gas-Cooled Reactor) and EBOR 
(Experimental Beryllium Oxide Reactor), uses oxide 
fuel with metallic cladding. These reactors are 
designed to take advantage of the high burn-up 
potential of oxide fuel and the design freedom allowed 
by enrichment. The poor conductivity of the oxide, 
coupled with the desire for high power density, forces 
the use of groups of thin rods in channels. High 
surface temperatures necessitate the use of stainless 
steel or Hastelloy-X cladding, whose low thermal 
conductivities render fins inefficient. By using rough
ened surfaces, the allowable surface heat flux may be 
increased. The corresponding higher fuel temperatures 
may be limited by using hollow fuel elements. Hot-spot 
temperatures· are usually obtained by comparing the 
results of calculations with several assumptions on 
their causes, rather than by using multiplying factors. 

In another type of gas-cooled reactor, e.g., HTGRs 
(High Temperature Gas-Cooled Reactors) and pebble 
bed reactors, all-ceramic fuel elements are used. The 
elimination of metallic cladding allows very high 
surface temperatures. As the fuel is heavily diluted by 
moderator, structural fuel irradiation damage is 
virtually eliminated as a burn-up limiting factor. The 
incentive to seek high coolant temperatures, and 
accompanying high plant efficiency, goes far beyond 
the direct effect on fuel costs, for, in general, it implies 
increased useful output from a given reactor thermal 
power and hence reduced unit capital costs of that 
substantial part of the plant. As shown by Table 1, 
the HTGR class of reactors is capable of very satis
factory core power density. By virtue of the high 
temperature differentials and good steam conditions 
available, the associated boilers and turbines can also 
be very compact. HTGR type designs optimized for 
large scale power production have, in fact, exploited 
these features to the point where powers of the order 

of 500 MW(e) are contemplated from total plant 
containment volumes little larger than the 40 MW(e) 
Peach Bottom, for similar core power densities. 

Some thermal design parameters of US gas-cooled 
reactors under construction or in operation are 
presented in Table 1. The corresponding fuel elements 
are shown in Fig. 1. Rocket and airplane reactors are 
not discussed, nor are fast gas-cooled reactors. 
EGCR and HTGR will be described in more detail in 
later sections. A common problem to all gas-cooled 
reactors is the possibility of a loss-of-coolant-flow 
accident. This is more serious for gas-cooled reactors 
than for liquid-cooled reactors because the afterheat 
cannot be absorbed by the coolant. US gas-cooled 
reactors have therefore been equipped with internal 
heat sinks which absorb the heat of the initial transient 
resulting from temperature equalization within the 
fuel element which causes a rapid rise in surface 
temperature. Some kind of emergency cooling is 
supplied to remove the afterheat after the initial 
transient is over. Thus, the design power density of the 
reactor may be limited by afterheat removal con
siderations. 

EBOR, now under construction, is designed to test 
the high-temperature behavior of BeO as a reactor 
moderator [1]. The selection of the present EBOR fuel 
element was based, in part, on the inherent simplicity, 
the readily predictable thermal performance, and 
satisfactory behavior in the event of a loss-of-coolant 
accident. To achieve proper performance, the fuel rods 
must be closely spaced in the annular passage. The 
ratio of the minimum clearance between rods to the 
rod diameter is 0.14. The ratio of the pitch of 
the helical rod spacers to the rod diameter is 20. The 
coolant flow to each fuel element is orificed so that 
the maximum cladding temperature in each element is 
about the same. The local heat transfer coefficient 
around a fuel pin may vary 20 to 30% from its 
average value [2]. 

The 630-A reactor [3], which is derived from the 
Aircraft Nuclear Propulsion program, is proposed as 
an integral nuclear steam generator for ship propul
sion. In this reactor the thickness of the coaxial fuel 
rings within a fuel assembly is varied to give approxi
mately equal heat fluxes from all rings. A re-entrant 
water-filled moderator tube is centered in each of the 
fuel tubes to reduce the flux depression through the 
assembly. The diameter of the moderator tube is 
varied in four radial zones in the reactor to obtain 
nearly the same surface heat flux for all radial positions. 
Heat losses to the water moderator have to be tolerated 
to ensure enough cooling by radiation if coolant flow 
is lost. 

The ML-1 reactor [4] is a small portable unit using 
a closed-cycle gas turbine for power generation. The 
spacing of the stainless steel pressure tubes, which 
contain the fuel element bundles, is varied to flatten 
the radial power distribution. The fuel loading of the 
pins within the bundle is varied to equalize the 
cladding temperatures. A 40 mil Hastelloy-X wire 
separates the pins from each other and from the inner 
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Table I. Thermal characteristics of some US gas-cooled reactors 

EGCR HTGR EBOR 630·A ML·l UHTREX 

Power 
Thermal, MW(th) 85 115.5 10 67.4 3.3 3 
Electrical, MW(e) 25 40 None 20 0.33 None 

Active core 
Diameter, m 3.6 2.8 0.59 side 1.22 0.56 0.585 id 

1.78 od 
Length, m . 4.4 2.3 1.93 0.70 0.56 1.0 

Power density, kW/Iiter of core 1.87 8.3 13.7 82.5 15.3 1.3 

Power conversion . 482 oc steam 537 oc steam None 510 oc steam Closed-cycle None 
87 atm 95 atm 60 atm gas turbine 

Heat flux 
W/cm2 55 (max) 35 (max) 84 (max) 19 (avg) 44.5 (max) 35 (max) 
W/cm. 330 (max) 980 (max) 251 (max) 1 000 (avg) 85 (max) 140 (max) 

Maximum temperature, oc 
Surface 816 1 050 815 955 1 593 
Fuel I 650 I 330 1040 813 1180(U02-Be0) 1 610 

1450 (U02) 

Coolant gas Helium Helium Helium Air N 2 or Air Helium 
Total mass flow, kg/s 53.5 55.5 6.3 160 11.3 1.2tj 
Inlet temperature, oc 266 345 400 300 422 870 
Outlet temperature, oc 566 728 700 650 650 1 320 
Pressure, atm 22 23.0 72.5 27 20.5 34 
Coolant void fraction, % 6.2 12.8 11 
Reactor pumping fraction, % . 2 0.55 1.4 3• 3.3• O.Q7 

Moderator c C (in element) BeO Water Water c 
Number of channels 234 804 elements 36 85b 6Jb 312• 

Fuel uo. uc., The. in c uo.-Beo uo.d uo., uo.-Beo U02 inC 
Enrichment, % . 2.46 93.5 62.5 93.5 93.5 93.5 
Cladding material 304 ss c Hastelloy-X 80Ni-20Cr Hastelloy-X None 
Cladding thickness, em 0.05 0.95 0.05 0.10 O.Q75 
Fuel region id and od, em 0.82 X 1.8' 4.45 X 7.0 0.0 X 0.851 0.45• 0.0 X 0.46h 1.27 X 2.54 
Fuel element length, em . 6 X 73.6 366 210 9 X 7.65 79 4 X 14 

• Primary loop. b Pressure tubes. c 13 levels of 24 radial channels. a 38.2 wt-% U02 in 80 Ni-20 Cr alloy. 'An element 
contains 7 pins. I An element consists of an annular ring of 18 rods around a BeO spine. • 10--13 concentric rings 0.45 em 
thick, cooled on both sides. h An element contains 19 pins (18 fueled). 

EGCR HTGR 

ML-t 630-A UHTREX 

Figure 1. Schematic fuel element cross sections for the reactor of Table 1 
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liner that is itself insulated from the pressure tube by 
a 0.112 in. layer of Thermo flex (Al20 3-Si02). 

The Ultra High Temperature Reactor Experiment 
(UHTREX) [5] is designed to supply process heat at 
very high temperatures. Since no cladding is used, the 
primary circuit contains large amounts of fission 
products. 

EGCR THERMAL DESIGN 

The fuel assembly for the EGCR consists of a 
seven-rod cluster of stainless steel tubes filled with 
cored uo2 pellets, each cluster supported within a 
1 in. thick graphite sleeve of 3 in. id and 5 in. od (see 
Fig. 1 ). There are six stacked fuel assemblies in each 
coolant channel [6]. 

As unsymmetrical temperature variations around 
the rods result in differential expansion and bowing, 
initial emphasis was placed on minimizing the 
circumferential temperature variations in the six 
outer rods of the seven-rod cluster by proper radial 
location in the coolant channel. Since the rods are 
supported at the ends, such bowing restricts gas 
passage along the hotter portion of the rod, and 
results in further bowing. It is important to design the 
fuel assembly so that the total bowing and flow 
restriction does not result in a local rod-surface 
temperature that will damage the stainless steel fuel
rod tubes. To determine the temperature structure 
within a cluster, a rather extensive series of heat
transfer and fluid-flow experiments was conducted 
[7, 8]. The most convenient qualitative experimental 
method was found to be measurement of the local 
removal of a naphthalene coating on one of the outer 
cluster tubes in an isothermal test using air [9]. Naph
thalene removal is most uniform when the outer rods 
are equidistant between the center rod and the channel 
wall. However, heat-transfer tests indicate that the 
axial temperature rise of the gas is not uniform, and 
mixing between the passages of the cluster is very small; 
therefore, more space is required between fuel rods 
than between a rod and the channel wall [10]. Minor 
variations in the roughness of the outer channel wall 
do not seriously influence the flow distribution at the 
expected Reynolds number of about 50 000. 

The stability of the fuel rods in the assembly is 
enhanced further by mid-length spacers. Both the end 
fixtures and the mid-length spacers disturb the flow 
so that the entire length of the rods is in a hydrody
namic entrance region. The most recent correlation of 
air data [11] fits the data within +6% and -8% 

NNub = 0.041Nl~~(L/D)-0 ' 15 

where the temperature difference associated with the 
Nusselt number (NNu = hD/k) is based on the mixed 
mean gas temperature and the average surface tempera
ture of the outer rods at a distance L from the nearest 
upstream spacer; the subscript b refers to mixed mean 
temperatures. 

The rotational position of the assemblies in the 
coolant channel will be random. Thus, outer rods of a 
preceding assembly may partially block entrance to 
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the spaces between the outer rods in the next assembly. 
The blockage will be most complete with a relative 
rotation of 30 degrees, while 60 degrees rotation is 
equivalent to no rotation. Apparently because of the 
mixing action of the spacers, a 30 degree rotation has 
little effect except just downstream from the spacers, 
but a 15 degree displacement of the preceding assembly 
produces a large eccentric variation in circumferential 
temperature along the entire first half of the rod and is 
easily detectable even beyond the mid-rod spacer. 
This effect results from a rotational flow component 
introduced by the unsymmetrical displacement of the 
preceding rods. 

Pressure-drop measurements with atmospheric air 
[12] are well correlated over a range of Reynolds 
numbers by separating spacer and end effects from the 
remaining pressure drop. For the EGCR configura
tion f = 0.17 NR,2~18• 

For spacers, the loss coefficients, defined as c = 
2 !1pgcf(p V2), were largely independent of the main
stream Reynolds number, and were approximately 
0.43 for the end supports for the rods and about 0.34 
for the mid-rod spacers. 

In calculating the local temperatures within the 
cluster, the following effects are considered: radial and 
axial heat-generation gradient, thermal radiation 
within the cluster, variable heat-transfer coefficient 
around the element and along the channel, gas 
temperature differences between the various flow 
passages, circumferential heat conduction around the 
graphite sleeve, and mixing between the flow passages. 
The flow of heat in the U02 pellets is assumed to be 
radial only. Analysis shows that at the end of the 
second assembly, where the heat generation is highest, 
the circumferential tempe~;ature difference between 
opposite sides of a fuel rod is 80 °F to 90 °F, 

THE PEACH BOTTOM HTGR THERMAL DESIGN 

The Peach Bottom HTGR [13, 2] is a helium-cooled 
reactor with semihomogeneous graphite fuel elements. 
The inlet temperature of 652 °F lies above the level at 
which the Wigner effect in the graphite reflector is 
important, but still allows the pressure vessel to be 
made of low-alloy steel. The outlet temperature of 
1 342 oF is limited by the external circuits and not by 
the core. 

The fuel element consists of a graphite spine of 
1.75 in. diam, surrounded by a fuel ring of 2.75 in. 
diam that is contained in a graphite sleeve. The fuel 
ring consists of coated uranium and thorium carbide 
particles embedded in a graphite matrix. The elements 
form a closely packed hexagonal pattern with the 
3.50 in. elements on a 3.55 in. pitch. Each element is 
surrounded by six tricuspid cooling passages. The 
elements are separated by four ring-shaped spacers. 

A fuel ring was chosen rather than a solid central 
fuel cylinder of the same diameter to limit the peak 
temperature in the fuel; the present thickness of the 
ring is convenient for fabrication reasons. The sleeve 
is provided to keep fission products out of the primary 
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coolant stream and to provide structural rigidity to 
the fuel element. Volatile fission products are purged 
from the element into fission-product traps. 

The fuel element has no sharp temperature limitation 
(e.g., melting point, phase change) but fission-product 
release from the fuel particles increases appreciably 
between 2 700 °F and 3 000 °F. The maximum design 
fuel temperature was taken to be 2 700 °F. A small 
local hot spot is not very serious, as a somewhat 
larger than normal fission-product release can be 
accepted in small areas of the core. It becomes more 
important, therefore, to know what percentage of the 
fuel is above certain temperatures rather than to try to 
prevent any fuel from reaching a limiting temperature. 

The average heat-transfer coefficient and the circum
ferential variation of the heat-transfer coefficient 
around a fuel element were obtained experimentally 
[14]. Other uncertainties, such as the flow distribution 
in the reactor core and the effects of bending of fuel 
elements, were investigated analytically. 

Experimental work [14] has shown that the smooth 
tube correlation using the hydraulic diameter of the 
tricuspid-shaped channel yields answers which are 
about 5% too high. The heat-transfer coefficient 
around the circumference varies between 55 and 130% 
of its average value. The friction factor for the 
channel lies slightly below the correlation for a smooth 
tube; however, the four spacers contribute approxi
mately as much pressure drop as the channel friction 
[15]. 

The following heat-transfer and friction-factor 
correlations are used in the design for Reynolds 
numbers between 15 000 and 100 000: 

NNu1 = 0.021Ni:1N~~~ and f= 0.079Na~;25 , 

where the subscript f refers to properties evaluated at 
film temperature. 

Temperature and pressure-drop calculations in the 
HTGR are complicated because the HTGR employs 
an open core, i.e., all cooling channels are inter
connected and orificing is not possible. The local and 
total power input into the coolant varies from channel 
to channel; therefore, the resistance to flow also 
varies as a result of the differences in coolant viscosity 
and acceleration. The resulting pressure differences 
between channels are equalized by flow from one 
channel to another, i.e., cross flow. At first sight, it is 
not obvious whether cross flow is beneficial or 
disadvantageous: the hottest channel loses gas 
continuously because of higher accelerational and 
frictional local pressure drops, but more gas enters at 
the inlet of the hottest channel than would be possible 
for a closed hot channel. For the HTGR, it has been 
shown that these two effects approximately cancel 
each other, as far as maximum temperatures are 
concerned. 

The change in coolant outlet temperature [2] in the 
HTGR resulting from sudden changes in power, 
coolant inlet temperature, or coolant flow rate is 
quite slow in comparison with other reactor systems 
because of the large heat capacity of the fuel element. 
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HTGR transients are usually limited not by fuel 
element temperatures but by the outlet temperatures 
that the ducts and steam generator can withstand. 
When coolant flow is interrupted, followed by a 
reactor scram, the fuel cools initially due to tempera
ture equalization. The structural parts of ceramic 
elements (graphite) can withstand quite high tempera
tures without damage to the structural integrity of the 
element. In the Peach Bottom HTGR, emergency 
cooling is supplied by cooling the pressure vessel and 
transporting the afterheat from the fuel elements by 
conduction, natural convection, and radiation. 

PEBBLE BED REACTOR CORE DESIGN 

In selecting the core for a pebble bed reactor, 
assuming that the gas temperatures and total heat 
output are fixed, the relationship between the variables 
and the thermal-stress limitation places narrow limits 
on the range of values that one may select. In general, 
one wants the core power density large to minimize 
core dimensions, and the fuel elements large to mini
mize fuel fabrication cost and to simplify fuel handling. 
Typical core power densities are 5 to 10 kW /liter and 
ball diameters 1.5 to 2.5 in. 

The importance of the core pressure drop depends 
on the direction of flow through the core. For a 
downward or radial-flow core, the restriction on 
pressure drop is the pumping power or structural
restraint limitations, whereas for an upward flow 
through the core, the limitation on pressure drop will 
be the levitation flow or flow rate at which the upper 
layer of fuel elements begins to move. Experiments 
with gas flowing upward through beds of spheres have 
indicated that when the pressure gradient equals 80% 
of the bulk bed density, spinning of the balls in the 
upper layer begins [16]; at still higher flow rates, 
actual levitation of some spheres will occur. Recent 
studies have been summarized by Bundy [17]. 

The relations used below are taken from Refs. 
[18 to 21]. Later data [22] indicate that the equation 
for pressure drop is not valid for NRe > 15 000. 
Above this value, the friction factor becomes a con
stant. The pressure drop through a bed of spheres may 
be expressed as 

15GL7311o.27L 
~ _ s r 

p - gcE3p[d/(l - E)]I· 27 

where Gs is the approach mass velocity, and dis the 
sphere diameter. The limit that thermal stress places 
on the mean power density in the ball bed is 

q = 60(1 - v)kau(I - E)/(cxEd2y), 

where q is the maximum allowable mean power 
density, v is Poisson's ratio, au is the ultimate tensile 
strength, E is the modulus of elasticity, ex is the 
coefficient of linear expansion, and y is the maximum/ 
mean power ratio. 

The heat-transfer correlation for a bed of spheres is 

Nst = 0.5Np-~·66[NRe/(1 - E)]-0 ·3, 



64 SESSION I. I 0 P/226 

with Nst and NRe based on the superficial gas velocity 
and the ball diameter. 

The mean surface-to-gas temperature drop is 
tl.t = qdf6h(l - €). 

SURFACE ROUGHENING AND SWIRL FLOW 

In gas-cooled reactors the film temperature drop is 
usually a larger fraction of the total temperature 
drop than in other types of reactors. It is therefore 
worth while to decrease the film temperature drop 
Eq. (11). This may be accomplished in several ways: 
the heat-transfer surface FA may be increased, the 
flow area ES may be decreased, and the Stanton 
number Nst may be increased. These three effects are 
compared in Ref. [23]. Many investigators, both in the 
United States and in other countries [24-30], have 
studied experimentally and theoretically the ways of 
improving heat transfer with roughened surfaces. To 
obtain good performance, they found that the height 
of the turbulence promoters should be about the 
thickness of the laminar sublayer and the buffer layer. 
The friction factor becomes nearly independent of the 
Reynolds number, while the Stanton number decreases 
very slowly with increasing Reynolds number for 
turbulent flow of gases. For a given roughness height, 
there is an optimum ratio of pitch to height that 
produces the largest values of friction factor and 
Stanton number: ,....,7 to 8. The best results given in 
Refs. [26, 28] may be correlated by plotting the 
increase in Stanton number versus the increase in 
friction factor. Data from Refs. [24, 25 and 29], 
among others, check with this correlation. The two 
following approximations seem to represent several 
sets of published data within ± 10% for turbulent flow 
of gases such as air, nitrogen, C02, or helium 
(Npr R> 0.7), for 3 X 104 < NRe < 6 X 105, and for 
1 ~J+jj ~ 3 

Nst+fNst = (J+jf)[l + (J+!f- 1)/4]-1 

J+jJ= (Nst+/Nst)3 [1 + 5(Nst+fNst- 1)/3]-I, 

where + refers to roughened surfaces. These equations 
show that doubling the Stanton number triples the 
friction factor. Surface roughening is currently used 
in the Windscale Advanced Gas-Cooled Reactor and 
is now incorporated in the design of most advanced 
metal-clad gas-cooled reactors. 

Swirl-flow heat transfer with gases in tubes has been 
studied with swirl induced by an internal twisted 
tape [31, 32] and by tangential tube-wall slots [33 ]. 
The results show ratios of swirl/axial-flow heat
transfer coefficients at a given Reynolds number of 
1.1 to 3.0 with increased friction factors. A good 
summary of data is given in Ref. [34]. 

NUMERICAL METHODS AND APPLICATIONS 

Most of the thermal design analysis is performed by 
analysing a model by numerical methods. A number 
of digital computer codes have been developed in 
which thermal problems are solved by replacing the 
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relevant differential equations by finite-difference 
equations. For coolant flow, one usually makes the 
approximation that the transit time of the gas through 
the coolant channel is small compared with the 
calculational time step. The finite-difference equations 
are often made implicit to avoid time-step limitations 
in transient problems. The solution of the simultaneous 
finite-difference equations is usually obtained by 
iterative methods as the number of unknown points is 
generally too large for effective matrix inversion and 
nonlinearities make it impractical in any case. Good, 
commonly used, methods are the Peaceman-Rachford 
method for regular two-dimensional geometries or an 
extrapolated Liebman method for irregular or three
dimensional geometries. Nonlinearities (temperature
dependent properties, thermal radiation) are treated 
by re-evaluating the properties between iterations as a 
function of the current temperatures. 

Codes for one-, two- and three-dimensional 
geometries have been developed in which all thermal 
properties may be temperature dependent, heat 
generation rates may be space and time dependent, 
radiation across internal gaps is permitted, and 
thermal expansion is taken into account. The boundary 
conditions may be completely general, e.g., radiation, 
conduction, and convection. 

Such codes and also analytical methods have been 
applied to obtain temperature distributions in reactor 
cores and in complicated geometries such as those 
encountered in homogeneous fuel elements, e.g., fuel 
elements pierced by coolant channels, or fuel elements 
in which the fuel is concentrated in some regions of the 
element. With uniform convective cooling at the 
surface of circular equidistant cooling holes inside a 
circular cylinder, and with uniform heat generation, 
the optimum location of the holes is nearly independ
ent of their dimension, for a given number of holes [35]. 
This optimum radial location is about 0.6r for six 
holes or more, independent of the Biot number 
(NBi = hrfk). A similar problem is solved in Ref. [36] 
for a triangular or square cooling hole arrangement in 
a large solid with given coolant-hole surface tempera
ture. 

The fuel concentration in the annulus of an HTGR 
type fuel element which gives the lowest internal hot 
spot and average temperature is found to be 50 to 65 
volume % for ratios of fuel/matrix thermal con
ductivities of 5 to 20%, respectively. This result is 
nearly independent of the total fraction of fuel in the 
element below about 25 volume %; the thermal 
conductivity of fuel dispersed in the matrix may obey 
either a linear law or Maxwell's law [37]. For ratios of 
thermal conductivities above 45 to 50%, the annulus 
should contain fuel only, subject to metallurgical 
limitations. 

The optimum shape of radial fuel holes in a spined 
cylindrical fuel element, cooled at the outside, has 
been studied as a function of various parameters, such 
as number offuel holes of given total area, and ratio of 
conductivities of fuel to matrix [38]. The maximum 
internal fuel temperature is minimized with respect to 
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the length/diameter ratio of the fuel holes. Circular 
holes are usually not as good as elongated pie-shaped 
holes for low fuel/matrix conductivity ratios. 

Good neutron e<;:onomy and high coolant tempera
tures can be obtained in all-ceramic (i.e., BeO) cores, 
but the heat flux for a given size of fuel element is 
usually limited by tensile thermal stresses. Other 
coolants besides helium, e.g., C02, may be used at high 
temperatures in an all-BeO reactor. Steady-state 
temperatures and elastic thermal-stress distributions 
for several geometries with uniform internal heat 
generation have been tabulated [39]. It may be noted 
that the maximum tensile stress that occurs at the 
cooler boundary is proportional to the difference 
between average and surface fuel element tempera
tures. Nonuniform internal heat generation has been 
studied extensively [40]. Elastic plastic deformation 
of a cylinder insulated on the . outside and cooled 
inside, with uniform heat generation, has been 
studied [41]. The thermal-stress limitation for a given 
heat flux may be eased by cooling the ceramic fuel 
element both internally and externally. One can also 
use a graphite sleeve to provide structural strength to a 
BeO fuel element [42]. 

Bounds for the efficiency of longitudinal fins of 
arbitrary shape with variable surface heat-transfer 
coefficient are given in Ref. [43]. The optimum shape 
of a fin with a given profile area and the corresponding 
maximum heat flux are quite different from the values 
obtained by using a constant heat-transfer coefficient. 

In conclusion it may be stated that the design trend 
of gas-cooled power reactors in the USA has been 
towards high coolant outlet temperatures combined 
with simple (all-ceramic) fuel elements. 
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ABSTRACT -RESUME-AHHOTA[4VIR-RESUMEN 

A/226 Etats-Unis d'Amerique 

Etude thermodynamique des creurs 
de reacteurs de puissance refroidis par un gaz 
par M. Troost et al. 

Aux Etats-Unis, on utilise couramment l'air, l'azote 
et !'helium comme fluide de refroidissement dans les 
reacteurs refroidis parun gaz. Les puissances specifiques 
dans le creur vont de 2 kW /1 pour l'EGCR (reacteur 
experimental refroidi par un gaz) ou 8-10 kW/1 pour 
les HTGR (reacteurs a haute temperature refroidis 
par un gaz) a environ 250 kW/1 dans l'etude prelimi
naire d'un reacteur a neutrons rapides refroidi par un 
gaz. Le rapport entre la puissance de souffiage et 
la puissance thermique se situe generalement entre 
2 et 5 %. Les temperatures a la sortie du creur vont 
de 565 oc pour l'EGCR a 760 oc pour l'HTGR. Les 
temperatures superficielle et interne des elements de 
combustible sont telles que l'on doit tenir compte du 
transfert de chaleur par rayonnement. On a utilise 
des elements de combustible a gainage metallique: 
oxyde d'uranium en dispersion dans de minces 
manchons concentriques ou oxyde d'uranium dans 
des faisceaux de barreaux. Dans l'HTGR et les 
reacteurs a elements spheriques, on utilise du carbure 
d'uranium sous gaine en graphite. 

On a procede a de nombreuses experiences de 
transfert de chaleur pour determiner les coefficients 
locaux et moyens pour ces divers types d'elements de 
combustible. On a fait egalement des experiences de 
transfert de masse avec du naphtalene pour connaitre 
les distributions du transfert de chaleur dans les 
situations complexes. 11 semble qu'en general les 
correlations du transfert de chaleur en regime parallele 
sont tres proches des correlations normales, bien que 
les deviations locales puissent etre grandes, ce qui 

oblige a les etudier avec soin pour les elements a 
gainage metallique. Par exemple, le coefficient de 
transfert de chaleur local dans le reacteur experimental 
a l'oxyde de beryllium (EBOR) varie de 20 a 30% 
autour de sa valeur moyenne. 

On a etudie la possibilite de rendre les surfaces 
rugueuses afin d'augmenter les coefficients de transfert 
de chaleur superficielle et d'ameliorer ainsi les per
formances du creur. L'experience a montre que l'on 
peut reduire jusqu'a un quart le nombre des elements 
de combustible d'un reacteur en rendant rugueuse 
seulement la fraction de la surface pour laquelle cette 
operation a le rendement le plus eleve. On a montre 
pour les tubes circulaires qu'en provoquant des 
tourbillons dans le gaz de refroidissement, on peut 
obtenir des coefficients de transfert de chaleur de 
1,1 a 3 fois plus eleves que ceux que l'on obtient en 
regime turbulent. Le tourbillon peut etre provoque par 
injection tangentielle ou par des vannes d'une forme 
appropriee. 

On a recours a la determination statistique des 
facteurs de points chauds pour les elements de 
combustible a gainage metallique refroidis par un gaz. 
Pour les elements de combustible ceramique, les 
points ·chauds locaux sont moins importants que la 
fraction de combustible qui se trouve au-dessus d'une 
temperature donnee lorsque le degagement de produits 
de fission augmente rapidement. Le probleme des 
contre-courants entre les canaux de refroidissement 
des reacteurs HTGR n'affecte pas d'une fa~on 
appreciable !'analyse thermique. 

On a obtenu experimentalement des correlations 
speciales entre le transfert de chaleur et la chute de 
pression pour les reacteurs a elements spheriques. On 
a etudie des contraintes thermiques dans les spheres, la 
levitation et la dispersion non uniforme du courant. 
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Comme la plupart des analyses thermiques sont 
effectuees en employant des methodes numeriques, on 
a mis au point de nombreux programmes de calcula
trices numeriques pour analyser les problemes a 
deux et a trois dimensions. Les equations aux diffe
rences finies resultant des equations differentielles 
pertinentes sont generalement rendues implicites pour 
eviter les limitations dues aux echelons de temps dans 
les phenomenes transitoires. Les series d'equations non 
lineaires ainsi obtenues sont resolues par iteration; 
les coefficients non lineaires ( comme les proprietes 
dependant de la temperature et le rayonnement 
thermique) sont traites en reevaluant les coefficients 
en fonction de la temperature normale, apres chaque 
iteration. 

Dans plusieurs reacteurs refroidis par un gaz, le 
probleme de la perte de fluide de refroidissement vient 
limiter la puissance specifique et determine souvent la 
geometrie des elements de combustible. Les contraintes 
thermiques provoquees par les phenomenes tran
sitoires d'energie ou de fluide de refroidissement 
peuvent limiter la liberte de conception des elements 
de combustible ceramique. 

A/226 CWA 

TennQ[pH3H4eCKHH pac4eT aKTHBHbiX 
30H 3HepreTH46CKHX peaKTOpOB C ra-
308biM OXJla>HAeHHeM 

M. Tpycr et al. 

B aMepHRaHCIUIX peaRTopax c raaoBhlM oxJiam

~enHeM B RR'I.eCTBe TeiiJIOHOCHTeJieii o6bPIHO HC-

110Jlb3YIOTCH noap;yx, aaoT JI reJIHii:. B aRTHnnoii 

30He MOIIJ;HOCTb, OTHeCeHHaH R ep;HHJI~e o6'heMa, 

MOiKeT COCTaBJIHTb OT 2 KBT/.n,, RaR ::ITO HMeeT Me

CTO B ::lRCIIepHMeHTaJibHOM peaRTOpe C ra30BbiM 

oxJiaiKp;enHeM (EGCR), H 8-10 KBr/.n,, RaR B 

BbiCOIWTeMrrepaTypHbiX peaRTOpax C ra30BblM 

oxJiamp;eHHeM (HTGR), p;o rrpHGJIH3HTeJibHO 

250 KBr/.n,- ana'l.eHHH, rrpep;ycMoTpenuoro n 

npep;napHTeJibHbiX pac'l.eTax p;JIH peaRTopa na 6br

cTpbrx ueii:Tpouax c raaonbiM oxJiamp;enHeM. OT

HoiiieHHe MOID;HOCTH, pacxop;yeMoii: na rrepeRa'I.Ry, 

R TellJIOBOit ::lHeprHH o6bi'I.HO COCTaBJIHeT OT 2 /];0 

5%. TeMnepaTypHbie npep;eJibi na Bhrxop;e H3 aK

TRBHoii: 30Hbl COCTaBJIHIOT OT 565° C p;o 760° C CO

OTBeTCTB9HHO p;JIH peaRTopon EGCR u HTGR. 

IJonepXHOCTb T9IIJIOBbi/];9JIHIOIIJ;HX 3JI9M9HTOB H 

BHyTpeHHHe TeMrrepaTypbi HaXO/];HTCH B TaROH 

o6JiaCTH, B ROTOpoii: TeiiJIOIIepep;R'I.a JI3JIY'I9IIHCM 

/];OJiiKHa npHHHMaTbCH BO BHHMaHJie. J1CIIOJib3YIOT

CH TCIIJIOBhl/];eJIHIOIIJ;He 3JI9M9HTbl B MeTaJIJIH'I.eC

I{JIX o6oJIO'IRax, cop;epmam;Hx ORHCb ypana, p;Hc

neprnponauuyro B TOHRHX IIJiaCTJIHRaX ~HJIHHp;pli

'19CROH <flopMhl, HJIH ORHCb ypaHa B BJip;e c6opRH 

cTepmneii:. Temronhlp;eJinrom;ne aJieMeHTbi c TOII

JIHBOM H3 Rap6Hp;a ypaua C rpa<fJHTOBhlM 110Rpbl

TH9M RCilOJib3YIOTCH B peaRTopax HTGR 11 B pe

aRTopax C rpaHyJIJipOBaHHbiM TOilJIHBOM. 
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OnbiThl no TenJiorrepep;aqe IIIHpoRo npnMeHH-

IOTCH 11p11 onpep;eJieHHJI MeCTHbiX H cpep;HHX RO

a<fl<fJJI~H9HTOB T9IIJIOIIepep;a'IH BCeX yRa3aHHhlX 

THIIOB TenJIOBhlp;eJinron~HX :meMeHTOB. OrrhlTbi no 

MaCCOnepeHOCy, B ROTOpbiX HCIIOJib3YIOTCH na<fl'I'a

JIHH H 6eH30HHaH RHCJIOTa, npHM9HHIOTCH f.,I;JIH TO

ro, 'IT06bl onpep;eJIHTb HHT9HCHBHOCTb TellJIOile

peHOCa B CJIOiKHbJX ycJioBJIHX. CooTHorneHHH 

TenJiorrepeuoca p;JIH napaJIJieJihHoro noToKa B o6-

m;eM, IIO-BJI/];JIMOMy, 6JIH3KJI R HOpMaJibHhlM, XOTH 

MeCTHble OTRJIOH9HHH MoryT 6hlTb 60JibiiiHMJI II 

)J;OJiiKHbi 6biTb TIIJ;aTeJibHO JICCJie)J;OBaHbl B CJIY

qae T9IIJIOBhl)J;9JIHIOIIJ;HX :3JieMeHTOB B MeTaJIJIH

'19CKOH o6oJIO'I.Re. HarrpRMep, BeJIH'I.HHa MeCTHo

ro Koe~<fl<fln~ReHTa TerrJIOoTp;a'I.JI B :mcrrepJIMeH

TaJibHOM peaKTope c ORHCbiO 6epHJIJIHH (EBOR) 

OTKJIOHH9TCH Ha 20-30% OT ero cpe)J;Hero 3Ha

'leHHH. 

J1ayqaeTCH B03MOiKHOCTb IIOBhlCJITb 3Ha'l.eHHH 

RO::ltPtPJI~HeHTOB TeiiJIOOTp;a'I.JI IIOBepXHOCTblO JI 

YJIY'I.IIIHTb pa6o'I.Jie xapaRTepRCTHRH aKTHBHoii: ao

Hhl rryTeM yneJin'l.eHJIH rronepxnocrnoii rnepoxona

TOCTH. PeayJihTaTbi rroRaahrnaroT, 'ITO ROJIH'I.ecTno 

T9IIJIOBhl)J;9JIHIOIIJ;IIX 3JI9M9HTOB peaRTOpa MOiK9T 

6hlTb yMenbrneno B 'leTblpe paaa aa C'l.eT yneJIH

qennoii: rnepoxonaToCTR TOJibKo op;noro JIRIIIb ou-

TJIMaJibHoro yqaCTRa IIOBepXHOCTII. ,lJ;JIH Tpy6 

KpyrJioro ceqeunn noKaaano, 'ITO aannxpenne ra

aoo6paanoro T9IIJIOHOCHTeJIH MOiK9T IIOBbiCJITb RO

;:~<fl<fln~HeHTbl T9IIJIOIIepep;a'IR OT 1,1 /];0 3 paa, '19M 

IIpll Typ6yJieHTHOM T9'1.9HJIH. 3aBHXpeHJie MOiK9T 

6b1Tb C03/];aHO rryTeM TaHreH~RaJibHOrO BBO)l,a IIJJU 

uaornyTbiX JieHT. 

B OTHoiiieHHH TerrJIOBbiJJ,eJIHIOID;HX aJieMeHTOB, 

aaRJIIO'I.eHHbiX B MeTaJIJIH'I.9CRYIO 060JIO'I.RY lt 

OXJiaiKp;aeMbiX ra30M, !flaRTOpbi KOH~eHTpai~HH pa

,ri;HOaRTIIBHbiX JI30TOIIOB orrpep;eJIHIOTCH CTaTHCTJl

'IeCRIIM MeTop;oM. B KepaMH'I.eCRHX TeJIJIOBbrp;eJIH

rom;Hx 3JieMeHTaX MeCTHbie ROH~eHTpaiVIH pap;HO

aRTHBHbiX H30TOIIOB MeHee BaiKHhl, '!.eM rrpo~eHT 

roproqero, p;ocTil:riiiero TeMrrepaTyphr, rrpH ROTO

poii: BbiXO/]; rrpop;yKTOB P,eJieHHH 6hlCTpO B03pacTa

eT. IJoRa3aHO, 'ITO IIpOTJIBOTOR MeiKJJ,Y KaHaJiaMH 

TeiiJIOHOCHTeJIH B peaKTopax TJirra HTGR ne oRa-

3hlBaeT cym;eCTBeHHOrO BJIHHHHH Ha TepMn'l.eCRHii 

auaJIH3. 

IJoJiy'l.eHbl CIIe~HtPH'I.eCRHe BeJIH'I.HHbl COOTHO

UJeHHH P,JIH TerrJiorrepeuoca H rreperrap;a P,aBJieHHH 

B peaRTOpax C rpaHyJIHpOBaHHhlM TOIIJIHBOM. J1c

CJie/];OBaHhl TepMH'IeCRHe narrpnmeuHH B rnapo

o6pa3HhlX <flopMaX, B3BeiiieHHOe COCTOHHHe H He

paBHOMepHOe pacrrpep;eJieHHe IIOTORa. 

Coap;ano 6oJihrnoe 'IHCJJO RO)J;OB ,ll;JIH ~H<flponhrx 
Bbi'I.JICJIJITeJibHbiX MaiiiHH IIpRMeHHTeJibHO K aHa

JIJI3Y )];BY- H TpexMepHbiX aap;a'l, TaR RaR 60Jib

rnaH 'laCTb TeiiJIOBOro paC'I.eTa ROHCTpyR~HJI 

rrpoR3BO)J;JITCH 'I.JICJieHHhlMJI MeTop;aMH. Hone'IHbie 

~H<fJ!flepeH~HaJibHble ypaBHeHJIH IIOJJy'laiOTCH 

o6hi'IHO uerroJIHbiMJI, 'IT06bl Ha6emaTb orpaHJI'Ie

HJiii: no npeMeHJI JI aTarraM rrpJI perneHJIH rrepe

xop;nhlx aap;a'l. IloJiy'leuubre HeJIJIHeii:nble ypanne

HJIH pernaiOTCH JITepaTJIBHbiMJI MeTop;aMH; HeJIJI

H9HHble R03tPtPJI~JieHTbl ( TaRJie, RaR TeiiJIOBOe 
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li3JIY'IeHHe H II01\a3aTeJIH, 3aBHCHIIJ.He OT TeMne

paTypbi) nop,BepraroT o6pa6oTKe nyTeM nepeo:QeH-

1<11 KOacpqHUJ;HeHTOB KaK cpyHK:QHIO TeMnepaTyphi 

Memp,y HTepaQHHMH. 

B HeCKOJihKHX peaKTopax c ra30BhiM oxJiam

i\PIHH'M llOTepH TeiiJIOHOCHTeJIH OrpaHH'IHBaiOT 

yp,eJihHYIO MOIIJ.HOCTh H '!aCTO npep,onpep,eJI.HIOT 

reoMeTpHIO TenJIOBhiP,eJIHIOIIJ.HX aJieMeHTOB. Tex

tHt'Ieciwe npoeKTHpoBaHHe KepaMH'IeCKHX TellJIO

IIhiP,eJIHIOili,HX 3JieMeHTOB orpaHH'IHBaeTCH TepMH

•teCKHMH HallpHiHeHHHMH, o6yCJIOBJIHBaeMbiMH 

llepeXOP,HhiMH YCJIOBHHMH OXJiamp,eHHH HJIH Bhi

i\eJJeHHH 3HeprHH. 

A/226 Estados Unidos de America 

Aspectos del diseiio termico de los reactores 
de potencia refrigerados por gas 

por M. Troost et a/. 

El aire, nitr6geno y helio son los gases que se utilizan 
normalmente como refrigerantes en los reactores 
norteamericanos refrigerados por gas. Las densidades 
de potencia en el nucleo fluctuan de 2 kW /litro para el 
Reactor Experimental Refrigerado por Gas (EGCR) 
y 8 a 10 kWjlitro para los Reactores de Alta Tempera
tura Refrigerados por Gas (HTGR) hasta, aproxi
madamente, 250 kW /litro previstos en el proyecto 
preliminar de un reactor n'tpido refrigerado por gas. 
La relaci6n entre la potencia de bombeo y la potencia 
termica oscila corrientemente entre 2% y 5 %. Las 
temperaturas a la salida del nucleo varian desde 
1 050 °F en el EGCR a 1 400 op en los HTGR. 
Las temperaturas interna y de la superficie del elemento 
combustible se encuentran en la zona en que ya debe 
tenerse en cuenta la transmision de calor por radia
cion. Se han usado elementos combustibles con vaina 
metalica con oxido de uranio disperso en laminas 
delgadas cilindricas coaxiles o bien con oxido de 
uranio en haces de barras. En los HTGR y en los 
reactores de lecho de bolas se utilizan elementos 
combustibles con vaina de grafito y carburo de uranio 
como combustible. 

Se han realizado numerosos experimentos sobre 
transmision de calor con objeto de determinar los 
coeficientes de transmision locales y medios para 
todos estos tipos de elementos combustibles. Se han 
llevado a cabo experimentos de transferencia de 
materia con naftaleno con objeto de determinar las 
distribuciones de transmision de calor en los casos 
complicados. Parece, en general, que las correlaciones 
de transmision de calor en lo que se refiere al flujo 
paralelo resultan muy proximas a las correlaciones 
corrientes, si bien las desviaciones locales pueden ser 
grandes y deben ser estudiadas cuidadosamente en los 
elementos de vaina metalica. Por ejemplo, el coeficiente 

M. TROOST et a/. 

local de transmisi6n de calor en el Reactor Experi
mental de Oxido de Berilio (EBOR) varia de 20% 
a 30% alrededor del valor medio. 

Se ha estudiado la adopcion de una superficie rugosa 
como medio de aumentar los coeficientes de trans
mision de calor a traves de la superficie y de mejorar 
las caracteristicas del nucleo. Los resultados demuestran 
que el numero de elementos combustibles en un 
reactor puede reducirse hasta por un factor de cuatro 
con solo que una proporcion optima de la superficie total 
sea rugosa. Esto se ha puesto de manifiesto en el caso de 
tubos cilindricos en los que un movimiento rotacional 
del gas refrigerante puede dar coeficientes de trans
misi6n de calor que son de 1,1 a 3 veces mayores que 
los obtenidos con flujos turbulentos. El movimiento 
de rotacion puede conseguirse por inyeccion tangencial 
o por medio de cintas retorcidas. 

Para los elementos combustibles con vaina metalica 
y refrigerados por gas se ha usado una determinacion 
estadistica de los factores de puntos calientes. En los 
elementos combustibles ceramicos Ia aparicion de 
puntos calientes locales es menos importante que Ia 
fracci6n de combustible que se encuentra por encima 
de una cierta temperatura a partir de la cual Ia libe
racion de productos de fisi6n aumenta rapidamente. 
Se ha demostrado que el problema del flujo trans
versal entre los canales de refrigeracion de los reactores 
del tipo HTGR no afecta de forma apreciable al 
analisis termico. 

Se han obtenido experimentalmente correlaciones 
especiales entre transmision de calor y perdida de 
carga para los reactores de !echo de bolas. Se han 
estudiado las tensiones termicas en las esferas, la 
levitacion y la distribuci6n no uniforme del ftujo del 
gas. 

Como la mayor parte del analisis termico se lleva a 
cabo con metodos numericos, se han desarrollado 
numerosos programas para las calculadoras digitales 
que permiten analizar problemas de dos y de tres 
dimensiones. Las ecuaciones en diferencias finitas que 
resultan de las correspondientes ecuaciones diferen
ciales se hacen normalmente implicitas para evitar 
limitaciones de intervalo de tiempo en los problemas 
transitorios. El sistema resultante de ecuaciones no 
lineales se resuelve por metodos de iteraci6n; los 
coeficientes no lineales (tales como las propiedades 
que dependen de la temperatura y la radiacion 
termica) se tratan, entre iteraciones, volviendo a 
calcular los coeficientes, considerados como una 
funcion de la ultima temperatura obtenida. 

En varios reactores refrigerados por gas el problema 
de la perdida de refrigerante limita la densidad de 
potencia y determina a menudo la geometria del 
elemento combustible. Las tensiones termicas produci
das por los transitorios de potencia o del refrigerante 
pueden limitar Ia libertad de diseno de los elementos 
combustibles ceramicos. 
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Heat transfer characteristics of helical tube bundles 
as used in steam generators of gas-cooled reactors 

By P. V. Gilli* 

Basically, four alternatives of tube configurations 
are being used for steam generators of gas-cooled 
reactors: 

(a) straight tubes in cross-flow with hairpin type 
bends to form multiple coils (as employed in the 
British Magnox stations and in the Windscale AGR); 

(b) straight tubes in axial flow (as in the evaporator 
sections of the French natural uranium, C02-cooled 
reactor EDF-1 [1, 2]); 

(c) involutes in cross-flow (as in the German A VR 
High temperature reactor); and finally 

(d) concentric helical coils in cross-flow (as in EDF 
stations [1, 2] and in the DRAGON Reactor Experi
ment [3]). 

Tubes are either plain or employ-in the economizer 
and evaporator sections-gills, fins or studs pointing 
in the direction of gas flow. 

For steam generators of future large gas-cooled 
reactors, all four of the above alternatives appear 
feasible and have their merits. This paper deals with 
the heat transfer properties of alternative (d), i.e., 
helical coils. In this context, the six steam generator 
units (primary heat exchangers) of the OECD High 
temperature reactor project DRAGON that have been 
designed and manufactured by the Waagner-Biro AG 
in co-operation with the DRAGON project are of 
particular interest since they are compact units of an 
extremely high power density that compare very 
favourably with all other existing conventional or 
nuclear steam generators with gas as the heat transfer 
medium. Amongst other reasons1 the high density of 
heat transfer and steam production (Table 1) is due to 
the particular arrangement of the helical coils that was 
chosen. 

EXPERIMENTAL WORK 

Design principles and data 

The final design of the tube bundles of the DRAGON 
steam generators (Fig. 1) exhibits the following 
features: Between the central by-pass duct and the 
annular cage of downcomers, seven concentric 
cylinders of plain evaporator tubes with uniform 
longitudinal pitches have been provided (Fig. 2), 
fitting into each other and consisting each of right
handed multi-start helicoils with numbers of starts 
increasing with helix diameter. Thus the angles of 
inclination as well as the heated lengths of the tubes 

* Waagner-Biro AG, Vienna. 
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are virtually equal despite the different diameters of 
the seven helices. This feature of approximately equal 
heated and total tube lengths, in conjunction with the 
equal heat input per tube, leads to essentially equal 
steam/water flow resistibility and hence to equal mass 
flow per tube and to equal tube exit enthalpy. It 
should, however, be noted that the tube arrangement 
depends on angular position: it changes continuously 
between in-line and fully staggered arrangements. 
Geometric and thermal data of the final design are 
compiled in Table 1. 

Gas-side heat transfer 

Little published data are available on the heat 
transfer characteristics of bundles of plain helically
wound tubes in general [4; 5; 6] and no data for the 
particular geometry described above. Under participa
tion of the OECD high temperature reactor project 
DRAGON, full scale heat transfer experiments were 
therefore carried out on a prototype tube bundle of the 
DRAGON steam generators. Air of atmospheric 
pressure and ambient temperature was heated up when 
flowing across the tube bundle and hot water of 41 atm 
(583 psig) and 245 oc was pumped through the tubes. 
Air flow rate was adjusted so as to cover the range of 
mean Reynolds numbers from 740 to 12 000 corre
sponding to the range from less than 10% to almost 
150% load under DRAGON working conditions. 

In order to be valid for air as well as for helium 
and other gases, the measured gas-side heat transfer 
coefficient for the bundle is written in dimensionless 
form as: 

or 
Nur j = Str p,o.6&7 = ___ p,o.667 = a Re'"-1 

r Rer Prr r f 

where the subscript f refers to gas properties evaluated 
at the mean film temperature (defined as the arithmetic 
mean between gas and wall temperatures at the 
logarithmic mean of the heat transfer area) and where 
Nu stands for the Nusselt number, Pr for the Prandtl 
number of the gas and St for the Stanton number. 
j is called the heat transfer factor. The Reynolds 
number Re is defined by Re = GD/'YJ with G denoting 
the gas mass velocity, D the outer tube diameter and 
'YJ the viscosity of the gas. G is referred to a nominal 
average free gas flow area which is chosen somewhat 
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Table I. Geometric and thermal data of the DRAGON steam generator units 

(a) Geometric data (one of six units) 

Outer/inner diam of tubes 
Tube length: 

helix . . . . . . . . . 
total . . . . . . . . . 

Number of starts per helix 
Angle of inclination: 

coils No. 1/4/7 
weighed average . 

Coil (helix) diam 
Circle of curvature diam 
Helix to inner tube diam ratio . 
Circle of curvature to tube id ratio 
Pitch of tube bank: 

transversal (in-line) 
longitudinal . . . . 

Lead, coils No. 1/4/7 . 
Number of turns, coils No. 1/4/7 
Number of rows (in-line), average 
Tube bundle nominal height: 

average ........ . 
over-all . . . . . . . . . . 

Gas flow area, gross (annulus) . 
Free area coefficient: 

in-line transversal . . 
staggered, diagonal 
staggered, transversal 
nominal average . . . 

Internal volume of pressure casing: 

18/14 mm 

approx. 4.3 m 
approx. 7.4 m 

6, 7, 8, 9, 10, 11, 12 (63 total) 

. . . . . . 17.3/16.2/15.6° 

........... 16.0° 
coils No. 1/4/7 245/395/545 mm 
coils No. 1/4/7 269/428/587 mm 

coils No. 1/4/7 17.5/28.2/38.9 
coils No. 1/4/7 19.2/30.6/42.0 

..... 25mm 

..... 40mm 

. 240/360/480 mm 
5.32/3.33/2.41 
.... 30 

.1200mm 

.1300mm 
0.2175 m2 (2.34 ft') 

0.28 
0.56 
0.64 
0.46 

excluding by-pass duct and valve 1.03 m3 (36.4 ft3) 

gross . . . . . . . . . . . . . 1.125 m3 (39.7ft3) 

Volume occupied by tube bundle, net (excluding gas by-pass duct and downcomers) 0.283 m3 (10.0 ft3) 

Heat transfer area: 
gas-side, eff. total . . . . 
steam/water-side, eff. total 

Area density: 
gas-side ....... . 
steam/water-side . . . . . 

(b) Thermal and .flow data, design load, gas-side, no by-pass 

Thermal duty: 
working load . . . . . . . 
specified design load, per unit . 

Helium flow rate, per unit . . . 
Helium temperatures, inlet/outlet 
Helium working pressure, inlet . 
Helium mass velocity (nominal average free flow area) 
Logarithmic mean temperature difference 
Reynolds number, log average . 
Helium velocity, average . . . . . . . 
Gas-side heat transfer coefficient . . . . 

(c) Thermal and .flow data, design load, steam/water side 

Working pressure, steam outlet 
Water subcooling at inlet . . . . . . . 
Mass velocity . . . . . . . . . . . . 
Exit steam fraction . . . . . . . . . 
Recirculation ratio (forced recirculation) 
Steam/water flow rate, per unit 
Steam rate, per unit . . . . . . . . . 

(d) Heat.fluxes: 

Average heat flux: 
gas-side 
steam/water-side . 

(e) Power densities: 

Heat transferred: 
per gross volume of casing 
per net volume of tube bundle . 

Rate of steam production: 
per gross volume of casing . . 
per net volume of tube bundle 

. . . . 16.3 m' (175 ft2) 

. . . . 12.7 m' (137 ft') 

. 57.5 m2/m3 (17.5 ft2/ft3) 

. 44.8 m'/m3 (13.7 ft2/ft3) 

. . . . . 6 X 3.33 = 20 MW(th) 

.......... 3.4 MW(th) 
3.57 lb/s (1.62 kgjs; 5 820 kg/h) 

. . . 740 °C/335 oc 

. 294 psia (20.7 atm) 

. . . 16.2 kg/s, m' 

...... 291 oc 
Rer = 8650 

. . . 12.8 m/s (42.0 ft/s) 

. 857 kcal/m'h oc (0.996 kW/m', 0 C} 

229 psia (16.1 atm) 
. . . . . . 1.5 oc 

1090 kg/s, m' (224 lb/s, ft') 
. . . . approx. 17% sbw 
.......... 5.87 
38 200 kg/h (84 200 lb/hr.) 

. 6 500 kg/h (14 350 lb/hr.) 

. 179 500 kcal/m'h (209 kW/m') 

. 230 500 kcal/m'h (268 kW/m') 

. 3.02 MW(th)/m3 (0.0855 M;W(th)/ft3) 

12.0 MW(th)/m3 (0.34 MW(th)/ft3) 

. 5 770 kg/h,m3 (360 lb/hr. ft3) 

23 000 kg/h,m3 (1435 lb/hr. ft8
) 
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Figure I. Sectional view of one of the six steam generator units (primary heat exchangers) for the 
OECD high temperature reactor project DRAGON at Winfrith, Dorset, England 
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Figure 2. Two of the seven concentric multi-start helicoils of a 
DRAGON steam generator unit 

arbitrarily as the arithmetic mean between the free
area of in-line and of staggered tube arrangement, the 
latter being based on transverse openings even if-as 
is the case in the DRAGON steam generators
minimum flow area for the staggered arrangement is 
in the diagonal openings (Table 1). 

In Fig. 3, heat transfer test results have been 
plotted as j vs. Rer. The best fit in the Reynolds 
number range above Rer = 2 000 is m = 0.6 and 
a = 0.37 and therefore 

Nur = 0.37 Re~·6 Prf-333
; 

or 
j = 0.37 Re{0·4 • 

Scatter of the experimental data is somewhat more 
pronounced in the range of Reynolds numbers from 
900 to 1 800 indicating a transition of flow regimes and 
a validity limit for the above equations. The transition 
range corresponds to a load of about 10 to 20% under 
DRAGON conditions. No oscillations or instabilities 
of any kind could however be detected during the tests 
which were carried out with rising and falling Reynolds 
numbers. 

The tube bundle was 30 rows deep (in-line) (Table 1), 
corresponding to 60 theoretical rows for the fully 
staggered tube arrangement. A correction for different 
row numbers is applied by using the following 
correlations for the row number correction factor 
which are based on available straight tube data [7] and 
were developed for use in computer calculations: 

jn =fnjoo = (1- ~ + ~- ~a)joo 
where j 00 denotes the asymptotic value of j and n the 
number of in-line rows. The coefficients for in-line 

P/519 P. V. GILL! 

arrangement are a= 0.759; b = 0.621 and c = 0.262. 
For staggered arrangement 

a' b' c' 
fn' = I - Yl + (n')2 - (n')3 

with a' = 0.712; b' = 0.042 and c' = -0.300. 
For the helical tube bundle with continuously 

changing tube arrangement as described above, we 
write n' = 2n and we assume that 

a a' b b' c c' 
= 1 - 2n - 4n + 2n2 + 8n2 - 2n3 - 16n3 

which yields 

with 

and 

" a" b" c" 
!, =1--+---

n n n2 n3 

a" = 0.5(a + 0.5a') = 0.558, 

b" = 0.5(b + 0.25b') = 0.316 

c" = 0.5(c + 0.125c') = 0.112. 

We therefore obtain for n = oo and, for instance, 
n = 10 from the data for n = 30: j 30 = 0.37 Re{0·

4
; 

joo = 0.376 Re{0·4 andj10 = 0.357 Re{0
·
4
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Figure 3. Gas-side heat transfer and pressure drop of flow across 
a bank of concentric multi-start helical tubes (prototype of 

DRAGON steam generators) 
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The local values of the heat transfer coefficients were 
derived from the average values as follows: 

h,Ioc = n.fn - (n - l)fn-1 

1 2n- 1 
= 1 - b n(n - 1) + c n2(n - 1)2 

where b and c are the constants used above for in-line 
arrangements, for staggered arrangements (b', c') or 
for the helicoils (b", c"). For n = 1, the equation leads 
to undefined values but there !n,Ioc = fn· For the 
tenth and following rows, fn,Ioc is practically 1.0. 

Furthermore, a correction factor[i for the departure 
from right angle cross flow resulting from the inclina
tion of the tubes is introduced. Using values for 
bundles of straight tubes [8], the data were brought 
into an analytical form suitable for the computer and 
a correction for the effects of the helical component of 
the gas flow path was applied as follows [9]: 

[( 
(X) (X Jot/235 

f 1 = (cos {3)-0·6 1 -
90 

cos ex + 
1 000 

sin ex . 

f3 is the angle between the direction of the helical gas 
flow and the bundle axis. f3 = 0 if left-handed and 
right-handed helices alternate in the radial direction. 
If all helices are either left-handed or right-handed, we 
assume f3 = e{l - e/90) as a first approximation. 
e denotes the constant or nearly constant angle of 
inclination of the tubes measured against the plane 
normal to the helix axis and ex = e + f3 (all angles in 
degrees). 

For the DRAGON steam generator e = 16 °, 
f3 = 13.2 °, ex= 29.2 o and/t = 0.9548 and we finally 
obtain 

after having added an arrangement factor which for 
the tested tube arrangement is 1.0 and which would 
allow to accomodate the formula to different tube 
arrangements [9]. 

In Fig. 3, results of the tests have been compared 
with the data of Davies and Lis [4] and Glaser [5]. 
They agree reasonably well, despite the different 
geometric conditions. In addition, it is evident that the 
foregoing correlation shows almost the same exponent 
of the Reynolds number and yields similar values as 
the formula of Grimison [10] for bundles of straight 
tubes. 

Gas-side pressure drop 
During the heat transfer tests, gas-side pressure drop 

measurements have also been carried out. Results are 
plotted in Fig. 3 as coefficient of friction/' ( = number 
of velocity heads lost per in-line row) vs. Rer. Pressure 
drop turned out to be somewhat higher than assumed 
from straight tube data. A transition zone is apparent 
between Rer = 2 000 and Rer = 3 500. Above Ret = 
3 000, the friction coefficient can be described by the 
equation: 
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Steamjwater-side pressure drop 
Isothermal friction factors for flow inside a helical 

steel tube of 14 mm id, 245 mm coil diam, 240 mm lead 
and 257 mm diam of the circle of curvature-in fact one 
of the innermost coils of the DRAGON steam gener
ator-were determined on a separate test rig. Water of 
ambient temperature was pumped through the tube. 
Reynolds numbers ranged from less than 200 to more 
than 200 000. A plot of the Fanning friction factorfvs. 
Re showed the smooth transition between the laminar 
and turbulent law mentioned in the literature [11; 12] 
for essentially plane coils. Data of the tests fit well, 
over the entire range of Reynolds numbers, the 
following correlation: 

4f = 0.018 + 64 + 2.75 
Re .../ Re + 3 000 

It should be noted that for Re -+ oo the formula 
reduces to a constant value off and for Re -+ 0 it 
approaches the Hagen-Poiseuille law. It is easily shown 
that for the high Reynolds numbers as prevailing in 
the tubes of a high-pressure steam generator, the 
effect of helical curvature of the tubes on the tube 
friction factor and the difference of the friction factors 
between the innermost and outermost coils of a helical 
tube bundle can be accounted for by staggering the 
tube lengths somewhat, for instance by slightly 
increasing the inclination angle with decreasing 
diameter. Thus practically equal exit enthalpies are 
easily obtained. 

Steamjwater-side heat transfer 
In steam generators of gas-cooled reactors, heat 

fluxes are rather high. For instance, in the steam 
generators of the DRAGON high temperature 
reactor, average heat flux on the steamfwater-side of 
the tubes at design load is 268 kW/m2

, maximum heat 
flux is of the order of 500 kW/m2

• At such high heat 
fluxes, the steam/water-side heat transfer coefficient is 
of interest. 

As a special study, prior to the experiments, 
previously described, the heat transfer of water flowing 
in the helical coils was investigated in order to provide 
a safe basis for the subsequent experiments. The 
transition between the laminar the turbulent law of 
heat transfer was found to be in the Reynolds number 
range of 13 000 to 15 000. This is about twice the figure 
expected from published data for essentially plane 
coils [11]. Gas-side heat transfer tests were therefore 
performed with water-side Reynolds numbers of at 
least 20 000, i.e., well above the transition zone. 

As to the question of burn-out, not even for straight 
tubes are the multiplicity of parameters determining 
the onset of critical heat flux conditions and their 
complicated interdependence well understood at 
present despite a fair amount of recent literature on the 
subject [12]. Therefore, a separate research programme 
was carried out on the heat transfer characteristics in 
the two-phase flow region under forced-flow condi
tions. Part of this work has already been described 
elsewhere [13]. 
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Figure 4. Flowsheet of test rig for boiling heat transfer experi
ments on he! ical tubes 

Apart from tests under DRAGON working 
conditions, tests with very high heat fluxes were carried 
out and, in fact, several tubes ruptured by burn-out. 
Fracture always took place towards the exit and 
approximately in the horizontal plane. From tempera
ture recordings it was concluded that onset of the 
boiling crisis, rise of wall temperature and rupture by 
burn-out must have taken place literally within a few 
seconds. By examination of samples at the Waagner
Biro metallurgical laboratory, a burn-out temperature 
of approximately 900 °C or more was confirmed. 

In a typical case, burn-out in an inclined tube of 
14.0 mm id occurred ataheatfluxofllOOOOO kcal/m2h 
(1 280 kW/m2), the pressure being 16 atm (228 psia; 
saturation temperature 200 °C), the mass velocity 
500 kg/m2, s (102.4 lb/ft2,s) and the exit steam quality 
25% by weight. Since, in this instance, heat flux and 
minimum wall temperature at burn-out are known, 
1100000:(900--200)= 1570kcalfm2h°C(1.83kW/m2, 
0 C) would represent an upper limit of the burn-out 
heat transfer coefficient. The actual value was probably 
somewhat, and possibly much, lower. Initial rate of 
wall temperature rise of the 1 mm thick test tube at 
burn-out was therefore of the order of 250 °C per 
second. 

Further tests have been carried out on a separate test 
rig (Fig. 4) with helical tubes corresponding to the 
innermost coils of the DRAGON steam generator and 
under DRAGON design conditions as regards pressure, 
mass flow and exit steam qualities. Heat fluxes on the 
steam/water-side of the helical test tube so far ranged 
up to 430 000 kcalfm2h (500 kW/m2) without any 
excessive wall temperature rise or burn-out occurring. 
This is about the maximum heat flux in the DRAGON 
steam generator where, however, it occurs only near 
tube inlet, at very low steam qualities. On the other 
hand, at the exit of the DRAGON steam generator 
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tubes, heat flux is of the order of only 125 kW/m2 and 
therefore, at tube exit, the safety factor in terms of heat 
flux is more than 4.0. Wall temperature measurements 
have further shown that the boiling heat transfer 
coefficient is higher 'at the outer generatrix of the 
helical tube than at the inner one. Work is being 
continued. 

CONCLUSIONS 

Heat transfer characteristics of concentric multi
start helical tube bundles with essentially uniform 
inclination angle and, around the bundle perimeter, 
continuously changing tube pattern in cross-flow of 
gases, and characteristics of boiling heat transfer in 
helical tubes, were investigated. Tube bundles exhib
iting these features have been provided for the steam 
generators of the DRAGON reactor experiment which 
are units of extreme power density. The helical tube 
arrangement of the particular type described appears 
to be promising for steam generators of future large 
gas-cooled reactors. 
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A/519 Autriche 

Caracteristiques de transfert de chaleur des 
faisceaux de tubes helico'idaux utilises dans les 
generateurs de vapeur des reacteurs refroidis 
par un gaz 
par P. V. Gilli 

Des faisceaux de tubes helicoidaux sont utilises 
dans les generateurs de vapeur de reacteurs du type 
a uranium naturel, refroidi au gaz carbonique, et du 
type a haute temperature, refroidi a l'helium. Les 
generateurs de vapeur ( echangeurs de chaleur pri
maires) du reacteur a haute temperature DRAGON 
de l'OCDE, con~us et realises par laS. A. Waagner
Biro en collaboration avec le projet DRAGON, sont 
tres interessants car ce sont des unites compactes 
d'une tres grande densite de puissance. La chaleur 
transferee par unite de volume de faisceau de tubes 
s'eleve a 12,0 MW(th)/m3 et par unite de volume du 
recipient sous pression a 3,02 MW(th)/m3• Les debits 
de vapeur par unite de volume sont 23 000 kg/h m3 

et 5 770 kg/h m3 respectivement. Ces valeurs sont 
favorables en comparaison des generateurs classiques 
ou nucleaires existants qui utilisent un gaz pour 
le transfert de Ia chaleur. 

La densite elevee du transfert de chaleur et de Ia 
production de vapeur des generateurs de vapeur 
DRAGON resulte, notamment, du nouvel arrange
ment compact des tubes. Chacune des six unites du 
generateur DRAGON se compose de sept cylindres 
concentriques formes de tubes d'evaporation heli
coidaux dont la multiplicite augmente avec le 
diametre du cylindre. Les angles d'inclinaison ainsi 
que les longueurs chauffees des tubes sont done 
egaux malgre les grandes differences de diametre des 
sept helices, et Ia resistance a l'ecoulement ainsi que 
l'ecoulement en masse dans chaque tube sont egaux. 

On a publie peu de donnees sur les caracteristiques 
de transfert de chaleur des tubes lisses helicoidaux 
multiples et ien sur !'influence du changement continu 
entre un arrangement de tubes en alignement et un 
arrangement avec decalage - ce qui caracterise la 
construction decrite; c'est pourquoi l'on a etabli un 
programme experimental concernant le transfert de 
chaleur « du cote gaz )) ainsi que « du cote 
vapeur- eau ». 

On a effectue des experiences concernant le transfert 
de chaleur « du cote gaz )) dans le cadre du projet 
DRAGON. Les resultats peuvent etre representes 
dans le domaine au-dela de Ret = 2 000 par la 
formule ci-apres: 

Str = 0,37 Ref'0'
4 Prf'0'

667 

dans laquelle l'indice f se rapporte aux caracteristiques 
du gaz evaluees a Ia temperature moyenne du film 
pour la moyenne logarithmique de Ia surface de chauffe 
et oil le terme de l'ecoulement de masse dans le nombre 
de Reynolds se rapporte a une section du gaz nominale, 

libre pour l'ecoulement, adoptee comme moyenne 
arithmetique entre la section libre de I' arrangement en 
alignement et celle de !'arrangement avec decalage 
dans les ouvertures transversales. Un changement du 
regime d'ecoulement est perceptible au-dessous de 
Ret = 2 000 mais on n'a observe aucune instabilite ou 
oscillation. 

A cause du flux de chaleur eleve dans les generateurs 
du reacteur DRAGON (les valeurs maximales sont 
de l'ordre de grandeur de 500 kW/m2), le transfert 
de chaleur « du cote vapeur- eau » presente un interet 
particulier. On a mesure des valeurs effectives du 
coefficient de transfert de chaleur a !'ebullition sur 
toute Ia longeur et sur la circonference des tubes 
d'epreuve. Dans quelques cas on a determine aussi 
des conditions de calefaction. 

A/519 ABCTpHII 

TennonepeAaiOu.tHe xapaKrepHCTHKH 
3MeeBHKOB rpy6H~X nyYKOB, HCnOnb
syeMbiX e naporeHeparopax peaKTO
poe c rasoe~M oxnamAeHHeM 

n. B. fHnnH 

3MeeBHKOB.hle TpyoH.E.Ie ny'IKH Ha'IHHaiOT HC
IIOJIL30BaTLCH B naporeHepaTopax c raaoBI.IM ox
Jiam)J;eHHeM Ha ecTecTneHHOM ypaHe. B Ka'leCTBe 
TeiiJIOHOCHTeJIH B TaKHX peaKTOpax HCIIOJIL3yeTCH 
yrJieKHCJibiH raa HJIH B peaKTopax BhlCOKOTeMne
paTypHoro THna - reJIHH. IIaporeHepaTop.E.I ( Te
nJioooMeHHHKH nepBH'IHOrO KOHTypa) BLICOKOTeM
nepaTypHoro peaKTopa DRAGON, KoTopi.Ie oi.IJIH 
paapaooTaHLI H H3rOTOBJieHI.I <f>HpMOH <<BarHep
EHpm> B COTPYAHH'IeCTBe c nepcoHaJioM npoeKTa 
DRAGON, npe)J;cTaBJIHIOT ocooi.Iii HHTepec, no
CKOJILKY OHH HBJIHIOTCH KOMIIaKTHbiMH YCTaHOB
KaMH C '1pe3Bbl'laHHO BbiCOKOH <lHeproHanpHmeH
HOCThiO. TenJio, nepe)J;anaeMoe B e)J;HHH~e oo'LeMa 
Tpy6Horo ny'IKa, cocTaBJIHeT 12,0 M er/.M3 ( TenJI.), 
a B e)J;HHH~e BHyTpeHnero oo'LeMa Kopnyca -
3,02 M er/.M3 ( TenJI.). IIaponpoH3BO)J;HTeJILHOCTh 
e)J;HHH~LI oo'LeMa cocTaBJIHeT 23 000 -,.z/'l • .M3 H 
5770 -,.zf'l • .M3 COOTBeTCTBeHHO. 8TH 3Ha'leHHH B.bl
me, 'leM B APYrHx cy~eCTBYIO~Hx B HaCTOH~ec 
npeMH naporenepaTopax na ooLI'IHI.Ix HJIH aToM
HhlX aJieKTpOCTaH~HHX, r)J;e B Ka'leCTBe rpeiO~eii 

cpe)J;.bl HCIIOJIL3YIOTCH ra3.bl. 
BLICOKHe BeJIH'IHHhl TeiiJIOBhiX IIOTOHOB If 

y)J;eJILHLIX naponpoH3BO)J;HTeJILHocTeii rraporene
paTopoB peaKTOpa DRAGON ooyCJIOBJieHLI HapH
li.Y C )J;pyrHMH IIpH'IHHaMH HOBhiM KOMIIaKTHhiM 
pacnoJiomenHeM TpyooK. Bee mecTL naporeHepa
TopoB peaKTopa DRAGON cocTOHT H3 ceMH KOH
~eHTpH'IHO paCIIOJiomeHHhiX ~HJIHHP,pH'IeCKHX 

MHOf038XO)J;HhiX 3MeeBHKOB, IIpH'IeM 'IHCJIO 38XO-
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;wn n 3MeennKax yneJiwmnaeTcH c nx ,rt,naMeTpoM. 
11o:3TOMY yrJII>I HaKJIOHa Tal\ me, Kai\ H o6orpe
naeMaH ,n:mma Tpy6on no ncex 3Meemmax coxpa
HHIOTCH paBH:biMII, HCCMOTpH Ha 60JII>IIIYIO pa3Hif
~y B p;naMeTpax 3MCCBHKOB. TaKIIM o6pa3oM, 
ru,n:panmPICcKoe conpoTHBJieHuc n pacxop; no ncex 
TpyoKax O,'J,IIHaKOB:bi. 
BooG~e O'ICHI> MaJio ,n:aHHI>IX ony6mmonano no 

TCIIJIOOOMCHY ,n:JIJI 3MCCBHKOBDIX IIY'IKOB c HCOOJI:b
IIIUM yrJIOM HaKJIOHa TpyoOK II COBCCM HOT ,n:aH
Hl>IX no BJIHHHMIO HerrpepniBHOro rrepexo,n:a OT KO
pu,n:opnoro pacuoJio:meHIIH Tpy6oK K maxMaTno
MY, HBJIHIO~eMycH xapaKTepnoii oco6ennocT:r,ro 
onncannoii KOHCTPYK~nn. B CBH3H c :3TIIM rrpnno
,n:HTCH :3KCIICpHMeHTaJI:bHI>Ie IICCJIC;:J;OBaHIIH TOIIJIO
OOMCHa KaK B ra3onoM, TaR n B napo-no,n:HHOM 
npocTpancTnax TaKHX rraporeuepaTopon. 

8KcrrepnMeHTDI no TCIIJionepe.u.a'le OT ra3a ODIJI1t 

n:r,moJineHDI npn y•mcTnn nepconaJia npoeKTa 
DRAGON. Pe3yJinTaTDI, noJiy'leHHDie ,n:JIH o6Jia
cTu, AJIH KoTopoii Re = 2000, Mo:mno onncaTh 
1{lOpMyJioi1: 

St1 = 0,37Re,- 0 ·•. Prto,66i, 

r,n:e UH;l,CKC f OTHOCIITCH K CBOIICTBaM ra3a IIpn 
cpep;neii TeMrrepaType norpamr'lnoro CJIOH ra3a, 
Heperrap; TCMIICpaTyp B KOTOpOM HpHHHMaeTCH , 
paBH:biM cpe,n:HeJioraplHpMHlJeCI\OH pa3HOCTH MC
mp;y TeMnepaTypaMn rronepxnocTn n ra3a. CKo
pocTI> B KpHTepnH Peii:HOJII>,n:ca OTHCCCHa K HOMH
HaJI:bHO cno6op;noii: npoxo,n:uoii rrJio~a.n:n ,n:JIH ra3a, 
onpep;eJieHHoii: Kai\ cpe,n:nee a pmpMeTnqecKoe II>l 

CBOOO/.];HOii UJIO~al(JI npn KOpH,[J.OpHOM paCUOJIO
Jf(f'HIIII Tpy6oK n cnooop;uoii mw~a,n:H npn pacno
JIOmemm IIX B IUUXMUTHOM IIOpH,n:Ke. J13MCHCHHC 
xapaKTepa pe:mnMa TelJeHnH nponcxo,n:nT npn 
RC' r = 2000, op;naKo upn :3TOM HHKaKnx necTa
OHJII>HOCTeii HJIII KoJie6amrii no na6JIIop;aJioc:r,. 

BJiaro,n:apH BI>ICOKOMY TCHJionoMy noToKy n na
porenepaTopax ::nwrrepiiMeHTaJII>Horo peaKTopa 
DRAGON (MaKcnMaJihHhie 3HalJeHHH nopHp;Ka 
500 li6T/M2) OCOOI>Jii IUITepec npc,n:CTaBJIHCT TCUJIO
OOM('H B napo-no;~fiHOM npocTpaHCTBe. ,[l;eiicTnu
TeJJI>Hhre 3Ha1IOIUUI K031jlqm~HOHTa TOIIJIOOT,n:a'llf 
upn Knncnnn 6hiJin lf3MepeHhi no ,n:Jinne u no rre
pnMeTpy HCCJie;:J;OBUHJibiX TpyooR. ,[l;m-r HeKOTOpbiX 
eJJyqaen 6DIJJII onpe,n:eJJCHhi ycJIOBIIH B03Himnone
HHH np113IICa. 

A/519 Austria 

Caracterfsticas de transferencia de calor de 
haces helicoidales de tubos para generaci6n de 
vapor en reactores refrigerados por gas 

por P. V. Gilli 

En los generadores de vapor de reactores refrige
rados por gas del tipo de uranio natural y C02 y del 
tipo de alta temperatura y helio se suelen emplear 
agrupaciones helicoidales de tubos. Los generadores 
de vapor del proyecto DRAGON, en cuyo diseno y 

construcci6n ha colaborado la Waagner Biro A. G., 
tienen particular interes porque son unidades com
pactas de densidad de potencia sumamente elevada. 
El calor transferido por volumen de tubos alcanza 
12,0 MW(t)/m3, y 3,02 MW(t)/m3 de volumen de 
intercambiador. La producci6n de vapor por unidad 
de volumen es, respectivamente, 23 000 kg/h m3 y 
5 770 kg/h m3• Estos valores son bastante mas 
elevados que los que se encuentran en otros gene
radores, sean tradicionales o nucleares, que emplean 
gas como medio de transferencia de calor. 

La elevada densidad de transferencia de calor y de 
producci6n de calor de los hervidores DRAGON se 
debe, entre otras razones, a la disposici6n compacta, 
en cierto modo original, de los tubos. Cada una de 
las seis unidades de generaci6n de vapor del reactor 
DRAGON consta de siete cilindros concentricos de 
tubos evaporadores dispuestos segun helices de 
filetes multiples, cuyo numero aumenta con el dia
metro de la helice. En esta forma, los angulos de in
clinaci6n y las longitudes de calentamiento de los 
tubos son iguales a pesar de las diferencias de dia
metro entre las siete helices. Del mismo modo, la 
resistencia al gas y el caudal por tubo son iguales. 

Se han publicado muy pocos datos sobre las 
caracteristicas de transferencia de calor de grupos 
sencillos de tubos helicoidales, y ninguno sobre los 
efectos del cambio continuo entre las disposiciones en 
linea y alternada de los tubos, que es una carac
teristica del generador descrito. Por este motivo se 
inici6 un programa experimental sobre la trans
ferencia de calor en ellado gas yen ellado vapor- agua, 
de cuyos resultados informa la memoria. 

Los experimentos de transferencia de calor en el 
lado gas se efectuaron con la colaboraci6n del 
proyecto DRAGON. Para un numero de Reynolds 
superior a Rer = 2 000, los resultados se pueden 
describir con Ia formula siguiente: 

Str = 0,37 Re[o,4 Prr-o,s&7 

donde el subindice f se refiere a las propiedades del 
gas ala temperatura media de pelicula correspondiente 
a la media logaritmica de la superficie de trans
ferencia de calor, y donde el termino que figura 
como velocidad masica en el numero de Reynolds 
se refiere a una secci6n libre nominal de fluido tomada 
como la media aritmetica entre las secciones libres 
de la disposici6n en linea y la disposici6n alternada 
de tubos, considerados transversalmente. Por debajo 
de Rer = 2 000 se hace patente una transici6n en el 
regimen del fluido, pero no se observaron inestabili
dades ni oscilaciones. 

Debido a los elevados flujos termicos en los gene
radores de vapor del reactor DRAGON (los valores 
maximos son del orden de 500 kW/m 2

), interesa 
especialmente la transferencia de calor del lado 
vapor - agua. Los valores efectivos del coeficiente de 
transferencia de calor por ebullici6n se midieron en 
toda la longitud y perimetro de los tubos ensayados. 
En algunos casos se determinaron condiciones de 
recalentamiento destructivo. 
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A method for the calculation of three-dimensional flux 
and temperature distributions in a Magnox reactor, 
and comparison with experimental measurements 
taken at Latina power station 

By R. Negrini,* M. Paoletti Gualandi,* G. Ciancio,** A. Del Buono,** 
T. Marzullo*** and B. Zaffiro*** 

The high capital cost of nuclear power plants gives 
a great incentive to produce the maximum output 
from the plants during operation: this means, in 
practice, to reach and maintain the maximum reactor 
power, within the safety limits, other conditions being 
equal. To this end, difficult problems must be solved 
and optimised during reactor operation. For the 
natural-uraniumfgraphiteJC02 Latina reactor, the 
main routine operating problems are as follows: 

Safety analysis. It is known that the fuel element 
temperatures must be limited, during operation, for 
safety and endurance reasons. The existing core 
instrumentation does not allow the monitoring of the 
temperature in every fuel channel because of their 
large number, characteristic of this type of reactor; it 
is therefore necessary to perform calculations which 
allow the temperatures of unmonitored fuel el~ments 
to be evaluated, with a certain degree of confidence. 

Absorber cycle. Continuous handling of steel 
absorbers inside the core will be carried out in order 
to control the long term reactivity variation. It is, 
therefore, necessary to define, when required, steel 
absorber charging programmes, which, apart from 
controlling the desired amount of reactivity, allows 
the best neutron flux and temperature distribution 
in the reactor to be maintained. 

To solve the above problems, it is necessary to 
evaluate the spatial distribution of neutron flux 
and fuel element temperature under various reactor 
operating conditions. The available nuclear codes to 
calculate three-dimensional distribution of neutron 
fluxes in a multi-region core are not suitable for 
application to gas/graphite reactors because of their 
large dimensions and the large number of singularities 
which must be taken into account. It has therefore 
been decided to produce a suitable method of cal
culation, based upon a combination of two 2-dimen
sional multi-region nuclear codes: the FTD2 [1] and 
the PDQ [2]. 

* SNAM, Div AGIP Nucleare. 
** CNEN, Div. Sicurezza e Controlli. 

*** ENEL-SIMEA. 
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From the information it gives, the method of 
calculation produced has been called FATE, i.e., 
Flux and Temperature Evaluation. Comparison with 
the commissioning and initial operating experimental 
results of the Latina reactor, described in this report, 
proved the adequacy of the method for the desired 
purposes, and safety analysis and absorber pattern 
programming has already been performed for the 
Latina reactor, using the method of calculation 
described. 

DESCRIPTION OF THE FATE 
CALCULATION METHOD 

As previously stated, the 2-dimensional nuclear 
codes chosen to perform the calculation are the FTD2 
and the PDQ-02. These two codes solve numerically 
the two-group diffusion equations of a multi-region 
core: the numerical solution is obtained by substi
tuting finite difference equations for the differential 
equations. 

The PDQ code was preferred to other similar 
codes because one can cover the vertical section of 
the reactor with a variable mesh sufficiently fine for 
our need (about 5 000 mesh points, for IBM 704). 
For this reason, such a code is particularly suitable 
for reproducing the axial distribution. 

The FTD2 code was chosen because it is specially 
written to represent the horizontal section of a gas/ 
graphite reactor, cell by cell, taking into account 
every singularity, both in the central and in interstitial 
positions. For this reason, such a code is particularly 
suitable for giving the distribution of neutron flux 

·and temperatures in a horizontal section of the 
core. 

The basic concept of FATE is to utilise the FTD2 
code, suitably modified to calculate correctly, for 
every channel of the reactor, the following quantities: 

(a) Relative neutron fluxes, at a given height of the 
reactor; 

(b) Channel gas outlet temperature; 
(c) Fuel element can temperature, at a specific 

height of the reactor. 
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It was thought that a correct evaluation of such 
quantities could be obtained by the FTD2 code, if 
the radial variation of the axial flux form was known 
and suitably introduced into the FTD2 code. The 
axial information needed is derived from a PDQ 
(r, z) calculation. A detailed explanation of the 
combination of the two calculations is contained in 
the following sections. 

Calculation of the neutron flux distributions 

The diffusion equations of the FTD2 code are 
as follows: 

where: 
DMR• DFR: radial diffusion coefficients, thermal and 

fast, respectively 
DMz, DFz: axial diffusion coefficients, thermal and 

fast, respectively 
c/J, 1p: neutron fluxes, thermal and fast re

spectively 
L~, L~R: radial diffusion areas, thermal and fast 

respectively 
Koo : infinite multiplication constant 

1X2 : axial buckling 
A.: eigenvalue. 

It is important to note that the axial components 
of the thermal and fast leakages are, respectively: 

1X
2 DMzcP and IX

2 DFz"P, 

where the axial buckling 1X2 is considered the same for 
the two neutron groups and constant through the 
reactor. This approximation was not considered 
acceptable, because the presence of partially inserted 
control rods in particular regions of the core causes 
accountable variation of IX2 through the reactor. 

With a PDQ run in r, z geometry, which gives the 
axial flux distribution through the core, the values of 
the axial buckling at a given height z in the reactor can 
be evaluated: 

2 - (J2c/J( 'T' z)j -
IXM('T, z) = OZ2 cP('T, z), and 

2 - iJ21fJ('T, z)j 
IXF('T, z) = oz2 1jJ('T, z). 

In order to introduce into the FTD2 the above 
values of the axial buckling and to overcome the 
FTD2 limitation which accepts only one value of IX2, 

fictitious diffusion coefficients D~z and D~z have been 
derived from the following equations: 

IX2 D~zcP = IX'tr.DMzcP; IX2 D~z"P = IX}DFz"P· 

With this modification, the FTD2 is suitable to 
give correct results of the relative flux distribution 
through the core at a given height z. 

Calculation of channel gas outlet temperatures 

The gas outlet temperature from a typical reactor 
channel is calculated by the FTD2. The equation 
used is the following: 

where T2,i: channel gas outlet temperature 
T1 : channel gas inlet temperature 

1/B: gas specific heat 
Mi: channel gas mass flow 
pi: channel thermal power. 

The channel power Pi is assumed in the FTD2 to 
be proportional to the thermal flux cPt(z), at a given 
height, and is calculated by the following equation: 

whereP: reactor total power 
Yi: number of fissions per unit flux. 

This assumption was not considered acceptable 
because of the large variation in the axial flux form 
across the core. In FATE, this situation has been 
taken into account by re-defining Yi as the channel 
fission rate for unit flux at a given height z in the 
reactor: 

where H: active height of the core 
Ert(z): fission macroscopic cross section. 

The Yi,i values are derived from the same PDQ 
calculation mentioned in the previous section. With 
this modification, FTD2 is suitable to give correct 
evaluation of the channel powers and gas outlet 
temperatures. 

Calculation of the fuel element can temperatures 

The fuel element can temperature of a typical 
channel in the reactor is calculated, by the FTD2, 
with the use of the following equation: 

Ts,i = T1 + Ki(T2,i - T1). 

In order to give a correct evaluation of the can 
temperature at a given height z in a channel, taking 
into account the axial rating distribution, the factor 
Ki is defined, in FATE, in the following way: 

fEci (z)c/Ji(z) dz 

+ fH ' 
Jo Eri (z)c/Ji(z) dz 
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where: 
Ts,i,i: fuel element can temperature, at a given 

height z 
Tg,i,i: gas temperature, at a given height z 

A: channel area 
a: heat transfer perimeter 

Sti: channel Stanton number. 
The Ki i values are derived from the same PDQ 

calculation mentioned previously. 

Auxiliary calculations 

The accuracy of the results of calculations for the 
evaluation of flux and temperature distribution in a 
power reactor depends, obviously, upon the correct 
solution of other problems, the main ones being: 

(a) Correct evaluation of fuel lattice physical 
parameters; 

(b) Correct evaluation of the physical parameters 
of singularities (i.e. control rods, absorbers, empty 
channels); 

(c) Accurate representation of singularities, when 
these have to be smoothed out with the surrounding 
medium, for code requirements; 

(d) Accurate evaluation of channel gas mass flows 
and Stanton numbers. 

As far as the fuel lattice parameters are concerned, 
a calculation method correlated with experimental 
results produced in England, under the British In
dustries Collaborative Exponential Programme [3], 
was used. Some modifications, such as corrections 
for temperature effects and for neutron spectrum 
change in the neighbourhood of the reflector, were 
introduced to take into account the Latina reactor 
experimental results. 

Lattice cells containing control rods and empty 
channels are represented in the FTD2 with ~attice 
parameters; these parameters were obtained by 
smoothing out the heterogeneous structure in such a 
way as to maintain the cell boundary conditions [4]. 
Supercell technique was used in the PDQ cal
culation to smooth out, over appropriate regions, the 
absorbers and control rods fully or partially inserted 
into the core [4]. The channel mass flow distribution 
derived from commissioning measurements was used, 
while Stanton versus Reynolds curves derived from 
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rig experiments were correlated with reactor operating 
results. 

Finally, it is worth while to mention that, in order 
to speed up the preparation of FTD2 input data, 
an IBM 704 computer programme was produced, 
which, handling the PDQ output, gives the values of 
cxiJ:(r, z), cx~(r, z), Yi.z and Ki.z· 

COMPARISON WITH THE COMMISSIONING AND 
INITIAL POWER OPERATING EXPERIMENTAL 

RESULTS OF THE LATINA REACTOR 

A certain number of experimental checks were 
carried out during the commissioning and initial 
operation of the Latina reactor, before using the 
FATE method of calculation for operating purposes. 
The experimental data used for comparison with the 
theoretical predictions include: 

(a) Flux distribution measurements carried out 
during commissioning both with and without ab
sorbers and control rods loaded into the core; 

(b) Channel gas outlet and can temperature dis
tribution measurements during initial operation of 
the reactor. 

The details of the commissioning experimental 
techniques are described in another paper of this 
Conference [5]. The experiments used for comparison 
are listed hereunder: 

(a) Jo reactor commissioning experiment: radial 
macroscopic flux distribution measurement without 
absorbers and control rods in the core; 

(b) Al reactor commissioning experiment: radial 
and axial macroscopic flux distribution measurement 
with absorbers and control rods loaded into the 
core; 

(c) A2 reactor commissioning experiment: radial 
and axial fine flux distribution measurement with 
absorbers and control rods loaded into the core; 

(d) Initial power operation experiment: channel 
outlet gas temperature and can temperature distri
bution measurement with the reactor at power. 

In Table 1 the comparison between the measured 
and calculated values are presented. Explanatory 
notes on each of the above experiments are contained 
in the following sections. 

Table I. Comparison of FATE results with experimental measurements 

Reactivity 

Reactor Theoretical Experimental 
condition tnN tnN 

Jo +34 critical 

At -37 critical 

A, -37 critical 

Initial 
power +96 critical 

operation 

Radial flux 
standard 

deviation 
(%) 

±4.58 

±4.17 

±1.13; 1.64 

Axial flux 
standard 
deviation 

(%) 

±1.7 + ±4.4 

±1.8 + ±3.9 

Gas outlet Can 
temperature temperature 

standard standard 
deviation deviation 

±6°C ±8.5 oc 
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Figure I. Jo radial flux distribution-SWINE diameter 

Jo reactor commissioning experiment 
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The reactor was fully loaded, with no absorbers or 
control rods in the core, the only singularities being 
the empty channels and the steel support struts of 
the neutron sources in the bottom half of two inter
stitial channels. The reactor was critical poisoned 
with air at a balance pressure of 504.6 em Hg and 
ambient temperature. 

The radial flux distribution has been measured in 
115 channels at a height corresponding to the middle 
of the seventh fuel element in the channel. It is seen 
from Table 1 that the agreement between the theo
retical and experimental results of flux distribution 
and reactivity is satisfactory. 

--- ---
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Figure 3. AI radial flux distribution, NWfSE diameter 

In Fig. 1 a typical radial flux distribution is 
shown. 

AI reactor commissioning experiment 

This experiment differs from the previous one due 
to the loading into the reactor of 32 interstitial ab
sorbers and 20 half-inserted sector control rods, as 
shown in Fig. 2. 

The radial macroscopic flux distribution has been 
measured in 141 channels at the same height as in the 
previous experiment. In 12 channels, rel.atively ~ar 
from the half-inserted control rods, the axtal flux dts
tribution has also been measured. The standard 
deviation of the differences between theoretical and 
experimental flux. values is ±4.17% for the radial 
distribution, whereas it ranges between a minimum of 
±1.7% in one channel and a maximum of ±4.4% in 
another channel for the axial distribution. This 
shows good agreement between experimental values 
and theoretical predictions . 

In Fig. 3 a typical radial flux distribution is shown. 
The big dips shown are due to the absorbers and 
control rods loaded into the central region of the 
reactor. 
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Figure 4. A2 axial flux distribution in a channel adjacent to a 
half-inserted control rod 
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Figure 6. Radial gas outlet temperature distribution, SW/NE diameter 

A1 reactor commissioning experiment 

This experiment was carried out to measure the 
fine flux distribution in particular regions of the 
core. The reactor was in the same conditions as in 
the previous Al experiment. The measurements made 
were: 

(i) Axial flux distribution in 7 channels near a 
half-inserted control rod; 

(ii) Radial flux fine structure in the neighbourhood 
of the reflector; 

(iii) Radial flux fine structure in the neighbourhood 
of various singularities in the central region of the 
reactor. 

In Fig. 4 the axial flux distribution in a channel 
adjacent to a half-inserted control rod is shown. In 
Fig. 5 the percentage differences between theoretical 
and experimental flux values in the two radial flux 
fine structure measurements are given. The standard 
deviation of axial flux distributions varies between 
±1.8% and ±3.9%; the standard deviations of the 
two radial fine flux plots mentioned above are ± 1.13 % 
and ± 1.64 %, respectively. This good agreement 
shows the adequacy of the calculation method to re
produce also the flux distribution around singularities. 

Initial power operation experiment 

The reactor conditions during this experiment 
were: 

Thermal power . . . . . . . 
Mean inlet gas temperature . 
Mean outlet gas temperature . 

570 MW (80%) 
183 °C 
368 °C 

Twenty-one absorbers and 20 partially inserted 
sector control rods were loaded into the core. The 
outlet gas temperatures were measured with thermo-

couples in 302 channels; the fuel element can tem
peratures were measured with thermocouples on the 
eighth fuel element in 75 channels. Comparison be
tween experimental and theoretical results has given 
the following standard deviation: 

Channel gas outlet temperature 
Fuel element can temperature . 

In Fig. 6 a typical gas temperature distribution 
through the reactor is shown. The results show that 
this calculation method can reproduce the temperature 
conditions of the reactor in operation and conse
quently is suitable for solving operational problems. 

APPLICATION TO OPERATION 
FOR SAFETY ANALYSIS 

The comparison between theoretical and experi
mental results has been done by normalizing theo
retical values by a simple constant. 

It has been generally found, as a consequence, 
that percentage errors are not necessarily normally 
distributed; nevertheless the error distribution can 
become normal if the normalizing function is a more 
complex one. 

We found that by fitting the theoretical/experi
mental value ratio distribution with a development in 
terms of polynomials, the standard deviation is 
sensibly reduced and the errors tend to be normally 
distributed. , 

Such a result allows us to perform a statistical 
analysis so that we can determine the degree of 
safety for any operating condition, in terms of 
probability that a given maximum can temperature 
will be reached. 
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ABSTRACT -RESUME-AHHOTAL.lVIJl-RESUMEN 

A/552 ltalie 

Methode pour calculer les distributions tridi
mensionnelles de flux et de Ia temperature 
dans un reacteur au Magnox et comparaison 
avec les mesures faites a Ia centrale de Latina 

par R. Negrini et a/. 

La complete connaissance de la distribution de Ia 
temperature dans le creur d'un reacteur de puissance 
dans n'importe queUes conditions de fonctionnement 
est essentielle pour le controle. 

II est aussi essentiel, en vue des evaluations eco
nomiques, de prevoir les perturbations qui pour
raient survenir, pour une certaine distribution de 
temperature, a la suite du remplacement des absor
beurs rendu necessaire par les changements de Ia 
reactivite a long terme, afin ·de maintenir la dis
tribution optimale de la puissance dans les canaux. 

Les informations necessaires ne peuvent pas etre 
fournies uniquement par les mesures, etant donne 
que, en raison de limitations pratiques, le nombre 
des thermocouples installes n'est qu'une fraction de 
celui qui serait necessaire. Par consequent, on doit 
mettre au point une methode valable pour prevoir 
les puissances des canaux ainsi que la distribution 
de la temperature. 

II s'agit d'un probleme a trois dimensions, etant 
donne que la presence des absorbeurs et des barres 
de controle, partiellement inseres dans le creur cree 
des discontinuites et provoque des distorsions radiale, 
azimutale et axiale de la distribution du flux de 
neutrons. 

Aucun des programmes a trois dimensions multi
radiaux et multiaxiaux actuellement disponibles ne 
peut etre applique aux reacteurs refroidis au gaz 
etant donne leurs grandes dimensions. 

Les auteurs, pour resoudre le probleme, ont 
develope une methode de calcul qui est une com
binaison appropriee de deux programmes a deux 
dimensions pour le calculateur IBM-704: FTD-2 et 
PDQ, qui sont bases tous les deux sur !'hypothese 
d'un flux constant dans la troisieme dimension. 

Afin d'eliminer la limitation intrinseque de ces deux 
programmes, les auteurs ont employe le programme 
PDQ pour obtenir la variation radiale d'un certain 

nombre de parametres qui representent les formes du 
flux axial a une hauteur determinee. 

Ces informations, employees comme il convient 
dans le programme FTD-2, permettent de calculer 
correctement les distributions en x et y du flux a 
une hauteur determinee, ainsi que les temperatures 
du gaz a la sortie du reacteilr et les distributions 
tridimensionnelles de la temperature des gaines du 
combustible. 

Cette methode de prevision des distributions 
tridimensionnelles de la temperature et du flux a 
ete verifiee en la comparant avec les resultats experi
mentaux obtenus a la centrale nucleaire de Latina 
pendant les essais de mise en service et le fonction
nement normal. L'accord a ete satisfaisant. 

En outre, les auteurs presentent une proposition 
d'application de cette methode au controle du fonc
tionnement des reacteurs au Magnox refroidis au gaz 
sur la base des analyses des temperatures du gaz et 
des gaines. 

A/552 HranHR 

MeTOA pacyera rpexMepHbiX pacnpe
AeneHHA noroKa H reMneparyp 8 Mar
HOKC080M peaKTOpe H Cpa8HeHHe C H3-
MepeHHRMH, npOH38eAeHH~MH HaaTOM
HOA 3neKrpocraHI..4HH 8 JlaTHHe 

P. HerpHHH et al. 

qT06hl yrrpaBJIHTb :mepreTH'IeCRHM peaRTOpOM, 

HC06XO~HMO HMCTb IIOJIHOC IIpC~CTaBJICHHC 0 pac

npe~CJICHHH TCMIIepaTyp B ero aRTHBHOii: 30HC B 

:no6hlx pa6o'IHX ycJioBHHx. 

.Jl:JIH o6eCIIC'ICHHH :3ROHOMH'IHOCTH He06XOi1:lfMO 

IIO~~epmHBaTb OIITHMaJihHOe pacnpe~CJICHHC MOIJ~

JIOCTH llO RaHaJiaM. .Jl:JIH :3TOl'O, B CBOIO O'ICpCflh, 

neo6xo~HMO 3HaTb H3MCHCHlfH pacnpeACJICHHH 

TeMnepaTyp, RoTopoe Bhl3hlBaeTcn: nepepacnpeAe

JieHHeM rrorJioTHTeJieii rrpu AJIHTCJihHOM H3\teHe

HHH peaKTHBHOCTH. 

Heo6xoAHMhle AaHHhle HeJibaH uoJIY'IHTL :mc

ncpuMeHTaJibHbiM IIYTCM, IIOCROJibRY H3-3a npaR

TH'ICCRHX orpaHH'ICHHH YCTaHOBJICHIIOe 'IHCJIO 
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TepMonap nep;ocTaTO'lHO P,JIH :lToro. lloaToMy ne
oiixoJJ,uMo pa3pa6oTaTh uap;emHhiii MeTop; npek 
(' l\a3aHHH pac 11pPp;l'M'HliH MOII\IIOCTII II Tl'MIIC pa
Typ. 

;)To TpCXMCpHaJI llp06JieMa, liOCI\OJihKY upncyT
CTJHlC )J.liCKpeTHhiX IIOrJIOTIITCJieii ll ynpaBJIHIOll~IIX 
('TPJllliHei1, 'IUCTIPIHO BBClJ:CHHhiX B aKTIIBHYIO 30-

Hy, BJ,I:3hiBaeT pai-\IIUJihHhH', U311MYTaJTLHhiC H OCO
Bl>H' I!Cl\aJIH'HIIH pacnpep;eJIPHIIH liOTOKU neiiTpO
liOB. 

HMIOl~uecH n IraCTOHI~ee npeMH TIJCXMPJ1lll.lt' 
M I!OI'Opap;uaJILHhlP, MHOrOOCPBbie ITporpaMMhl HC

,'th:lH H(HIMetiRTL ;J,JTR pacqeTa peaKTopon c raao
JihiM oxJiamp;eniieM nnnp,y nx 6oJILITli1X paaMPpon. 

AnTopT>I npncTynuJiu l\ pememno :1Toii Hpo6m•
M 1.1 IIYTCM pa3pa6oTKH pacqeTIIOro MPTOJ~a, l\OTO
}'hl ii RB."'HCTCH COOTBCTCTBYIO~eii KOM6UHUl~JIC ii 
J~Byx ~~nyMepnLIX nporpaMM C'H'THo-pemaro~ero 

yCTpoiicTna THna IBM-704, nporpaMMhi FTD-2 11 

11porpaMMLI PDQ, IWTophle cocTanJTPHhl ncxo;(H 
11:1 llpP/~110JIOil\£'HIJH, 'ITO JTOTOK HM£'PT liOCTOJUIHylo 
1!1opMy n TPPTheM uaMepenmL 

C li,£'Jlb10 npeop,CJ.TieHliH npucy~eii :lTHM :-\BYM 
Jl porpaMMaM orpaHJI'lCHHOCTII HBTOpbi 11CHO.TJL:W
B<I.Tllf nporpaMMY PDQ P,JIH uoJiyqennH pa;~uaJih
uoro H3MCHCHHR HCCKOJILKIIX napaMeTpOB IIpll Otr

}ll'P,CJICIIHOii: !JJOpMl' ocesoro noTOJ\a na ;~,annoir 
llJ,TCOTC. 

i:ha HHIJJOpMHli,IIJI, 1-\0Jiil\HbiM oopaaoM o6paGo
TClHIIaH 11 mWID'leunaH B nporpaMMy FTD-2, ;HICT 

B03MOil\IIOCTh liOJJyqHTh e IIOMOli~LIO ;)TOil 11p0-
1'pH111Ml>l ABYMepnoe paenpe;~eJJPHne (x. y) wno-
1\<t na ,'.(annoii BhiCoTe, a TaKme TCMnepaTypLI ra
aa na BLIXO;Ie n TpexMepnoc paenpe;w.aemiC TC.'It
m·paTypLI o6oJIO'IKII. 

ihoT TpexMepHLiii MeTOl~ upe;~cKaaaHH.H pacnpe
;ll'JIPJJHH IIOTOI<H II TCMnepaTyp 6biJl 11pOB£'peH uy
Tl'M cpaBHCHlHI C peayJihTaTaMJ1, IIOJJY'ICHHbBfll 
:n;cnepHMCHTHJihHblM nyTeM BO Bpt'MH HYCKa 11 

:JHIIJiyaTaQIIII HTOMHOif ;)JieHTpOCTaHI~IIU B JlaTJl
lll'; coBna;(enne ;vmnhJX 6LIJio y;~oBJieTBU)HtTe:·th
llhiM. 

KpoMe Toro, nneeeHo npep;Jwmenne ucnoJIL3o
na Th :lTOT MPTO;~ )J.JIH onpe;IeJTPHUJI pa6oTOC IIOCOO
liOI'Tif MarHOJ\COBbiX peaKTopon C l'H30BblM OXJTU;t;
;(t'HIIl'lll liOCp<';li'TBOM aH<I.TIJI:Ja Tl'MIIl'JHITYJl ra:J.t 
II OOO.TIO'll'l>. 

A/552 ltalia 

Metodo para calcular Ia distribuci6n tridimen
sional del flujo y Ia temperatura de un reactor 
Magnox y comparaci6n con los datos exper
imentales tornados en Ia central de potencia 
Latina 

por R. Negrini eta/. 

Para controlar un reactor de potencia es esencial 
tener un conocimiento lo mas completo posible de la 

R. NEGRINI et a/. 

distribucion de temperaturas en el nucleo para 
cualquier condicion de operacion. 

Por razones economicas, es tambien necesario 
predecir Ia perturbacion de una distribucion deter
minada de temperaturas, producida por la modifi
cacion de los absorbentes que se utilizan para mantener 
Ia distribucion optima de potencia en los canales para 
compensar las variaciones lentas de reactividad 
durante la operacion del reactor. 

La informacion necesaria no puede obtenerse 
experimentalmente, ya que por razones de orden 
pnictico solo se puede introducir en el nucleo una 
fraccion del total de los termopares necesarios para 
realizar la medida. Por este motivo se ha desarrollado 
un metodo de predecir las distribuciones de tempera
tura y sus variaciones. 

Resulta un problema tridimensional por la existencia 
de absorbentes discontinuos y de las barras de 
control, parcialmente introducidas en el nucleo, que 
producen distorsiones en Ia distribucion neutronica 
axil, acimutal y radial. 

Los programas de calculo tridimensionales que 
existen actualmente no se pueden aplicar a los 
reactores refrigerados por gas, ya que son reactores 
de grandes dimensiones. 

Los autores resuelven el problema desarro1lando un 
metodo de calculo que esencialmente es una com
binacion de dos programas bidimensionales para el 
calculador IBM 704: los programas FTD2 y PDQ en 
los que se supone una distribucion de fiujo constante 
en Ia tercera dimension. 

Para salvar Ia limitaciqn de estos dos programas los 
autores utilizan el codigo PDQ para obtener una 
variacion radial de panimetros relacionados con las 
distribuciones axiles de fiujo a una altura determinada. 

Esta informacion, convenientemente manejada e 
introducida en el codigo FTD2, permite obtener las 
distribuciones de fiujo segun las direcciones x e y a 
una determinada altura, asi como la temperatura de 
salida del gas y la distribucion tridimensional de 
temperaturas en la vaina del elemento combustible 
empleado. 

Los resultados de este metodo han sido comparados 
con los datos experimentales obtenidos en el reactor 
nuclear de potencia Latina: se ha obtenido una 
concordancia satisfactoria. 

Ademas, este metodo puede ser aplicado al control 
de la operacion de los reactores Magnox refrigerados 
por gas, analizando la temperatura del gas y de las 
vainas de los elementos combustibles. 
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MeTOA MOAenMposaHMJ~ Ha aHanorOBbiX 

Bbi"'MCnMTenbHbiX MQWMHQX HeCT04MOHOpHbiX 

npo4eccos a ra3ooxna-.qaeMbiX TennOBbiX 

3HepreTM"'eCKMX peaKTopax 

B. &. HecTepeHKo, B. M. WaACKMM * 

BBEAEH!t1E 

,I.\mi paapaOOTKH KOMnJieKCHhlX CHCTeM aBTO· 
MaTH'IeCKoro peryJinponaHHH, nccJie)l;onaHnH ana
pHHHhlX H nyCI\OBhlX peJJ\HMOB aTOMHhlX ;mepre
THlfeCKHX ycTaHOBOK B nOCJie)l;Hee BpeMH BCe 
qam,e HCnOJib3YIOT 3JieKTpOHHhle BhllfHCJIHTeJibHbie 
MaiiUIHhl ;IJ;HCKpeTHOfO HJIH HenpepblBHOTO )l;eli
CTBHH r- 3. lfcnOJibHOBaHHe 3Jiei\TpOHHbTX BbllfHC
JIHTeJibHhlX MaTTIHH 3aTpy)l;HeHO TeM, lfTO ypan
HeHHH o6'beKTOB peryJinponaHHH (n qacTHOCTH, 
peaKTopa, TenJioo6MeHHhlX annapaTon) ecTb ypan
HeHHH B qaCTHbiX npOH3BO)l;HbiX. 

Bbi'lHCJIHTeJihHble MaTTIHHbi )l;HCKpeTHoro )l;eii
CTBHH n03BOJIHIOT peTTiaTb ypaBHeHHH R 'laCTHbiX 
nponano)l;HbiX. Cym,ecTneHHbiM He)l;ocraTKOM arnx 
MaTTIHH HBJIHeTCH CJIOII\HbiH H )l;JIHTeJibHbiH npou;ecc 
nporpaMMnponaHnH aa)l;a'ln. BTopbiM He)l;OCTaTIWM 
)l;HCKpeTHhlX MaUIHH CJie;o;yeT C'lHTaTb TO, lfTO HX 
TPYAHO npnMeHHTb )l;JIH nccJie)l;oBaHnii npn co
npHmeHHH C peaJibHbiMH 3JieMeHTaMH CHCTeMbl 
peryJinponaHHH. B oTJIH'lHe oT HHX aHaJioronhre 
BhllfHCJIHTeJibHbie MaTIIHHbl XapaKTepH3YIOTCH npo
CTOTOH nO)l;TOTOBI\H H oopa60TKH MaTIIHHHbiX 
ypanueuni'I II JierKo conpHraiOTCH c peaJibHbiMM 
3JieMeHTaMM CHCTeM peryJIHpOBaHHH. 0)l;HaKO ce
pHHHhle ABM (uanpnMep, MH-7, 8MY-8, 8MY-10, 
.MH-10, MH-14, MH-8, MHB-1 n )l;p.) coa)l;aHbl 
)l;JIH peTTieHMH o6nmuoneHHhlX )l;n!J!!J!epeuu;naJihHhlX 
ypaBHeHHH, n03TOMY HeOOXO)l;IfMO HaRTH MeTO)l; 
npeo6paaonaHHH ypanueunii n lfaCTHbiX npona
BO)l;HbiX no TpeM nepeMeHHbiM n o6hlKHoneHHhie 
ueJinuenHhle )l;n!J!!J!epeuu;naJibHhle ypanueunH. 

METOA MOAEJ11t1POBAH!t1fl HA ABM 
HECTAU.It10HAPHbiX TEnJlOBbiX 

nPOU.ECCOB 8 rA300XJ1A}t{AAEMbiX 
PEAKTOPAX 

OoosHaYeHHfl 
T M• T r - TeRym.aH cpeJJ;nHH no ce•rem11o TeMrrepaTypa 
_____ TnaJia n raaa; 

* MncTIITYT TenJio- u Maccoo6MeHa AKaJJ;eMIIII uayR 
ECCP, r. MnucR. 
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qvi - TCJIJIOBOii IIOTOR 113 C]J;l!III!I~y 001.CMa; 
c1u Yr. V r- TeTIJIOeMROCTb, yJJ;eJibHblH nee 11 o6'heM raaa n 

peaRTope; 
cM,y,,T'M- TeTIJIOeMROCTT,, YACJihiihlii Bee u oo'heM TB3Jia· 

u - TipnBeJJ;ei!Hhiii Koa<J><Imi\IICHT TenJiorrepeJJ;a'III; ' 
T- npeMH; 
G - pacxOA raaa; 
n- 'IUCJIO 'IJICIIOB pHp,a paaJIOlliCHUH; 
0 - noMnHaJihHhle auaqeunH; 
z - ROOpp,unaTa no BblCOTe peaRTOpa. HaqaJio 

CliCTCMbl ROOp]J;IIH3T npiiHliTO ll T\I'IITpe aRTIIB
llOH 30Hbl; 

cp - cpep,nee no BblCOTC peaRTOpa anaqenne ne
JIIIqJIIJhl; 

:!p - auaqeune neJinqnnhl na nxop,e peaKTopa; 
;~ - 3Haqcmre BCJIJiqllllhl 113 BhiXOP,C peaRTOpa; 

NT - TenJionaH Mom.uocTJ. peaKTOpa; 

N - OTIIOCIITCJibllaH MOII\HOeTT, pt>aRTopa; 
l - BhiCOTa UKTUBHOii: 30Hbl; 

h - a<J><J>eKTI!llllbiC P,003BRII TOp{\OBbJX OTpMI>aTeJTPii; 
F, 11 - rronepxnocn. Tl"ITJI006Mena TnaJion, rrcpnMeTp 

TB3JIOB; 
SM, Sr - nJiom.aJJ;b nmYPpequoro cpqeHuH no TB3JiaM 11 

ra:~y. 

IIaneCTHO, 'lTO uecTau;nouapuaH TenJionepe)l;a'la 
B TB3Jiax peai\TOpa B oom,eM BH)l;e MOii\eT ObiTh 
npe)l;cranJieHa ypanHeHHHMH n lfaCTHbiX npona
BO)l;HbiX no rpeM nepeMeHHbTM: pa)l;nyc TB3Jia, 
KOOp)l;HHaTbl no )l;JIHHC II BpeMH. 

Ilpeo6paaonaHIIe amx ypanueunil n o6biKHo
neuuble )l;II!J!IJ!epeuu;IIaJibFble ypanneHIIH o6bl'lHo 
npOH3BO)l;IITCH npiiOJliiil{eHHbiMII MeTO)l;aMII, B KO
TOphlX pacqe'fHaH cxeMa nepe)l;a•m Temra npe)l;
CTanJieHa lfepe3 cpe)l;HeHHTerpaJihHbie no ce'leunro 
reMnepa'fyphl TBaJion II raaa. Hp1I arux npeoG
paaonaHIIHX npiiHHMaeTCH pH)]; npiiOJIHIHeHIIii H 
)l;onym,eunii. 

IIocJie ocpep;ueHIIH reMITeparyp TBaJT on n raaa 
ITO pa)l;nycy npou;ecc TemroouMeHa a peaHrope 
OITIICblnaeTCH AIIIJ!iJ!epeuu;IIaJibHhll\fii ypanueHIIHMn 
B lJaCTHbiX Dp01I3BO,Il;HhlX ITO J~RYM ITepeMeHHhll\l 

oTM = qv;V., _ ___!!:!___ ( T - T ) (J) 
rJT cMyMVM CM'YMVM M r' 

aT"= aF
1 

(TM-Tr) _ ___5!_9_.aT". (2) 
uT cpy1J " Cp'YrV r oz 

Heooxo)l;UMO uaiiTII MeTop; oiTpe)l;eJieHIIH ITapa
Me'fpon ITO fl;JIHHe peaHTopa. Ocpe,n;Heuue 'feMITe-
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paTyp no ,D:JIHHe peaKTopa MomeT 6LITL npe,n:

CTaBJieHo 3aBHCHMOCTbiO cpe,n:Heii TeMnepaTypLI 

raaa ll TeMnepaTyp BXO,D:a ll BLIXO,D:a 

T 2 p+T, 
Trcp = 2 

B noM CJiyqae ;:t;JIH noJiyqeHHH npHeMJieMo:ii 

TO'IHOCTll peiiieHHH aKTHBHYIO 30HY peaKTopa 

liJill TenJI006MeHHJIKa Ha)J;O paa6HTb Ha TaKoe 

'lliCJIO y'laCTKOB no )J;JIHHe, 1JT06LI B npe)J;eJiaX 

yqaCTKa MOii\HO 6LIJIO C'IHTaTb li3MCHCHlle TeMne

paTyp JIHHeHHLIM. 0)J;HaKO MeTO)J; KOHe'IHLIX paa

HOCTCH HCJib311 peKOMeH)J;OBaTb )J;JIH HCCJie)J;OBaHHH 

)J;HHaMJIKll aTOMHOH :mepreTH'IeCKO:ii ycraHOBKH, 

TaK KaK B 3TOM CJiy'lae CHCTCMLI ypaBHeHHH 

HCCTaqHOHapHOH TenJIOOT)J;a'lll B TenJio06MCHHH

KaX ll B peaKTOpe aaHHMaiOT 60JibiiiYIO 'laCTb 

6JIOKOB MaUJHH. 

Ha116oJiee npocTLIM 11 'laCTO HcnoJILayeMLIM 

MCTO)J;OM OCpe)J;HeHHH TeMneparyp no )J;JIHHe pe

aKTOpa npH pemeHHll 3a)J;a'l HecraqHOHapHoro 

TenJioo6MeHa Ha aHaJIOrOBLIX BLI'IHCJIHTeJibHLIX 

MaiiiHHaX HBJI.ReTCH 3aMCHa CHCTeMhl C pacnpe,n:e

JieHHLIMll napaMeTpaMH CliCTeMOH C COCpe)J;OTO

'IeHHLIMH napaMeTpaMH 1
' 2• TaKo:ii MCTOlJ: npHeM

JieM npll He60JibiiiliX OTKJIOHeHHHX napaMeTpOB 

OT liX HOMHHaJibHLIX BeJIH'IHH, a B CJiy'lae li3Me

HeHH:ii paCXO)J;a raaa, TeDJIOBO:ii MOIIJ;HOCTH peaK

TOpa ll TeMnepaTypLI raaa Ha BXO)J;e TO'IHOCTb 

peiiieHHH 3THM MeTO)J;OM OKa3LIBaeTCH He)J;OCTaTO'I

HO:ii. IlpH npC)J;CTaBJieHllll TenJI006MeHHLIX anna

paTOB CliCTeMOH ypaBHeHHH C COCpe)J;OTO'ICHHLIMH 

napaMeTpaMH B CJiy'laC rJiy60KHX li3MeHeHHH 

nepeMeHHbiX (aanycK, nporpeB )J;BHraTeJIH, aBa

pH:iiHble pemHMbl ll )J;p.) liCKamaeTCH )J;JIHTeJI b

HOCTb nepexo)J;aoro npoqecca, 113 paccMoTpeHHH 

Bblna)J;aer p.R)J; oco6eHHOCTe:ii npoqeccoB TenJio

o61\feHa. 

H11me HaJiaraeTCH MCTO)J; ocpe)J;HeHHH TeMne

paTyp raaa no )J;JIHHe peaKTOpa, n03BOJIHIOID;liH 

noJiy'IHTb DpHeMJieMyiO TO'IHOCTb MO)J;eJIHpOBaHHH 

c MeHLUJHM 'IHCJIOM onepaqHOHHLIX ycHJIHTCJie:ii, 

"lJCM B CJiyqae pa36HCHHH a:KTHBHOH 30Hbl Ha 

y'laCTKll Dpll npHMCHCHHH MeTO)J;a KOHe'IHbiX 

pa3HOCTe:ii 4 • 

r A300XJ1AH{tJ.AEMbiH PEAKTOP 
C TBSJlAMI-1 CTEP}t{HEBOrO Tl-1nA 
H a p11c. 1 npe)J;cTaBJieHa pac'lerHaH ex eM a 

aKTliBHOH 30Hbl peaKTOpa C TB3JiaMH CTepmHeBoro 

THDa. 

HecraqHoHapHLI:ii renJioo6MeH Mem)J;y raaoM, 

TCKYIIJ;HM no KaHaJiy, ll CTeHKOH KaHaJia DpH 

HaJIH'IHH B CTeHKe BHyTpeHHHX liCTO'lHHKOB TenJia 

nepeMeHHO:ii liHTeHCliBHOCTH 06bi'IHO H3y'laeTCH 

npH CJie)J;yiOIIJ;HX )J;Onym;eHHHX: 

1. He Y'IHTbiBaeTCH He)J;orpeB raaa B TopqoBbiX 

OTpail<aTCJIHX. 

2. He yqHTLIBaiOTCH aa MaJIOCTbiO nepeTOKH 

TCnJia B CTeHKC B)J;OJib KaHaJia. 

3. (h<enepHMCHTaJibHble Koa!JlcfmqHeHTLI Ten
JIOOT)J;a'IH ycTaHOBHBIDCrOCH Te'leHHH DpHMCHH

IO'ICH )J;JIH nepexoJJ;HhlX npoueccoa. 

B. 6. HECTEPEHKO et al. 

4. TenJIOBbi)J;eJieHHe no ,D:JIHHe TBaJia H3MeHH

eTCH no KOCHHYCOH)J;e. 

PHc. 1. Pac'feTHall cxeMa aKTifBHOH 30H .. J peaKtopa 

Ilpu TaKHX )J;onym;eHHHX npoqecc HeCTaquoaap

Horo TenJI006MeHa B TBaJiaX peaKTOpa OnliCbiBa

eTCH CJie)J;yiOm;e:ii CliCTeMo:ii; 

cMyMSr 
8
ff.M= qvoSM (cos n l ~2h) N-

-all (T M- Tr), (1 a) 

CpyrSM ~r.+cp G a~r=all(TM-Tr)• (2a) 

Ha'laJio oTc'leTa no )J;JrHHe npHHHTO B qeHTpe 

KaHaJia. 

Ha'laJILHLie 11 rpaHH'IBble ycJIOBHH 

Z=-l/2, Tr('t, -l/2)=T 2 po npH 't=O, 

Z=l/2, Tr('t, l/2)= 1'30 npll 't=O, 

Tr(-r, -l/2)=T2p· 

IlpOHHTerpHpyeM ypaBBeHHH (fa), (2a) B npe)J;eJiax 

-lj2, +ZJ2 
1{2 

cMyMSM :t: S T M (-r, z) dz= 
-1/2 
1/2 - s z =qv6 SMN cosnl+2hdz-

-l/2 
1/2 1/2 -an( S TMdz- S Trdz), 

-1/2 -I 2 

(3) 

1,2 1;2 112 

Cp YrcPSr :t: S Trdz=aiT ( S TMdz- _s
112

Trdz)-
-IJ2 -1/2 

-cpG(T,-T2p), (4) 

1 
1

5 T r (t:, z) dz= T r cp -cpe)J;Bee 3Ha'leHHC TeM

·112 

nepuypu raaa no )J;JIHHe KaaaJia, 
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1/2 
1 S TM('t', z)dz=TMcp-cpeJ\HJIJI TeMnepaTypa 

-1;2 

TB3JIOB no J\JIHHe KaHaJia H T. 1);. 
C yqeToM npHHJIThlX o6oaaa'leaaii ypanaeaaJI 

(fa) a (2a) MOiKHO nepenacaTb n BHAe 

TaKHM o6paaoM, 1);JIJI cpe1);HHX aaa'leuaii TeM
nepaTypLI raaa T r cp H cTeHKH T M cp noJiy'IeHLI 
HeJIHHeHHhle o6LIKHOBeHHhle J\H«<J«<JepeH~HaJibHhle 
ypanaeHHJI. }J;JIJI HX pemeHHJI MOryT 6'b1Tb HC
nOJib30BaHhl aaaJioronhle Bhi'IHCJIHTeJILHhle Ma
mHHhl. 

Heo6XOJ\HMO ycTaaonHTb aanHCHMOCTb MeiKAY 
cpe1);Heii TeMneparypoii T r cp H TeMnepaTypaMH 
raaa aa BXOJ\e T2P H BhiXOAe Ta. ,[(JIH aToro I< 

1(2 

aarerpaJiy na11;a S T r (-r, z) dz npHMeHHM MeTOA 
-1/2 

HHTerpHpOBaHHJI no lJaCTJIM B npe1);eJiaX - //2, 
+112. 

B peayJihTaTe nocJie1);onaTeJI&Horo HHTerpa-
ponaaHH HHTerpaJI MOiKeT 6b1Tb npeJ\CTaBJieH B 
BHJ\e 6eCKOHe'IHOrO pH1);a 

1/2 

Trcp=} S Tr('t', z)dz=; Tr-
-1/2 

z2 aT z' o2Tr z' o'Tr 
-Zl • o/ +ru • {)zZ -24l • OZ1 + 

l 12 
zs ()4Tr I + 120l' fJz4 - • • • ' 

(5) 
-1,'2 

Bec«oHe'IHhlii pRJ\ (5) MOiKHO npeJ\CTaBHTb o6~HM 
'IJieaoM pn11;a 

T = ~ (zn). anTr( -1)n+t. (5a) 
r cp ~ nl azn 

1 

,[(~H pHAa aToro na11;a panaoMepaaH cxoAHMOCTb 
oo n 

HMeeT Mecro B cJiy'Iae, eCJIH pHA L ~ CXO,l(HTCJI 
t anT 

paBHOMepHO aa MHOiKeCTBe Z, a «<JyaK~HJI fjzn ~'npH 

JII06hiX Z H n o6paayeT MOHOTOHHYIO nocJie1);0Ba
TeJibHOCTb H npH JII06hiX Z H n orpaHH'IeHa 

oo n 

Ho cTeneaahlii PHA ~; cxo,l(HTCJI 6 - 7 npH JII06oM 
~n. 

1 

z (pa,l(ayc CXOAHMOCTH R =oo). 

$ya«~HJI Tr(-r, z) n npe,l(eJiax aarerpaponaaaH 
PHAa -1/2, +112 aenpephlnaa. BnHAY KOHe'laoii 
BeJIH'IHHhl TenJIOBOrO nOTOKa H cpe,l(H6H TeMne
paryphl raaa [HHTerpaJI (5)] npouanOAHhle no 
KOOp,l(BHaTe OrpaHH'IeHhl. CJie,l(OBaTeJILHO, 6ec
KOH6'IHhiH pHA (5) JIBJIHeTCJI panaoMepao CXOAR
~HMCJI PHAOM. 

lloaToMy pemeaue aa,l(a'IH MOiKeT 6h1Tb npeA
CTanJieao B BH,l(e HeCKOJibKHX lJJieHOB paaJIOiKeHHR 
Tr cp B PRJ\. 

a. 0AHH •wea PHAa paaJioiKeHHJI. 

l {2 

Trcp=y Tr I =~(T2p·J-T.), (56) 
-1/2 

T,=2Trcp-T2p· 

lloJiy'IHM cacreMy ypanaeaaii 

dT M cp = 2qvo V M • l + 2h (sin .1t ....!E._) N _ 
d't CM'YMV M :rtl l + 2h 

aF 
- --V- (TM cp- Tr cp), (3 a) 

CM'YM M 
dTr cp aF 
~=cv V (TMcp-Trcp)

P r cp r 
cPG 

----..-v (T,- T 2p), (4 a) 
Cp'Yrcp r 
T,=2Trcp-T2p· (6) 

6. ,[(na •meaa PHAa paaJiomeaaJI. 

3aa'leHHJI BeJIH'IHH / ( (}~ r) 
3

, 

'IHM ua ypanaeHHJI (2a) 

I (iJTr) noJiy
iJz 2p 

I (oTr) =aF (T -T )-cp'YraVr .:!!.!... 
iJz a cPG Ml a cpG d't ' 

l (oTr) = aF (T -T )- Cp'YrzVr. dT2 p 
\ iJz 2P CpG MZ 2P cpG d't ' 

1 1 [aF 
Trcp =z- (T2p + r.)-8 cpG (TM.-T.-

-T +T. )-cp'YraVr(dT1 _'Yzp.dT1p)J 
Ml 2p cpG d't 'Ya d't ' 

OTKy,l(a 

dT1 = 'Yzp dT2 p cpG ( T 2p+T1 ) 

d't v---a:r+BcvV Trcp- 2 + 
I p I I' 

+ ~~ (TM 1 - T 1 -TMz+ T 2p). Cp'Ya• r 

IloJiy'IHM cacTeMy ypanaeaaii 

dT M cp = 2q'CIOV M • l + 2h (sin .1t _!13_) N-
d't CM'YMVM :rtl l+2h 

aF 
-c-'Y V (TMcp-Trcp), (3a) 

M M M 
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z z• arr z3 a•rr 1+1. 2 

Trcp=yTr-2z'az+ru·ifi2-··· -112 • 

BTophle npoH3BO~Hhle no TeMnepaType ra3a 

pe~eJI.RIOTCH H3 ypaBHeHHH (2a) 

a•r r all (aT M arl' ') cr,yrSr a•r {' 
iJz2 = CpG az-·- 7iZ - ---c;c . az a-r . 

(5 r) 

on-

B CHJIY Toro, 'ITO <{>yHKIJ,HH Tr('r, z) HenpephlBHa, 

HMeeT BCeB03MOJI\Hhle 'IaCTHhle npOH3BO~Hhle (npH

'IeM see OHH TaKme HenpephlBHhl) H onpe~eJieHa 
B OTKphlTOH o6JiaCTH -l/2, +l/2, cnpaBe~JIHBO 
COOTHOIIIeHHe 

a•r r a•rr 
az a-r = a-raz. 

06o3Ha'IHM 

[(ar") + (arr) J _ r' . Tz 2P Tz 3 - rz ' 

[( arM\ +(arM) J = T~z, 
iJz ) 2p iJz a 

r~e BeJIH'IHHhl r;z, T~z Tenepb HBJIHIOTCH <I>YHKIJ,HH

MH oT t. IIocJie no~cTaHOBKH npe~eJioB HHrerpH

poBaHHH B ypaBHeHHe (5r) H HeCJIOJI\HhlX npe

o6paSOB3HHH noJiyqaeM 

1 1 [2a.F Tr cp= "2 (T2p + T 1)-p; cPG (TM 1 -T1)-

_2 CpYraVr. dTa_ r' l + _!_ [ aF (r' - r' )-
cpG d-r ~ 48 :cpG MZ rz 

B. 6. HECTEPEHKO et al. 

PE3YnbTATbl SnEKTPOHHOrO 
MOAEm1POBAHVtf\ YPABHEHVttl1 

HECTAU.VtOHAPHOrO TEnnOOoMEHA 

Ilpe~JIOJI\eHHaH Bhliiie MeTO~HKa n03BOJIHeT onH

C3Tb HecTaiJ,HOHapHhlii npou,ecc TenJioo6MeHa B 

annapaTe C pa3JIH'IHOH TO'IHOCTbiO B 33BHCHMOCTH 

OT B3HTOf0 'IHCJia 'IJieHOB pH~a pa3JIOJI\eHHH. 

BoJihiiiee 'IHCJio '!JieHoB pH~a npe~noJiaraeT H 

6oJiee TO'IHOe MaTeMaTH'IeCKOe OnHCaHHe npo

u,ecca, o;n;BaKo Mhl noJJy'IaeM cHcTeMy ~H<{><{>e
peHu,HaJibHhlX ypaBHeHHH BbiCOKOfO nopH~Ka, 
'ITO npHBO~HT K pe3KOMY yBeJIH'IeHHIO annapa

Typhl ~JIH MO~eJIHpOBaHHH. C IJ,eJibiO Bhl60pa 

OnTHMaJibHOfO 'IHCJia lJJieHOB pH~a pa3JIOJI\eBHH 

Ha aHaJIOfOBhlX BhllJHCJIHTeJibHbiX M3IIIHHaX THna 

MHB-1 6biJIO npose~eHo HCCJie~oBaHHe HecTa

IJ,HOHapHhlX npou,eccos TenJioo6MeHa B raao

oxJJam~aeMOM peaKTope npH pa3JIH'!HhlX BHeiiiHHX 

B03MyiiJ,eHHHX B CJiyqae O~HOfO, ~BYX H Tpex 

'IJieHoB pH~a paaJiomeHHH. HHHeTHKa peaKTopa 

npH aTOM OnHCbiBaJiaCb H3BeCTHhlMH ypaBHe

HH.fiMH 1 c yqeToM IIIecTH rpynn aanaa~hlBaiOIIJ,HX 
HeHTpOHOB 

dn tJK-~ ~ 
d-r= -t-.-n-..:..,. t..,C;, 

1 

dC; 'A, C t ~; "dT = - i i "fin, 

r~e n - nJIOTHOCTb HeHTpOHOB; 

!J.K - peaKTHBHOCTh; 

~;- AOJIH aanaa~biBaiOIIJ,HX HeiiTpoHoB l-OH 

rpynnhl B o6IIJ,eM 'IHCJie HeiiTpoHoB; 

A;- nocTOHHHaH pacna~a HCTO'IHHKa i-oii 

rpynnbl aanaa~hlBaiOIIJ,H:X HeiiTpoHoB; 

C;- KOHIJ,eHTpau,HH H~ep - H3Jiy'!aTeJieii 

aanaa~biBaiOIIJ,HX HeiiTpoHoB; 

l*- Cpe~Hee BpeMH ii\H3HH HeHTpOHOB. 
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,ll;JIH raaooxJiamp;aeMoro peaRTopa 6biJiu npu
HHTbl 31jlljleRTUBHOe BpeMH Jf\U3HU /* =10- 5 ce,;, 
II HyJieBOH TeMnepaTypHbiH R031jlljlu~ueHT RaR 
no TOnJIHBy, TaR U no aaMe/];JIUTeJIIO. 

IIponepRa npep;Jiomennoro MeTop;a BblnOJIHena 
.JJ;JIH raaooxJiamp;aeMoro peaRTopa aTOMHOii: anep
reTuqecRoii: ycTaHOBRU TenJIOBOH MOID;HOCTU 50M Bm 
c TBaJiaMu CTepmnenoro Tuna. TenJioHocuTeJih -
aaoT. CocTaB TB8JIOB - uo2 +BeO, aaMep;JIU
TeJib - BeO, noRpbiTHH TBaJioB - nepmaBeiOm;aH 
CTaJib. 

,ll;JIH raaooxJiarRp;aeMoro peai\Topa aToMaoii 
anepreTuqecRoii ycTaHOBRu N r =50 M em npoua
Bep;ena o~eHRa ToqaocTu npep;cTaBJieHuH aanu
cuMOCTU T r cp qepea BXO.JJ;HYIO u BhlXO.JJ;HYIO TeM
nepaTyphl U UX npOU3BO/];Hhle no ROOpp;uHaTe Z 
c noMOID;hiO paaJiuqaoro qucJia qJieHOB pHp;a 
paaJiomeHIIH Tr cp B CTa~uonapHOM u necTa~uo
napnoM cJiyqaHx. 
O~eHRY norpemnocTu yceqeanoro pHp;a p;ocTa

Toqao Toqao Momao npouaBecTu nepBhlM onym;en
HhlM qJieHOM 8TOro pHp;a. 

B cTa~uonapnoM cJiyqae ToqaocTD paaJiomenuH 
B pHp; aaBUCUMOCTU Tr cp qepea TeMnepaTyphl 
BXOp;a, BhlXOp;a U UX npou3BO/];Hhle MOJI\eT 6hlTb 
o~enena no HOMuHaJibHOMY pemuMy. l\aR noRa
aaJiu pacqeThl, B cTa~uonapnoM cJiyqae p;ocTa
ToqnyiO roqnoCTb o6ecneqnBaiOT p;na qJiena paa
JiomeHHH B pHJ;J; ( OIDH6Ra COCTaBJIHeT 1-3%). 

HecTa~uonapHhle pemuMhl raaooxJiamp;aeMoro 
peaRTopa NT =50 Mem uccJiep;oBaJiuCh na ana
noronhlx BhlqucJiuTeJihHhlX Mamunax Tuna MHB-1 
npu npep;cTaBJieHUU T r cp qepea TeMnepaTyphl 
BXO/];a U BhlXOp;a pa3JIUqHhlM qucJIOM qJieHOB pHp;a 
pa3JIOJI\eHUH U MeTO/];OM ROHeqHhlX pa3HOCTeii:. 

BhlqucJiuTeJibHaH Mamuna MHB-1 npep;cTaB
JIHeT ycTanoBRY 6noqaoro Tuna. Onepa~uoaahle 
yCuJIHTeJIH MaiDUHhl :HMeiOT aBTOMaTuqecRyiO CTa-
6:HJIU3a~:HIO HyJieBoro ypoBHH (RaHaJI MO.JJ;YJIH~UH
p;eMO.JJ;YJIH~UH) U COOTBeTCTBeHHO MaJihlH p;peii:ljl 
Ha BhlXOp;e (40-60 JKKB aa 10 JKUH). qaCTOTHaH 
xapaRTepUCTURa ycuJIHTeJIH B pemuMe UHBepTU
poBaHUH JIUHeHHa /];0 qacTOThl 1000 C3Zf. lJOCTOHH
Hhle ROaljlljlu~ueHThl aap;aiOTCH ROMneHca~IIOHHhlM 
cnoco6oM c norpemnocThiO 0,2%. CTaTIIqecRaH 
norpemnocTh perucTpiipyiOm;ero npu6opa cocTaB
JIHeT- 0,5%. 

Ha ABM MHB-1 p;JIH naaBaanoro raaooxnam
p;aeMoro peaRTopa paccMoTpeHhl paap;eJII>Hhle no 
Kamp;oMy napaMeTpy CRaqRoo6pa3Hhle II CIIHYCOU
p;aJibHhle B03Mym;eHIIH npii paanuqnoMqucJie qneaoB 
pHp;a paanomeHHH B ypaBHeHHHX HecTa~nonapnoii: 
Tennonepep;aqu peaRTopa c ~eJihiO onpep;eJieHuH 
rpanu~ npuMeHuMOCTII npep;nomennoro MeTop;a 
II neo6xop;uMoro qiicJia qJieaon pHp;a. Ilonyqen
Hhle peayJIDTaThl IIJIJIIOCTpupyiOTCH puc. 2-6. 

Ha piic. 2 noKaaano uaMenenue TeMrrepaTyphl 
raaa na BbiXop;e peaRTopa npu cRaqRoo6paanoM 
yMeHnmemm na 100° TeMrrepaTyphl raaa na 
Bxop;e. ,ll;Ba II Tpu qnena pHp;a paanomeauH p;aiOT 
npaRTuqecRU 0/];UHaROBhle 3HaqeHUH aa6poCOB 
TeMITepaTyphl raaa na Bhlxop;e peaRTopa. Op;un 
qJieH pHp;a pa3JIOJI\eHUH npu TaKOM Tillie B03My-

ID;eHuH IIpUBO/];IIT K IIHTURpaTHOMY npeBhlllleHIIIO 
aa6pocon TeMnepaTyphl raaa na Bhlxop;e peaRTopa. 

Ha puc. 3, 4 rrpep;cTaBJieao uaMenenue neii
Tponnoii MOID;HOCTII peaRTOpa U BhlXO/];HOH TeM
nepaTyphl raaa rrpu cRaqRoo6paanoM yMeHnmeHHII 
BecoBoro pacxop;a raaa qepea peaRTopp;oG=0,25G0 • 

3a6pochl TeMnepaTyphl raaa T3 aa Bhlxop;e pe
aRTopa npu p;Byx u Tpex qnenax pHp;a paano
menuH rrpaRTuqecRu connap;aiOT. ITpu op;noM 
qnene pHp;a paanomenuH Tr cp aa6poc TeMrrepaTyphl 
raaa na Bhlxop;e peaR Top a aaBhlmaeTCH B 1,4-
1,5 paaa. 

Ilpu c6poce cTepmneii aBapiiiinoii aam;11Thl 
(!!K =-0,015) U IIOCTOHHHhlX BeCOBOM pacxop;e 
raaa u TeMnepaType raaa na nxop;e B peaRTop 
RpHBhle nepexop;noro npo~ecca .JJ;JIH ncex nepe
MeHHhlX (n, T M cp• T 3• Trcp) xopomo connap;aiOT p;pyr 
c p;pyroM B cJiyqae op;noro, p;nyx u Tpex qJieHoB 
paaJiomeHUH Tr cp B pHp;. 

Puc. 5 IIJIJIIOCTpupyeT uaMenenue cpep;neii: 
TeMrrepaTyphl MeTaJIJia .JJ;JIH aToro cJiyqaH. IIpii 
B03MyiD;eHUHX 110 peaRTUBHOCTU B03MOJI\HO OIIU
caHIIe necTa~uonapaoro Terrnoo6Mena B peaRTope 
ypaBHeHueM c 0/];HUM qJieHOM paaJiomeHIIH Tr cp 

B pHp; qepea TeMnepaTyphl BXop;a U BhlXOp;a. 
IIocJie BhlHBJieHUH paap;eJibHOrO BJIIIHHUH B03-

Mym;eauii: !!G, !!T2P, !!K /];JIH o~eHRH ToqaoCTU 
npep;cTaBJieHUH ypaBHeHuii: HeCTa~uoaapHOH Ten
JIOOTp;aqy 0/];HUM, .JJ;BYMH UJIU TpeMH qJieHaMu 
paaJIOJI\eHuH B pHp; uayqeahl p;unaMuqecRIIe xa
paRTepucTuRu raaooxJiamp;aeMoro peaRTopa npii 
KOMIIJieRCe B03MyiD;eHIIH: 

1) rJiy6oROM H3MeHeHuH TeiiJIOBOH MOID;HOCTU 
peaRTopa (!!K =-0,005), 

2) cRaqRoo6paanoM yMeHnmeaull BecoBoro pac
xop;a raaa qepea peaRTop !!G=-0,75 G0 , 

3) nOCTOHHHOH, CRaqRoo6pa3HO yMeHblllaiOm;eii:cH 
na 100° HJiu yBeJiuquBaiOm;eii:cH na 50° TeMnepa
Type raaa na nxop;e B peaRTop. 

PeayJinTaThl Mop;eJiupoBaHuH noRaaaJiu, qTo 
npu TaRUX KOMnJiei\CHhlX B03MyiD;eHUHX npep;
CT,aBJieHue aaBuCuMOCTu Tr cp qepea T 2P u Ts 
op;nuM qJieHOM pHp;a paaJiomenuH p;aeT cym;ecT
Bennoe (B 1,5-2 paaa) aanhlmeaue aa6pocoB 
TeMnepaTyphl raaa na Bhlxop;e 11 aanumenue p;Jiu
TeJihHOCTu nepexop;noro rrpo~ecca no cpanneauiO 
C p;eHCTBUTeJibHhlMU 3HaqeHUHMU B 1,3-1,5 paaa. 

,ll;Ba qJieHa pHp;a paanomeHUH Tr cp qepea T2p 

H T3 u ux npouanop;ahle no Roopp;uaaTe z o6ec
nequnaiOT p;ocTaToqayiO ToqaocTh pemenuH rrpu 
necTa~uonapnhlx pemuMax B peaRTope (omu6Ra 
COCTaBJIHeT 3--4%). 

i::JTa me CIICTeMa IIpu Ha3BaHHOM ROMnJieRCe 
B03MyiD;eHUH 6hlJia pemeaa qucJieHHO MeTO/];OM 
Roneqnhlx paanocTeii:. PeayJihTaThl TaRoro pe
menuH HBJIHIOTCH RpUTepueM npaBUJibHOCTU MO
p;eJIUpOBaHUH ypaBHeHUH HeCTa~HOHapHoro Te
nJI006MeHa np11 paaJIIIqnoM qucne qJieHOB paaJio
menuH Tr cp B pHp;. llpu MeTop;e RoaeqnhlX paa
HOCTeii: TB8JI peaRTOpa no /];JIUHe paa6uBaeTCH Ha 
necROJihRo yqacTROB u B npep;enax Ramp;oro 
yqaCTRa npuHuMaeTCH JIIIHeHHhlH npOI}>UJib TeM
rrepaTyp. 
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PHc. 4. rpa<J>HK BbiXOAHOH T8Mneparypb1 ra3a npH H3M8H8-
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'lneHoa PliAa puno>KeHHll) 
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PHc. 6. rpa<J>HK BbiXOAHOii TeMneparypbl ra.Ja npH OAHoape
MeHHOM H3MeHeHHH pacxoAa H peaKTHBHOCTH (0 =0175 0 0 , 

AK =- 01005) (1, 2, 3- '!Hcno 'lneHoa pJIAa puno>KeHHA) 

qHCJIO yqaCTKOB, Ha KOTOpLie pa36HBaeTCH 
KaHan no )l;JIHHe, BLI6HpaeTCH H3 Tpe6yeMOH 
TO'IHOCTH pemeHHH (,n;Ba, 'leTLipe, meCTL ytl8CT
KOB). PeaynLTam Mo,n;enupoBaHHH noKaaanu, 'ITo 
paa,u;eneHHe TBana no ,li;JIHHe Ha 11empe yqacTKa 

B. 6. HECTEPEHKO et al. 

n: OTH.8A. 
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PHc. 5. rpa<J>HK Cp8AH8H T8Mneparypb1 Meranna npH c6poce 
crep>KH8H aaapHHHOH 3aU(HTbl (L\K=-0,015) (1, 2,3-

'IHCnO 'lneHoa PliAa pauo>KeHHll) 

o6ecne'IHBaeT ,li;OCT8TO'IHYIO TO'IHOCTL pemeHHH 
(norpemHOCTL He npeBLimaeT 1-3%). 

Ha puc. 6 HaHeceHLI TO'IKH KOHTpOJILHoro 
'IHCJieHHOrO pemeHHH MeTO)l;OM KOHe'IHLIX paa
HOCTeH, KOTOpLie Xopomo COBna,n;aroT C KpHBLIMH 
pemeHHH ,li;JIH ,li;BYX H Tpex 'IJieHOB pHp;a paa
JIOiKeHHH. 

3AKJH04EHJ..1E 
Paapa6oTaHHLIH MeTo,u; Mo,u;enupoBaHHH Ha aHa

noroBLIX BLI'IHCJIHTeJILHLIX MamuHax HecTa~uo

HapHLIX TennoBLIX npo~eccoB B raaooxnam,u;aeMLix 
peaKTopax yqHTLIBaeT pacnpe.n;eneHHOCTL napa
MeTpoB no .n;nuHe peaKTopa npe,n;cTaBneHHeM 
cpe,n;HeHBTerpaJILHoii TeMnepaTypw raaa qepea 
TeMnepaTypw raaa Ha Bxo.n;e H aa BLixo.n;e H ux 
npOH3BO)l;Hhle B BH)l;e HeCKOJILKHX 'IJieBOB pH,!1;8 
pa3JIOiKeBHH. 

Ilpe.n;nomeHHLIH MeTo,u; npoBepeH npu rny6oKHX 
pa3)l;eJILHhiX H KOMnJieKCHhiX B03MYII\eHHHX no 
pacxo,n;y raaa, TenJIOBOH MOID;HOCTH H TeMnepaType 
raaa Ha Bxo,u;e peaKTopa. )l;nH raaooxnam,u;aeMoro 
peaKTOpa 3HepreTH'IeCKOH YCT8HOBKH ,li;OCT8TO'I-
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uyro TO'IHOCTh pemeHHJI o6ecne'IHBaiOT ,IJ;Ba 'IJieHa 

pn,IJ;a paaJiomeHHJI (norpemHOCTh He npeBHmaer 

3-4%). 
llpoBe,IJ;eHo cpaBHeHHe c ApyrHM cnoco6oM 

MO,IJ;eJIHpOBaHHJI - MeTO,Il;OM KOHelJHbiX pa3HOCTeH, 

KOTOpbiH 6biJI KOHTpOJihHhiM, H UOKa3aHO, 'ITO 

npe,IJ;JIOil\eHHhiH MeTOA 3KOHOMHee, 'leM MeTOA 

KOHe'IHhiX pa3HOCTeH (peaK TOp OUHCbiBaeTCJI UJIThiO 

AHif!lf!epeH~HaJihHbiMH ypaBHeHHHMH npoTHB BOCh

MH UpH MeTO,IJ;e KOHe'IHbiX pa3HOCTeii). 

Paapa6oTaHHhiH MeTOA MO,IJ;eJIHpoBaHHJI ,IJ;HHa

MH'IeCKHX xapaKTepHCTHK peaKTOpa MOiReT 6biTh 

HCUOJih30BaH UpH H3y'leHHH XapaKTepHCTHK ycTa

HOBKH UpH nporpeBe, aanycKe, H3MeHeHHH MOIIl;

HOCTH H aBapHHHOM paCXOJiaiRHBaHHH. 

MeTOA MOil\eT 6biTh alfllfleKTHBHO HCUOJih30BaH 

npH H3Y1JeHHH ,Il;HHaMH'IeCKHX xapaKTepHCTHK pe-

reHepaTopa, XOJIO,IJ;HJihHHKa H ,ll;pyrHX TeUJI006-

MeHBHX annapaTOB aTOMHhiX 3HepreTH1JeCKHX yc

TaHOBOK. 
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A/719 Byelorussian SSR 

A method of simulating transient thermal 
processes in gas-cooled reactors using analogue 
computers 

By V. B. Nesterenko and V. M. Shadsky 

The analogue computers are used more often for 
the transient investigation with power change, heating, 
starting-up and reactor shut-down cooling. The use of 
these computers deteriorated as the transient heat 
transfer in reactor is described by partial differential 
equations. 

Digital computers permit partial equations to be 
solved. The difficulty of direct connections of these 
computers with the real control system elements as 
well as complicated and laborious programming and 
programme arrangement is a considerable obstacle 
to their application for engineering calculations. 

As the preparation of equation solutions is simple, 
it is not difficult to link the analogue computers 
with the real elements of control systems. 

However serial analogue computers (MN-7, EMU-8 
EMU-10, MN-8, MN-10, MN-14, MN-6) are designed 
to solve usual differential equations. Therefore the 
method for transformation of partial equations into 
ordinary non-linear differential equations is necessary. 

This paper offers an effective and simple trans
formation method of partial equations into ordinary 
differential ones which take into account parameter 
distributions along the reactor length by the presen
tation of the average-integral on the length gas 
temperature in terms of inlet and outlet temperatures 
and their derivatives in the form of a series. 

The method has been checked during vigorous 
discontinuous and sinusoidal disturbances both sepa
rate and simultaneous of the gas-flow-rate, reactor 
neutron flux and inlet gas temperature. 

Two terms of above series provide good accuracy of 
the solution (error is not more than 3-4 per cent). 

The method proposed is compared with finite 
difference method, taken as a reference one and it is 
shown that this method is more economic than the 
finite difference one (the reactor is described by five 
differential equations rather than by eight using the 
finite difference method). 

The method may be effectively used for the dynamic 
characteristic study of a reactor, refrigerator and other 
heat exchangers of nuclear power plants. 

This method may be used for the dynamic charac
teristic study of a gas-cooled reactor with energy 
change, heating-up, starting-up and reactor shut-down 
cooling. 

A/719 RSS de Bielorussie 

Methode de simulation au moyen de calcul
ateurs analogiques des processus thermiques 
transitoires dans les reacteurs de puissance 
refroidis par un gaz 

par V. B. Nesterenko et V. M. Shadsky 

Pour etudier les processus transitoires d'echange 
de chaleur lors d'une modification de la puissance et 
pendant le chauffage, la mise en marche et le refroid
issement du a l'arret d'urgence du reacteur, on utilise 
de plus en plus frequemment des calculateurs electron
iques analogiques. L'emploi de ces machines est rendu 
difficile par le fait que l'echange de chaleur non 
stationnaire dans un reacteur s'exprime par des 
equations differentielles aux derivees partielles. 

Les calculateurs electroniques numeriques per
mettent de resoudre les equations aux derivees 
partielles. Ce qui emp&he avant tout de les employer 
pour des calculs techniques c'est la difficulte d'etablir 
une liaison directe entre ces appareils et Ies dispositifs 
de reglage ainsi que la complexite de !'elaboration et 
de la mise au point des programmes. 

Etant donne la simplicite du traitement que doivent 
subir les equations en vue de leur solution, il n'est 
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guere difficile d'etablir une liaison entre les calcula
teurs analogiques a fonctionnement continu et les 
elements des systemes de reglage. Toutefois, les cal
culateurs analogiques de serie (MN-7, EMU-8, 
EMU-10, MN-8, MN-10, MN-14 et MN-6) sont 
con<;us pour resoudre les equations differentielles 
ordinaires. C'est pourquoi il faut une methode 
permettant de transformer les equations aux derivees 
partielles en equations differentielles non lineaires 
ordinaires. 

Le memoire propose a cet effet une methode simple 
et efficace qui tient compte de Ia repartition des 
parametres le long du reacteur, en utilisant Ia moyenne
integrale de la temperature du gaz sur 1a longueur du 
reacteur representee en fonction des temperatures 
d'entree et de sortie du gaz et de leurs derivees sous 
forme de series. 

La methode a ete verifiee lors de fortes perturbations 
discontinues et sinusoi:dales, separees ou simultanees, 
du debit de gaz, de l'energie du flux neutronique du 
reacteur et de Ia temperature d'entree du gaz. Deux 
termes de Ia serie en question permettent d'obtenir une 
solution assez precise (l'erreur ne depasse 3 a 4 %). 

La methode proposee a ete comparee a la methode 
des differences finies utilisee comme methode de 
controle; elle est plus economique que cette derniere 
(le reacteur est decrit par cinq equations differentielles, 
alors qu'en appliquant Ia methode des differences 
finies, il en faudrait huit). 

On peut appliquer cette methode avec succes a 
!'etude des caracteristiques dynamiques d'un reacteur, 
d'un refroidisseur et des divers appareils d'echange 
thermique employes dans les centrales nucleaires, 
ainsi qu'a !'etude des caracteristiques dynamiques 
d'un reacteur refroidi par un gaz, lors d'une modi
fication de la puissance et pendant le chauffage, la 
mise en marche et le refroidissement dii a un arret 
d'urgence du reacteur. 
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Metodo para el estudio en calculadoras ana16-
gicas del efecto de los procesos termicos 
transitorios en los reactores de potencia con 
refrigerante gaseoso 

por V. B. Nesterenko y V. M. Shadsky 

Para el estudio de los procesos transitorios de inter
cambia de calor, durante las variaciones de potencia, 
el calentamiento la puesta en marcha y la extraccion 
del calor residual en caso de parada de urgencia del 
reactor se utilizan cada vez mas las calculadoras analo-

B. 6. HECTEPEHKO et al. 

gicas electr6nicas. El empleo de estasmaquinas tropieza 
con la dificultad de que el proceso transitorio de 
intercambio de calor en un reactor se expresa por 
ecuaciones diferenciales en derivadas parciales. 

Las calculadoras electronicas digitales permiten 
resolver las ecuaciones en derivadas parciales. La 
principal dificultad para el empleo de estas maquinas 
en los calculos de ingenieria, aparte el complejo y 
laborioso proceso de programacion y depuracion del 
programa, es la dificultad de acoplarlas directamente 
con los elementos reales de los sistemas de regulacion. 

Por la sencillez de Ia preparacion de las ecuaciones 
para su resolucion, las calculadoras analogicas de 
functionamiento continu se acoplan facilmente con 
los elementos reales o con los sistemas de regulacion. 
Sin embargo, las calculadoras analogicas de serie 
(MN-7, EMU-8, EMU-10, MN-8, MN-10, MN-14 y 
MN-6) estan proyectadas para la resolucion de 
ecuaciones diferenciales ordinarias. Por consiguiente, 
es necesario un metodo de transformaci6n de las 
ecuaciones en derivadas parciales en ecuaciones 
diferenciales no lineales ordinarias. 

En la memoria se propone un metodo eficaz y 
sencillo para la transformacion de las ecuaciones en 
derivadas parciales en ecuaciones diferenciales ordin
arias, que tien en cuenta la distribucion de los 
parametres a lo largo del reactor, utilizando Ia media 
integral de la temperatura del gas en function de las 
temperaturas de entrada y salida del gas y sus 
derivadas desarrolladas en serie. 

Se ha comprobado el metodo en el case de pertur
baciones intensas, separadas o simultaneas, dis
continuas y sinusoidales, del caudal de gas, de Ia 
densidad neutronica en el reactor y de Ia temperatura 
del gas a la entrada. Con dos terminos de la serie 
indicada se obtiene una solucion con bastante pre
cision (el error no pasa del 3-4 %). 

Se ha comparado el metodo propuesto con el 
metodo de las diferencias finitas utilizado como 
parton, y se has visto que es mas economico que 
este ( el reactor esta determinado por 5 ecuaciones 
diferenciales frente a 8 en el metodo de diferencias 
finitas). 

Se puede utilizar el metodo eficazmente para el 
estudio de las caracteristicas dinamicas de un reactor, 
de un refrigerante y de otros sistemas de intercambio 
de calor de las centrales nucleoetectricas, asi como 
para estudiar las caracteristicas dinamicas de un 
reactor de refrigerante gaseoso, correspondientes a las 
variaciones de potencia, el calentamiento, la puesta en 
marcha y Ia extraccion del calor residual del reactor 
en caso de parada de urgencia. 



P/16 Canada 

Thermal and irradiation performance of experimental 
fuels operating in steam-water mixtures 

By A. D. Lane and J. G. Collier* 

Reactors moderated by heavy water and fuelled 
with natural uranium have been developed in Canada 
to the stage where they offer excellent prospects for 
economic power generation. Pressurized heavy water 
is used to cool the fuel in the 20 MW(e) NPD** 
station [1] which has been in operation over two years 
and the 200 MW(e) Douglas Point Station CANDU 
[2] where construction is now nearing completion. 
Organic liquids and evaporating light water are 
alternative coolants that may have economic and 
technical advantages for future reactors [3]. 

Various reactor concepts using evaporating light 
water as the coolant have been considered [3]. The 
main advantages of light-water cooling are: 

(a) Steam generated in the reactor core can be used 
directly as the working fluid in a turbine. This results 
in higher thermodynamic efficiencies and in the 
elimination of the heat exchangers between the 
primary and secondary circuits; 

(b) Light water is a common, inexpensive material 
with a long and satisfactory record as a power reactor 
coolant. A great wealth of experience in the mechani
cal, chemical and metallurgical fields is available 
through previous work for conventional and nuclear 
power plants. 

However, neutron economy dictates a minimum 
hold-up of light water in the core. For this reason, 
studies have been carried out on a steam/water 
mixture in which the water is dispersed as a fog [4]. 
This program has included optimization studies and 
mechanical design, as well as in- and out-reactor 
experimentation. 

More recently, this work has been extended to 
cover the system where light water is introduced into 
the fuel channel as a liquid and evaporated to a high 
steam quality.*** Future development of the light
water fog and boiling designs is seen in the once
through system in which the water is almost totally 
evaporated in the fuel channel. In this manner the 
amount of circulating water would be significantly 
reduced with a comparable cost reduction. 

* Chalk River Nuclear Laboratories, Atomic Energy of 
Canada Limited. 

**Nuclear Power Demonstration. 
***"Quality" is a measure of the steam content of the flow 

and is defined as the ratio of the mass of vapour flowing past 
a given point to the total mass flow. 
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THERMO-HYDRAULIC CONDITIONS 
FOR STEAM/WATER FLOW 

A convenient diagram for depicting most of the 
possible thermohydraulic regimes in upward vertical 
flow is reproduced as Fig. 1. This shows a single tube 
fed with sub-cooled water and producing superheated 
steam. The walls are subjected to a constant heat flux, 
so that the mixture quality increases linearly with 
length. The change from bubble or froth flow to the 
annular and liquid-dispersed flow regions via slug and 
churn flow is essentially a phase inversion. In the 
liquid dispersed region, heat transfer can occur both 
by evaporation of the superheated liquid film from its 
free surface and by nucleation in the film itself. 

The change from the liquid dispersed region to the 
liquid deficient region (dry-out) is considered to be 
the point of complete evaporation of the protective 
water film which takes place at qualities well below 
100% at high heat fluxes. This transition is accom
panied by a sharp decrease in the local heat transfer 
coefficient and an appreciable rise in the wall tem
perature. It should be noted, however, that the con
sequences of the dry-out transition at moderate and 
high qualities, differ substantially from those accom
panying DNB* (or burn-out) in a low quality boiling 
system where steam blanketing usually results in the 
melting or rupture of the heating surface. As we shall 
see later, the dry-out condition does not necessarily 
lead to catastrophic failure of the heating surface. This 
fact is of considerable importance since the heat flux 
at which dry-out occurs decreases sharply with 
increasing quality [5]. To obtain an economic reactor 
system, it is necessary to operate the fuel element as 
close to the dry-out point as practicable. Inadvertent 
excursions into the liquid deficient regime beyond the 
dry-out point might be tolerated under transient or 
accident conditions, if it could be established that such 
excursions did not reduce the life of the fuel element. 

The present work is restricted to the liquid dispersed 
flow (fog) and the liquid deficient regions. A steam/ 
water mixture of the desired proportions is formed at 
the test channel inlet by spraying water into slightly 
superheated steam. The distribution of steam and 
water in the channel when formed in this manner 

* DNB Departure from nucleate boiling. 
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Figure I. Thermo-hydraulic regimes in vertical upward flow 

differs from that obtained by the evaporation of 
sub-cooled water. 

The qualitative picture presented in Fig. 1 is in the 
main valid for more complex flow channel geometries 
although the quantitative relationship between the 
major variables may differ markedly from those for a 
heated tubular conduit. For example, in the present 
experiments with an internally heated annulus, the 
presence of a thick parasitic water fil_m on the un
heated outer wall of the channel considerably reduces 
the steam quality at dry-out. 

Program 
This work is aimed at establishing the feasibility of 

fog and once-through reactors from the view point of 
the fuel coolant combination. Feasibility problems 
exist in three main areas. 

Thermodynamics and hydrodynamics 
Satisfactory fuel channel designs must be developed 

to attain the high heat fluxes required for an economic 
system. This requires the study of heat transfer and 
hydrodynamics under conditions and in geometries 
that are outside the range of present experience. 

Sheathing materials 
Zircaloy-2 and other zirconium-base alloys are 

being used successfully as sheathing materials in 
pressurized-water reactors, and zirconium-base alloys 
have been assumed in conceptual designs of fog and 
once-through reactors. However, the economic advan
tages of these would be lost should these alloys prove 
unsuitable. Experiments were directed to their oxida
tion and hydriding behaviour in fog coolant and under 
liquid deficient conditions at various temperatures. 

Coolant chemistry 
Satisfactory methods for the chemical control of 

oxygen production and of crud* deposition are 
required. In the Canadian pressurized-water reactors, 
crud deposition is minimized by adding lithium 
hydroxide to maintain the coolant in an alkaline 
condition (pH 10). However, lithium hydroxide is 
non-volatile, and since its deposition could enhance 
fuel sheath corrosion [6], it has been replaced in two 
phase systems by ammonia. Coolant chemistry and 
crud deposition were thus studied in the irradiations 
as a function of ammonia additions. 

Experimental facilities 
The experiments were carried out in two almost 

identical high-pressure steam-water loops [7, 8]. The 
operation of both loops is quite flexible and a variety 
of cooling modes, covering pressurized water, boiling 
water, fog and superheated steam is possible. 

In-reactor loop (X4) 
The test section of the in-reactor loop is located in 

the NRX reactor. A schematic flow diagram is shown 
as Fig. 2. The steam and water flows are individually 
metered before entering the mixer where the water is 
injected into the steam through small orifices. The 
high quality fog leaving the test section passes to a 
separator, and the separated steam and water flows 
are measured. Chemical control is maintained by a 
purification system, using a by-pass flow from the 
boiler to the pump inlet. 

Out-reactor loop (FLARE) 
Electrically heated elements are used in this loop to 

simulate the fuel to be tested in X4. Electrical heaters 
of the same dimensions and heating capacity as the 
fuel elements were fabricated by a commercial 
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Figure 2. X4 steam and fog loop: simplified flow sheet 

• Insoluble compounds (principally iron oxides) which deposit 
on heat-transfer surfaces. 
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manufacturer* and instrumented with thermocouples. 
[7]. 

Thermo-hydrodynamic experiments 

A study has been made-mostly in FLARE-of the 
effects of detailed geometrical changes of the test 
element upon the dry-out heat flux. This study has 
included: 

(a) the effect of varying heated length (25, 50, 75 
and 100 em); 

(b) the effect of an upstream unheated section or 
fairing of varying length (0-100 em) attached to the 
heater element; 

(c) the effect of small axial gaps (0-0.65 em) and 
radial misalignments (0-0.1 em) between elements; 

(d) the effect of two heated lengths (50 em) separa
ted by unheated sections and gaps (up to 4.0 em). 

The consequences of operation in the liquid deficient 
regime have been studied and methods for predicting 
the surface temperature in this regime examined. All 
experiments have been carried out at 70 kgfjcm2, the 
operating pressure chosen for current reactor design 
studies. 

Upstream fairing 
As an example of this work, the study of the effect 

of an upstream unheated section has been chosen. The 
test-channel arrangement is shown in Fig. 3. The dry
out heat flux for a heated length (LH) of 50 em and an 
exit quality of 50 wt% steam is shown in Fig. 4 as a 
function of the upstream fairing length (L1). The effect 
of this variable is considerable; the dry-out heat flux 
increases approximately 2.4 times as the fairing length 
is increased from zero to 100 em. 

-,-
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DtAMETER = 15.2 mm 

UNHEATED FAIRING 
CMAMETER 1!5.2 mm 

t-
_280 cm /12.5 mm 

ltr-••m 
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Figure 3. Test section 

• Canadian Chromalox Ltd., Toronto. 
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Figure 4. The effect of unheated length on the dry-out heat flux 

Analytical model 

A simple analytical model has been used to interpret 
these results and those from other parts of the program. 
In this example it is postulated that a liquid film is 
formed on the unheated fairing which is transferred 
to the heated section by shear forces and is then 
removed by evaporation and entrainment over the 
heated length. This model has been used to predict 
dry-out heat flux curves for the fuel strings used in the 
irradiation program. The full black lines on Fig. 4 
show the prediction of the model in this particular 
example. 

Surface temperatures 

A number of tests have been carried out to examine 
the behaviour of the surface temperature below, at, 
and above the dry-out point. Figure 5 shows the 
surface temperature as a function of time during a 
dry-out experiment. At the start the test element 
power, and heat flux, is being increased until indica
tions of dry-out are noted (incipient dry-out). The 
power is then adjusted to allow a small temperature 
oscillation ("-'5 oq and a set of readings _is taken. 
At the end of this period a slight increase in the test 
element power ("-'2 %) resulted in a sharp increase in 
surface temperature ("-'100 °C) i.e., the dry-out 
point. Continued operation here gave very large 
temperature oscillations, despite no recorded changes 
in the steady-state value of the heat flux, quality or 
flow. It would appear that there is an alternate 
wetting and drying out of the surface. A further 
increase in power ("-'7 %) gives a further rise in surface 
temperature (up to 512 °C). However, in this case 
there are no oscillations and the surface now appears 
to be dry. The temperature at this point lies mid-way 
between the estimates based on other workers' 
results [9, 10]. All the characteristics described above 
can be seen in the records of the in-reactor dry-out 
and liquid deficient experiments. 

Irradiation experiments 
Five irradiation experiments were undertaken. The 

main purpose of each was to obtain information on a 
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Figure 5. Typical sheath-temperature plot obtained from FLARE in dry-out test 

specific aspect of the work. However each irradiation 
also provided some data in most areas of interest. 

For each irradiation, fuel elements were assembled 
into strings similar to that shown in Fig. 8, but not 
necessarily with the same number or arrangement of 

STAINLESS- STEEL SHEATHED 
THERMOCOUPLE (I mm DIA SWAGED 

T003mmxQ7mmAT TIP) 

STAINLESS· STEEL SHEET 
FORMED TO Fl T OVER 
THERMOCOUPLE SPOT 
WELDED AND BRAZED 
TO SHEATH. 

SECTION A·A 

ALL EDGES ARE TAPERED TO 
GIVE A MINIMUM FLOW DISTURBANCE 

GAP FILLED WITH BRAZE MATERIAL 
FOR GOOD THERMAL CONDUCTIVITY 

STAINLESS-STEEL SHEATH 

Figure 6. Attachment of sheath thermocouple (developed by 
Canadian General Electric Company Limited) 

elements. An unheated fairing was included at the 
bottom of each string to establish a water film and 
enhance the dry-out heat flux of the assembly. The 
elements were attached to one another by two types of 
connector: one provided a smooth undisturbed surface 
from one element to the next, while the other provided 
an abrupt discontinuity to shed the water film. 
(Shedding the water film lowers the dry-out heat flux 
and thus promotes dry-out on downstream elements.) 
A number of the strings irradiated in this program 
contained special fuel elements with two thermo
couples attached to their stainless steel sheaths. The 
thermocouples were mounted between the outside of 
the fuel element sheath and a piece of thin stainless 
steel sheet which was brazed and welded to the element 
(Fig. 6). These instrumented elements were used to 
indicate incipient dry-out and to measure the sheath 
temperatures attained in the liquid deficient region. 
The response of these thermocouple assemblies at 
dry-out was very similar to that shown in Fig. 5. 

The following fuel irradiations have been undertaken 
in this part of the program, and some of the pertinent 
results from them have been summarized in Table 1 : 

(a) The first, designated as 421, was intended 
primarily to commission the loop and develop 
techniques for the remainder of the irradiation 
program [11]; 

(b) The second irradiation (422) was undertaken 



Table I. Summary of irradiations 

Specimens Irradiation conditions in fog 

Rating Temperature 

Exp't Identification Material Time NH3 
h JAdO• Q/A Nominal Peak mg/kg 

W/cm W/cm" oc oc 

421 EPE Zircaloy-2 385 36 100 295 NjR• 0.1 to 20 

EPP Zr-2!%Nb 1570 34 95 295 295 Varied 

422 III b EPM Top Zircaloy-2 1570 31 85 295 295 between 

EPM Bottom Zircaloy-2 1570 18 50 290 290 0 and 10 

FZATop 
. 

Zircaloy-2 770 21 58 380 ~400 

FZA Bottom Zircaloy-2 770 22 62 290 290 

423 FZB Top Zircaloy-2 770 20 55 290 290 3-5 
FZB Bottom Zircaloy-2 770 13 35 290 290 

FZM Zr-2!%Nb 770 23 63 290 290 

FZHTop Zircaloy-2 35! c 32 88 ~600 ~700 

FZH Bottom Zircaloy-2 35! 32 88 295 295 

424 I FZL Zr-2!%Nb 35! 30 84 295 295 3-5 

FZJ Top Zircaloy-2 35! 29 80 295 290 
FZJ Bottom Zircaloy-2 35! 19 53 290 290 

FZDTop Zircaloy-2 51! d 25 70 --430 <700 
FZD Bottom Zircaloy-2 51! 25 70 295 295 

424 II FZE Top Zircaloy-2 51! 22 62 295 295 3-5 
FZE Bottom Zircaloy-2 51! 15 42 290 290 

FZN Zr-2!%Nb 51! 16 45 290 290 

424 III FZF Top Zircaloy-2 110 25 68 460 ~sso 3-5 
FZF Bottom Zircaloy-2 110 24 66 295 295 

• JA.dO is a convenient measure of the heat rating of U02 • For further details see reference [14]. 
b Phases I and II failed prematurely and their failures have no bearing on the data presented. 
' Defected after irradiation of 34 hours in fog. 

Results 

Steam 
Crud deposition 

Oxide 
quality 

Net hydrogen thickness 
wt% pgFe/cm2 mg/kg pin pm 

20-30 200 1.2 Uniform 20 

25-27 40 0.25 Nil 1-2 

23-25 160 1.0 ~20 1-6 with pits 
18-20 140 0.9 Nil N/R 

59 (dry) 4 0.02 >200 <1-50 with pits 
~56 5 O.Q3 ~so <1-17 with pits 

~ss 6 0.04 N/R N/R 
~52 4 0.02 N/R N/R 

~so 6 0.04 N/R N/R 

41 (dry) N/R N/R 500-6000 10-370 with pits 
36 19 0.12 <10 <1-7 with pits 

35 15 0.95 <10 None visible 

34 3 0,02 <10 N/R 
30 18 0.11 N/R N/R 

41 (dry) N/R N/R 1000--4000 <1-100 with pits 
36 4 0.02 <500 < 1-40 with pits 

36 2 0.01 <10 N/R 
33 3 0.02 N/R N/R 

32 4 0.02 N/R N/R 

58 (dry) 4 0.02 100--400 <1-40 with pits 
54 5 O.Q3 Nil None visible 

4 Defected after irradiation of 48! hours in fog. 
• NjR = Not recorded. 
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Figure 7. (a, b) 423 FSA and 424 Ill FZF, irradiated in dry-out; (c, d) Opposite sides ot 424 II FZD, 
showing effect of thermal distortion 

For details of irradiations see Table 1, but note heavy white corrosion in (c) and its absence in (d); 
it is estimated that the side shown in (c) approached 700 oc while that in (d) ran at ~430 oc 

principally to provide corrosion and hydriding data 
for fuel clad in Zircaloy-2 and Zr-2t %Nb; 

(c) The third irradiation (423) provided corrosion 
and hydriding data for Zircaloy-2 when operating in 
the liquid deficient region at temperatures up to 
,..._,400 °C. The conditions of this test were those that 
would be expected near the outlet end of a coolant 
channel in a fog or once-through reactor if an inad
vertent dry-out occurred at that location.* The liquid 
deficient condition was detected during this experiment 
by sheath thermocouples, and dry-out was encouraged 
by the use of discontinuous couplings in the fuel 
string (cf. Fig. 8). Figure 7(a) is a post irradiation 
photograph of an element which operated in the 
liquid deficient region; 

(d) The fourth and fifth irradiations (424 Phases I 
and Ill) provided corrosion and hydriding data for 
Zircaloy-2 when operating in the liquid deficient region 
at temperatures up to ,..._,700 °C and ,..._,550 °C respec
tively. These conditions were representative of the 
conditions near the centre of a fog-cooled or once
through reactor coolant channel. The expected 
temperature in the first of these two irradiations was 

* This IS the most probable location for a dry-out in either 
of these reactor types. 

so high that it was considered a time-to-failure experi
ment.* 

The fuel string used in 424 Phase I is shown in Fig. 8 
along with the anticipated operating conditions. 
From this figure it is evident that elements 1, 2 and 3 
should have been operating in a liquid deficient 
condition; however, examination of these elements 
after irradiation indicated that element 3 and the 
bottom portion of element 2 were probably wet during 
most of the irradiation. Similar effects were also 
observed in 423 and 424 Phase III. This phenomenon 
is not completely understood, nor is it accounted for 
by the analytical model. Figure 7(b) shows an element 
that operated dry in the fifth irradiation. 

In addition to the stated primary objectives of the 
various irradiations, a large amount of ancilliary 
information was also obtained. 

(a) Two premature fuel failures (422 Phase II and 
424 Phase II) appear to have been caused by a thermal 
distortion mechanism brought on by partial dry-out. 
In both cases large temperature differentials (up to 
300 °C) were measured by thermocouples located 
at the same elevation but on opposite sides of an 

* It is desirable to know the time-to-failure of fuel at various 
locations in a reactor channel under continuous dry-out 
conditions. 
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Figure 8. Fuel string and operating conditions for the time-to-failure irradiation (4241) 
Except for FZS, all elements are clad in zirconium base alloys 

instrumented fuel element, and both followed the 
sequence of events depicted in Fig. 9. It is believed that 
the large temperature differential caused by a dry-out 
at high heat flux on only one side of an element 
induced a thermal bow. This bow reduced the steam 
phase velocity over the hot side of the element causing 
its temperature to rise even further. Figure 7(c, d) 
shows the effects of such a bow where it is estimated 
that the sheath temperature approached 700 °C. 

(b) None of the fuel elements failed catastrophically, 
and all were removed intact. In general, the signals 
from the fuel defects were similar to those observed 
with small defects in pressurized water. However, no 
fuel was operated for more than ,. ...... .J h in a defected 
condition. 

/

INCREASE IN POWER OR QUALITY 
RESULTING IN DRYOUT ON ONE SIDE ONLY 

FURTHER INCREASE IN POWER OR 
I ~y TO PRODUCE UNIFORM DRYOUT 

TEMPERATURE INCREASE 
DUE TO DISTORTION 

TEMPERATURE DECREASE 
DUE 10 STRAIGHTENING 

I 
I 
I 

-;-NITIA~HERM~ _j.~--
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A DISTORTION GRADIENT RESULTING IN _j "' i STRAIGHTENING 

:A:: ____ =-=-=-=t-------
1 . 

I A AND B REPRESENT THE READINGS FROM 
I DIAMETRICALLY OPPOSED THERMOCOUPLES 

TIME-

8, • SHEATH TEMPERATURE WITH FOG COOLING 

82 • ANTICIPATED SHEATH TEMPERATURE IN THE 
LIQUID- DEFICIENT REGIME 

Figure 9. Thermal distortion mechanism 

(c) The elements which operated for appreciable 
periods with normal fog cooling (EPE, EPM and EPP 
in Table 1) exhibited the anticipated metal wastage 
by corrosion. The hydrogen pick-up in the two 
Zircaloy-2 clad elements is approximately that 
anticipated, while that in the Zr-2! %Nb clad element 
is less than expected. Small surface pits were noticed on 
a number of Zircaloy-2 clad elements. Although this 
pitting is unusual, similar pits were also observed on 
some unheated corrosion specimens irradiated with 
the fuel strings [12]. 

(d) Elements subjected to extended dry-out at high 
temperatures showed great variations in metal wastage 
and hydrogen content. These variations were evident 
along the length of the sheaths as well as around the 
circumference, and may well be associated with the 
thermal distortion mechanism described above. 

(e) It was found that the addition of ammonia 
reduced the radiolytic oxygen content (at 10 mg 
NH3/Kg of coolant, oxygen was <0.005 cm3fkg of 
steam) [13]. Also the steady-state nitrate concentration 
became less as the ammonia concentration was 
increased. The coolant chemistry aspects of these 
irradiations are discussed more fully in another paper 
[13]. 

DISCUSSION 

The out-reactor heat transfer experiments and the 
analytical model developed to interpret these measure
ments have clearly demonstrated the importance of the 
thin water film over the heating surface in fog cooling. 
Any point on the heated surface may receive liquid by 
two processes. Firstly, liquid is transported to the 
surface by turbulent diffusion of water droplets 
dispersed in the steam phase. Secondly, water is 
carried to the point by the flow of the surface film. In 
many of these experiments the major contribution 
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was by the second of the two mechanisms. This 
observation has considerable practical significance in 
the design of fuel assemblies for power reactors. 
Clearly, any impedance or disruption of the water 
film caused by structural members of the assembly 
will sharply reduce the dry-out heat flux. An example 
of this point is the performance of the different typ~s 
of connector used in the irradiations. In future expen
ments efforts will be made to increase the contribution 
made 'by the first process, that of turbulent diffusion 
of water droplets. 

The combination of the effects of obstructions and 
of thermal distortion presents a design problem if 
bundle-type fuel assemblies* are to be used with fog 
coolant. An attempt must be made to keep such 
bundles free from discontinuities over the entire 
length of the fuel channel. The coolant conditions or 
heat flux must be adjusted to compensate for any 
unavoidable obstructions. 

The program presented here has used only strings 
of single elements both for simplicity and because 
of an interest in using similar elements in a bundle
type assembly with fog coolant. However, future 
parts of the program will investigate other types of 
assembly. 

'd f . ** It was anticipated that the Le1 en rost pomt 
might have a marked effect on the deposition_ of crud. 
At sheath temperatures in excess of the Le1denfrost 
point the fuel sheath would not be wetted by impinging 
water droplets and it was felt that solids would not be 
deposited. So far, unfortunately, insufficient data have 
been collected to definitely establish this. 

It has been postulated that a time-to-failure can be 
estimated for Zircaloy-clad fuel irradiated contin
uously in the liquid deficient state. Such an estimate 
would simply be the time required to corrode through 
a major part of the sheath thickness as predicted from 
known corrosion rates, estimated surface temperatures, 
and an allowance for the insulation properties of the 
corrosion-product film. This model predicts a rapidly 
increasing rate of sheath penetration with time (as the 
thickness of the corrosion-product layer increases). It 
was hoped that the dry-out irradiations would 
substantiate or refute this model. For example, if there 
were appreciable erosion of the corrosion-product 
film, the rate of sheath penetration would not increase 
as rapidly as predicted by the model. Unfortunately, 
local surface temperatures were not known to sufficient 
accuracy during the fourth and fifth irradiations 
( 424 I and II) to be able to substantiate the model via 
measurements of the corrosion-product film thick
nesses as the corrosion rate of Zircaloy-2 changes very 
rapid!~ with temperature between 600 and 700 oc. 
However the relative thickness of the oxide and 
parent metal in these elements indicated that there 
had been no appreciable erosion of the oxide film. 

*A bundle of single elements (in general 19 ele~<:nts). 
**The Leidenfrost point represents the conditiOns above 

which entrained droplets of water impinging on a dry surface 
will not wet that surface (approximately 500 oc at 70 kgf/cm2) 

[11]. 

CONCLUSIONS 

These conclusions are drawn from the experimental 
programs: 

(a) Out-reactor heat transfer experiments show the 
importance of the surface liquid film in fog cooling. A 
simple analytical model developed to interpret and 
correlate these measurements [7] was equally success
ful when applied to the results of in-reactor dry-out 
experiments. [11]. 

(b) Experiments in the liquid deficient region, where 
the dry-out heat flux has been exceeded, have been 
carried out both in- and out-reactor. The behaviour of 
the surface temperature and the peak values reached 
are generally in agreement with the findings of the 
workers at CISE [10]. 

(c) The program has demonstrated that thermo
couples attached to the outside of a fuel element 
sheath can be effective in detecting incipient dry-out. 

(d) Corrosion and hydrogen pick-up rates in both 
Zircaloy-2 and Zr-2~ %Nb fuel sheaths are acceptably 
low when cooled by fog at the conditions of interest 
for fog cooled or once-through reactors for periods up 
to 1 600 h, provided the sheath surface remains wet. 
The pits observed in Zircaloy-2 require further 
investigation. 

(e) There can be severe problems due to thermal 
distortion in slender fuel assemblies when subjected 
to nonuniform dry-out conditions. It is also noted that 
this distortion mechanism will be of particular import
ance in the design of bundle type fuel assemblies. 

(f) Oxygen production by radiolytic decomposition 
of the coolant can be reduced to a very low level by 
adding 10 ppm NH3 to the fog. 

(g) The crud deposition on fuel surfaces cooled by 
fog with ammonia additions is only slightly greater 
than from lithiated water at pH 10 [13]. Crud deposi
tion does not appear to be a cause of fuel failures in 
dry-out. 

(h) The time-to-failure of Zircaloy-2 clad fuel under 
high temperature dry-out conditions, simulating those 
at the centre of a fog-cooled once-through reactor 
channel, is approximately 30 h. Fuel operating at 
conditions approximating those at the outlet of such a 
channel was not defected in 700 h of operation in the 
liquid-deficient region. The mode of failure in dry-out 
is not catastrophic but gradual, even under very severe 
conditions. 
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ABSTRACT -RESUME-AHHOTAUltl.R-RESUMEN 

A/16 Canada 

Comportement a Ia chaleur et sous irradiation 
de combustibles experimentaux dans des mel
anges vapeur-eau utilises com me caloporteurs 

par A. D. Lane et J. G. Collier 

Le melange vapeur-eau (brouillard) est capable de 
transporter de gran des quantites de chaleur; de plus, 
il n'exige pas une puissance de pompage excessive et 
n'introduit pas de grandes quantites de matiere ab
sorbante de neutrons a l'interieur du creur du re
acteur. Avant d'employer le brouillard dans les 
reacteurs de puissance, il faudra continuer les re
cherches pour obtenir plus de renseignements portant 
sur: a) les proprietes thermiques et hydrodynamiques 
des systemes a brouillard; b) les materiaux de 
gainage du combustible utilisables avec le brouillard; 
c) Ia chimie des systemes a brouillard pour diminuer 
la corrosion et les depots. 

On a employe des cartouches chauffees par effet 
Joule pour simuler le combustible et on a execute des 
experiences de laboratoire pour: 

i) mesurer le flux de chaleur d' «assechement» 
dans une file de cartouches (l'assechement est le 
point oil le film d'eau disparait de Ia surface de 
transfert et le coefficient de transmission de chaleur 
tom be soudainement); 

ii) determiner les coefficients de transmission de 
chaleur pour des flux de chaleur depassant celui de 
1' «assechement»; 

iii) determiner l'effet de longueur des cartouches et 
celui dfi a }'insertion de parties non chauffees. 

On a effectue cinq irradiations de cartouches 
refroidies au brouillard a l'interieur d'une boucle du 
reacteur NRX. Dans Ia premiere, on a mesure le 
debut de l'assechement et on a montre que des 

thermocouples superficiels pouvaient indiquer son 
apparition. 

La seconde irradiation a dure 75 jours et a fourni 
des donnees sur la corrosion et sur !'absorption de 
l'hydrogene pour des gaines completement mouillees, 
fabriquees a partir de deux alliages differents a base 
de zirconium. 

On a entrepris les trois irradiations suivantes pour 
determiner les taux de corrosion et d'hydruration des 
alliages de zirconium, lorsqu'on travaille a des flux 
de chaleur de 60, 70 et 90 Wfcm2 (au-dela de 
l'assechement). On a trouve que, pour le flux le plus 
eleve, il fallait 30 h environ pour atteindre le point de 
rupture. Cela se compare bien avec les previsions 
obtenues a partir de taux de corrosion en dehors du 
reacteur, compte tenu du fait que le film de corrosion 
est un isolant. On a trouve que les defauts se formaient 
graduellement sans produire de ruptures catastro
phiques. La temperature des gaines s'est elevee a 
670 °C durant des peri odes prolongees. Dans chacune 
de ces trois irradiations, certaines cartouches avaient 
une surface seche; d'autres, une surface mouillee. 
Le passage d'une zone mouillee a une zone seche a 
ete realise en interrompant l'ecoulement du film 
d'eau par une discontinuite de surface. Les essais ont 
indique qu'il pouvait y avoir un probleme de dis
torsion thermique dans Ia cartouche si sa gaine etait 
partiellement sec he; cela peut rapprocher le point de 
rupture. 

Lors des essais, on a fait varier le contenu de vapeur 
a Ia sortie entre 27 et 63% (poids), et le debit unitaire 
de 107 a 136 g cm-2 s-l a une pression constante de 
70 kgfjcm2• En general, les valeurs a l'assechement 
obtenues a partir des experiences d'irradiation et des 
essais de laboratoire concordent entre elles, et avec 
celles deduites par le calcul de l'ecoulement des films 
liquides le long de surfaces de transfert de chaleur. 
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A/16 KaHap,a 

Pa6otocnoco6HoCTb on~THoro TonnH
sa, noAsepratOL4erocH TennosoMy H 
paAHa~HOHHOMy B03AeHCTBHIO B napo
BOAHHbiX CMeCHX 

A. ,LJ,. Jlei1H, ,LJ,m. r. Konbe 

flapO-BO)J;HHhie CMeCH (TyMaH) CIIOC06Hbl IIepe
HOCHTh 60JihiiiHe KOJIH1IeCTBa TeiiJia H3 pea,KTOpa. 
flpH :3TOM OHH He Tpe6yroT 3aTpaThl 'IpeaMepHbiX 
KOJIH'IeCTB :3HeprHH Ha rrepeKa'IKy, a TaKme He 
Tpe6yiOT BHeCeHHH B aKTHBHYIO 30HY peaKTOpa 
60JibiiiHX KOJIH'IeCTB MaTepHaJia, IIOrJIOIIJ;aro:w;ero 
HeiiTpOHhi. ITpemp;e 'leM HCIIOJih30BaTh TyMaH B 
:mepreTH'IeCKHx peaKTopax, cJiep;yeT npoBecTH 
liCCJie)J;OBaHHH B Tpex 06JiaCTHX: 

- TenJIOBhie H fH)J;pO)J;HHaMH'IeCKHe CBOHCTBa 
C.HCTeM C TyMaHOM; 

- MaTepHaJibl noKpbiTHH TOnJIHBa, npHrO)J;Hhie 
)J;JIH HCnOJih30BaHHH B TyMaHe; 

- XHMHH CHCTeM C TyMaHOM H B03MOa\HOCTH 
yMeHhiiieHHH Kopp03HH H OTJIOa\eHHH. 

AJIH nponep;eHHH HCCJiep;oBaHHH ncnoJih3oBaJIHCb 
aJieMeHThl, HarpeBaeMble aJieKTpH'IeCKHM TOKOM. 
iho p;aBaJIO B03MOa\HOCTh MO)J;eJIHpOBaTb TeiiJIOBble 
pea>HMhl pa60Tbl aJieMeHTOB B Jia6opaTOpHbiX 
YCJIOBHHX. QeJihiO 3THX OnhiTOB 6hiJIO: 

- H3MepHTh <<BhiCYIIIKy>> TenJIOBbiX nOTOKOB )J;JIH 
TOnJIHBHhiX CTepa>HeH ( <<BhiCYIIIKa>> npe)J;CTaBJIHeT 
co6oii TaKOH TenJIOBOH IIOTOJ{, IIpH KOTOpOM HC'Ie
aaeT BO)J;HHaH nJieHKa c TenJionepep;aro:w;e:H no
BepxHOCTH H Koalf>lf>m:~HeHT TenJiorrepep;a'IH BHe
aanHO nap;aeT) ; 

- onpep;eJIHTh Koalf>lf>nqneHThl TenJionepep;a'IH 
)J;JIH TenJIOBhlX nOTOKOB HHa\e npep;eJia «Bhl
CYIIIJ{H>); 

- OIIpep;eJIHTb alf>lf>eKTHBHOCTb HaJIH'IHH TeiiJIO
Bhi)J;eJIHIOIIJ;HX 3JieMeHTOB pa3JIH'IHOH )J;JIHHhl H Ha
JIH'IHH nporpeThiX H uenporpeThiX cel{qHii. 

EhlJIO nponep;euo nHTb o6Jiy'leHHH TonJIHBa, ox
Jiamp;aeMoro TyMaHoM, B KOHType HaqnouaJihHoro 
JICCJie,ll;OBaTeJihCKOfO :3KCnepHMeHTaJibHOf0 KaHa)J;
CKOrO peaKTopa NRX. llpn nepBOM o6Jiy'leHHH 
:3KCnepHMeHTaJibHO HCCJiep;oBaJIOCh Ha'laJIO «Bbi
CYIIIKH>>; 6hlJIO 06HapymeHO, 'ITO noBepXHOCTHaH 
TepMOIIapa, ycTaHOBJieHHaH Ha noBepXHOCTH Te
nJIOBbi)J;eJIHIOiqero aJieMeHTa, MomeT yKa3hiBaTb 
ua ua'laJio aToro npoqecca. 

BTopoe o6Jiy'leHHe npoBO)J;HJIOCh B Te'leHHe 
75 p;HeH H p;aJIO p;aHHble OTHOCHTeJibHO J{Opp03HH 
H uaBop;opamHBaHHH noJIHOCThiO YBJiamHeHHhlx 
o60JIO'IeK TOnJIHBa, H3fOTOBJieHHhiX H3 ,ll;BYX paa
JIH'IHbiX CIIJiaBOB C qHpKOHHeBOH OCHOBOH. 

llocJiep;yro:w;ne TPH o6Jiy'leHHH rrpoBo)J;HJIHCh )J;JIH 
TOrO, 'IT06bl orrpep;eJIHTb Kopp03HIO H CTerreHb 
fH)J;pHpOBaHHH qHpKOHHeBbiX CIIJiaBOB npH 3KC
IIJiyaTaqHH HX HHa>e rrpep;eJia «BhiCYIIIKH>> npH 
TeiiJIOBhlx rroToKax B 60, 70 H 90 er/c.M2• EhiJio 
orrpep;eJieHO, 'ITO BpeMH )J;O paapyiiieHHH IIpH HaH-

BbiCIIIHX H3 3THX TeiiJIOBbiX IIOTOJ{OB )J;OJia\HO 6h1Th 
paBHO 1IpH6JIH3HTeJibHO 30 'l. ~ho 3Ha'leHHe BIIOJI
He COBIIap;aeT C rrpep;CKaaaHHHMH, noJiy'leHHhlMH 
1IpH OIIpep;eJieHHH CKOpOCTH KOpp03HH, 1IpOBep;eH
HOM BO BHepeaKTOpHbiX :mcrrepHMeHTaX, eCJIH ,ll;O
nOJIHHTeJibHO yqeCTh BpeMH, He06XO)J;HMOe )J;JIH 
oT,n;eJieHHH KoppoanoHHoii rrJieHKH. EhiJIO ycTaHOB
JieHo, 'ITO o6paaoBaHHe p;elf>eKTOB IlpOHCXO)J;HT IIO
CTeiieHHO H He 1IpHBO)J;HT K KaTaCTpolf>H'IeCKHM 
paapyiiieHHHM. Bo BpeMH aTHx orrhiTOB TeMrrepa
Typa 060JIO'IKH )J;JIHTeJibHOe BpeMH nop;p;epa>HBa
JiaCb Ha ypoBHe 670° C. B Kamp;oM Ha aTHX Tpex 
CJiyqaeB o6Jiy'leHHH JIHIIIh HeKOTOphle TeiiJIOBbi)J;e
JIHIOiqHe 3JieMeHTbl B KaHaJie HMeJIH CYXHe noBep
XHOCTH, a OCTaJILHhle HMeJIH YBJiaa\HeHHble no
BepXHOCTH. BLIChiXaHHIO ynJiamHeHHhiX noBepx
HocTeii CIIOC06CTBOBaJIO TO, 'ITO nOTOK BonHHOH 
nJieHKH o6phiBaJICH BMeCTe C paapbiBOM noBepX
HOCTH. OnhiThl yKaaaJIH ua noaMoffiHYIO npo6JieMy 
TeiiJIOBOH p;elf>opMaqHH TeiiJIOBblp;eJIHIO:w;ero 3Jie
MeHTa B TOM cJiyqae, Korp;a JIHIIIh qacTb ero o6o
JIO'IKH OCTaeTCH CYXOH, - ;:)TO HBJieHHe YCKOpHeT 
paapyiiieHHe. 

OnhiThl no o6Jiy'leHHIO npoBO)J;HJIHCb npH BJiam
HOCTH napa Ha BbiXO)J;e B npep;eJiaX OT 27 )J;O 63% 
H rrpH CKOpOCTHX nepeHOCa MaCChi OT 107 )J;O 
136 elcM2 • ce-n. Bee aTH onhiTbl npoBO)J;HJIHCh 
npn p;aBJieHHH 70 -ne/cM2• B qeJIOM peayJibTaTbi 
<<BbiCYIIIKH>>, noJiy'leHHhle B :3KCnepHMeHTaX no 
o6Jiy'leHHIO H B Jia6opaTOpHbiX OIIhiTaX, XOpOIIIO 
corJiacyroTCH p;pyr c p;pyroM, a TaKme H c TeMH 
peayJihTaTaMH, KOTOphle 6hlJIH BbiBep;eHhl Ha OC
HOBe orrpep;eJieHHH IIOTOKOB a\H)J;l{OCTHbiX nJieHOK 
Ha TeiiJionepep;aiOiqHX noBepXHOCTHX. 

A/16 Canada 

Caracterfsticas termicas e irradiatorias de 
combustibles experimentales en mezclas de 
vapory agua 

por A. D. Lane y J. G. Collier 

Las mezclas de vapor y agua (niebla) son capaces 
de transmitir grandes cantidades de calor generado 
por un reactor; ademas no exigen una potencia de 
bombeo excesiva ni introducen grandes cantidades 
de material absorbente de neutrones en el cuerpo 
del reactor. Para poder utilizar la niebla en los re
actores de potencia, sera menester proseguir las in
vestigaciones a fin de obtener datos complementarios 
so bre: a) las propiedades termicas e hidrodinamicas 
de los sistemas de niebla; b) los materiales de revesti
miento del combustible apropiados para su empleo 
en niebla; c) Ia quimica de los sistemas de niebla, a 
fin de reducir al minimo Ia corrosion y los depositos. 

Se han utilizado elementos calentados por efecto 
Joule que simulaban el combustible, en experimentos 
de laboratorio realizados para: 

i) medir los ftujos termicos de « desecacion » en 
haces de elementos combustibles (la « desecacion » 
es el punto en que Ia pelicula de agua desaparece de 
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la superficie de transmision y el coeficiente de trans
mision termica disminuye repentinamente); 

ii) determinar los coeficientes de transmision de 
calor para ftujos termicos superiores al de desecacion; 

iii) determinar los efectos resultantes de utilizar 
elementos de diferentes longitudes y de calentar unas 
secciones y otras no. 

En un circuito del reactor N RX se han llevado a 
cabo cinco irradiaciones de combustible refrigerado 
con niebla. En la primera irradiacion, se determino 
el comienzo de la desecacion y se demostro que pares 
termoelectricos instalados en la superficie pueden 
indicar una desecacion incipiente. 

La segunda irradiacion duro 75 dias y proporciono 
informacion sobre la corrosion y la absorcion de 
hidrogeno en el revestimiento de combustibles comple
tamente humedecidos, elaborados con dos aleaciones 
distintas a base de zirconio. 

Las tres irradiaciones siguientes se realizaron con 
el fin de determinar el indice de corrosion y de for
macion de hidruros en aleaciones de zirconio para 
ftujos termicos, superiores al de desecacion, de 60, 
70 y 90 Wfcm2• Se ha comprobado que con el ftujo mas 
elevado se requieren unas 30 h para alcanzar el punto 
de ruptura. Ello concuerda satisfactoriamente con las 
predicciones basadas en los indices de corrosion fuera 

del reactor, teniendo en cuenta el efecto aislante de 
la pelicula de corrosion. Se ha advertido que la for
macion de defectos es gradual sin rupturas graves. En 
el curso de estos ensayos, se han observado tempera
turas del revestimiento de hasta 670 °C, durante 
periodos prolongados. En cada una de estas tres 
irradiaciones, la superficie de algunos elementos 
combustibles del haz permanecio seca, mientras que 
la del resto de los elementos era humeda. La transicwn 
de una zona seca a una humeda se favorecio interrum
piendo el movimiento de la pelicula de agua por 
una discontinuidad superficial. Los ensayos indicaron 
la posible existencia de un problema de distorsion 
termica de los elementos combustibles cuando solo 
una parte del revestimiento est a seco; ello puede 
acelerar la aparicion de averias. 

Los ensayos de irradiacion se han efectuado en un 
intervalo de 27 a 63 por ciento en peso de vapor en la 
salida y caudales unitarios de 107 a 136 g cm-2 s-1 a 
una presion constante de 70 kgfjcm2

• En general, los 
resultados de desecacion proporcionados por los 
experimentos de irradiacion y los ensayos de labora
torio concuerdan satisfactoriamente entre si y con 
los previstos por calculo del movimiento de la pelicula 
de liquido a lo largo de las superficies de transmision 
termica. 
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Ameliorations apportees au transfert thermique 
des combustibles nucleaires par l'application 

I I 

du procede «Vapotron » 

par J. D. Le Franc*, H. Bruchner**, P. Domenjoud*** et R. Morin**** 

Quelques difficultes concernant !'amelioration des 
reacteurs a eau bouillante, en vue d'une meilleure 
rentabilite, sont en liaison etroite avec les phenomenes 
d'extraction de Ia chaleur de combustible et avec les 
regimes de stabilite de I'ecoulement du fluide de 
refroidissement. 

Plusieurs artifices, portant generalement sur les 
caracteristiques de l'ecoulement ou sur celles du 
fluide de refroidissement, ont ete experimentes ou sont 
en cours d'etude. Les facteurs d'amelioration procures 
par ces divers moyens ne depassent generalement 
pas 1,3. 

Par contre, !'application aux reacteurs nucleaires a 
eau bouillante du procede Vapotron, dont I'efficacite 
est maintenant incontestee dans le domaine du re
froidissement des tubes electroniques de puissance, 
pourrait apporter une augmentation plus sensible du 
transfert thermique entre combustible et fluide de 
refroidissement, tout en conservant une grande 
securite de fonctionnement. 

Un second point qui ne sera pas developpe dans Ia 
presente communication concerne Ia possibilite de 
modifier ou de reculer !'apparition de certains types 
d'instabilites.-de l'ecoulement du fluide de refroidisse
ment, du fait meme de Ia structure de grappes a 
gaines« vapotronisees ». 

Entin, les caracteristiques thermiques des echangeurs 
de chaleur a changement d'etat metaux liquidesfeau, 
employes dans }es Teacteurs rapides, pourraient etre 
largement ameliorees par !'utilisation de ce procede. 

LE PRINCIPE DE L'EFFET VAPOTRON ***** 
Les procedes usuels d'echange de chaleur entre un 

metal chauffe et un liquide a !'ebullition utilisent 
systematiquement des surfaces isothermes. 

II s'agira, par exemple, des tubes d'un echangeur
evaporateur, de !'anode .d'un tube electronique qui 
rec;oit Ie faisceau d'electrons ou des gaines trans
mettant Ia puissance d'un combustible nucleaire au 
fluide refrigerant porte a !'ebullition (eau Iegere ou 
lourde, fluide organique, metalliquide ... ). 

• Compagnie franc;aise Thomson-Houston 
•• Allgemeine Elektrizitats-Gesellschaft 
••• Alsthom 
****EURATOM 
***** Vapotron: marque depos~ CFTH 
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Dans ces conditions, on impose a l'interface 
paroi-liquide, soit une temperature, soit un flux 
thermique, soit une fonction de ces deux grandeurs. 
II en resulte un point de fonctionnement bien defini 
sur la courbe caracteristique de l'echange considere, 
representee surla figure I (courbe de Nuki-Yama). 

L'installation est toujours conc;ue pour que ce point 
de fonctionnement soit situe sur la branche AC de 
cette courbe. On connait, en effet, les dommages qui 
peuvent survenir s'il advient que le flux augmente 
au-dela de Ia valeur (c/>/A)c et la temperature de paroi 
au-deJa de Ia valeur definie par AOF. 

La technique du Vapotron est, au contraire, basee 
sur l'utilisation de surfaces d'echange essentiellement 
non isothermes. 

Dans ce but, la paroi d'echange est agencee au 
moyen de corrugation ou dents, pour presenter des 
zones « froides » et des zones « chaudes » entre les
quelles s'etablit un gradient stable dans le temps de 
temperature, pouvant s'etendre sur une centaine de 
degres Celsius ou meme davantage .. 

La figure 2 represente un element combustible 
usuel (a) et un element combustible muni d'une gaine 

Figure I. Courbe de Nuki-Yama 

:.--:;_- o -Flux ® -·-·-·- ~thermique 
• ~

acoEt 

a b c 

Figure 2. Elements de combustible usuel et type Vapotron 
a: gaine classique; b: gaine Vapotron; c: dent elementaire 
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Figure 3. Effet Vapotron sur echantlllon en cuivre 

type Vapotron (b), c'est-a-dire d'une gaine munie 
d'un certain nombre de dents. 

Pour analyser ce phenomene complexe qui constitue 
l'effet Yapotron, comiderons un element dissipat1f 
represente (figure 2) sous Ia forme d'une ailette 
massive dont les dimensions ont ete determinees en 
fonction de Ia conductivite du metal, de telle sorte que 
le gradient desire de temperature s'etablisse en 
fonctionnement entre sa base (chaude) et son extremite 
(froide) en presence du liquide qui Ia baigne. 

Imaginons que Ia puissance thermique degagee dans 
le combustible, done le flux thermique qui se presente 
a Ia base de cette dent. augmente progressivement. 

Lorsque Ia temperature du metal aura legerement 
depasse Ia temperature de saturation. !'ebullition va 
apparaitre au point E, qUI est le point chaud, puis 
interesser progressivement les points D, C. 8 et A. 

Lorsque Ia temperature deE aura atteint Ia tempera
ture critique, une zone de film correspondant a Ia 
branche dite ou reputee « instable>> de Ia courbe I vase 
manifester puis s'etendre vers le point D, puis C. 

Entin, Ia puissance augmentant encore. Ia vapori~a
tion pelliculaire apparait en E et interesse graduelle
ment Ia surface qUI se trouve entre les dents. 

L 'effet Vapotron est alors caracteri~e par Ia co
existence ~table des quatre phenomenes fondamentaux 
(figure 3): a) convection a l'extremite de Ia dent 
(entre 0 etA); b) ebullition nucleee (entre A et B) et 
ebullition nucleee avec coale::,cence (entre B et CL c) 
zone dite« instable» (entre C et D), et d) vaporisation 
pelliculaire (entre D et E). 

Si Ia puissance est augmentee jusqu'a ce que Ia 
temperature du point 0 atte1gne Ia valeur cntique, 
!'ebullition disparait a Ia pointe; Ia dent se trouve 
entouree completement d'un film de vapeur. Ce::,t 
alors Ia calefaction generalisee correspondant a un 
regime de temperature eleve. 

On voit immediatement que le' dimens10m de Ia 
dent ne peuvent pas etre quelconques. Pour que \e 
gradient soit stable. II est necessaire que !'impedance 
thermique entre Ia base chaude qui re<;oit \e flux 
thermiq ue et l'extremite fro ide so1t adequate. L 'efnca
cite du systeme est d'autant plus grande que cette 
pointe joue davantage son role de '>0Upape et permet 
a Ia chaleur de trouver une VOle plus facile qu'en E. 
D ou C. encombres par Ia vapeur. II ex1~te done. pour 
un echange donne, une relation entre les parametre~ 
geometrique~ (longueur, epai~seur. intervalle entre les 
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dents) et la conductivite thermique du metal. II est 
necessaire que cette relation se trouve verifiee pour que 
l'echange ait son effi.cacite maximale. 

Tandis que toutes les techniques classiques mettant 
en ceuvre !'ebullition sont tenues par deux imperatifs 
confirmes par de nombreux essais: garder une bonne 
marge de securite vis-a-vis du flux critique, et renoncer 
a toutt: t:JI.lt:u~iun locale de la surface d'echange (qui, 
cessant d'etre isotherme, perdrait de 1' efficacite ), on 
constate que la technique Vapotron a renverse ces 
deux limites: sur une surface de contact multipliee, par 
exemple par cinq, elle integre tousles regimes d'ebulli
tion, jusqu'a Ia pointe de flux comprise, ainsi que tous 
les regimes (tout aussi efficaces) situes sur la branche 
descendante de la courbe, regimes qui sont stabilises 
par la continuite du gradient de temperature. 

A cet accroissement tres important d'efficacite et de 
stabilite en regime normal, le Vapotron joint une 
inertie thermique capable d'eviter un depart en 
calefaction au cours d'une breve surcharge et, le cas 
echeant, d'etaler un regime de calefaction sur une zone 
tres large de temperatures permettant d'eviter Ia 
destruction. 

\ 

QUELQUES PROBLEMES 
POSES PAR L'ADAPTATION DU VAPOTRON 

AUX REACTEURS NUCLEAIRES BWR 

On voit combien Ia notion de prix de revient de 
l'energie produite est liee a celle de puissance specifique. 

Dans les reacteurs a eau bouillante (BWR), un des 
phenomenes qui limitent Ia puissance specifique du 
reacteur est Ia calefaction. 

La destruction d'un ou plusieurs barreaux ayant 
evidemment des consequences tres graves, des marges 
de securite tres importantes sont prises qui limitent 
actuellement le flux thermique evacue par la gaine a 
environ I 00 W fcm 2 (pour une pression de fonctionne
ment qui est habituellement de 70 kgf/cm2

). 

De plus U02, utilise generalement comme combus
tible, a malheureusement une conductivite thermique 
mediocre. II en resulte un gradient de temperature 
eleve a l'interieur du barreau, et, si Ia puissance dissi
pee est trop importante, Ia temperature centrale peut 
atteindre, ou meme depasser, Ia temperature de fusion 
de l'oxyde (2 800 °C). 

Ces considerations introduisent une autre limitation 
au flux thermique maximal admis sur Ia face externe 
des gaines. 

II se trouve actuellement que les travaux des 
metallurgistes sur uo2 ont conduit a en ameliorer les 
proprietes thermiques. En outre, il a ete prouve que Ia 
fusion du combustible au cceur du barreau ne 
conduisait pas a des consequences trop facheuses; le 
resultat est que Ia balle est maintenant chez les 
thermiciens, qui s'efforcent d'apporter une solution au 
probleme du transfert de Ia chaleur entre Ia gaine et le 
fluide. 

Problemes neutroniques 

Les gaines Vapotron presentent un volume plus 
important que les gaines usuelles isothermes. Ce 
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facteur est naturellement defavorable, car, bien que 
les sections efficaces de capture neutronique de ces 
metaux soient relativement faibles, cette masse 
metallique provoque neanmoins une capture parasite. 

Le probleme fundamental de !'adaptation du 
Vapotron aux reacteurs bouillants est done de 
diminuer le volume de la gaine, en conservant bien 
entendu les avantages apportes par une structure 
anisotherme. 

De plus, la presence d'un volume variable de vapeur, 
dans des regions bien definies interferant avec Ia 
presence des dents elles-memes, modifie Ia repartition 
du flux de neutrons. 

Problemes thermiques 

Les metaux de gainage les plus utilises dans les 
reacteurs a eau sont !'aluminium, l'acier inoxydable 
et le Zircaloy-2, ces deux derniers, pour les reacteurs a 
eau bouillante. Leurs proprietes compan!es a celles du 
cuivre sont les suivantes: 

Aluminium: ac = 0,2 barn; 
Acier inoxydable: ac = 3,0 barns; 
Zircaloy-2: ac = 0,2 barn; 
Cuivre: ac = 3,6 barns; 

Ec = 1,2.10-2 cm-1 ; K = 0,49 cal 
Ec = 0,23 cm-1 ; K = 0,04 cal 
Ec = 7.10-3 cm-1 ; K = 0,03 cal 
Ec = 0,28 cm-1

; K = 0,94 cal 

ac etant Ia section effi.cace de capture neutronique, Ec 
Ia section macroscopique et K Ia conductivite ther
mique a 100 °C. 

On voit que les metaux « nucleaires » ont une con
ductivite thermique beaucoup plus faible que celle du 
cuivre. Dans queUes limites cette diminution de la 
conductivite influe-t-elle sur les performances du 
systeme Vapotron? 

La pression de fonctionnement des reacteurs 
bouillants etant de l'ordre de 70 kgfcm2, on pouvait 
penser que !'influence favorable de Ia pression com
penserait Ia mediocrite des caracteristiques thermiques, 
et que, en definitive, on retrouverait pour ces pressions 
des performances identiques a celles qui etaient deja 
bien connues pour des Vapotrons en cuivre travaillant 
ala pression atmospherique. Cet espoir s'est, en effet, 
trouve largement realise. 

ESSAIS SUR DENTS ELEMENTAIRES 

Afin d'essayer de mieux comprendre le phenomene 
complexe de l'effet Vapotron et de verifier !'influence 
des caracteristiques dimensionnelles des dents en 
liaison avec Ia conductivite du metal, quelques etudes 
portant sur des elements individuels de protuberances 
Vapotron ont ete realisees sous Ia pression atmosphe
rique. 

Les resultats importants de ces etudes ont ete de 
deux types: 

a) Determination de la loi d'echange thermique 
reliant les flux locaux a l'ecart de temperature de Ia 
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Figure 4. Loi d'echange sur paroi non isotherme 

paroi par rapport a celle du liquide dans le cas d'une 
surface anisotherme, 

b) Mise en evidence par !'experience du dimen
sionnement des protuberances dans le rapport des 
conductivites thermiques des metaux constitutifs de la 
paroi chauffante. . 

La determination de la loi d'echange sur parot non 
isotherme a ete faite sur un bloc d'argent de grandes 
dimensions. L'argent a ete choisi, d'une part a cause 
de sa grande conductivite qui permet de « dilat7r » le~ 
phenomenes thermiques et de les rendre access1bles a 
la mesure avec plus de precision, d'autre part a cause 
de son inoxydabilite dans les conditions de !'experi
mentation. Les modifications de l'etat de surface 
entrainent en effet des modifications du coefficient 
local de transfert thermique. Les resultats obtenus sont 
illustres par la figure 4. 

11 faut noter l'accord assez bon de ces resultats avec 
ceux obtenus sur fils, plaques ou tubes isothermes par 
d'autres auteurs. 

Toutefois, il est bon de remarquer que les effets des 
canaux qui separent deux protuberances Vapotron 
peuvent avoir un effet tres sensible sur l'allure de ces 
resultats et que les courbes de la figure 4 ne permettent 
pas de juger de cette influence. Une etude est actuelle
ment en cours pour connaitre !'importance de ce 
facteur. Des densites de flux thermiques, definies par 
rapport a la section de la base de la protub~rance; 
superieures a 800 Wfcm2

, ont pu etre attemtes a 
70 kgfcm2 sur des dents en acier inoxydable de 
3 x I, 7 mm, sans constituer pour autant des valeurs 
critiques. Seule la conception du dispositif d'essais a 
limite !'experimentation vers les flux plus eleves .. 

Nous avons verifie experimentalement la l01 de 
dimensionnement des dents par !'utilisation du 
rapport des conductivites thermiques. 

Ce resultat n'etait pas evident a priori, car une etude 
theorique ne fait intervenir ni la dynamique de la 
production de la vapeur (naissance, croissance, 
acheminement des bulles) et les differents parametres 
s'y rapportant (tension superficielle, viscosite), ni la 
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variation de la conductivite thermique avec la 
temperature. 

On pouvait done craindre de ne pas obtenir la 
stabilisation du gradient (caracteristique de l'effet 
Vapotron) a la pression atmospherique, lorsque les 
dimensions de l'echantillon deviennent faibles par 
rapport aux dimensions des bulles, par exemple. Or, 
les resultats obtenus prouvent que ces craintes 
n'etaient pas justifiees, et que, meme avec une reduc
tion importante des dimensions dans le cas d'un metal 
de conductivite relativement basse, l'effet Vapotron 
est conserve, toutes conditions de fonctionnement 
restant identiques par ailleurs (pression, temperature 
de saturation, pool boiling). 

ESSAIS SUR GAINES VAPOTRON 
DE SECTION REELLE 

Les resultats precedemment decrits ont ete obtenus, 
d'abord sur les dents elementaires, puis avec un 
dispositif de chauffage dont le principe se rapprochait 
davantage d'un processus a temperature imposee 
qu'a flux impose. Or, le cas de barreaux de combustible 
est different. Le flux thermique est impose par le 
degagement de puissance produit dans l'oxyde 
d'uranium mais cette puissance conditionne egalement 
la temperature. 

C'est pourquoi deux dispositifs ont ete realises pour 
l'etude d'elements de gainage sous basse et haute 
pression. Le combustible est simule par une resistance 
de graphite cylindrique chauffee par effet Joule sous 
basse tension. 

Notons que ce dispositif original simule plus 
fidelement la dissipation thermique nucleaire que la 
methode classique utilisee pour tous les essais hors 
pile relates dans la litterature, qui consiste a se servir 
de la gaine elle meme comme resistance electrique. 

Essais a basse pression, en pool boiling 
La puissance effectivement transmise par l'echan

tillon est calculee par la confrontation des resultats 
de mesures electriques et calorimetriques. 

Un certain nombre de profils de gaines ont ete 
definis d'une maniere plus ou moins approchee a 
partir des resultats exposes precedemment et tenant 
compte du diametre usuel des « crayons» de com
bustible dans les reacteurs a eau bouillante. Quelques 
profils realises en acier inoxydable sont donnes sur la 
figure 5. 

Des experiences ont ete realisees et I' on constate que 
l'effet Vapotron peut se manifester a la pression 
atmospherique sur un profil aussi simple que le 
triangle equilateral. . 

Quelques resultats donnant les flux maximaux 
admissibles en fonction de la pression sont donnes 

0 0 0 
Figure 5. Proflls de gaines Vapotron 
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Figure 6. Flux critique en pool boiling sur elements courts de 
gaines Vapotron, a basse pression 

sur Ia figure 6, pour des profils Vapotron et un profil 
isotherme. 

Dans tout ce qui suit, Ia densite de flux thermique est 
calculee par rapport a une surface d'echange equi
valente definie de Ia maniere suivante: c'est Ia surface 
exterieure d'un element de combustible cylindrique 
qui comporterait Ia meme masse de combustible et Ia 
meme masse de galllage que !'element Vapotron 
considere, 

Essais a haute pression, en convection forcee 

Les essais sur des elements de gainage courts ont 
permis de preparer les experiences sur une boucle de 
transfert thermique dont Ia puissance est d'environ 
100 kW et qui permet de tester, sous 70 kgfjcm2, des 
barreaux de 50 em de longueur active. La cellule 
d'essais est representee sur Ia figure 7. La realisation 
d'un tel dispositif a necessite Ia mise au point d'un grand 
nombre de procedes et tours de main technologiques. 

Mesures 

a) Mesure des temperatures de paroi de Ia gaine 

Une mise en cruvre originale de thermocouple pour Ia 
mesure des temperatures de surface a ete developpee 
par Ia CFTH. Elle permet de connaitre ces para
metres avec une bonne reproductibilite (figures 8 et 9). 

b) Mesure des temperatures du fluide dans Ia cellule 
d'essais 

Trois parametres sont enregistres: 
Temperature a !'entree de Ia cellule d'essais, 
Temperature a Ia sortie de Ia cellule d'essais, 
Sous-saturation du fiuide a !'entree de Ia cellule 

d'essais, mesuree directement par deux couples 
montes en differentiel places, l'un a Ia sortie de Ia 
cellule (correspondant a Ia temperature de satu
ration), I' autre a I' entree de Ia cellule donnant Ia 
temperature du liquide a !'entree. 

c) Mesure des pressions et des debits 

Pressions statiques a !'entree et a Ia sortie, 
Perte de charge dans Ia cellule d'essais, 
Debit dans Ia cellule d'essais. 
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Appareillage de visualisation 

On observe Ia gaine et le phenomene complexe de 
l'effet Vapotron pendant les essais sous pression par 
television en circuit ferme, ce qui permet un grandisse
ment de 10. L'eclairage est assure par des lampes 
immergees sous Ia pression de 70 kgjcm2• 

Securites 

Les hautes temperatures atteintes au cours des 
essais nous ont obliges a amenager un systeme de 
detection preventive des points chauds accidentels. 
Celui-ci comprend une detection de defaut d'isolement 
et un detecteur optique a cellule photoresistive sensible 
au rouge naissant (0,84 micron). 

Resultats 

Au cours des essais preliminaires nous avons eu 
!'occasion de photographier, hors cellule d'essais, une 
gaine Vapotron de section carree qui avait fonctionne 
sous une pression de 26 atmospheres et avec un flux 
voisin de 200 W jcm2• Les zones correspondantes aux 
differents processus d'ebullition mis en <ruvre par 
l'effet Vapotron etaient bien delimitees par les 
aspects differents de depots que nous observions Iors 
de ces essais preliminaires. La figure 10 montre cette 
gaine. 

Differents types de gaines vapotronisees ont ete 
realises (figure II). Afin de faire des comparaisons 
valables entre les efficacites de ces differents types, 
nous avons maintenu Ia valeur de Ia section droite de 
chacune de ces gaines constante. La difference porte 
done uniquement sur Ia distribution de Ia matiere 
autour d'un alesage comportant le combustible de 
diametre constant. 

D'un autre cote, nous comparions ainsi des gaines 
de surface d'echange equivalente, de meme valeur. 
Cette surface d'echange est definie plus haut. 

lnitialement, le probleme pose etait de comparer les 
coefficients d'echange obtenus sur des gaines iso
thermes et des gaines vapotronisees dans des condi
tions similaires d'utilisation. Toutefois, une maniere de 
presentation des resultats, devenue classique au 
cours de ces dernieres annees dans les travaux con
cernant les reacteurs bouillants, consiste a donner les 
valeurs du flux de calefaction en fonction de certains 
parametres thermodynamiques ou hydrodynamiques 
(titre en masse a Ia sortie du canal d'ecoulement, 
enthalpie a !'entree, etc.). 

En regime isotherme, le flux maximal utilisable est 
une fraction faible (50%) du flux de calefaction. 
Dans le regime Vapotron, on n'est pas limite par Ia 
proximite du flux de calefaction, mais par Ia tempera
ture que peut supporter Ia gaine pour des raisons 
technologiques. A cette temperature limite correspond 
un flux limite d'utilisation que nous appellerons flux 
maximal admissible en regime Vapotron. 

La correspondance bi-univoque entre Ia tempera
ture de fond de dents et le flux dissipe apparait sur Ia 
figure 12 et correspond a un gainage acier inoxydable 
a 70 kgfjcm2. 
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Figures 8 et 9. Thermocouple de gaine 
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Figure 10. Gaine apres essai 

La figure 13 concretise les resultats et represente: 
a) En regime isotherme 
Des flux de calefaction en fonction des titres vapeur 

en sortie avec, comme parametre, le debit massique. 
II est a noter que les reacteurs en fonctionnement 
travaillent a 50% en dessous de cette valeur. Nous 
avons porte les points correspondant aux flux maxi
maux des BWR de Dresden, Garigliano et Pathfinder. 

b) En regime Vapotron dans le meme systeme de 
coordonnees 

Nous avons porte les points experimentaux corres
pondant a des regimes thermiques stables Vapotron. 
Des limitations accidentelles dues essentiellement au 
systeme de chauffage (( realiste » mais difficile a mettre 
en reuvre a ce regime de puissance sont apparues au 
debut des experimentations. Le lieu des points 
representatifs des flux maximaux admissibles tels que 
definis ci-dessus et qui limite Ia zone du plan ou J'on 
peut travailler est situe Jargement au-deJa des points 
experimentaux obtenus. Ces resultats confirment 
largement Jes possibilites du procede Vapotron en 
BWR. Leur extension est en cours d'experimentation. 

PERTE NEUTRONIQUE 

Sur le plan neutronique, il est certain que le procede 
Vapotron, en augmentant le volume de gainage du 
combustible, affecte negativement le bilan neutronique. 
11 est cependant aise de montrer que Ia perturbation 
alors introduite n'est pas determinante et qu'au 
contraire la perte de reactivite peut etre consideree 
comme faible. 

En effet, supposons que dans un creur identique a 
celui du reacteur de Garigliano nous remplacions 
chacun des barreaux de combustible par un barreau 
muni de gaine Vapotron, en admettant que le volume 

de gaine en Zircaloy supplementaire alors introduit 
est equivalent a un doublement de l'epaisseur initiale, 
la perte de reactivite !:l.kerr calculee pour un creur 
froid a 20 °C est 

!:l.kerr = 0,036 

Dans ces conditions, si l'on decidait de compenser 
cette perte de reactivite par une augmentation de 
l'enrichissement du combustible, il faudrait alors 
passer de l'enrichissement moyen de 2,02% a un 
enrichissement moyen voisin de 2,3 %. 

Notons que ces valeurs, pourtant faibles, doivent 
etre considerees comme des limites superieures, 
puisque, suivant notre hypothese, le volume supple
mentaire de gaine entraine une modification du 
rapport vol. H20/vol. U02, qui s'ecarte ainsi notable
ment de la valeur optimale, et que de plus le double
ment de l'epaisseur de gaine que nous avons admis 
constitue une hypothese pessimiste. 

CONCLUSION 

Dans ces conditions, etant donne que dans les 
reacteurs bouillants l'on utilise d'ores et deja des 
enrichissements differents dans le creur, que l'on 
admet de changer les materiaux de structure mecanique 
du creur (Zircaloy ou inox) au cours de !'utilisation 
d'une charge d'elements combustibles pendant Jaquelle 
Ia perte de reactivite est bien superieure a celle 
calculee ci-dessus, il semble que l'economie neutro
nique puisse fort bien s'accommoder de !'utilisation de 
la gaine Vapotron. 

L'application du Vapotron aux reacteurs nu,cleaires 
peut etre envisagee sous des angles differentes. 

11 est concevable, en particulier, de realiser des 
barreaux de combustible de plus faible diametre, ce 
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Figure 12. Echantillon comportant 2 dents separees par un canal 
de largeur 2 mm 

Matiere: acier inoxydable; dimensions d'une dent: 
3 X I, 7 X 20 mm; pression: 70 bars abs 

qui permettrait, tout en conservant Ia meme tempera
ture maximale au centre du combustible, d'extraire de 
chaque barreau un flux thermique notablement plus 
eleve avec une plus grande securite. 

Une autre possibilite, a priori encore plus sedui
sante semble-t-il, consisterait, tout en conservant des 
barreaux de diametres identiques a ceux utilises 
actuellement (12 mm), a extraire un flux thermique 
legerement plus eleve (20% par exemple) avec une 
securite beaucoup plus grande et tres probablement Ia 
possibilite de fonctionner avec un titre vapeur plus 
eleve. 

Enfin, Ia possibilite d'extraire un flux thermique 
nettement plus eleve que dans le cas des gaines 
isothermes permet d'envisager de tirer tout le profit 
possible de !'utilisation d'autres combustibles plus 
refractaires ou plus conducteurs. 

J. D. LE FRANC et a/. 
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ABSTRACT -RESUME-AHHOTAWV1R-RESUMEN 

Aj96 France 

Improvement imroduced into the thermal 
transfer of nuclear fuels by the "Vapotron" 
process 

By J. D. Le Franc et a/. 

The authors mainly deal with boiling water reactors 
(BWR) where the extraction of heat from the fuel is at 
present limited by the burn-out phenomenon. Know
ing the outstanding performance of the Vapotron 
process in cooling high-powered electronic tubes, the 
authors present the first results from a number of 
experimental studies on the possible application of this 
process to BWRs. 

In the first part of the paper, the principle of the 
Vapotron effect is briefly discussed. The second part 
is a presentation of the main problems arising from the 

adaptation of the Vapotron process to nuclear reactors 
of the BWR type. 

The third part, in fuller detail, gives an account of 
the experiments: 

Here the authors describe first the results obtained 
on cans of this type, in various testing facilities 
designed to reproduce the thermodynamic conditions 
of a reactor. It will be seen that the performances 
achieved promise exchange coefficients much higher 
than those generally accepted. The very great increase 
in safety will also be illustrated allowing in particular 
an up-rating of the burn-out conditions. 

They explain how such a system can be made to fit 
into the present concept of reactors in which the heat 
transfer is chiefly achieved by boiling, what essential 
differences it would cause in their structure, taking 
into account the technological requirements, and 
finally they indicate a balance sheet explaining the 
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main advantages of the Nuclear Vapotron system 
particularly on technical grounds. 

A/96 lllpaH4HR 

YnyyweHHe TennooTBOAa oT HAepHo
ro TonnHaa a peaynbTaTe npHMeHeHHR 
MeTOAa VAPOTRON 

}H. .lJ., ne OJpaH et a[. 

AnTopbr paccMaTpHBaiOT peaKTOpbt c liHIIR.l~eti 
BOJ(Oii, B IWTOpbiX OTBOJJ. TCIIJlU orpaHH'IHBaeTCH 
HBJieHHeM RpH3HCa 1\HIIeHHR.. 0TMI''i3H OTJIH'lli
TeJibHble xapaKTepHCTHRH Mt'TOJJ.a Vapotron B o6-
JiaCTH OXJIUil\i'(eHHH 3JII'RTpOHHLlX Tpy60R MOlll;HO
CTH, aBTOpbi Coo6m;aiOT nepBble peayJibTUTbl 3KC
HepHMeHTOB IIO npHMeHeHHIO MI'TOlW V a port on l'< 
peaKTopaM C 1\HIIHlll;CH BOJ(oii. 

B nepnoii 'iaCTH JI:ORJia,D.a ouHcan 11 pHHI~Hn aq>
¢eHTa Vapotron. Bo BTopoii qacTn H:JJIO»WHhl oc
HOBHbie npo6JieMhl, CBH3UIIHbH' C HpHMeHCHHI::M 
npHH~Hna Vapotron l\ JqepHb!M peaRTopaM TH
ua BWR. 

TpeThH 'laCTh ;WKJIUJJ.a Han6oJit't' uo,n.po6Ha. B 
Heii H3Jiomeuo OIIHCaHHe aHcnepHMefiTOB. AsTopw: 
M3JiaraiOT peayJihT3Thl, IIOJIY'IeHH&Ie Ha o60JIO'I
l\3X TaROl'O TH113 B pa3JIJI'iHhiX OllbiTHbiX YCT3HOB
HaX, CKOHCTpyHpOB3HHbiX C ~eJihiO BOC11pOH3Bet(e
liHR. TepMOJI:HHaMHtreCKHX ycJioBHii B peaHTOpl'. 
11oJiyqeHHhll' peayJihT3Thi ll03BOJIR.IOT Oil\HJI;3Th, 
'ITO l\03lPfi>H~HeHTbl TeiiJIOOTJJ.3'iH 6y,J.yT 6oJiee Bhl
<:OKHMH, 'iCM Te, 1\0TOphie o6LI'iHO IIpHHHM3JIHCL. 
ABTOpbl C'iHTaiOT TaKme, ttTo HaJJ.e»mocTL cnJIL
HO B03p3CTaeT; 3TO IJ03BOJ1HeT, B '13CTHOCTJI, npe · 
~OTBpaTHTh B03HHKHOBeHHe ycJIOBHH HpH3JJCa. 

.[(aeTCH o6'hHCHeHHe TOMy, HaK IIOJJ.06HaH CHCTf.:'
Ma MOil\eT CO'ieTUThCH C COBpeMeHHOii KOHW~II~H
t>ii: HHIIHlll;HX peaKTOpOB H HUKHe KOHCTpyHTHBHblf' 
OTJIH'iH.II IIOTpe6yroTC.II i'(JI.II ee npHMeHeHH.II C yqe
':I'OM TeXHOJIOrH'ieCKHX Tpe6onaHHii. B aaKJIIO'ieHHe 
3DTOphi rrpHDOJJ.HT HTOl'OBhH' ;:J:3HHble, I\OTOpbiC 
JlHCKpb!B3IOT TeXHH'ieCKHl' npenMYlll;I'CTBa CJICTC
MI.l <<.IIJJ.epHhiii Vapotron>>. 
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A/96 Francia 

Aplicaci6n del procedimiento << Vapotron >>para 
mejorar Ia transferencia termica de los com
bustibles nucleares 

por J. D. Le Franc et a/. 

Los autores consideran fundamentalmente los 
reactores de agua hirviendo en los cuales Ia extracci6n 
de calor del combustible queda actualmente limitada 
por el temible fen6meno del calentamiento. Cono
ciendo los notables rendimientos del procedimiento 
Vapotr6n en la esfera del enfriamiento de los tubos 
electr6nicos de potencia, presentan los primeros 
resultados de un conjunto de estudios experimentales 
encaminados a aplicar ese procedimiento a los reac
tores de agua hirviendo. 

En Ia primera parte de Ia memoria se expone 
sucintamente el principia del efecto Vapotr6n. En Ia 
segunda parte se presentan los principales problemas 
que plantea Ia adaptaci6n del procedimiento Vapotr6n 
a los reactores nucleares de agua en ebullici6n. 

En Ia tercera parte, que es Ia mas extensa, se exponen 
los experimentos realizados. 

Los autores presentan en primer termino los 
resultados obtenidos con revestimientos de este tipo 
en diversas instalaciones de ensayo encaminadas a 
reproducir las condiciones termodinamicas que reinan 
en los reactores. Se observara que los rendimientos 
obtenidos permiten contar con coeficientes de inter
cambio muy superiores a los comunmente admitidos. 
Los autores estiman asimismo que aumenta Ia 
seguridad lo que permite, especialmente, extender los 
Jimites de las condiciones de calentamiento. 

Los autores explican como es posible incorporar 
tal dispositivo al concepto moderno de los reactores 
en los cuales Ia transferencia termica se efectua 
principalmente por ebullici6n, y cuales serian las 
diferencias fundamentales que se introducirian en Ia 
estructura de los mismos, teniendo en cuenta los 
requisitos tecnol6gicos. Para terminar, presentan un 
cuadro comparativo en el que se ponen de manifiesto 
las ventajas que ofrece el procedimiento Vapotron 
nuc/eaire (Vapotr6n nuclear) sobre todo en el plano 
tecnico. 



P/224 United States of America 

Critical heat flux considerations in the thermal and 
hydraulic design of water-cooled nuclear reactors 

By S. Levy,* J. Batch** and J. Casterline*** 

The critical heat flux (CHF) condition is an im
portant thermal and hydraulic limit in water-cooled 
nuclear reactors. Its importance comes from the fact 
that it is usually associated with a rapid deterioration 
of the heat transfer process and is accompanied by 
temperature oscillations and a temperature rise which 
can be detrimental to the integrity of fuel elements. 
The occurrence of CHF is illustrated in Fig. 1 which 
shows the temperature in a vertical heated rod as a 
function of the heat transfer rate to the coolant 
[1]. Temperature traces are shown for three different 
steamfwater mixtures and they all exhibit three dif
ferent modes of heat transfer. At low heat flux, 
evaporation occurs at the heated surface (nucleate 
boiling) or at the liquid film/vapor core interface. 
Evaporation is characterized by very high heat 
transfer coefficients and surface temperatures just 
above saturation. As more heat is transferred to the 
coolant, CHF occurs when the first substantial 
temperature rise or oscillation is recorded. As the heat 
flux increases further, the heated rod temperature 
continues to rise and oscillate. The oscillations first 
increase, pass through a maximum, and finally de
crease. This is the transition boiling region where 
segments of the heated rod are covered intermit
tently by water and steam. Beyond this region, film 
boiling prevails; the heated surface is covered with 
steam, and its temperature is well above satura
tion.**** 

The pattern in Fig. 1 is typical of that found in 
water-cooled nuclear reactors, but the occurrence of 
CHF, the magnitude of the transition boiling tem
perature oscillations, and the film boiling temperatures 
will vary from one design condition to another. This 
paper is concerned with three aspects of CHF in 
water-cooled nuclear reactors: (a) the experimental 
measurement of CHF, (b) its analytical or empirical 
prediction, and (c) the application of these measure
ments or predictions to reactor design. 

*General Electric Company, San Jose, California. 
**Hanford Atomic Products Operation, Richland, Washing

ton. 
***Columbia University, New York. 
****The terminology of CHF transition boiling and film 

boiling has appeared widely in pool boiling literature. It is 
used here because, in contrast to "departure from nucleate 
boiling" or "boiling crisis", it covers instances where evaporation 
at an interface rather than boiling prevails. It also makes no 
claim about the consequences of the phenomena as implied in 
the term "burnout". 
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EXPERIMENTAL MEASUREMENT 
OF THE CRITICAL HEAT FLUX 

Extensive investigations of CHF have been made. 
Early studies performed in the United States used 
circular or rectangular geometries. These have been 
summarized by De Bortoli et a!. [2]. 

Similar investigations, some very recent, have been 
performed in the USSR [3], Italy [4], Sweden [5], and 
the UK [6]. We shall be concerned here with the latest 
test results reported in the US in circular, rectangular, 
annular, and multirod geometries. 

Before examining the data, two comments are in 
order about the methods of measurements: 

(a) Various techniques have been used to detect 
the onset of CHF. Some use continuous temperature 
recordings as shown in Fig. 1 ; others rely upon a 
specified unbalance in the electrical resistance of the 
heated rod; others terminate the test when the heated 
rod temperature reaches a prescribed value. Figure 1 
shows that all the methods would give approximately 
the same answer as long as the first temperature rise 
or oscillation is substantial, (i.e., at high CHF values). 
Different results, however, will be obtained for the 
bottom trace of Fig. 1. For this reason, it is important, 
as done here, to report the method used to detect 
CHF. 

(b) Unstable test loop conditions are known to have 
a detrimental effect on CHF [3, 7, 8]. While unstable 
conditions can occur with subcooled water at the 
inlet of the test section, they have been reported mostly 
in tests where the inlet coolant was a low velocity 
steam and water mixture. Such systems have large 
preheaters and mixing sections which introduce 
large compressible volumes in the loop. This results 
in a "soft" hydraulic flow system where the driving 
force for flow is not strong enough to prevent flow 
fluctuations. Results obtained under such unstable 
conditions will not be discussed here. 

Internally cooled tubular test sections 

Three studies have been reported recently in the US. 
During 1963 and early 1964, a comprehensive in
vestigation of CHF in uniformly heated vertical 
circular tubes was undertaken at Columbia University 
[9]. A total of 416 test points were obtained which 
covered the following conditions: pressure, 500 to 
1 500 psig; mass velocity, 0.5 to 13 x l06 lb/h-ft2 ; 
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diameter, 0.245 to 1.5 in; length, 24 to 77 in; and exit 
conditions, 100 °F subcooled to 60% steam quality 
by weight. The method used to detect CHF was based 
on a Wheatstone bridge, where one leg of the bridge 
was composed of the heater rod. A bridge signal of 
definite magnitude was selected to correspond to the 
onset of CHF. This signal gives a rise of 50 to 100 °F 
in the heated tube temperature. 

Typical test results are plotted in Figs. 2, 3 and 4. 
The data fall into two distinct regions: a subcooled, 
low steam quality region, and an annular flow high 
steam quality region. The two regions are separated 
by exit conditions of 5 to 10% steam quality. 

In the subcooled, low steam quality region CHF 
increases as the mass flow rate increases (Figs. 2, 
3 and 4). The effect of length is very small and the 
effect of diameter is slight, and causes a decrease in 
critical heat flux with increasing diameter (Fig. 3). 
There appears to be no pressure effect for sub
cooled coolant conditions, and a slight decrease in 
CHF with increasing pressure at low steam quality 
(Fig. 4). 

In the annular flow high steam quality region, CHF 
decreases with increased mass flow rate (Figs. 2, 
3 and 4). For the same mass flow rate and exit steam 
quality, the effects of heated length are slight, and 
CHF decreases with increasing diameter (Fig. 3) 
and pressure in the range 750 to l 500 psia (Fig. 4). 
As the mass flow rate is increased, the effects of length, 
diameter, and pressure are reduced. 

A second interesting study of CHF in a circular 
tube has been performed at Hanford [10]. Tests were 
performed in a 0.820 in (0.44 in id) lnconel tube 
heated uniformly over a 12ft length. Both vertical 
and horizontal orientations were investigated. Sheathed 
thermocouples, spot-welded to the outer surface of 
the tube at I ft intervals along the length were used 
to detect the onset of CHF. In about one-third of 
the 64 tests performed, CHF occurred at various 
locations upstream from the outlet end. Upstream 
CHF conditions were observed only at mass velocities 
above 5 x 106 lb/h-ft2• The upstream data points re
ported at l 500 psig are shown in Fig. 5 together with 
the corresponding exit test conditions. Test points 
obtained for the more normal case of CHF conditions 
at the outlet end are also plotted for comparison. No 
clear explanation for this phenomenon can be given 
at this time except for the fact that it occurred only 
when the flow rate was very high and the coolant 
was close to or at saturation conditions at the inlet 
to the test section. 

A third investigation of CH F has been reported 
by Babcock and Wilcox [ll]. Tests were conducted 
at 2 000 psia in vertical pipes with varying axial heat 
flux distributions. The tests reveal that a nonuniform 
heat flux distribution gives a lower CHF value than 
does a uniformly heated tube. 

Rectangular test sections 

Eighty CH F runs have been made recently at 
l 000 psia in a rectangular test section [12]. The 

tests were performed in vertical channels 0. 5 x 2.10 x 
37 in and 0.25 X 2.10 x 37 in. The channels were 
uniformly heated only on the large sides of the rec
tangle and were equipped with windows to observe 
the flow structure up to and including the CHF 
point. Most of the test results are in the annular flow, 
high steam quality region and exhibit trends similar 
to those described for the Columbia University 
tubular test sections. 

Annular test sections 

Three experimental studies have been reported 
recently in the US. The first one was performed by 
Columbia University [13] to evaluate the performance 
of the Heavy Water Components Test Reactor 
(HWCTR) driver fuel assembly. Tests were conducted 
in two uniformly internally-heated vertical annular 
test sections 2.90 in od and 2.25 in id and 24 and 40 in 
long. The study was carried out at 500 and 1 000 psia 
with inlet water velocities of 5 to 20 ft/s and exit 
conditions of 4 to 120 °F subcooling. The CHF 
condition was detected by a Wheatstone bridge 
circuit and corresponds to a temperature rise of at 
least 50 °F. Mean lines through the data points are 
shown in Fig. 6. A few General Electric test results 
[14] are also plotted for comparison. At coolant 
velocities of 10, 15, and (to a lesser degree) 20 ftjs, 
severe loop vibrations and coolant inlet pressure 
fluctuations were experienced at Columbia University 
at 500 psia and about 30 °F exit subcooling. When 
vibrations occurred, the CHF values were as much 
as 15% below the dotted curves in Fig. 6. Several 
runs were also made with helium in the coolant. No 
effect of helium concentration on CHF was observed, 
even up to helium concentrations slightly in excess 
of saturation at the outlet of the test section. 

The second of the reported annular studies is a 
systematic investigation carried out by General 
Electric Company [14]. A total of 610 data points 
were obtained in a uniformly, internally-heated, 
vertical annulus with flow upwards. The tests covered 
the following conditions: inside heated diameter, 
0.375 to 0.540 in; outside unheated diameter, 0.555 to 
1.250 in; hydraulic diameter, 0.180 to 0.875 in; 
heated length, 29 to 108 in; pressure, 600 to l 450 
psia; mass flow rate, 0.14 to 6.2 X I0-6 1b/h-ft2 ; 

and exit conditions, slightly subcooled to 62% steam 
quality by weight. The CHF was detected by a re
sistance bridge which becomes unbalanced when the 
resistance of the top 12 in of the heated rod changes. 
No point was considered valid unless the temperature 
rose simultaneously at one or more thermocouple 
locations. The CHF conditions reported in this study 
correspond to an increase in surface temperature of 
at least 50 °F. 

Typical results are plotted in Figs. 7, 8 and 9. 
In many respects, the trends are similar to those 
described for circular tubes. There are again two 
distinct regions }Vith opposite flow rate behavior, 
(Figs. 6, 7, 8 and' 9) but the separation between them 
has moved toward the region of subcooled exit 



I 8 

6 

I 6 

N 

1 
I 4 

.ii 
~ 
0 

;; 1 2 
:::> 

it 
.... 
~ 1 0 
:r 
.... .. 
'-' 

~ 0 8 
u 

0.6 
560 600 

-10 

640 

6 50 , 106 LB lb h-1t2 

0 6 0 , 106 LB lb h.ft2 
0 7.0' 106 LB lb h·lt2 

-¢- FLAGGED SYMBOLS INDICATE UPSTREAM 
CRlTlCAL HEAT FLUX 

• SHADED SYMBOLS INDICATE OUTLET QUALITY 
CORRESPONDING TO UPSTREAM CRITICAL HEAT FLUX 

-¢- • -¢-

-¢- • 
-<>- • 

-<>- • 0 • 
>;< • 

-z;r • 
680 720 760 800 

EXIT ENTHALPY - Bt• lb 

10 20 30 
EXIT STEAM QUALITY- (wt "0) 

• 

• 
• 

Figure 5. Upstream critical heat flux conditions in tubular test sections, pressure 
I 500 psig 

I 4 

i 12 

~ 
,; 
!to 
>< 
:::> .... 
IL 

.... .. 
~0.8 
.... .. 
u ;:: 
iiC 
U0.6 

SUBCOOLED 

A~NULUS •-d 0.375 '"· o d. 0.875 '"· LENGTH 70 '" 
0 FLOW 0 56, 106 lb/h-lt2 
6 1.12 
0 1.68 

ANNULUS, d. 0.5 '" 1 00 '"· o.d LENGTH 36 '"· 
• FLOW 1.68, to6 lb/ h.ft2 

ANNULUS , d 0.375 '" o d. 0 875 1n LENGTH 108 '"· 
e FLOW 0.56, 106 lb/ h.ft2 

!I 1.68' lo6 

• 

• 

840 

04 -~5--------~------~------~~~o------~IL.5------~2~0------~25L-------~------_j35 
EXIT STEAM QUALITY (wt "0) 

Figure 7. Critical heat flux in internally heated annular test sections, pressure 
I 000 psia 

30 

2.8 

2 6 

N 2.4 

~ 
~ 2.2 

~ 

::. 2.0 
>< 
:::> 
i 1.8 
.... 
:i 1.6 
:r 
.... 
~ 1.4 
;:: 
iiC 
Ul.2 

I 0 

General Electric Data at 1000 ps1a 

0 6 X 106, • 2 X 106 lb/h-ft2, ANNULUS, 0.745 0 d X 0 500 '"· .. d. X 36 '"· 

6_ 6 I( 106, A 2 x 106 II:. I h-ft2, ANNULUS, 1.00 o.d. x 0.500 1.d. x 36 '"· 

l1nes Represent Columbia Un1vers•ty 

Data for 2.90 o d x 2.25 1 d x 24 1n 

and 36 1n annulus 

0'8 1~2o.---,lhlo~--•,oo~--~9bo~--~8~o----~7~o----~6~o----~5~o-----4ho----~3~0----~----~-----! 

>< 
:::> .... 
IL 

.... 

SUBCOOLING ( °F ) 

Figure 6. Critical heat flux in internally heated annular test sections with subcooled 
water conditions 

1.4 

I.NNULUS , d 0.375 on LENGTH 70 ;n. 

FLOW 1.68, 1o6 ib/h-ft2 

0 0.180 on HYDRI.ULIC DIAMETER 
1:;. 0.335 
0 0.500 

I.IINULUS td. 0.375 on. LENGTH 70 ;n, 
FLOW 0.56 X 106 lb/h-ft2 

A 0.335 on. HYDRI.ULIC DII.METER 
• 0.500 
• 0.875 

:o.a 
"' .... 
-c 
u 
;:: SUBCOOLED 

5o.6 

o.~.~o5~----~~----~o~_075----~o~.,~o~-----o-.~,5~-----o~.~~------o~.2L5-------o~.~L-------oJ.35 
STEI.M QUI.LITY, (WEIGHT FRI.CTIOH) 

Figure 8. Effects of hydraulic diameter upon critical heat flux in internally heated 
annular test sections at I 000 psia 

Vl 
m 
Vl 
Vl 

0 z 

0 

~ 

r
m 
< -< ., ... 



118 SESSION I. I 0 P/224 S. LEVY et a/. 

conditions. In the subcooled region, CHF increases 
as the mass flow rate increases or as the pressure 
decreases from 1 000 to 500 psia (Fig. 6). According 
to the data of reference [14], the effects of channel 
size appear negligible. 

In the annular flow, high steam quality region, CHF 
increases as the mass flow rate decreases (Figs. 7, 
8 and 9). The effe~.:t of flow is reduced as the mass flow 
rate becomes high and it reverses itself beyond 
2.0 x 106 lb/h-ft2• For the same mass flow rate and 
exit steam quality, CHF decreases with increasing 
pressure from 600 to 1 400 psia (Fig. 9). The effects 
of heated length are negligible (Fig. 7), and CHF 
exhibits a maximum with respect to hydraulic di
ameter; it decreases for hydraulic diameters below 
0.25 in and above 0.4 to 0.5 in (Fig. 8). 

The effects of nonuniform heat generation in an 
internally-heated annular geometry have also been 
investigated [15]. A total of 48 data points was ob
tained with a cosine and a chopped cosine heat 
flux distribution. The tests gave CHF values identical 
to those for uniform heating if the local conditions 
of heat flux and steam quality prevailing at the CHF 
point were used.* 

The third study of CHF in annular flow was per
formed by Allis Chalmers [16]. A few points were 
obtained in a uniformly internally-heated vertical 
annulus at 600 psig. Some of the points (plotted in 
Fig. 9) agree reasonably well with the General Electric 
results. A full comparison, however, is not possible 
because the inlet subcooling was kept small in most 
tests, and the variation in exit steam quality at a given 
flow is limited. 

An interesting conclusion about the performance 
of circular and annular geometries can be drawn 
by comparing the data in Figs. 2 and 7. The two sets 
of results were selected purposely because they have 
about identical system pressure, heated length, and 
hydraulic diameter. It is observed that for the same 
mass flow rate and exit steam quality, the CHF 
values are lower for the annular than the tubular 
geometry. This is especially true at high steam quality 
and can be traced to an increased shear stress and 
increased steam concentration at the core tube wall 
of the annulus. A tube, due to its radial symmetry, 
does not exhibit any nonuniformity in shear stress 
or steam quality distribution. On the other hand, an 
annular flow geometry is known in single phase flow 

* This does not agree with the results obtained in a circular 
tube by Swenson et a/. [11]. The data reported in reference [11] 
must however be reviewed with suspicion since their uniform 
heat 'flux results are only 50% of those given in reference [2]. 

to have a higher shear stress on the core tube wall 
than on the outer wall. Furthermore, the annulus 
used in Fig. 7 is only internally heated and the steam 
concentration is highest at the core tube wall because 
steam formed there does not mix immediately with 
the coolant flowing along the outer wall. The above 
hypotheses have been checked with "rough" liner tests 
[14]. Rings 1 in apart and extending 0.080 in into the 
stream were attached to the unheated surface of the 
annulus. The rings interrupt the flow and increase 
the shear stress on the unheated wall. Water normally 
accumulating there is forced toward the heated sur
face, and the CHF' values increase, approaching those 
obtained in tubes. 

Multirod test sections 

Multirod sections have been operated in the US 
by Westinghouse [17], General Electric [1, 18, 19], 
Columbia University [20, 21], and Hanford [22-24]. 
The test conditions covered and the number of CHF 
points reported are shown in Table 1. 

A summary description of the test sections, in
cluding their geometry, method of spacing, heat flux 
distribution, and CHF detection technique is given in 
Table 2. Considerable variations are seen to exist 
which make it difficult to compare the experimental 
results. Still, some common trends do emerge, and 
they are presented in Figs. 10, 11 and 12. 

Figure 10 illustrates typical effects of flow upon 
CHF. It shows data obtained at 1 000 psia at Columbia 
University in a 6ft, 19-rod test section (labeled C-6 
in Table 2). In Fig. 10, the heat flux in the hottest 
test rod is plotted against the average exit steam 
quality. Two distinct regions again are seen to exist; a 
low steam quality region where CHF increases with 
mass flow rate, and a high steam quality, annular 
flow region where the reverse trend prevails. The 
two regions are separated by steam qualities of 15 
to 20%, and the transition point between them moves 
to higher steam qualities as the rod-to-rod clearance 
and the flow rate are reduced (Fig. 11). 

Figure 11 illustrates the effects of rod-to-rod 
spacing. Test results are plotted for two vertical 
test sections ( C-3 and C-7) and two horizontal test 
sections (H-2 and H-3) with widely differing rod-to
rod pitch.** Mean curves are drawn at two <;onstant 
flow rates through the experimental points of peak 
heat flux versus average exit steam quality. For both 

** These two sections were operated at slightly different pres
sures (1 000 vs. 1 200 psi), and the pressure effect is assumed 
negligible. 

Table I 

Westinghouse Electric Corp 
General Electric Company . 
Columbia University 
Hanford ....... . 

Pressure 
(psi a) 

2000 
1000-1 400 
1 000--1 200 
1000-1 200 

Mass ftow rate 
oo6 tb/h-ft2> 

0.4 and 0.9 
0.18-1.9 
0.5-4.0 
0.5-5.0 

Exit coolant 
conditions 

18-26% steam 
1-90% steam 
1-55% steam 

177 op sub to 50% steam 

No. of test 
points 

2 
117 
136 
157 
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the vertical and horizontal test sections, CHF de
creases sharply when the rod-to-rod spacing* is 
reduced by a factor of 3 to 4. The effects are sub
stantial at low mass flow rates where, for a very 
tight rod lattice, the CHF curve becomes independent 
of steam quality. The effects of rod spacing decrease 
as the flow rate becomes high and tend to disappear 
for vertical upward flow. It is observed that for small 
rod-to-rod spacing, the Columbia vertical data fall 
well above the Hanford horizontal results. One reason 
for this is that in the Hanford test sections, a large 
gap was left between the outer rods and the housing 
wall. This caused the inner flow channels (where 
CHF occurred) to be at higher enthalpies than the 
bulk values reported in Fig. 11. A further comparison 
of data for similar rod arrangements (H-1, H-6 
and C-6) would show close agreement between 
Hanford and Columbia results. 

The multirod test sections were spaced by both wires 
and ferrules. A comparison of test results obtained 
in test sections C-1 and C-2, and H-1 and H-6, 
would show the two spacing systems to be about 
equivalent, with the wire wrap results slightly (10%) 
above the ferrule data. The wire spacer is expected 
to improve mixing of the coolant, but its presence on 
the heated surfaces disturbs the liquid film flow 
along the rods more than the ferrules do. These two 
effects appear to compensate each other. Similar 
investigations of various spacers at General Electric 
[25] have shown that the ideal spacer is one which 
has minimum contact with the heated rods, yet can 
provide mixing of the coolant and particularly mixing 
of the water flowing along unheated walls. 

Figure 12 is a plot of all the available multirod 
data for vertical upward flow at 1 000 psia and mass 
flow rates of 0.5 and 1.0 x 106 lb/h-ft2• The results 
are shown in terms of CHF values in the hottest 
rod versus average exit steam quality. The data in
clude substantial variations in heated length, rod-to
rod distance, heat flux distribution, and methods of 
spacing. A remarkable feature of Fig. 12 is that the 
effects of all these variations are small or self-com
pensating. Comparison of Fig. 12 with Figs. 2 and 7 
also shows that multirod data fall below the corre
sponding tubular test points and agree more closely 
with the measurements in annular test sections. 

A proposed explanation for the last result above is 
as follows. The test data in Fig. 12 were obtained with 
relatively uniform rod power generation. In some test 
sections the outer rod-to-channel clearance was small 
(equal to or less than the rod-to-rod spacing), and 
CHF first occurred on the rods facing an unheated 
channel. This matches the conditions in an internally 
heated annulus, and the multirod and annular data 
should agree. In the other test sections, the clearance 
between the outer rods and the flow channel was rela
tively large, and CHF occurred on an inner rod. 
However, in this case, the values of bulk enthalpy 
reported for CHF are lower than the local enthalpy 

• As discussed later, this effect diminishes for rod-to-rod 
spacing in excess of 0.073 in (Fig. 12). 

at the inner rods. This would shift the CHF data to 
the left or to lower values. 

In a few test sections (C-8 and C-9), the heat 
generation in the inner rods was increased enough 
to have CHF occur in the inner rods rather than at 
its normal location (i.e., rods facing the unheated 
channel). It was found that for the same average 
exit steam quality, CHF on an inner rod was 30% 
higher in test section C-8 and 50% higher in test 
section C-9 than it would have been for an outer rod 
in the same uniformly heated test section. These 
values are closer to, but still below the circular pipe 
data. It is suspected that increased heat generation 
in the central rods leads to increased flow resistance 
in the interior flow passages and more coolant is 
diverted to the periphery of the bundle. This, in turn, 
lowers and raises the point at which the inner and 
outer rods respectively would normally reach the 
critical condition. 

It is clear from the above discussion that, while 
the performance of multirod test sections can be 
estimated by curves of the type shown in Fig. 12, 
CHF in multirod geometries will be understood 
only when the flow, coolant enthalpy, and shear 
distribution and their interaction with geometry and 
heat flux can be predicted. 

ANALYTICAL AND EMPIRICAL CORRELATIONS 
OF THE CRITICAL HEAT FLUX 

Several correlations of CHF have been proposed 
for forced convection flow of water. Some of these have 
been used in reactor design and include: (a) the 
correlations of Jens-Lottes [26], Bernath [27], and 
Gambill [28] for subcooled exit conditions; (b) the 
equations of DeBortoli et a!. [2], Bettis [29], Macbeth 
[30], and Wilson and Ferrell [31], for pipe and rect
angular channels; (c) the correlation of Tong et a!. 
[32] for circular, rectangular and multi rod geometries; 
(d) the predictions of Tippets [12] and Becker and 
Personn [33] for circular, rectangular, and annular 
flow excluding subcooled conditions; (e) the limit 
lines of Janssen and Levy [34], drawn below annular 
test data. 

Most of the above correlations are empirical. In 
the subcooled region only the equation of Gambill 
which utilizes a superposition-type solution can 
make any, if a slight, claim to theoretical grounds. 
In the steam quality region, only the correlations of 
Tippets and Becker and Personn are based upon 
theoretical considerations.** These two models, to
gether with the earlier models of Isbin [36] and 
Goldmann [37], assume that the diffusion of liquid 
droplets to the wall, or liquid film, is the dominant 
mechanism and supplies the bulk of liquid to be 
evaporated.*** 

• • Collier et al. [351 proposed a similar model for steam/water 
mixtures entering the test section. 

• • • Grace [38] has questioned this postulate. He reviewed test 
data obtained in air/liquid film flow conditions and concluded 
that the film flow rate was substantial and that the removal of 
liquid by evaporation and entrainment from the film would 
determine the CHF condition. 
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Some of the above correlations are evaluated in 
Figs. 13 and 14. Figure 13 compares the correlations 
with two sets of data obtained at Columbia University 
in tubular test sections. The Columbia results were 
selected because they were not used previously in 
formulating the correlations. It is seen that none of 
the correlations are satisfactory. The equations of 
Macbeth show the most consistent behavior of the 
empirical equations, while the theoretical equations 
of Tippets are the most acceptable. 

Figure 14 compares the correlations of references 
[2, 29, 31, 32 and 34] with the experimental data 
in Fig. 12. * The correlating curves are based upon 
the geometry of the test section APED-2 ( 48 in long) 
which gave data points close to the mean line of Fig. 
12. It is seen that the limit lines of reference [34] are 
much more acceptable than in Fig. 13. None of the 
correlations are satisfactory even though the equations 
of references [2, 29, 31] do not fall too far from the 
data. Deviation of the correlations from test results 
is not entirely unexpected because the correlations 
do not consider the complex shear stress and 
coolant enthalpy distribution that exists in a multirod 
bundle.** 

The importance of one of these variables can be, 
for instance, demonstrated by calculating the ratio 
of coolant enthalpy rise in a local channel to the bulk 
enthalpy rise. Such computations were made for the 
Hanford 19-rod test sections (H-1 to H-6) which have 
three types of flow passages: 12 internal "triangular" 
passages, 6 internal "square" passages, and 12 
external "triangular" passages. As might be expected, 
an imbalance exists between the mass flow rate and 
the heat input in the three types of flow passages 
and the 12 internal triangular passages were found 
to have the greatest ratio of heat input to mass flow 
rate. The ratio of the enthalpy rise in these "hot" 
passages to the bulk enthalpy rise was calculated for 
two cases. In the first case, no mixing was assumed to 
take place; in the second case, mixing was allowed to 
occur at the location of flow blockage by the wires 
or ferrules. Flow from the blocked passage was 
interchanged with bulk coolant in the proportion of 
the area blocked to the total area of the flow passage. 
The calculated ratios of the enthalpy rise in the "hot" 
passages to the bulk enthalpy rise ranged from 2.29 
to 4.46 for no mixing, and from 1.33 to 3.54 with 
mixing. . 

In both cases considered, the computed ratios were 
substantially above one and they can be expected 
to grossly affect the proposed correlations. It is inter
esting to note that satisfactory correlation of the 
data from test sections H-1 to H-6 was obtained when 

• The correlation of reference [32] is valid for heated/ 
wetted perimeter ratio of 0.88 to 1_.0. Its application to. the 
APED-2 geometry is an extrapolation below the prescnbed 
value of 0.88. . 

•• Tippets [121 accounts for poor _mixing in a~ mter!l~lly 
heated annular test section by changmg one of hts empmcal 
constants. Becker [39] accounts for it by multiplying the heat 
flux in circular tubes by the ratio of heated perimeter to total 
wetted perimeter. 

the computed mixing factors were introduced in the 
equations of reference [32]. 

CRITICAL HEAT FLUX AND REACTOR DESIGN 

The availability of CHF data or correlations does 
not by itself permit the evaluation of a specific 
reactor design with respect to CHF. It is clear that 
to predict CHF margins in a given reactor core, one 
must also be able to know or calculate all the variables 
entering the prediction: fuel geometry, system pres
sure, local flow rate, coolant enthalpy, and heat 
flux distribution. The uncertainties associated with 
these variables and their interaction with CHF 
design lines are discussed briefly in reference [40]. 
Let it suffice to state here that they can be just as 
important as the uncertainties in CHF correlations. 

All water-cooled nuclear reactors are being de
signed to avoid CHF. The margin they operate below 
CHF has usually been set arbitrarily. More recently, 
investigations have been performed to assess the need 
or the size of this margin. The first extensive experi
mentation was performed at General Electric [41]. 
Heated rods were operated beyond CHF with forced 
convection flow of high pressure, steam/water mix
tures. Film boiling coefficients were found to be large 
enough to not "burn out" the heated rods. Similar 
results have been reported by CISE [42] and Columbia 
University [20]. A more detailed investigation of 
operation beyond CHF is in progress at General 
Electric [1]. Typical results obtained in an electrically 
heated two-rod geometry (APED-1) are shown in 
Fig. 15. Figure 15 is a plot of the heater wall tempera
ture in terms of the heat flux and steam quality 
prevailing at that point. The constant temperature 
lines are obtained by cross plotting many tem
perature traces of the type given in Fig. 1. 

The existence of three modes of heat transfer is 
again noted in Fig. 15. The evaporation region falls 
below the CHF line; film boiling occurs above the 
curve marked limit of stable film boiling; and the 
transition region falls between the two curves. Since 
the surface temperature oscillates in the transition 
region, only the maximum temperature is shown in 
Fig. 15, and the oscillations can range all the way from 
the shown value to saturation temperature. Figure 15 
shows that operation beyond CHF is possible, 
especially at the higher steam quality values. 

The above results have been confirmed by a recent 
in-reactor test performed by General Electric [44]. *** 
The purpose of the test was to investigate the con
sequences of operating a fuel rod beyond CHF under 
more extreme conditions than those anticipated in 
typical boiling water reactors. The test was performed 
at 1 000 psia in a loop in the General Electric Test 
Reactor. The test assembly consisted of 4 fuel rods 
arranged in parallel. Two of the rods were clad with 
stainless steel, the other two with Zircaloy. Each fuel 

• • * Results of a similar experiment at higher flow and lower 
heat flux have been reported [43]. 
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rod (9/16 in od) was contained within a process tube 
(0.717 in id). The process tubes were equipped with 
thermocouples at various axial positions. The thermo
couples were designed so that, should the fuel rod 
overheat, they would show a rise in temperature due 
to radiation heat transfer from the fuel to the process 
tube. The CHF condition was approached by stepwise 
reduction of the flow rate of subcooled water entering 
the test section. During the last two step reductions 
in flow, the attainment of conditions beyond CHF 
in the hottest stainless-steel-clad fuel rod was indicated 
by sudden temperature rises and subsequent increases 
in fission gas release. 

The operating conditions prior to termination of 
the test have been calculated, based upon gamma scans 
of the fuel rods. The computations show that the 
overheated rod operated at a peak heat flux of 600 000 
Btu/h-ft2, a mass flow rate of 0.33 x 106 lb/h-ft2, 

and a steam quality of about 35%. Good corre
spondence between out-of-pile and in-reactor measure
ments of CHF was found to exist. Hot cell examination 
of the hottest fuel rod revealed that it had a clad 
defect which reached the melting point of stainless 
steel (2 650 °F). This compares with a temperature of 
2 100 °F calculated from the film boiling correlation 
of reference [41] or slightly above the 20% spread 
of the correlation. The defected rod and its sectioned 
process tube are shown in Fig. 16. The picture shows 
that the defect is localized and that, under even the 
severe test conditions employed, the defect was not 
serious and that operation of the rod was possible 
for several minutes before and after fission gases were 
released. It has also been established from grain 
growth of the clad material that a large area of the 
rod upstream and downstream of the defect operated 
well beyond CHF. This means that the stainless
steel-clad rod sustained heat fluxes slightly below 
600 000 Btu/h-ft2 at a flow rate of 0.33 x 106 lb/h-ft2 

and a steam quality of 35% (corresponding to tem
peratures below 2 500 °F) without failure. Present 
water-cooled reactor designs operate at conditions 
combining lower peak heat fluxes and/or higher 
flow rates. Should CHF occur in such reactors, the 
resulting clad temperatures would be much lower 
than those observed in the test and the consequences 
would not be serious. 

CONCLUSIONS 

(a) Considerable CHF data have been accumulated 
in simplified geometries. The test results have estab
lished the important variables and their roles. 

(b) Results for CHF in multirod geometries are 
being accumulated. General trends and approximate 
estimates of CHF can be inferred from the early 
tests. 

(c) Available correlations of CHF are not satis
factory, especially for complex geometries. Under
st.anding of shear stress and coolant enthalpy 
distribution is needed to improve the correlations. 

(d) Operation beyond CHF is feasible and the 

consequences of sustaining a CHF condition in present 
water-cooled nuclear reactors would not be serious. 

ACKNOWLEDGEMENTS 

J. Hench, E. Janssen, J. Kervinen, E. Polomik, 
E. Quinn and T. Sorlie of APED, San Jose, were 
responsible for the APED work described here. 
Portions of this work were carried out under USAEC 
Contract AT(04-3)-189, P. A. 11 and 34. The Hanford 
work was carried out by the General Electric Company 
under USAEC Contract AT(45-1)-1350, and the 
contributions of D. E. Fitzsimmons, G. M. Hesson 
and E. D. Waters are gratefully acknowledged. The 
Columbia University work was carried out under 
Contract AT(04-3)-187, Tasks X, XIII, and XV. 
R. Biderman, S. Kokolis, J. Griffe!, and B. Matzner 
made substantial contributions to the investigations 
reported here. 

REFERENCES 

1. Hench, J. E., GEAP-4492 (1964). Also Quinn, E. P., GEAP-
4487 and GEAP-4390 (1963). 

2. DeBortoli, R. A., Green, S. J., Letourneau, B. W., Troy, M., 
and Weiss, A., WAPD-188 (1958). 

3. Aladyev, I. T. et a/., International Developments in Heat 
Transfer, Part II, 237 (1961). 

4. Silvestri, M., International Developments in Heat Transfer, 
Part ll, 341 (1961). Also CISE, A Research Program in 
Two-Phase Flow (1963). 

5. Becker, K. M., Aktiebolaget Atomenergi, R4-163, RPL-121 
(1962) and R4-173, RPL-659 (1963). Also Becker, K. M., 
and Hornborg, G., ASME Paper No. 63-HT-27. 

6. Lee, D. H., and Obertelli, J.D., UKAEA report AEEW-R 
213 (1963). 

7. Lowdermilk, W. H., Lanzo, C. D., and Siegel, B. L., NACA 
TN-4382 (1958). 

8. Levy, S., and Beckjord, E. S., ASME Paper 60-HT-27. 
9. Matzner, B., and Griffe!, J., Columbia University (MRP

Xlll), April to December 1963 reports. 
10. Waters, E. D., Anderson, J. K., Thorne, W. L., and Batch, 

J. M., HW-73902 Rev. (1962). 
11. Swenson, H. S., Carver, J. R., and Karakala, C. R., ASME 

Paper No. 62-WA-297. 
12. Tippets, F. E., GEAP-3766 (1962). Also Journal of Heat 

Transfer, 86 (1964). 
13. Matzner, B., MRP-XIII (August 1962). 
14. Janssen, E., Kervinen, J. A., GEAP-3899 (1963). Also 

Janssen, E. et al., AMSE Paper No. 63-WA-149. 
15. Janssen, E., and Kervinen, J. A., GEAP-3755 (1963). 
16. Neusen, K. F., and Kangas, G. J., Report No. ACNP-

62028 (1962). 
17. Green, S. J., Mauer, G. W., and Weiss, A., ASME Paper 

No. 62-HT-43. 
18. Hench, J. E., GEAP-4358 (1963). 
19. Polomik, E. E., and Quinn, E. P., GEAP-3940 (1962). 
20. Matzner, B., and Neill, J. S., USAEC report DP-857 (1963). 
21. Matzner, B., Columbia University, Task XV, Topical report 

2 (1963) and 3 (1964). 
22. Waters, E. D., Hesson, G. M., Fitzsimmons, D. E., and 

Batch, J. M., HW-77303 (1963). 
23. Hesson, G. M., and Batch, J. M., HW-80391 (1964). 
24. Hesson, G. M., Fitzsimmons, D. E., and Batch, J. M., 

HW-80523 (1964). 
25. Hench, J. E., Personal Communication. 



SESSION I. I 0 P/224 S. LEVY et a/. 125 

26. Jens, W. H., and Lottes, P. A., ANL-4627 (1951). 
27. Bernath, L., AICHE Preprint 110, Third National Heat 

Transfer Conference (1959). 
28. Gambill, W. R., AICHE Preprint 17, Fifth National Heat 

Transfer Conference (1962). 
29. Bettis Progress Reports, WAPD-MRP-92 and 93 (1962). 
30. Macbeth, R. V., UKAEA report AEEW-R-256 (1963). 
31. Wilson, R. H., and Ferrell, J. K., BAW-168 (1961). 
32. Tong, L. S., Currin, H. B., and Thorp, A. G., II, Nucleonics 

21, 43 (1963). 
33. Becker, K. M., and Personn, P., Aktiebolaget Atomenergi, 

AE-113 (1963). 
34. Janssen, E., and Levy, S., APED-3892 (1962). 
35. Collier, J. G. et al., AICHE Preprint 37, Sixth National 

Heat Transfer Conference (1963). 

36. Isbin, H. S. eta/., Journal of Heat Transfer 83, 149 (1961). 
37. Goldmann, K. et al., Journal of Heat Transfer 83, 158 

(1961). 

38. Grace, J. M., Ph.D. Thesis, University of Minnesota (1963). 

39. Becker, K. M., and Hernborg, G., ASME Paper No. 63-
HT-25. 

40. Levy, S., and Bray, A. P., Nuclear News, 3 (1963). 

41. Polomik, E. E., Levy, S., and Sawochka, S. G., Journal of 
Heat Transfer, 86, 81 (1964). 

42. Bertoletti, S. eta/., CISE 36 (1961). 

43. Collier, J. G. et al., Studsvik Symposium, CRFD-1164 
(1963). 

44. Sorlie, T., Levy, S., Lyons, M., and Boyden,J., APED report 
in preparation. 

ABSTRACT -RESU M E-AH HOTAWV1.sl-RESU MEN 

A/224 Etats-Unis d'Amerique 

Flux thermique critique dans !'etude ther
mique et hydraulique des reacteurs nucleaires 
refroidis a l'eau 

par S. Levy et a/. 

Le flux thermique critique constitue l'une des plus 
importantes limites thermiques et hydrauliques pour 
Ies reacteurs nucleaires refroidis a I'eau. Son appa
rition correspond a une deterioration rapide du 
processus de transfert de chaleur et s'accompagne 
d'oscillations de temperature qui peuvent endom
mager les elements de combustible. Trois aspects 
de flux thermique critique dans les reacteurs nucleaires 
refroidis a l'eau sont envisages dans le memoire. Ce 
sont: a) Ia mesure experimentale de Ia condition de flux 
thermique critique, b) sa prediction analytique ou 
empirique, et c) !'application de ces mesures ou 
de ces predictions a Ia conception des reacteurs 
nucleaires. 

Des mesures recentes faites sur des geometries 
simplifiees, circulaires, rectangulaires et annulaires, 
sont passees en revue et analysees. Les donnees 
experimentales correspondent a un domaine etendu 
des differents facteurs, par exemple: pressions com
prises entre 35 et 105 kg/cm2 (500 et 1 500 psia), debits 
compris entre 50 et 6 500 kg/hm2 (0,1 et 13 · lOS 
livres par heure par pied carre), diametre hydraulique 
compris entre 0,46 et 3,8 em (0,18 et 1,5 pouce), 
longueur chauffee comprise entre 60 et 670 em (24 et 
262 pouces), et divers modes de chauffage. On identifie 
et on decrit les parametres principaux et leur effet 
sur Ia condition de flux thermique critique. La 
comparaison des resultats obtenus pour diverses 
geometries simplifiees et des chiffres obtenus precedem
ment permet de mettre on evidence les principales 
causes d'incertitude restantes, c'est-a-dire les effets 
des surfaces non chauffees, de Ia distribution du flux 
thermique, du petit diametre hydraulique et des 
caracteristiques speciales des essais en boucle. 

On donne les resultats d'essais avec des assemblages 

de 4, 7, 9, 12 et 17 barreaux. On identifie et on discute 
les effets dus au debit, a Ia pression dans le systeme, 
a l'ecartement entre barreaux, a Ia distribution 
inegale du chauffage et a Ia longueur chauffee. Le 
role important des dispositifs d'ecartement des 
barreaux et leur contribution, heureuse ou mal
heureuse, sont mis en evidence. La comparaison des 
resultats obtenus avec plusieurs barreaux et des 
resultats correspondants obtenus avec des geometries 
simplifiees montrent que I'anneau chauffe interieure
ment et Ia geometrie circulaire representent respecti
vement Ies limites inferieures et superieures des 
resultats obtenus avec plusieurs barreaux. 

On decrit en suite de recentes correlations empiriques 
et des predictions analytiques des conditions de flux 
thermique limite. Les correlations de Gambill, Green, 
Macbeth et Tong, et les predictions analytiques de 
Becker, Collier, Grace, Is bin et Tippets sont indiquees. 
On signale les principaux points de desaccord entre 
les diverses relations proposees. La plupart des cor
relations semblent s'appliquer seulement dans un 
domaine limite de geometrie et de conditions d'essai. 

On discute !'application de ces resultats experi
mentaux et de ces predictions a !'etude des reacteurs. 
On passe d'abord en revue les autres sources d'incerti
tude pour !'etude et les calculs de fonctionnement, 
telles que Ia distribution de Ia puissance, du debit et 
de l'enthalpie du fluide de refroidissement. Ensuite 
on evalue les marges de securite necessaires en fonction 
de l'etat actuel de Ia connaissance des conditions de flux 
thermique critique et des consequences qu'aurait 
un fonctionnement au deJa de ce flux critique. Les 
resultats d'essais recents avec une geometrie a un et 
deux barreaux sont decrits. Les oscillations de 
temperature et !'ebullition en film qui se produisent 
au-dela des conditions de flux thermique critique sont 
indiquees. On decrit egalement un essai en pile avec 
un element de combustible fonctionnant au-deJa du 
flux thermique critique. Ces resultats montrent que, 
si Ia conception et !'exploitation repondent aux 
conditions necessaires, les consequences du fonction
nement au-deJa du flux thermique critique peuvent 
etre predites et ne posent pas de probleme serieux. 
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A/224 CWA 

3HaL.JeHHe KpHTHL.JecKoro rennoeoro 
nOTOKa npH TepMOrHApaanHL.JeCKHX 
paCL.JeTaX aTOMHbiX peaKTOpOB C BO
P,HHbiM OXfla}t{AeHHeM 

C. JleeH et al. 

l\pHTH'leCKHii TCUJlOBOH IIOTOK HBJUI.eTC.R O,!l.HHl\1 
H3 CaMhiX BaiRHbiX fHII,pOMCTpH1IeCKHX H TepMHlJC
<'KHX napaMeTpOB Hll,epHblX peaKTOpOB C BOII,HHbiM 
oxJiamll,eHHeM. Ero o6pa3onaHHe o6ycJIOBJieuo 6bJ
<'TPhiM yxyii,IIICHHCM IIpOli;CCCa TCIIJI006MeHa H CO
HpOBOiRII,aCTCH TCMIIepaTypHblMH KOJie6aHHHMH 11 
J1C3.KHM IIOBhlllieHHCM TCMIIepaTyphi, 'ITO MOiRCT 
HpHBCCTH K IIOBpCiRII,CHHIO TCIIJIOBhlii,CJIHIOIII,H). 
:lJieMeHTon. B uaCTOHili,CM II,OKJiall,e paccMaTpHna
IOTC.R TPH upo6neMhi, cn.RaaHHhie c .KpHTHlfeCKHM 
Tl'liJJOBhiM JIOTO.KOM B il TOMHhlX pea.KTOpax C BO
;ViHhiM OXJiaiR,!l.CHHCM: a) 3KCIICpHMCHTaJJbHOC H::!
.MCpCHHC KpHTHlJCC.Koro TCIIJIOBOfO llOTOKa; b) 
11pC,!l.OIIpe,D.CJICHHC ero aHaJIHTHlJCCKHM HJIH 3.KC
uepHMCHTaJTbHhiM nyTeM; c) IIpHMCHl'HHC pe
ayJJhTaTOB flTitfX 113MepeHHH B paC'fl'TaX aTOMHblX 
peaKTopon. 

)l,aeTCH o6aop 11 clHaJIH3 peayJihTaTOB liOCJICII,HMX 
113MepeHH.ii flpH ynpolli,CHHOII reoMeTpHH, HaiipH
Mep .Kpyronoii, KOJlhli;CBOH H IIp.RMOyrOJibHOH B IIIH
pOKHX MHTCpBaJiaX 3H81JCHHH nepeMeHHhlX BCJIH
'IHH: a6COJIIOTHOC ll,aBJICHHe 35-105 ara, paCXOiJ: 
'fCIIJJouocHTCJI.R oT 48 flO 6350 r;,e/c:M2 • 'l, rHII,pan
.liH'IecKHH P,HaMeTp 4,57-38,1 MM, II,JJHHa Harpe
n a 60-665,5 C:M, a TaKiRC pa3JIH'IHhie CIIOC06bl 
narpena. Bhl.RBJieHhl H onncaHbi namueiimne na
paMeTphi H HX BJIHHHHe Ha KpHTHlJCC.KHH TCIIJIOBOH 
noToR. CpanunnaiOTC.R napaMeTphl paaJIH'IHhiX 
yupou~eHHhlX reoMeTpHH H IIpHBOII,HTC.R pe3yJihT8-
Thl pauee liOJJY'ICHHhiX HCCJICII,OB8HHH, C TCM 'ITO
Obi Bhl.RBHTh ocTaJihHhle naiRHhle ueonpep,eJieHHhie 
napaMeTphl, Ta.KHC .KaK BJIH.RHHC XOJIOP,HOH IIO
nepXHOCTH, pacnpep,eJICHHC TCIIJIOBOI'O IIOTO.Ka, 
M8JJhiH rup;paBJJH'ICCKHH P,HaMeTp H CliCli;HWH'ICC
C KHe xapaKTCpHCTHKH IICTJICBhlX HCIIbiTaHHH. 

ITpep,cTaBJICHhi pe3yJihT8Thi OIIhlTOB c TOIIJIHB
llhiMH c6opKaMH H3 'ICTbipex, CCMH, P,CBHTH, II,BC
Hall,ll;aTH K J.J,CBHTHap,u;aTH cTepmueii. Onpeii,CJIHIOT
c H H o6cymJ.J,aiOTCH 3WWCKTbl CKOpOCTH IIOTOKa 
'fCilJIOHOCHTCJIH, ll,aBJICHH.R B CHCTCMC, paCCTOHHHH 
MCiRII,y CTepiRHHMK, HepaBHOMCpHOfO pacnpep,eJie
lfKH TeMnepaTyphi, a Ta.Kme II,JIKHhl uarpena. Ilop,
'lepKnnaeTc.R BaiRHa.R pOJib MCiRCTCp>'KHCBbiX ,D,H

CTaHli;HOHHpYIOili,HX IIpO.KJiaii,O.K H HX IIOJIOiRHTCJib
HOe KJIH oTpnu;aTeJibHoe BJIH.RHHe. Cpanueuue p,au
HhlX, llOJIY'ICHHhlX B CJiyqae MHOfOCTCpiRHCBhlX 
c6opo.K, C COOTBCTCTBYIOII.J,CH ynpOili,CHHOH reOMCT
pHeii IlOKa3hlBa~, 'ITO c60p.KH C KOJibli;CBOH H .Kpy
I'OBOH reOMCTpHeii HBJI.RIOTCH COOTBCTCTBCHHO HHiR
HHM H BepXHHM npell,eJiaMK ITOJiy'leHHbiX )l;aH
HbiX. 

TaKa<e paccMaTpnnaiOTCH Koppen.R~HH, neJ].aBHO 
nony'leHHhle faM6HJIJIOM, fpHHOM, Ma.KoeTo:M H 
TouroM, H aHaJIHTH'ICCKHe npeii,C.KaaaHHH .KpHTH
qecKnx TeiiJIOBbiX noTo.Kon BeKKepa, RoJIJibepa, 
fpeiica, Jicouaa K TnnneTca. 0TMe'leHhl uanoo
nee BaiRHhlC paCXOiRII,CHH.R MCffiAY pa3JIH'IHhlMK 
npe)l;JIOiReHHbiMH KoppeJI.Rli;HHMH. Haiiii,GHO, 'ITO 
OOJibillHHCTBO .Koppen.RIJ;Hii npHMCHHMO TOJih.KO II,JIH 
orpaHH'f£>HHoro 'fHCJia reoMeTpnH: H ycJIOBKH 
OllhlTa. 

Oocymp,aiOTC.R B03MOiRHOCTH npuueueHH.R no
JIY'ICHHhlX pe3yJII>TaTOB HCCJIC)l;OBaHHH H npeP,CKa-
3aHHH n pac'leTax .RII,epuhlx pea.KTopoB. Cua'laJia 
ll,aCTCH RpaT.KHH 06300 TaKHX HCTO'IHHKOB Heonpe
]{CJieHHOCTCH B paC'ICTaX .KOHCTpyK~HH HJIH pa6o
'IHX YCJIOBHH, Ka.K MOili,HOCTh, peiRHM ITOTOKa TCII
JIOHOCHTCJI.R H pacnpeii,CJICHHC ero TCIIJlOCOII,epma
HHH. 3aTeM ou;euunaiOTC.R TpeoyeMI>Ie upe,n,enhl 
.KOHCTPY.Kli;HH C y'leTOM COBpeMeHHhlX 11,3HHbiX 0 

.KpHTH'feCKOM TCUJIOBOM IIOTOKe H IIOCJICf(CTBRHX 
ero npeni>nnenua. OnHCaHbi HeJ.J,aBHo nony'leHHbie 
pe3yJII>TaTbl HCIThlTaHHH c6opOK 0/I,HO- 11 ,!l.BYX
CTCpiRIICBOH reo:MeTpHK. J1pHBOII,HTCH K03WWH~H
CHThl TCMIIepaTypHblX KOJieOaHHH H IIJICHO'IHOrO 
.KHIIeHHH B ycnoBH.RX npenhlllieHHH KpHTH'ICCKoro 
TCIIJIOBOfO IIOTOKa. Ta.KiRe OIIKChiBaeTC.R HCIIhlTa
HHe pea.KTopa C TOIIJIHBHhlM CTe'piRIICM, paOOTaiO
Ili;KM B YCJIOBHHX IIpCBhlillCHH.R KpHTH'ICCKOfO TCII
JIOBOfO IIOTOKa. 8TH peayJII>TaTbl IIO.Ka3hlBaiOT, 'ITO 
11pH C06JIIOII,CHHH COOTBCTCTBYIOili,HX paC'ICTHbiX H 

:mcnnyaTali;KOHHhlX ycnonnii npenblmeuue .KpHTH
•wcKoro Tennonoro noToKa B npou;ecce a.KcnnyaTa
li;HH He IIpHBCII,CT K CCpbe3HbiM IIOCJIC)l;CTBHHM, H 

IIX MOiRIIO IIpCII,BHII,CTb. 

A/224 Estados Unidos de America 

Consideraciones acerca del flujo termico 
critico en el disefio termico e hidraulico de 
los reactores nucleares refrigerados por agua 

par S. Levy et al. 

El regimen de fl.ujo termico critico es uno de los 
limites termicos e hidniulicos mas importantes en 
los reactores nucleares refrigerados por agua. Su 
aparici6n esta asociada con una alteraci6n rapida 
del proceso de transmisi6n de calor y se acompaiia de 
oscilaciones de la temperatura y una elevaci6n 
rapida de la misma que puede ser perjudicial para 
la integridad de los elementos combustibles. Esta 
memoria trata de tres aspectos del regimen de flujo 
termico critico en los reactores nucleares refrigerados 
por agua. Estos aspectos son: a) medida experimental 
del regimen de flujo termico critico, b) su predicci6n 
analitica o empirica, c) aplicaci6n de estas medidas 
o predicciones al proyecto de reactores nucleares. 

Se revisan y analizan medidas recientes realizadas 
con geometrias simplificadas tales como la circular, 
rectangular y anular. Los datos de los ensayos 
comprenden un amplio intervalo de variables, a 
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saber, presiones absolutas de 500-1 500 psia (34-102 
atm6sferas), velocidades masicas de 0,1 a 13 x 1()6 lb/ 
h ft2 (0,0135-1,75 kg/cm2s), diametros hidraulicos 
de 0,18 a 1,5 pulgadas (0,45 a 3,8 em), longitudes 
calentadas de 24 a 262 pulgadas (60 a 665 em) y 
diversas formas de calentamiento. Se identifican y 
describen los principales parametros y sus efectos 
sobre el regimen de flujo termico critico. La com
paraci6n de los resultados correspondientes a las 
diversas geometrias simplificadas, juntamente con 
otros datos obtenidos previamente, se utiliza para 
identificar las mayores fuentes de incertidumbre que 
todavia quedan, tales como los efectos de la superficie 
no calentada, la distribuci6n del flujo termico, el pe
queiio diametro hidraulico y caracteristicas especiales 
del circuito de prueba. 

Se describen ensayos con estructuras de cuatro, 
siete, nueve, doce y diecinueve barras. Se determinan 
y discuten los efectos de la velocidad masica, presion 
del sistema, espaciamiento entre barras, distribuci6n 
desigual de calentamiento y longitud calentada. 
Se insiste en el importante papel de los espaciadores 
entre barras y sus contribuciones potenciales, posi
tivas o negativas. La comparaci6n de los datos de 
barras multiples con los resultados correspondientes 
de geometrias simplificadas muestra que el anillo 
calentado interiormente y Ia geometria circular 
actuan como limites inferior y superior, respectiva
mente, de los resultados de barras multiples. 

Se describen a continuaci6n las recientes correla
ciones empiricas y predicciones analiticas de regimenes 

de flujo termico critico. Se seiialan las correlaciones 
de Gambill, Green, Macbeth y Tong, y las predic
ciones analiticas de Becker, Collier, Grace, Isbin y 
Tippets. Se observan discrepancias importantes entre 
las diversas relaciones propuestas. Se encuentra que 
Ia mayoria de las correlaciones se aplican solamente 
en un intervalo limitado de geometrias y de con
diciones de ensayo. 

Se discute Ia aplicaci6n de los anteriores resultados 
experimentales y predicciones para el proyecto de 
reactores nucleares. En primer Iugar se revisan 
brevemente otras fuentes de incertidumbre en los 
calculos de proyecto 0 funcionamiento, tales como. 
Ia potencia, el caudal y distribuci6n de Ia entalpia 
del refrigerante. A continuaci6n, se consideran los 
coeficientes de seguridad que necesita el proyecto, 
de acuerdo con el estado actual de los conocimientos 
sobre el regimen del flujo critico maximo y de las 
consecuencias del funcionamiento por encima de 
este flujo critico. Se describen los resultados de 
pruebas recientes para una geometria de una y dos 
barras: se obtuvieron en elias oscilaciones de tem
peratura y coeficientes de ebullici6n en pelicula 
correspondiente a flujos termicos superiores al 
critico. Se describe tambien una prueba de un reactor 
con una barra de combustible que trabaja por encima 
del flujo termico critico. Estos resultados muestran 
que, bajo condiciones apropiadas de proyecto y 
funcionamiento, las consecuencias de trabajar mas 
alia del flujo termico critico son predecibles y no 
graves. 
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Oco6eHHOCTM Tennoo6MeHa a J~AepHbiX 
peaKTopax, oxnalKAaeMbiX HeClKMMaeMbiMM 

lKMAKOCTJIMM 

B. C. OcMa'IKMH 

BBE,D.EHHE 

ConpeMeHHhle H;:t;epHhle aHepreTIPieCRIIe peaRTo

phl f!BJIHIOTCH BhiCOROcpOpCHpOBaHHbll\III TOIIJIOBhlMH 

aiiiiapaTa:MII. lfa-aa mecTRIIX orpaHuqeHIIii p;ony

CTIIMhlX Tel\lllepaTyp TCIIJIOHOCIITCJIH, IIOBOpXHOCTII 

ll cepp;eqHHRa TCIIJIOBhltl;CJIHIO~ero 3JIOl\lOHTa Hym

HO 3HaTh IIOJie TCMIIepaTyp B aRTIIBHOH 30HC 

peaRTOpa C BhlCOROM CTOIIOHhiO Ha;:t;eil\HOCTII. 

OcHOBHaH aap;aqa TeiiJionoro pacqeTa peaRTopa 

COCTOIIT B TOM, qT06hl JJ;ORa3aTb C XOpOIIICM ra

paHTIIOM, qTO OIIaCHhiO TOl\IIIOpaTyphl TCIIJIOHOCII

TCJJH, IIORphiTllfl II cepp;eqHHRa 3JJCMCHTa HO B03-

HIIRaiOT HII IIpii RaRIIX peiRIIMaX pa60Thl peaRTOpa. 

CIIen;MipiiRa TeiiJiocpii3l!qecRIIX aap;a q, B03HII

RaiO~IIX IIpll IIpOCRTIIpOBaHIIII COBpCMOHHhlX .R;:t;ep

HhlX peaRTOpOB, OIIpe;:t;CJIHCTCH ROHCTpyRIJ;IICH 

aKTHBHOll 30Hhl. ,UJIH 60JihiiiiiHCTBa 3HepreTIIqe

CKIIX HJJ;CpHhlX peaKTOpOB, OXJiamp;aeMhlX HCCiRII

MaOMhlMII iRlltJ;ROCTHMII, aKTliBHaH 30Ha IIpe;:t;CTaB

JJHOT C06oif KOI\IIIaRTHhiH Ha6op TOIIJIIIBHhlX c6opOR, 

BbiiiOJJHOHHbiX B BIIJJ;O IIyqROB IJ;IIJIIIH)J;pllqecKIIX 

TOIIJIOBblll,OJJH!OIII,IIX 3JICMCHTOB, 3aHJJIOqeHHbiX B 3a

~liTHhl0 qexJihi. ,UJIH pacqeTa paciipep;eJieHIIH 

TOMIIepaTyp IIOBCpXHOCTll TOIIJIOBhiJJ;OJJHIO~liX 3JIC

MOHTOB HYiRHO 3HaTb xapaRTep TeqeHIIH TCllJIO

HOCIITCJIH ll CROpOCTh TOIIJJOOT;:t;aqii B TaKOH 

CJJOiRHOii reoMeTpnii. HoMIIaRTHOCTh aRTIIBHOH 

30Hhl II 3HaqiiTCJJbHaH HepaBHOMOpHOCTh TCllJIO

BhltJ;OJIOHIUI B peaKTOpe Tpe6yiOT yqiiTLIBaTb IIpO

JJ;OJihHhlC li3MOH0Hllfl R03cpcpi1D;IIOHTa TOIIJIOOT;:t;aqii. 

aTll 3ap;aqii paCCMOTpOHhl B HaCTOH~eM JJ;OKJiap;e. 

nPO~ECCbl nEPEHOCA 
B TYP5Y nEHTHOM nOTOKE 
HECJ-KHMAEMOII! }f{H,D.KOCTH 

,UBIIiROHIIO TCIIJIOHOCIITOJIOH, IICIIOJJh3YOMbiX 

B COBpeMOHH hi X H;:t;OpHhlX pea RTOpax, RaK IIpaBIIJIO, 

HBJIHOTCH Typ6yJieHTHhlM. TeopeTIIqecRoe oniica

HIIe llpOIJ;CCCOB B Typ6yJieHTHOM UOTOKO BOCbMa 

cJiomHo. XaoTIIqHOCTh, HeynopHp;oqeHHOCTh Typ-

6yJieHTHoro JJ;BIIiROHIIH Tpe6yeT llpiiMOHOHIIH CTa

TIICTHqeCRIIX MeTop;oB oniicaniiH npou;eccon. O;:t;Ha

RO TaRoii nop;xop; peaJIIIaonaTh oqeHh TPYAHO. 

floaTOMY npaKTIIqecRaH riip;pOP,IIHaMIIKa llOIIIJia 

110 llYTII C03)J;aHIIH llOJIY3MIIIIpiiqecKIIX <iJeHOMOHO

JIOriiqecKIIX Teopnif. Cyiii,HOCTh aTIIX Teopiiii 

COCTOIIT B TOM, qTO Ha OCHOBO HCROTOpOif MOJJ;OJIII 

npou;eccon Typ6yJieHTHoro o6MeHa IIpep;JiaraiOTCH 

CBH3II Memp;y xapaRTepiiCTIIKaMII IIYJihCaiJ;IIOHHoro 

II ocpep;HeHHoro ;:t;BIIiROHIIH. BeChMa rniipORoe 

paciipocTpaHeHIIe IIoJiyqiiJia TeopiiH nyTII nepe

MOIIIIIBaHIIH IIpaH;:t;TJIH, corJiaCHO ROTopoii IIYJih

can;IIII CROpOCTII B ITJIOCKOM RaHaJie MOiRHO IIpep;

CTaBIITh B BII)J;C 

, l dU 
u ~ y dy , 

rp;e ly - ;:t;Jmna IIYTH nepeMeiiiiiBaHIIH, IIMeiO~aH 
CMbiCJJ XapaKTOpHOrO paCCTOHHIIH, npOXOP,IIl'<IOrO 

IIYJihCaiJ;II.HMII c coxpaHeHIIeM <<IIHJJ;IIBII;:t;yaJihHOCTII». 

,UJIH ROMIIOHCHT TCH30pa Typ6yJJOHTHbiX Raea

TCJihHhlX HaiipHiRCHIIH B IIJIOCROM RaHaJie 3Ta 

TeopiiH p;aeT <iJopMyJihl BII;:t;a 

128 

l 2 (dU )2 
'fxy = Q Y dy • 

IJoJiyqiiM 6oJiee qeTRyiO <iJopMyJIIIpOBKY riiiiOTC3bl 

IJpaH;:t;TJI.H. 

BocnOJihayeMCH ypanHeHIIHMII ;:t;JI.H IIYJihcan;IIoH

HhiX COCTaBJI.HIO~IIX CKOpOCTII 

i)u: au: au 1 a ' 
__ t +Uk __ t +ui. __ i = __ _L+ 
at iJxk axk Q axi 

iJ2ui iJ -, -, ' ' +v -0 2 +a-(uiuk-uiun) (1) xh. xk 

II IIpe;:t;CTaBIIM IIX B BII;:t;e IIHTerpaJihHbiX. ypaB

HCHIIH. 

,UJJH 3TOrO BBOJJ;OM <iJyHKQIIIO J'piiHa, OIIpep;e

JIHOMYIO ypaBHOHIIOM 

iJVo - -at+ (UV) V0 -· VL\V0 = -6 (r- r') 6 (t- t') (2) 

II Heo6xo;:t;IIMhiMII rpaHIIqHhiMII ycJIOBIIHMII. 

<l>yHRD;II.H V0 OIIIIChiBaeT paciipe;:t;eJieHIIe cKo

pocTII B ITOTORO JJ;BIIiRy~eiie.H iRIIJJ;ROCTII IIpii 

MrHOBOHHOM JIORaJIII30BaHHOM B03MY~OHIIII. 

Torp;a ypaBHOHIIH (1) MOiRHO aaiiiiCaTh B BIIAe 

ui (r, t) = ~ V0 (r,i', t, t') X 

X' [ 1 iJp' + 'iJUi a (-,-,- ' ')] d-'dt' · -;:;- -0- Un -a - -a- UiUk- UiUk r • 
~ Xj Xk Xk 

(3) 
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TaKaH <f>opMa aanncn ypaBaeHHH ( 1) noaBOJIHeT 
npHMeHHTb MeTO~ nOCJie~oBaTeJibHLIX npH6JIH
meHHH. B nepBOM npn6nnmeHHH B ypaBHeHHH (3) 
npeae6pemeM BCeMH HeJIHHeiiHLIMH 'IJieHaMH, a 
TaKme nyJILCaiJ;HHMH ~aBJieHHH. 
Tor~a 

, - "' \ , au 1 - - -ui(r, t)- J uk axk V0 (r, r', t, t')dr'dt'. (4) 

Ecnn paaMepLr o6nacTH npocTpaHCTBa, r~e 
BepoHTHOCTL V0 oTJIH'IHa OT HYJIH, MaJILI no 
cpaBHeHHIO c paaMepaMH o6naCTH, r~e nponcxo
~HT cyru;eCTBeHHOe H3MeHeHHe OCpe~HeHHLIX 3Ha
'leHHH CKOpOCTH, TO ypaBHeHUe ( 4) MOlliHO yn
pOCTHTL. PaanomHB rpa~HeHT cpe~Heii cKopocTH 

B PH~ Taiinopa OKOJIO TO'IKH r H orpaHH'IHBaHCL 
~BYMH qJieHaMH paanomeHHH, noJiy'IHM npH6JIH
meHHLie <f>OpMy JILl ~JIH ny JILCaD;HOHHLIX COCTaB
JIHIOIIJ;HX CKOpOCTeii B BH~e 

, (- t) "'au1 \ • (-, t') v (- -, t t') d-, dt' + uir, -axk-Jukr, 0 r,r,, r 

+ a
2
u 1 

\ I r-r' lz ui. <1< t') X axk axz J 
x Vo(r, r', t, t') dr' dt'. (5) 

B H~pe nOTOKa, B6JIH3H OCH CHMMeTpHH nOTOKa 
nepBhle npOH3BO~HLie ocpep;HeHHOH CKOpOCTH 
MaJILI. lloaToMy nynLcau;noHHLie cocTaBJIHIOru;He 
CKOpOCTH onpep;eJIJIIOTCH 3Ha'leHHHMH BTOpLIX 
CJiaraeMLIX paBeHCTBa (5), TO eCTL 3aBHCHT OT 
BTOpLix nponaBO,!I;HLIX cpep;aeii cKopoCTH. Hao6o
poT, Bp;aJIH OT OCH CHMMeTpHH IIOTOKa BeJIHKH 
nepBLie cnaraeMLie paBeHCTBa. B aToii o6nacTH 

, (- t) aut \ , (-, t')V (- r-', t, t')d-r'dt'= Ui r, ~ axk J Uk r, o r, 

_
1 

aut 
- k axk 

0TMeTHM, 'ITO BeJIH'IHHa 

lk (r, t)= ~ uit(r', t')V0 (r, r', t, t')dr' dt' 

(6) 

HMeeT paaMepHOCTL ,[J;JIHHLI H XapaKTepnayeT paa
Mep 06JiaCTH, ROTOpaH HBJIHeTCH «nOCTaBID;HKOM» 

nynLcan;Hii cKopocTH. 
lloJIL3YHCL 3THMH BLipameHHHMH, MOlliHO yTO'I

HHTb BH~ <f>YHKD;HH fpHHa, 'IT06LI yqeCTL Typ6y
JieHTHYIO ~H<f><f>yaHIO nyJILCaD;HH CROpOCTH. 

Onpe~eJIHB Roa<I><I>Hn;HeHT Typ6yneHTHOii p;u<f>
<f>yanu nyJILCaD;HH C nOMOID;LIO paBeHCTBa 

uiu~t-ujuk 
D= (7) aui 

axk 
H BBe~H <f>yHRD;HIO fpHHa BTOpOrO npH6JIHllieHHH 

C UOMOID;LIO ypaBHeHHH 

~+(UV)V-VDVV-v~V= -6(r-r') 6(t-t'), 
at 

(8) 

UOJIY'IHM <f>opMYJILI ~JIH nyJILCaD;HH CKOpOCTH 

BTOpOrO IIpH6JIHllieHHH 
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, (- t) \ , au, v (- - - , Ui r, ~ J Uk axk- r, r', t, t')dr' dt, (9) 

HJIH B6JIH3H CTeHRH 

'(- t) au1 \ , (-' ')V(- -, t')d-, d' Ui r, ~ axk J uk r , t r, r , t, r t . 

(10) 

C IIOMOID;LIO 3TOfO COOTHOmeHHH MOlliHO BLI'IHC
JIHTL npH6JIHllieHHLie 3Ha'leHHH COCTaBJIHIOID;HX 
Teaaopa Typ6yneHTHLIX RacaTeJILHLIX aanpHmeanii 

" -,-, 1. 1 aut ~ , (- t) u;ui = 1m 2-" ·-a- u; r, x 
"-+oo v Xk -" 

X dt ~ uit(?t')V(r, r', t, t')dr' dt'. (11) 

floCKOJILRY <f>yHKD;HH fpHHa 3aBHCHT TOJibRO OT 
pa3HOCTH T=t-t', TO <f>opMyJiy (11) MOlliHO 
aanucaTL B 6onee y~o6aoii <f>opMe 

00 " 
-, , aut ~ d 1. 1 ~ , (- ) --"' u;ui = -a- T 1m 2-" u; r,-t _ 

Xk "-+oo V 

0 -" 

00 

= :~~ ~dT~ uj(r, t)u/.(r', t-T)V(r, ?,T)dr'= 
0 

(12) 

00 

BeJIH'IHHa v}k (r) = ~ KJk (r, T)dT HBJIHeTCHROMn0-

0 
aeaToii Teaaopa Typ6yneHTHoii BH3ROCTH. B nar-
paameBoii CHCTeMe KOOp,!J;HHaT <f>YHKIJ;HH 

~ V(r, T)dr npn6numeaao pasaa e-~et, r~e 

k =a(vtD) , a-ROHCTaHTa; l-xapaKTepHLIH 

paaMep o6nacTH. Torp;a ~JIH cnyqaH o~aopop;aoii 
H30TpOnHOH Typ6yJieHTHOCTH 

00 

vt= ~ -u-' (-t)_u_'_(t--T)e- 11'f dT. (13) 
0 

8To paBeacTBO coBna~aeT c onpe~eneaneM Roa<f>
<f>nn;HeaTa Typ6yneaTaoii p;n<f><f>yauu no Taii
nopyi,2. 

AaanorH'IHLIM o6paaoM, noJILayHcL ypaBHe
HHHMH ~JIH DYJILCaiJ;Hii TeMnepaTypLI 

I 

aT' +Uk aT' +ui. aT =a ar: +a_!_(u#tT'-u#tT') 
at axk axk axk Xk 

(14) 

H BBO,!I;H <f>yHRD;HIO fpuaa C IIOMOID;LIO ypaBHeHHH 

aWo +(UV) W0-a~Wo= -6 (r--r')6(t-t'), 
at 

(15) 
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MOmHO IIOJIYTJHTb IIHTerpaJibHOe ypaBH8HH8 

nyJibCa~nii TeMrrepaTyphl B Bnp;e 

r~ (r, t) = ~ W 0 (r, ?, t, t 1
) x 

[ ' aT a (----,--TI 'T) 1 J d- 1 d I X Uk axh - axh Uk - Un r t . 

B nepBOM npn6JinmeHnn 

)J;JIH 

(16) 

I - " ' aT -
T (r, t)~ ~ u"axk W 0 (r, ?, t, t

1

)dr'dt
1 

(17) 

nJin npn Tex me npep;noJiomeHnHx, TJTO II npn 

BbiBO,TJ,e <flop My Jlbl ( 5) 

Tl(i·, t)~ :~ ~ u/t(r 1
, t 1

) W 0(r, r 1
, t, t 1 )d1· 1 dt 1 -l-

+-aa2Ta I lr-i'llnit(7>, t 1 )Wo(r, ?,t,t 1 )di'dt 1
• 

Xn Xi J 
B o6JiaCTII Hep;aneKo OT CTeHKII 

T ~(-· t)"-' aT (' · (--:' t')W (- -~ t 1 )d-'d I 1, -ax,. ~ uk 1 , 0 r, r , , t r t = 

( 18) 

rp;e lX - aHaJIOr )J;JIHHhl nepel\IeiDHBaHHH )J;JIH 

ny Jibca~nii Tel\lnepa Typhl. 

TaK iHe I\aK n B paBeHcTBe (7), MOmHo npn6JIII

meHHO yTJeCTb Typ6yJieHTHYIO p;n<fl<flyaniO nyJibca

~lfii T8MIIepaTyphl, BB8,!VI Koa<fl<flH~ll8HT Typ6y

JieHTHOH AH<fl<flyaHII 

u'T 1
- u'T 1 

DT= h aTik (19) 

ax,. 
Torp;a <flyHK~IIH fpnHa BToporo npH6JIIImeHIIH 
Onpep;eJIH8TCH ypaBH8HH8M 

aw 
-at-f--(UV) W -vDTvW -a~W = 

= --8(r-?)8(t-t 1
), (20) 

a nyJibCa~HH Tel\mepaTyphl 6yp;yT IIMeTb BIIA 

Tl (r, t) = :~ ~ u/t (?, t 1
) W (r, i', t, t 1 )di'd£1

• 

(21) 

CocTaBJIHIOm;He BeKTopa Typ6yJieHTHoro rroTOKa 
TenJia paBHhl 

" -,--TI l' 1 iJT ~ , -Ui = Im· 2., a- Ui(r, t) X 
,__,00 u x,. _, 

xdt~ u/t{i', t')W(r, i', t, t')dr 1 dt. (22) 

IlOCKOJibKy W 3aBIICMT OT pa3HOCTU T = t- t', TO 

00 " 

T aT ~ d l' 1 ~ '(-Ui = -d T lill·-2.ii: Ui r, t) X 
Xk ,-.--.oo u 0 _, 

xdt~ u/t(i', t-T)W(r,r 1 ,T)di'= 
00 

aT (' KT - t aT 
=-a-.) ik(r, T)dT=aik-a-, 

Xk O Xk 
(23) 

rp;e 

K[k(r, T)= ~ ui(r, t)uk(r', t-T)W(r, r1 ,T)d?. 
00 

BeJIIIlJIIHa at(r)= ~ KT(r, T)dT IIMeeT CMhlCJI 

0 

KOa<Jl<fln~II8HTa Typ6yJI8HTHOH T8MIIepaTyponpo

BO)J;HOCTH. 

RoH~peTHhlii BIIA <flyHK~nii fpuHa V (r, t) 
II W (r, t) 3aBHCIIT OT reOMeTpiiii 3ap,aTJH. 

B npocTeiimeM cJiyTJae, Korp;a MOmHo rrpeHe6-

peTJb 3aBHCIIMOCTbiO Koa<fl<flu~ueHTOB ypaBHeHHH 

(8) II (20) OT KOOp)J;HHaT, TO eCTb Korp;a 06JiaCTb 

B03MyiD;eHHH MaJia TIO cpaBH8HIIIO C 06JiaCTbiO 

cym;eCTBeHHhlX II3MeHeHIIH ocpep;HeHHhlX napa

MeTpOB TIOTOKa, <flyHK~IIII fpHHa MOmHO HaiiTII 

C TIOMOID;biO npeo6pa30BaHIIH <J>ypbe. 

Ilpii aToM <flyHK~IIH fpnHa AJJH cKopocTII 

v <-,.- ,., , t - t, > = 

1 
I r-r--U-(t-t') 12 

;:-::-r=:::;==:==:;:=:==;:c:- e 4 (v+ D) (t- t') • 
2 Y rr (v-I-D) (t -t')3 

(24) 

<l>yHK~IIH fpHHa )J;JIH TeMnepaTyphl W HMeeT TOT 

me BIIA, HO BMecTo v, D CTOHT a, DT. 
flpH6JIIImeHHbi8 IIOCTp08HII.fl, OTIIICaHHhle Bhlme, 

MOmHO IICTIOJib30BaTb fl,,lJ.fl C03)1;aHU.fl KaKIIX-JJH60, 

TIOJiyaMITIIpiiTJeCKMX CXeM paCTJeTa XapaKTepHCTMK 

Typ6yJJeHTHOrO TIOTORa. 

Op;HaKo npaRTHTJeCRIIe pacTJeThl yp;o6Ho rrpo

BO,i:tHTh no 6oJJee rpy6oii cxeMe. 

PaccMOTpiiM cTa6IIJJII3npoBaHHOe TeTJeHHe mnp,

ROCTII B RpyrJJoii Tpy6e. YpaBHeHne p;BIImeHnH 

mii)J;KOCTH HMeeT BH)J; 

~ :£ ~ (v + vt)-.~~ = ~
2 

~~ = -2 ~m R. (25) 

CTJnTa.R :Roa<fl<flii~neHT Typ6yJJeHTHoii B.R3KOCTH 

H3B8CTHOff <flyHKIJ;He:ii KOOp)J;HHaT, IIOCJJe p;ByHpaT

HOrO IIHTerpupoBaHHH IIOJJYTJIIM 
1 

U (~) = 'twR (' ;1£ 
QV ,, . vt 

61 +-v 
(26) 

BBep;H II3BeCTHhle o6oaHaTJeHII.R 

2 'tw v*R t r 
v • = -Q- ' -v- = 'l']o, ., = R ' 

(27) 
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Roa~~~~~HeHT conpoTHB~eHHH ~ paBeH 

~= B't'w = 8 =F(Re). (28) 
eU2 (~ y 

vt 
3naH !J>ynK~Hro -=I (s, 1]0), Momno paccqHTaTh 

v 
Bee xapaKTepHCTHKH noToKa. Yp;aqnyro aaBHCH
MOCTb A~H vt npep;~OiKH~ Peii:xapp;T 3 

vt ( ~ ) --:v= 0,4 1]-11 thl.T ' 1]=v*y =1]o(1-£). 
v 

(29) 

Cor~acno aToll: ~opMy~e Kot~!J>!J>H~HeHT Typ6y
~eHTHoii: BJI3KOCTH H3MeHHeTCH B BH3KOM C~Oe 

vt vt 
KaK - ~ y3, a rrpH 1] ~ 11 - ~ 0,4·1]. v v 

IIocKO~bKY B Typ6y~eHTHOM Hp;pe npo<J>H~b 
CKOpOCTH OnHChlBaeTCJI <J>opMy~oii: 

cp = 2,5 ln 1] + 5,5, (30) 

KOt~<J><J>HIJ,HeHT Typ6y~eHTHOH BH3KOCTH )l;O~il\eH 
H3MeHHTbCH B ap;pe nOTOKa no 3aKOHy 

1-l 
dfP ~0 = d~ = 0,41]6. 

vt 
(31) 

liT) drJ 
flot~TOMY eCTeCTBeHHO CKOppeKTHpOBaTb <J>opMy~y 
Peii:xapp;Ta H onpep;e~JITb Koa<J><J>H~HeHT Typ6y
~eHTHoii: BH3KOCTH <J>opMy~OH BHp;a 

:t =0,4 ( 11-11 th 11) s= 
= 0,4 [ 1Jo (1- s) -11th ~o <!;-s> J . £. (32) 

PacqeThl npo<J>H~H cKopocTH, ocHOBaHHhle na 
<J>opMy~ax (27) H (32), npep;cTaB~eHbi na pHc. 1. 

Ha pHc. 2 noRaaana aaBHCHMOCTb Roa<J><J>H
:u;HeHTa conpoTHBJiennn ~ OT 'lHCJia Re. 

PacqeT Roa<J><f>H~HeHTa cTa6H~H3HpoBannoii: Te
n~ooTp;aqn CBO)l;HTCH 1\ BhlqHC~eHHIO H3BeCTHOrO 
HHTerpa~a Jlaii:ona 

1 

_1 -2 \ ds 
Nu- j ( +at) 

o s 1 -a 

(33) 

flo~OiKHB Typ6yJieHTHOe 'IHC~O llpaHp;T~H paBHhlM 
ep;HHH~e H HCIIOJib3YH <J>opMy~y (32), Mhl Bhl'IHC~H
~H 'lHc~a Hycce~bTa H Rot~<J><J>M:u;HeHThl TemiOoTp;aqH 
B HHTepBa~e 0 < Pr-< 100, 5 ·103 < Re < 106 • 

Peay~hTaThl pacqeTOB npep;cTaBJieHhl na pHc. 3, 4. 
Ha pHcynH:ax npoBep;eno cpaBHeHHe peay~h

TaTOB pacqeTOB C H3BeCTHhlMH anrrpOKCHMa~HOH

HbiMH ypaBHeHHHMH. lfa <ITOrO COIIOCTaB~eHHH 
BH)l;HO, 'ITO annpOH:CIIMa~H.fl Typ6y~eHTHOH BH3-
ROCTH no <J>opMy~e (32) o6ecneqHBaeT xopomee 
Ra'leCTBO pacqeTOB. 
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RaH: H3BeCTHO, RO<~<J><J>m::~;neHT Ten~ooTp;aqn cJia6o 
aaBHCHT oT BHp;a rpannqnoro ycJIOBHH. Op;naRo 
B sp;epHhlX peaRTopax, rp;e Ten~OBhl)l;eJieHHe 

cyiiJ;eCTBeHHO H3MeHHeTCH no }.I;JIHHe 1\aHa~a, neo6-
XO)l;HMO y'lHThlBaTb aaBHCHMOCTb H:O<~~<l>H~neBTa 
TenJIOOTp;aqH OT CH:OpOCTH H3MeHeHHH Ten~OBOH 

Harpy3RH. 
PaccMoTpHM npo~ecc Teimoo6MeHa B npHMO

JIHHeiinoM Rpyr~oM Rana~e. llycTb Ten~onaa ua
rpyaKa q ( z) H3MenseTcH no A~HHe npoH3BO~bHbiM 
o6paaoM. BbiH:CBHM, RaRaH cRopoCTb HaMeneHHH 
TellJIOBOH Harpy3RH no P,JIHBe KaBa~a MOiKeT 
npHBeCTH R 3aMeTHbiM H3MeBeHHHM JIORa~bHOrO 

ROa<J><J>H~HeBTa Ten~OOT)l;a'IH H ~ORaJibHOrO TeMne
paTypHOrO nanopa? 
- PaccMoTpHM cnaqaJia up,ea~bHblii: c~yqaii: .S-o6-
paanoro Ten~onop,Bop;a B H:aHaJie, TO ecTb cJiyqaii:, 
KOrp;a TenJIO nOP,BOP,HTCH Ha 6eCROHeqHo Ma~OM 
a~eMeHTe p;~HBbl. RaH: H3MeHHeTca npo<J>HJib TeM
nepaTyphl BHH3 no llOTOI\y TenJIQHOCHTe~s? 

QqeBHP,HO, 'ITO B 06~aCTH p,eHCTBHH HCTOqHHI\a 
Ten~a TeMnepaTypa llpHCTBHHbiX C~OeB iKHP,KOCTH 
11moro 6o~bme TeMnepaTypbl Hp,pa noToKa. Op;naKo 
C TeqeHHeM BpeMeHH npH P,BHiKeHHH iKllp;ROCTH 
B KaHa~e C~OH iKHP,ROCTH nepeMeillHBaiOTCH H TeM
nepaTypa iKHP,KOCTH BblpaBHHBaeTCH. ,Il;~nBa, Ha 
KOTOpOH npOHCXOP,HT BblpaBHHBaHHe T.eMnepaTypbi, 
XapaRTepHayeT CKOpOCTb CTa6HJIH3a~HH TeMnepa
TypHOrO npo<J>H~fl. <l>yHK~HIO, OnHCbiBaiOIIJ;yiO H3Me
HeBne TeMnepaTypnoro nanopa no p,Jinne KaHaJia, 
Ha30BeM ~YHR~Heij BJIHHHHH Tell~OBbiP,e~eBHH 
n o6oanaqHM qepea G (z). · 

JlOimJibBoe anaqeune TeMnepaTypnoro nanopa 
Ollpep,eJIHM paBeHCTBOM 

HJIH 

rp,e 

z 

(T w- T)cyUS = ~ ~ q (z') G (z- z') dz' (34) 

1 
-st= 

-oo 

T -T X 

;(x) = ~ f(x')G(x-x')dx', 
cyU -co 

f(x')=_i_jx') . X= Rz • 
q (x) ' 

(35) 

EcJin TenJIOBbiP,eJienne HMeeT .S-o6paanLiii: xapaK
Tep, TO eCTb I (x) = .S (x), TO 

T T -
w- ·cyU=G(x). 
q 

<l>ynK~Hro G (x) MOiKHO nponopMnpoBaTb ycJio-
co 

BHeM ~ G (x) dx =A n xapaKTepHaoBaTb p;JIHHOii 
0 
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PHC. 1. np01pH11b CKOPOCTH H<H,II,KOCTH 8 Tpy()e: 

1- Re= 104; 2- Re= 105; 3- arrrrpoKCIIMan;IIH <p=T], '1 < 5; 
<p=5ln lJ- 3,05, 5< lJ < 30; <p=2,5ln TJ+5,5, T] > 30 

PHc. 2. 3a8HCHMOCTb Kos!fl!fJH4HeHTa con
pont8neHHR b OT 'IHCJla Re 8 Tpy()e: 

1 - pac'leT no <JlopMyJiaM (27), (28), (32); 
0,3164 1 
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PHc. 3. 3a8HCHMOCTb Nu=f(Re, Pr) npH T6'1eHHH 
8 Tpyeiax H<H,II,KOCTeH c Pr > 1: 

1-Pr=100; 2-Pr=10; 3-Pr=1; X -Nu= 
=0,023 Reo,s Pr0,4 [4]; \7- Nu=0,021 Reo,s Pr0,43 [5]; 

O-Nu=_1_· RePr 
8 

12,7 V ~ (Pr21s_1)+1,07 

1 
n~e ~= (1,82lg Re-1,64)2 [6] 

2 - ~= Re0,2o II ~ (1,82lg Re-1,64)2 

N u 
) 

10 2 :I 
-

I- ~~ -

~ -~ 

10 I ·~~ r---

I 10 2 103 104 Pe. R.exlh 

PHc. 4. 3aBHCHMOCTb Nu=J(Pe) npH T6'16HHI1 
»<H,II,KHX MeTanno8: 

1- Nu = 7 + 0,025 PeO,s; 2- Nu=5,5+0,025 PeO,s~ 
V- Pr=0,005; X - Pr=0,01; 0- Pr=0,025; 

L\ -Pr=0,05 
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00 

1 \' peJiaRca~IIH L =A J xG (x) dx, a TaRme 6oJiee 

0 

BhiCORHMII npOCTpaHCTBeHHIJIMH MOMeHTal'>fH x" = 
co 

= ~ ~ x"G (x) dx. MoMeHTIJI <fJynR~IIII BJIIUIHIIH 

0 
MOil\HO HaiiTH C nOMOITI;hfO <!>ypbe-npeo6pa30BaHIIH. 

IlyCTh 
co co 

G(p)= ~ e-pxG(x)dx~ ~ G(x)dx-
o 0 

co 00 

-p ~ xG(x)dx+ ~
2 

~x2G(x)d.r- ... 
0 0 

[ 
p2 2 J ... =A· 1-pL+2 x .... 

Torp;a 

A G~( )I L=-_!__dc(p)l = p p->O, A dp p->0 

- 1 d2G(p) I 
x2 =-A . d 2 H T. iJ,. p p-->0 

(37) 

EcJIH Ha paccTOHHIIHX nopHiJ,Ra L <fJynR~IIH f (x) 

H3MeHHeTCH CJia6o, TO MOil\HO npOI13BeCTH pa3JIO

meHHe :noll: <fJyHH~IIII B pHil. Tai'mopa, H Torp;a 

-- co 

st~x) = r;<-;r = ~ f(x-x')G(.r')dx'= 
--_- 0 
cvU 

co co 

= f (x) ~ G (x) dx- ~~ ~ xG (x) dx + ... 
0 0 

r dl J · ... =A Lf(x)-L dx + . . . ~ Af (x-L). (38) 

TaRHM o6paaoM, JIORaJihHIJIH Roa<fJ<fJH~HeHT TenJio

oT,n;aqH OnpeiJ,eJIHeTCH yCJIOBHHl\111 TenJIOnOiJ,BOiJ,a 

na paccTOHHHII L nnepx no noTOHY. 
Ra11: MIJI yBIIiJ,IIM noaiJ,nee, nop111Hpyro~Hii: MHO

il\HTeJih A panen o6paTHOMY anaqenHIO qHcJia 

CTaHTOHa nocJie TepMHqecHoii: cTa611JIII3a~HH. 
B CB113H c 3TIIM 

1 1 
St(x) ~ St

0 
·f(x-L). (39) 

0TCIOiJ,a CJiep;yeT, qTO, HCnOJib3YH <fJopMyJIIJI iJ,JIJI 

HOa<fJ<fJH~IIeHTa CTa6HJIH3HpOBaHHOH TeiiJIOOTiJ,a qH 

B CJiyqae npOH3BOJihHOf0 1131\feHeHIIH TenJIOnOiJ,

BOiJ,a no iJ,JIIIHe HaHaJia, MIJI aaH11maeM anaqenHe 

HOa<fJ<fJH~IIeHTa TenJIOOTiJ,aqH np11 pOCTe TenJIOBIJI

iJ,eJieHIIJI H 3aBIJIITiaeM np11 yMeHbllleHHII TenJIOBOH 

narpyaRH BiJ.OJib HaHaJia *. IIocJieiJ,nee o6cTOH

TeJJbCTBO HMeeT cy~eCTBeHHOe 3Haqemie iJ,JIH BOiJ,O

BO,ll;HHhlX peaRTOpOB, r/l,e B BhlXOiJ,HOH qaCTII 

aRTHBHOH 30HIJI B03MOil\HO B03HHRHOBeHHe no

nepXHOCTHOrO HIIneHHJI. O~eHRH TeMnepaTypiJI 

CTeHRH TenJIOBIJiiJ,eJIHIO~HX :meMeHTOB II onpe/l,e-

* MOlRHO DOKa3aTb, 'ITO TaKaSI CHTya~HSI HMeeT 
MecTo u npu HecTa~uoaapHhiX npo~eccax, Kor,IJ;a 
q=const 1 (t). 
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JieHHe B03MOil\HOCTII B03HIIRHOBeHHH nonepXHO

CTHOfO KIIneHIUI, BIJinOJIHeHHIJie no o6IJiqHbiM <fJop

MyJial\1 TeiTJIOOTiJ,aqH, liiOryT 6blTh II3JIIIITIHe OnTII

l\IIICTIIqHIJIMII. 

Roneqno, CTenenb IWppeRTHOCTII no,n;o6nhlx 

O~eHOR 3aBIICHT OT CKOpOCTII H3MeHeHIIH TeJIJIO

BOH na rpyaRn B~OJib RaHaJia. EcJIH B paaJio-

mennH (38) Momno npene6pe% qJieHoM L !!1_ TO 
dx' 

dIn I (x) 
ecTb L dx ~ 1, TO BJIHHHIIe nenocTOHHCTBa 

TenJIOBOH Harpy3RII Ha ROa<fJ<fJn~neHT TenJIOOT,n;aqll 

MaJI6. Mnaqe ronopH, ecJiu OTHOCUTeJILHhie H3Me

nennH TenJionolr narpyaKn na IVIHHax nopHp;Ka 

iJ,JIIIH peJiai;:ca~Iur L liiaJIIJI, TO BJIIIHHneM uaMe

nennii: narpyaKn na Koa<fJ<fJn~nenT TenJIOOTp;aqu 
Momno npene6peqL, 

,Il;JIH pacqeTa JIOI\aJibHoro HOa<fJ<fJuu:nenTa Ten

JIOOT;:J;aqu npu JII060111 3aKOHe II3JIIeHeHIHI TenJIO

BhiiJ,eJieHIIH no p:mme KaHaJia nymno anaTb <fJynK

~nll BJIIIHHIIH G (x). <DyHI\~IIIO BJIIIHHIIH G (x) n ee 

xapaKTepnwe napaMeTpbr Momno naiiTH na peiTie

HHH ypaBHeHIIH 3Heprnu B nOTOI\e TenJIOHOCIITeJIH. 

8To ypannemre /f.JIH ycJionnii TeqennJI mn,a;

ROCTM B KpyrJIOH Tpy6e lll\IeeT BH,IJ; 

= (J) (!:) Pe !'!_ 
"' 2 ax ' 

a rpanuqnoe ycJIOBMe 

dT I _ q(x) R 
d\; 1- A. • 

(40) 

(41) 

PeiTieHIIe ypannennH ( 40) liiOif\HO noJiyqnTL 

c noMOID;LIO Honequoro nnTerpa.'ILHoro npeo6pa

aonaHHH no C06CTBeHHLIAI <fJyHK~HHI\f ypaBHeHHH 

IIJTypMa - JlHyBIIJIJIH 

c rpanuqHLIM ycJionneM ~n 1
1 
= 0. Ilp11 6oJiee 

6 dY I 0 m;eM rpaHHqHOM YCJIOBIIII dt 
1 
=XY n ( 1 ), MOiRHO 

peiTiaTb 6oJiee CJIOiRHLre aap;aqH. 

IloJib3YRCb opToronaJILHOCTbiO <fJyHH~IIil: Y,, TO 

eCTb paneHCTBOM 
1 

~ £(J) (£) Y,Y m dG = 0 npn n-=!= m, liiOiRHO Jiro6yro 

0 
<fJyHK~IIfO, 3a~aHHYIO Ha HHTepBaJie (0, 1), pa3-

JIOiRIITb B PHil. 

(43) 
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EcJIH o6oaua qHTh 

1 

Bn(x) = ~ ;ffi(s)e(;, x) Yn(s)d£, (44) 
0 

TO paBeBCTBO 

8(£, x)= ~ 1Yn (~)Bn(x) (45) 

n S ~w (~) Yft d~ 
0 

MOii\HO paccMaTpHBaTb Hal\ <flopMyJiy o6pam;eHHH 
HHTerpaJihnoro npeo6paaoBaHHH c KoneqHhlMH 
npe~eJiaMH. 

llpHMeBHB HBTerpaJihHOe npeo6pa30BaBHe BHAa 
(44) K ypaBueumo (40), To ecTh yMBOiRHB ypaB
uenue ua <f!YHK~HIO Y n (s) H HBTerpupyH oT uy
JIH AO e~HBH~hl, noJiyquM ypaBueuue 

Pe. dTn = Yn (f). q (x) R ·- R~Tn, (46) 
2 dx A. t' 

peineHHeM 1\0TOpOrO HBJIHeTCH paBeHCTBO 

1 r -~ f12 (x-x') 
Tn(x)=Yn(1)----= ~ q(x')e Pen dx'. (47) 

cyU -oo 

Ilpo<flun:r, TeMrrepaTyphl B KaBaJie B cooTBeTCTBHH 
c <flopMyJioft (45) orrpe~eJIHeTCH pH~OM 

T(£, x)=~ ~ Y;(~)Yn(1)X 
cyU n ~ ~wY~ ds 

0 

x -~ f12 (x-x') 
X ~ q(x')e Pe n dx'. 

-co 

(48) 

TeMrrepaTypBhlH uanop y no8epxnocTH paBeu 

X _ _!. p2 (X-X') 

X ~ q(x')e Pe n dx', (49) 
-00 

a noKaJihBoe auaqeuoe o6paTuoro qucJia CTaB
Toua 

1 T,o-T 
St (x) - q (x) 

cyU 

X 

~ [ ~ 1 Y~(1) X 

-co n+O S ~wY~ d~ 
0 

-~ f12 (X-X') 1 (50) xe Pen jHx')dx'. 

TaKHM o6paaoM, <flyuK~HH BJIDHBHH TenJIOBhl~e
JieHHH, BBe~eHBa.R pauee, HMeeT BH~ 

2 

G(x)= ~ 1 Y~(1) e-Petl~x (51) 

n+O S ~wY;d6 
0 

EcJIH rpanuqnoe ycJIOBHe ypaBBeBHH cooTBeT
CTByeT nOCTOHBHOH BarpyaKe q=const, TO JIOI\aJih
HOe qucJio CTaBTOBa paBHO 

2 
_1_=Pe"" Y~(1) (t- -Petl~x) 
St (x) 2 LJ ! e · 

n+O ~~ J ~wY;\ d~ 
(52) 

0 

llpH X ----:1> oo TenJIOO'l'~aqa CTa6HJIH3HpyeTCH H 

1 I 1 Pe "" n (1) (53) 
St (x) x-+oo = St0 = 2 LJ 1 

n+O ~ft S ~wY~ ds 
0 

BhlqHCJIHH MOMeBThl <flyuK~HH G (x) no <flopMy
JiaM (37), MOii\HO noKaaaTh, qTO 

00 

A= ~ G (x) dx = ~e ~ :~ (1) 

o n';'=O ~~ S ~wY~ d~ 

L = St0 ~ xG (x) dx = 
0 

0 

=Sto(~ey ~ r~(1) 
n+O ~~ S swY~ ds 

0 

(54) 

Orpauuqn:BaHch B paaJiomemm (36) nepBhlMH 
ABYMH qJieuaMH, TO eCTh 

- 1 1 1 
G(p)~St(1-pL)~ Sto'1+p£' (55) 

noJiyqn:M npH6JIHiReBHOe npe~CTaBJieBHe tPYBK~HH 
G (x) B BH~e 

(56) 

::ho n03BOJIHeT paccqHThlBaTh JIOKaJibHOe qHCJIO 
CTaBTOBa npu JII06oM aaKOHe TenJiono~Bo~a no 
<flopMyJie 

x x-x' 
1 1 1 \ t ( ') --y;- d I 

St (x) = St0 • L ~ X e x · (57) 
-oo 

B qacTHOCTH npu q = const ua yqacTKe TenJio
BOH cTa6HJIHaa~HH 

(58) 

B TaKOH <flopMe cJie~yeT o6pa6aThlBaTh ~aBBhle 
0 TenJIOOT~aqe Ha yqacTKe TenJIOBOH CTa6HJIH3a
~HH. ,[(JIHHY TenJIOBOH CTa6HJIH3a~HH MOii\HO 
cquTa Tb paBBOH TpeM ~JIHHaM peJiaKca~HH. 

St 
::ho COOTBeTCTByeT OTJIHqHIO Sto OT e~HBH~hl 

ua 5%. 
,[(JIH npaKTHqecKHX pacqeTOB JIOI\aJibBhlX 3Ha

qeBHH KOa<fl<flu~HeBTa TenJIOOTAaqu npH CJIOiRBOH 
aaBHCHMOCTH aaKoua TenJIOBhl~eJieBHH uymno 
3BaTb CHCTeMy C06CTBeBBhlX tPYHK~HH Y n (s). 
PacqeThl 3THX <flynK~Hft H nx co6c'l'neuuhlx ana
qeuuft 6hlJIH BhliiOJIBeHhl no nporpaMMe, cocTaB
Jieuuoft A. H. 1\yJieniOBhlM H E. ,[(. BeJIHeBoft 
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Ha aJieKTpOHHO-Bhi'JHCJUITeJibHOH MaiDHHe. 3aBH

CHMOCTb KOacpcpH~HeHTa Typ6yJieHTHOH Te?.mepaTy-
at vt 

ponpoBO~HOCTII - ~ Pr- OT Koop~IIHaT Bhl-
a v 

'IHCJIHJiach no <f>opMyJie (32), a npocpnJih cKopoc

TH ro g)-no <f>opMyJie (27). B Ta6JI. 1 co6paHhl 

peayJILTaThl pac'leTOB ~JIHH TenJIOBOH CTa61IJIH3a

~HH. 

Re 

d 

Ta6nH4a 1. 3Ha"'eHHR p,nHH TennoeoH 
l 3 

cTa6HnHSa4HH d = 2 L. 

Pr=0,01 \ Pr=0,025 Pr=1,0 

104 5·104 105 
I 104 105 104 

2,43 8,5 12,8 15,01 14,21 13,7 

Ha pnc. 5 npoBe)J;eHo conocTaBJieHne aKcne

pnMeHTaJILHhlX ~aHHhlX B. H. Cy66oTHHa 7 

no TenJIOOT)J;a'le Ha y'laCTKe TenJIOBOH CTa6HJIH

aa~HII npH Te'leHHH JRH~KIIX MeTaJIJIOB C peayJih

TaTaMH pac'leTOB. ,lJ;JIHHhl TenJIOBOH CTa6HJIH3a

~HH, noJiy'leHHhle B 3THX OnhlTaX, XOpOIDO COf

JiaCyiOTCH C pac'leTOM. 
Ilpo)J;OJibHOe H3MeHeHne JIOKaJihHOfO 3Ha'leHil.H 

'IHCJia Nu npn cnHycon~aJILHOM TenJIOIIO~Bo)J;e 
noKaaaHo Ha pnc. 6. 

Ha aToro rpacpnKa BH~Ho, 'ITO 'IHCJIO Nu na 

cna)J;aiO~eii lJ:aCTII CHHYCOII~hl MeHbille CTa6HJIH-

3HpOBaHHOfO 3Ha'leHHH Ha 20-40%. 

rHAPABnH4ECKOE COnPOTHBnEHHE 
H TEnnOOT AA'-IA nPH nPOAOnbHOM 

06 TEKAHHH nY4KA CTEPH<HEtl 

TenJIOBhl~eJIHIO~HP. c6opKH H~epHhlX peaKTO

poB 'laCTO BhlnOJIHHIOTCH B BH~e ny'IKOB ~HJIHH)J;

pH'IeCKHX cTepmHeii. Pac'leThl rn~paBJIH'IecKoro 
conpOTHBJieHHH H TenJIOOT~a'IH B TaKHX KaHaJiaX 

06hl'IHO npOBO)J;HTCH no cpopMyJiaM, noJiy'leHHhlM 

npH Te'leHHH mn)J;KOCTH B Tpy6ax. C'lnTaeTcH, 

'ITO fH)J;paBJIH'IeCKHH )J;IIaMeTp, onpe)J;eJIHeMhiH 
4S 

KaK dr =IT, ~ocTaTO'IHO xopomo Y'IIIThlBaeT 

cne~ncpiiKY reoMeTpHH KaHaJia. O~HaKo B pHp;e 

aKcnepnMeHTaJibHhiX pa60T 6hlJIO IIOKaaaHO 8
, 'ITO 

rH~paBJIH'IecKHH ~HaMeTp He RBJIHeTCH yHHBep

caJibHhlM xapaKTepHhiM paaMepoM H He MomeT 

o6eclle'IHTb O,[J;H03Ha'IH0f0 OnHCaHIIH OnhlTHhlX 

p;a HHhiX )J;JIH pemeToK cTepmHeii. 

floaTOMY meJiaTeJibHO BhliiOJIHHTb TeopeTII-

tJeCKHe pactJeTbl conpOTHBJieHHH H TellJI006MeHa 

B TaKOH reoMeTpHH. 
IlOJIHOe pemeHIIe ypaBHeHHH ~BIIllieHIIH 

H 9Hepr1III npii Typ6yJieHTHOM Te'leHHII JRII,[l;KOCTH 

B TaKIIX CJIOJRHhlX reOMeTpii'IeCKHX ycJIOBHHX 

MOJRHO npoBeCTII TOJibKO 'IHCJieHHO. IlpH 3TOM 
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B03HHKaiOT II3BeCTHhle TPYAHOCTII, CBHaaHHhle 

C Heonpep;eJJeHHOCTbiO XapaKTepiiCTIIK Typ6yJieHT

HOfO nOTOKa B TaKHX ycJIOBHHX. IloaTOMY ~eJJe
coo6pa3HO npOBO~IITb pac'leThl npii6JIIIiHeHHO, HO 

onnpaHch na paayMHOe onncaHne CBoiiCTB Typ-

6yJieHTHoro nOTOKa. 

TaKHM npn6JinmeHHhlM MeTop;oM AJIH pac'leTa 

MOiHeT CJIYiHHTb H3BeCTHbiH B HeHTpOHHOll cpH3H

Ke MeTop; H'leiiim BnrHepa- 3eiip;~a, Korp;a 

peaJJbHaH H'leiiKa pemeTKH cTepmHeii aaMeHHeTcH 

HeKOTOpoii: CHMMeTpH'IHOll ~HJIHH,[J;pH'IeCKOH H'lell

KOH. 0'1eBHAHO, 'ITO TaKoii npneM 11pnrop;en 

TOJibKO ,[J;JIR paa~BHHYThiX ny'IKOB, KOrp;a 1\IOJRHO 

npeHe6peraTb aaHMyTaJihHOH 3aBHCHMOCTbiO Ka

CaTeJihHhiX Hanpamemtii n TeMIIepaTypnhlx Hallo

poB 110 oKpymHOCTII cTepmHeii. Pac'leThl TeiiJIO

OT,[l;a'III B TaKOH CIIMMeTpH30BaHHOH reOl\IeTpHH 

IIPH Te'leHIIH mii~KHx MeTaJIJIOB llpOBO~HJIIICh 

,Il;BaiiepoM H Tn, a TaKme <l>pnp;JiaHp;epoM II 

BoHIIJIJioii9 • 

rHApaenH4eCKOe conpOTHBneHHe 
peweTKH CTepmHeH 

PaccMoTpHM Te'leHIIe TeiiJIOHOCIITeJIH B KOJib

~e, o6pa30BaHHOM IIOBepXHOCTblO CTepmHH H rpa

HII~eii H'leHKII. 

HHTerpnpyH p;Bam~hl ypaBHeHne ,[l;BIIllieHHH 

( 25) c IICIIOJih30BaHneM rpaHH'IHhlX ycJIOBIIH, 

IIOJIY'IHM pacllpep;eJieHIIe CKOpOCTH B KOJib~e 

B BHp;e 

~ 
U(~)=-!!'!_. dp \ (1-£2)d!; 

2ft dz 6·1 S ( 1 + ~ ) ' 

Cpe~HHH cKopocTh B KOJib~e 

R2 dp t 
~~-dz~ \ (1-£2)2 d£ 
2~t(1-M> il s(1+":). 

(60) 

3ap;aB pacllpe~eJieHHe Typ6yJieHTHOH BH3KOCTII, 

MOJRHO paCC'IIITaTb 11pOcpHJib CKOpOCTII II aaKOH 

COIIpOTHBJieHIIH 

r~e 

- U 'IJo 
<p =- = (1 __:-r-) . 

v. .o 
(61) 

BeJIII'IHHa 1'Jo = v.(R-Q) HBJIHeTCH xapaKTepahlM 
v 

;o;nHaMII'IeCKIIM llapaMeTpoM Typ6yJieHTHoro 110-

TOKa. qiiCJIO PeifHOJih~ca, pacc'IIITaHHOe 110 rn

~paBJIH'IecKOMY ~IIaMeTpy, Ollpe~eJIHeTCH cpop-
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PHc. 15. CpaeHeHHe pac"'eTHbiX H sKcnepHMeHTanbHbiX ,o,aHHbiX no TennooTp,a"'e 
Ha Ha"'anbHOM TennOBOM y"'aCTKe npH Te"'eHHH mH,D,KHX MeTannoe B Tpy~ax: 

aKcnepnMenT7 O-Pe=500; i\-Pe=1000; pac'leT 1-Re=9,67-103 Pr=0,01; 
2- Re=9,67-103 Pr=0,025; 3- Re=5-104 Pr=0,01; 4- Re=105 Pr=0,01; 

5- Re=105 Pr=0,025 
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Re=104; Pr=i,O; d=50 
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PHC. 7. 3aBHCHMOCTb b=J(Re) H b=f(Re8) Anll ny'fKa 
cTepmHe ~: 

I 
1-08=0,1.; 2--0-8=0,2; 3-98=0,4; 4-Q 8=0,6; 

i 
Jf 8=0,3; b. 8=0,5; 9" 8=0, 7 5-~ = (i,82lg Re-1.,64)2 

2e [ 8 3 ln 8] 
TO'IKH CJieBa OTHOC.RTC.II K Rea~Re·x X=(i-

8
)2 2-2- i _

8 
; 

Q- paAHYC cTepa<a.R; R-paAHYC .R'IeBKH; 8= ~: 
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PHc. 8. Pac'feT TennOOTAa'fH npH npoAOnbHOM otheKaHHH 
ny'fKOB CTepmHe~ Anll Pr==1: 

1-0 8=0,1; 2--0-8=0,2; 3-68=0,4; 4-Q8=0,6; 
I 

To'IKH cneBa OTHOC.RTC.R K Re11 
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MYJIOH 
- 1 

Re = u ·dr = 2115 \ (1-s2)2 ds 
" (t-s5) (1-so)2 6~ s ( t+ "~) (62) 

Ilpn JiaMHHapHOM TeqeHHH B)l;OJib nyqKa CTep
il\HeH MOiKHO npoBeCTH TOqHhle pacqeThl rn;a;pa
BJIHqecKOrO conpoTHBJieHnH. O;a;HaKo 3TH pac
qeThl BecbMa CJIOiKHhl. EcJin BocnoJib30BaTbCH 
paBeHCTBaMH (60) H (61), nOJIOiKHB 'Vt = 0, TO 

(63) 

(64) 

HaaoBeM BeJIHqnHy dr ·X= da aljJijJeKTHBHbiM p;Ha
MeTpOM. llpn TaKOM onpep;eJieHHH xapaKTepHoro 
p;naMeTpa aaKOH conpoTHJUieHHH nyqKa coBnap;aeT 
C 3aKOHOM conpOTHBJieHHH )l;JIH Tpy6hl, TO eCTb 

64 
~=Rea' Rea=Re·x. (65) 

2 96 
Kon~a e ----? 1, x----? 3 n ~ ----? R.e KaR AJIH nJio-

cKoro KaHaJia. 
~JIH pacqeTa rn;a;paBJinqecKoro conpoTHBJieHMH 

nyqKa cTepmHeii HymHo aHaTb aaRoH naMeHeHHH 
Typ6yJieHTHO:ii BH3KOCTH B ceqeHnn. MomHo noJia
raTb, qTo pacnpep;eJieHHe Typ6yJieHTHOH BH3KO
CTH B pemeTKe cTepmHeii oiiHCbiBaeTcH !J>opMyJioii 
BH)J;a 

"t 0 4 [ s--so s-so J 1-s 66 
-:y= ' 'llo 1-so -iith 11(1-so) 1-so · ( ) 

Nu 

I I' 
I H - --- ~ 
! %~ 

+ ~~ ·-

£!; p - 2 Vf:;:: 

! 1--;---~ f:::'P'v 

10 

l:t: ~t---V - J._ ~ 
·-· j- H-

I 

I p 
10 2 104 

PHc. 9. 3aBHCHMOCTb Nu=f (Pe) npH re~eHHH 
mHAKoro Meranna c Pr=O,Ot BAOnb ny~Ka 

crepmHePI: 
1-8=0,1; 2-8=0,2; 3-8=0,4; 4-8=0,6: 

5- Nu=7 +0,025 PeO,s, 

qHcJia Nu H Pe pacc'lHTaHbl no rHp;paBJIH'lecKOMY 
)J;HaMeTpy 

e 

PacnoJiaran !J!opMyJiaMH (61), (62), (66), MOiKHO 
BhlqHCJIIITb KOa!flljJnn;HeHT conpOTHBJieHHH ~ KaK 
ljJyHKIJ;HIO qucJia PeiiHOJib)J;Ca Re n nJIOTHOCTH 
perneTKH 8. PeayJibTaThl TaKHX pacqeTOB noKa
aaHhl Ha puc. 7. BH)J;HO, qTo Koa!fl!flnu;neHT ~ 
He HBJIHeTcn op;H03HaqHoii !flyHKIJ;Heii qncJia Re, 
qTO H 6biJIO OTMeqeHO B 31\CnepHMeHTaX. 

EcJIH qHcJio PeiiHOJibp;ca onpep;eJIHTb no a!fl
ljJeKTHBHOMY )J;llaMeTpy da 

Rea=Re·x, (67) 

To pacCJI9eHne aaBncHMOCTH ~ = f (Re) no napa
MeTpy 8 cyiD;eCTBeHHO yMeHbmaeTCH (eM. puc. 7). 
8TH peayJibTaThl n03BOJIHIOT 3aKJIIOqHTb, qTO a!fl
!fleKTHBHbiH )J;HaMeTp HBJIHeTCH Jiyqmeii reoMeTpH
qecKOH xapaKTepnCTIIKOH peiiieTKH CTepmHeii, 
qeM rnp;paBJIHqeCKHH )J;HaMeTp. 8TO, O)J;HaKO, 
cnpaBe)J;JIHBO JIHIIIb )J;JIH pa3)J;BHHyThlX nyqKOB. 

KoacfHfH1U.HeHT TennoOTAa~H npH npoAOnbHOM 
o6TeKaHHH ny~Ka CTep>KHeH 

~JIH pacqeTa TenJiooTp;aqn B nyqKax TaKme 
MOiKHO nOJib30BaTbCH MeTO)J;OM 31\BHBaJieHTHOH 
nqeiiKH. 

liHTerpnpyH ypaBHeHHe ;meprHH ( 40) B KOJibD;e 
npn COOTBeTCTBYIOID;liX rpaHMqHbiX YCJIOBHHX, 
noJiyqnM !flopMyJiy AJIH pacqeTa qucJJa HycceJibTa 

1 1 

N~ ~ (1 ~·~')' j d! , ) 0 6oo (6) dO}. (68) 
0 

6o s \!+Pr· ~ 6 

PacqeThl TenJiooTp;aqn B nyqKe npoBO)J;HJIHCb 
C HCnOJib30BaHHeM npOijJHJIH CKOpOCTH, onpep;e
JieHHOrO ljJopMyJIOH (59) H aaBHCIIMOCTll Typ6y
JieHTHOH BH3KOCTH OT KOOp)J;HHaT no ljJOpMyJie (66). 

PeayJibTaTbi pacqeTOB npep;cTaBJieHbi Ha puc. 8, 
9, 10. TaR me KaK n )J;JIH Koa!fl!fluu;neHTa conpo
THBJieHMH ~. qacJio HycceJibTa, paccquTaHHOe 

30 
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I- -t2s ~23 
4 
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~v 
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PHc. 10. 3aBHCHMOCTb Nua=/(Pe3) npH npOAOnbHOM 
otlreKaHHH ny~Ka crepmHeH mHAKHMH MerannaMH: 
l-8=0,1; 2-8=0,2; 3-8=0,4; 4-8=0,6; 
5- Nu3 =7 +0,025 Pe~· 8 ; -0- -Pr=0,005; 0-Pr=O,Oi; 

t:.- Pr=0,025; X - Pr=0,05 
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no rHApaBJIHqecKoMy AHaMeTpy, He JIBJIHeTcH 
OAHOaHaqHoii ~YHK~ueii qucna PeiiHOnb~ca. 

EcJIH BBecTH a~~eKTHBHhlii ~HaMeTp, To pac
CJIOeHue 3aBHCHMOCTeH 

Nu = j (Pe), St = j (Re) 

cym;eCTBeHHO yMeHblliaeTCJI. ilpH ::!TOM pacqeTHhle 
TOqKH c paa6pocoM 10 -16% pacnonaraiOTCJI 
OKOJIO KpHTepHanbHhlX 3aBHCHMOCTeii, TIOJiyqeH
HhlX ~nJI Tpy6. 8TOT peayJibTaT TaKme rOBOpHT 
0 TOM, qTO o6pa6oTKY ~aHHhlX no TeTIJIOOT~aqe 
B nyqKaX CJie~yeT TipOBO~HTb TIO a~~eKTHBHOMY 
AHaMeTpy, a He no rHApaBJIH'IecKoMy. 

0603HAYEHHH 
a- KOa4KflHI\HeHT TeMnepaTyponpOBO~HOCTH 
p - ~asJieHae 

ll - nepaMeTp TeiiJIOOT~aqH 
R - pa~uyc rpy6hl, .11qeiiKH 

u=U +u'- CKOpOCTb llOTOKa 
T=T+T'- reMneparypa 

S - npoxo~Hoe ceqeHae 
t, 't'-BpeM.R 

X, y, _:- KOOp~HHaTbl 

r- BeKTOp r 

y = g - y~eJILHbiH Bee 
g 

b(t) - ~eJILTa-!flyHKI\Hil 
f.l. -B.II3KOCTb 
Q - IIJIOTHOCTL lKH~KOCTH, pa~HYC 

creplKHH B nyqKe 
V- KHHeMaTHqecKa.R B.II3KOCTb 

8 = ~:- «ITJIOTHOCTL~ pemeTKH CTepmHeH 

~- 6eapa3MepHa.R pa~HaJihHa.R KOOp~H
HaTa 
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TJ = v.y- 6eapaaMepnoe 

" CTeHKH 

paCCTO.IIHIIe OT 

~ - Koa!J!!flnl\HeHT ru~paBJIHqecKoro 
COIIpOTHBJieHHII 

't' - KaCaTeJILHOe Hanp.RlKeHHe 
Nu, Re, St, Pe, Pr- KparepHH HycceJILTa, PeiiHOJIL~ca, 

CraHTOHa, IIeKJie, IIpaH~TJI.R 

HH.&EHCbl 
w-cTeHKa 
t- ryp6yJieHTHbiH 
0- CTa6HJIH3HpOBaHHOe 3HaqeHHe 
1 

- ITYJILCal\HOHHa.R COCTaBJI.IIIOIIJ;a.R CKO
pOCTH HJIH TeMIIeparypbi 

- - (qepra) 3HaK ocpe~HeHH.R 
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ABSTRACT -RESUME-AHHOTAU"'R-RESUMEN 

A/326 USSR 

Specific (heat exchange) features in non-com
pressible liquid-cooled reactors 

By V. S. Osmachkin 

The paper gives the results of a theoretical study of 
specific features of heat exchange processes in the 
channels of non-compressible liquid-cooled reactors. 

The author discusses the possibilities of extending 
Prandtl's hypothesis about turbulent transfer co
efficients to arbitrary flows. Approximate equations 
for rate and temperature pulsations in an arbitrary 
liquid flow are derived from formulae written as 
integral equations describing the transfer of rate and 
temperature pulsation components. A mathematical 
analysis of "mixing lengths" introduced by Prandtl is 
presented. 

The author considers the problem of stabilized heat 
transfer and hydraulic resistance in the reactor chan
nds. The approximation of the turbulent viscosity co
efficient is proposed used to calculate stabilized heat 
transfer and hydraulic resistance in tubes and for 

streamline flows parallel to rod bundles. The results 
of calculations in a broad range of Reynolds and 
Prandtl numbers are in good agreement with the 
available experimental data. The use of the hydraulic 
diameter for heat transfer and hydraulic resistance 
calculations is shown to be invalid for the case of 
streamline flows parallel to bundles of rods. A new 
method is suggested for determining the equivalent 
diameter of rod bundles which makes it possible to 
apply the tube flow formulae for calculating the heat 
transfer and hydraulic resistance coefficients in rod 
bundles. 

The paper presents calculations of heat transfer in 
circular tubes in the initial thermal region and in the 
sinesection thermal loop. Relaxation length values 
for the temperature curve are given which help 
determine heat transfer for an arbitrary thermal loop. 

The author discusses the problems of critical 
thermal loads during surface boiling of heat-transfer 
agents in the reactor channels and the mechanism 
responsible for a heat-exchange critical point. An 
analytical expression is developed for critical thermal 
loads for tube flows below boiling point. The derived 
equation agrees with the experimental data. 
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A/326 URSS 

Proprietes particulieres des echanges de 
chaleur dans les reacteurs nucleaires refroidis 
par des liquides incompressibles 

par V. S. Osmachkin 

Ce memoire est consacre a l'examen th6orique des 
problemes particuliers relatifs aux processus d'echange 
de chaleur dans les canaux des reacteurs nucleaires 
refroidis par des liquides incompressibles. 

On examine la possibilite d'etendre ]'hypothese de 
Prandtl sur les coefficients de transfert turbulent au 
cas d'un ecoulement quelconque. On obtient, a 
partir des equations sur le transfert des composantes 
pulsatoires de Ia vitesse et de Ia temperature, expri
mees sous forme d'integrales, des formules approxi
matives des pulsations de la vitesse et de la tempera
ture dans un ecoulement quelconque de liquide. On 
donne une interpretation analytique des «longueurs de 
melanges » introduites par Prandtl. 

On etudie la question relative au transfert de 
chaleur stabilise et a Ia resistance hydraulique dans 
les canaux des reacteurs. A partir de !'approximation 
proposee du coefficient de viscosite turbulente on 
calcule le transfert de chaleur stabilise et Ia resistance 
hydraulique en presence d'un ecoulement dans les 
tubes et d'une circulation le long des faisceaux de 
barreaux. Ces calculs, faits pour un grand intervalle 
des nombres de Reynolds et de Prandtl, concordent 
bien avec les donnees experimentales. 11 est montre que 
]'utilisation du diametre hydraulique pour le calcul de 
l'echange de chaleur et de Ia resistance hydraulique 
ne doit pas etre faite lorsque la circulation se fait le 
long des faisceaux. On propose une nouvelle deter
mination du diametre equivalent des faisceaux de 
barreaux permettant de calculer les coefficients de 
transfert de chaleur et de resistance hydraulique dans 
les faisceaux de barreaux d'apres des formules relatives 
a Ia circulation dans les conduits. 

On donne les resultats des calculs du transfert de 
chaleur dans les conduits tubulaires dans Ia region 
thermique initiale et en presence d'un apport de 
chaleur sinusoidal. On introduit les longueurs de 
relaxation du profil de temperature qui permettent 
de calculer le transfert de chaleur pour un apport 
de chaleur quelconque. 

On discute les questions relatives aux charges 
thermiques critiques dans le cas de ]'ebullition 
superficielle des caloporteurs dans les canaux des 
reacteurs. On etudie le mecanisme de I' apparition de la 
crise de l'echange thermique. On obtient une formule 
theorique pour les charges thermiques critiques 
lorsque le liquide circulant dans les conduits n'est 
pas porte jusqu'a la temperature d'ebullition. Cette 
formule decrit bien les resultats experimentaux. 

A/326 URSS 

Particularidades del intercambio de calor 
en los reactores nucleares refrigerados por 
lfquidos incompresibles 

por V. S. Osmachkin 

El objeto de Ia memoria es el estudio te6rico de las 
particularidades de los procesos de intercambio de 
calor en los canales de los reactores nucleares re
frigerados por liquidos incompresibles. 

Se analizan las posibilidades de extender la hipo
tesis de Prandtl acerca de los coeficientes de transporte 
turbulento al caso de una corriente cualquiera. 
Partiendo de las ecuaciones del transporte para las 
componentes pulsantes de Ia velocidad y de Ia 
temperatura, expresadas en forma de ecuaciones 
integrates, se obtienen formulas aproximadas para las 
pulsaciones de la velocidad y de la temperatura en 
una corriente cualquiera de liquido. Se da una 
interpretacion analitica de las « longitudes de mezcla » 
introducidas por Prandtl. 

Se considera el problema de la transferencia de 
calor estabilizada y de la resistencia hidniulica en los 
canales de los reactores. Basandose en Ia aproxi
maci6n propuesta para el coeficiente de viscosidad 
turbulenta, se han calculado Ia transferencia de calor 
estabilizada y la resistencia hidraulica para la 
corriente en tubos y para el movimiento longitudinal 
en haces de barras. Los calculos, q_ue se han efectuado 
para un amplio intervalo de numeros de Reynolds y de 
Prandtl, concuerdan bien con los datos experimentales 
conocidos. Se demuestra que no se debe emplear el 
diametro hidraulico en el calculo del intercambio de 
calor y de la resistencia hidniulica cuando la circulacion 
se efectua a lo largo de los haces. Se propone una 
nueva definicion del diametro equivalente de un haz 
de barras, definicion que permite calcular los co
eficientes de transferencia de calor y de resistencia 
hidniulica en haces de barras utilizando las formulas 
obtenidas para Ia circulaci6n en tubos. 

Se presentan los resultados de calculos de la trans
ferencia de calor en tubos redondos en Ia zona 
termica inicial y para conduccion sinusoidal del calor. 
Se introducen las longitudes de relajacion de la 
distribucion de temperatura, que permiten calcular la 
transferencia de calor para una conduccion de calor 
cualquiera. 

Se examinan los problemas de las cargas termicas 
criticas en el caso de la ebullici6n superficial del 
refrigerante en los canales de los reactores. Se estudia 
el mecanismo que determina Ia criticidad en el 
intercambio de calor. Se obtiene una formula teorica 
para las cargas termicas criticas en una circulacion 
en tubos que no se lleva a la temperatura de ebullicion 
delliquido. Dicha formula describe bien los resultados 
experimentales. 
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The transient heat transfer from hollow cylindrical 
fuel elements in boiling superheated conditions 

By A. Jannussis* 

The temperature distribution on a hollow cylindrical 
fuel cell can be obtained by applying the transient 
Fourier differential equation of heat conduction, 
neglecting the axial heat flow and assuming only slow 
pressure variations, i.e., operation where the saturation 
temperature is nearly constant. 

The cell configuration considered has the fissionable 
material in the form of a cylindrical annulus covered 
inside and outside by a metallic cladding. Cooling is 
accomplished by the flow of boiling water over the 
outside of the element and by the passage of super
heated steam through the inner cylinder (Fig. 1). 

The advantage of a hollow cylindrical element when 
used in power reactors, especially for nuclear super
heating, is that the maximum temperature becomes 
lower than in slabtype elements. 

For the solution of the Fourier equation, the 
Laplace transform of the relative change of the heat 
flux through the fuel element surface and the relative 
change of the power will be used** [1]. 

To determine the temperature of the contacting 
surfaces between cladding and fuel layers, as well as 
cladding and cooling medium, it is necessary to know 
the transient temperature distribution in the cladding 

CD®® 
Figure I. Cell configuration 

* Nuclear Research Centre Democritus. 
**A similar approach for the solution has been used by 

A. Kirchenmayer; his model, however, consisted of a solid rod. 
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layers 0 1(t, r) and 0 3(t, r), and in the fuel region 
0 2(t, r). These temperatures are the solutions of the 
following differential equations with the boundary 
conditions as indicated for each region: 
(a) Outer shell (r1 ~ r ~ r2): 

aeljot = ac2 .::l01, 
where: 

and 

-Ac(d01/dr)r=r1 = oc:a(t)[(01)r=r1 - 0a], 

(01)r=r2 = 012 

-Ac(d01/dr)r=r2 = -A.B(d02jdr)r=r• (1) 

(b) Fuel element (r2 ~ r ~ r3): 

o02fot = aB2 .::l02 + W(t)f PBCB, 
where 

(02)r=r· = 012 and (02)r=ra = 023 (2) 

(c) Inner shell (r3 ~ r ~ rt): 

where 

and 

o0afot = ac2 .::l03, 

Ac(d0a/dr)r=r1 = oc:lt)[(03)r=r1 - 0i], 

(0a)r=ra = 023 

where aB2, ac2 are the thermal diffusivities in fuel 
element and cladding respectively, A.B, I.e their thermal 
conductivities, and PB and cB are the fuel element 
density and specific heat, respectively. 

The power variation W(t) is assumed to be small, 
thus it can be expressed as: 

W(t) = W0(1 + y(t)) where y(t) « 1 (4) 

The numbers oc:t(t) and oc:a(t) represent the heat transfer 
coefficients from the inner and the outer shell to the 
cooling media, respectively. 

STEADY STATE 

The case of steady state for the problem considered, 
has been completely solved by Aoki [2]; the solution 
is as follows: 
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where 
(5) 

(6) 

where 
B = Ac/al · 1/rl + In r3/r1. (7) 

The contact temperatures 0 12, 0 23 are given by the 
expressions: 

and 

where: 

(J2 + L)l1 + L/2 
M 1 = _:____::_---=--='--=-=

J1J2 + LJ1 + LJ2 

J1J2 + LJ1 M 2 = _ __:_-=--=--=-__:_=-=-
J1J2 + LJ1 + LJ2 

N _ LJ1 + (J1 + L)/2 
1 - J1J2 + LJ1 + LJ2 

LJ1 
N 2 = -=-::---=---=----:-~ 

J1J2 + LJ1 + LJ2 

(8) 

LJ2 
M 3 = ----=--=--=-=-

JlJ2 + LJ1 + LJ2 
N3 = J1J2 + LJ2 ' 

J1J2 + LJ1 + LJ2 

and 

/ 1 = 1/2(r22 - Ef2D), / 2 = 1f2(Ef2D - r3
2), 

L = AB/D, D = ln r 2/r3, 

(9) 

AJ1 = Ac, AJ2 = Ac, E = r22 - r32 (10) 

SOLUTION OF THE 
TIME-DEPENDENT EQUATIONS 

The differential equations (1), (2) and (3) in cylind
rical geometry, when using the Laplace transform and 
taking into consideration the steady state case, take 
the following form: 

s01(s, r)- 0 1(0, r) = (ac2/s) ,6.(s0';.(s, r)- 0 1(0, r)), 

s02(s, r) - 02(0, r) = (aB2/s) ,6.(sGls, r) 

- 0 2(0, r)) + W1ji(s), (11) 

and 

sGa(s, r)- 0 3(0, r) = (ac2/s) ,6.(s0a(s, r)- 0 3(0, r)), 

where: ,6. :== (1/r)(d/dr)[r(d/dr)]; 0(s, r) represents, in 
general, the Laplace transformed function; 0(0, r) is 
the steady state solution; and W1 = W0/ PBCB. In 
order to apply the Laplace transform, for the boundary 
conditions we put in general: 

0;(t, r) = 0;(0, r) + b0,(t, r). (12) 

Thus, after the transformation, we have 

®;(s, r) = 0,(0, r)fs + b0;(s, r) (13) 

Taking into consideration (12) and the steady state 
case, the boundary conditions for the three equations 
become: 

-Ac((d/dr)b01(s, r))r=r, = oca(b01(s, r)r=r, - b0a(s)) 

+ boca(s)(01(0, r)r=rl - 0a), 

b01(s, r)r=ra = b012(s, r)r=ra• 

-Ac((d/dr)b01(s, r))r=ra = -AB((d/dr)b02(s, r))r=ra• 

b02(s, r)r=ra = b0u(s, r)r=ra• 

b02(S, f)r=ra = b023(S, r)T=Ta' 

Ac((d/dr)b03(s, r))r=ra = AB((d/dr)b02(s, r))r=ra• 

and 

(14) 

Ac((d/dr)b0a(s, r))r=r
1 

= 1X!(b03(s, r)r=r1 - b81(s)) 

+ bocl(s)(0a(O, r)r=r1 - 81). 

Second order products of the form !50· b81have been 
neglected. 

The solution of Eqs. (11) can be obtained in terms 
of the modified Bessel functions. These are: 

sb01(s, r) - 0 1(0, r) = A1/ 0(01r) + B1K0(01r), 

sb02(s, r)- 0l0, r) = A2/ 0(02r) 

+ B2K0(02r) + Wt.Y(s), 
and 

sb0a(s, r) - 0 3(0, r) = A3/0(01r) + B3K0(01r), (15) 

where: 

Q1 = y(sfac2
) and Q2 = y(sfaB2

). (16) 

The coefficients A,, B1 (j = 1, 2, 3) and the contact 
temperature functions b012(s, r), b023(s, r3) verify the 
linear system of equations: 

A1[ocal0(01rl) + Ac01/(0lrl)] 

+ B1[ocaK0(01r1) - Ac01K1(01rl)] 

= socab0a(s) - sboca(s)(01(0, r1) - 0a), 

A1/0(01r2) + B1K0(01r2) = sb012(s, r2), 

rf1Acil1/1(Q1r2) - B1Ac01K1(01r2) 

= rt2).B02/1(02rJ - B2).BQ2K1(02r2), 

A2/ 0(02r2) + B2K0(02r2) = sb012(s, r2) - Wlji(s), 

r12/0(02r3) + B2K0(02r3) = sb023(s, r3) - W1ji(s), 

rfaAc01/1(01ra) - BaAc01K1(01ra) 

= A2).BQ2/1(02ra) - B2AB02K1(02r3), 

r13/ 0(01r3) + B3K0(01r3) = sb023(s, ra), and 

r13[octf0(01rl) - Ac01/1(01rl)] 

+ B3 [oc1K0(01r1) + Ac01K1(01ri)] 

= soc1b01(s) - sbocl(s)(03(0, r1) - 81). 

(17) 



SESSION I. I 0 P/569 A. JANNUSSIS 143 

The above system of the eight non-homogeneous 
linear equations can be easily solved because of 
symmetry; the solution being in the form: 

- Pt Qa 
st5012(s, r2) = p p Q Q Ma - p p Q Q Mt, 

ai- ai ai- ai 

- Qi Pa 
st5@2a(s, ra) = PaPi - QaQi Ma - PaPi - QaQi M1. 

Ko(01r2)#a- [ocaKo(01r1)- Ac01Kl(Qlrl)] 

and 
10(01ra)#i - [ocd0(01rt) - Ac0111(01rt)] 

X st5023(s, ra) 
~=- , OCtX00(01ri, 0 1r3) - Ac01X10(01rt, 0 1r3) 

where we put for brevity: 

f-la = s[ocat50a(s) - <50a(s)(01(0, r1) - 0a)], 

f-li = s(octt50i(s) - <50t(s)(03(0, r3) - 0t)], 

Xk.n(x, u) = Ik(x)Kn(u)- (- )k+nJn(u)Kix); 

k, n = 0, I, 

Pa = Xlo(02r2, 02ra) 
Xoo(02r2, 02r3) 

+ A.BQ2. ocaX1o(01r2, 01r1) + Ac01X11(01X1, 0 1r2) 
Ac01 ocaXoo(Olrh Olr2) + }.CnlxlO(Qlrl, Olr2) , 

p. _ X10(02r3, 0 2r2) 
' - Xoo(02r2, 02ra) 

A.BQ2 octXlO(Olr3 , 0 1rt) - Ac01X11(01rt, 0 1r3) 

- Ac01 . octX00(01ri, 0 1r3) - },c01X1o(01rt, 0 1r3) ' 

Qa = X10(02r2, 02r2) Qt = X10(02r3, 0 2r3) 

Xoo(02r2, 02ra) ' Xoo(02r2, 02ra) ' 

M 
__ w -c ) X10(G2r2, 02r2) - X10(02r2, 02ra) 

a- 1Y S 
Xoo(02r2, 02ra) 

A.BQ2 Xl0(01r2, 01r2) +-· # Ac01 ocaXoo(Olrh 01r2) + AcOIXlO(Olrl, 01r2) a, 

and 

M
. _ W -c ) X1oC02ra, 02ra) - Xl0(02ra, 02r2) 
·- IYS " Xoo(u2r2, 02ra) 

A.BQ2 Xlo(Olra, Olra) + --. /li 
Ac01 OCtX00(01ri, 0 1r3) - Ac01X10(01rt, 0 1r3) 

Similar combinations of the modified Bessel 
functions appear in the calculation of the thermal 
utilization factor of a reactor and have been studied 
in detail by Kirchenmayer [1]. 

After the determination of the coefficients and the 
contact temperature between fuel element and clad
ding, we can find the maximum temperature in the fuel 
element, as well as the surface temperatures between 
cladding and cooling medium. 

REFERENCES 
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ABSTRACT -RESUME-AHHOTAL4vtsl-RESUMEN 

A/569 Grece 

Transfert thermique en regime transitoire 
d'une matiere fissile de forme cylindrique 
ere use so us conditions d' ebu II ition sur
chauffee 

par A. Jannussis 

En negligeant le transfert axial de chaleur et en 
supposant de petites variations de la pression (tempe
rature de saturation presque constante), le flux 
thermique d'un cylindre de combustible creux peut 
etre obtenu a l'aide de !'equation de Fourier de la 
conductivite thermique. 

La configuration de la cellule est la suivante: la 

matiere fissile de forme cylindrique est comprise 
entre deux couches de metal (gaine). A travers le 
cylindre interieur passe de la vapeur surchauffee 
tandis que Ia surface exterieure de la gaine est en 
contact avec de l'eau bouillante. 

Afin d'obtenir la variation relative du flux thermique 
a travers la surface de !'element de combustible et la 
variation relative de la puissance, nous employons 
la transformation de Laplace. 

Pour pouvoir determiner Ia temperature de Ia 
surface de contact entre gaine et combustible et celle 
de la surface de contact entre gaine et refrigerant, 
il est necessaire de connaitre les distributions de la 
temperature dans la gaine 0 1(t, r) et 0 3(t, r), et dans 
!'element de combustible 0 2(t, r). Ces temperatures 
sont des solutions des equations differentielles 
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suivantes, avec les conditions aux limites appropriees: 

a) Gaine exterieure (r1 ::::;; r ::::;; r2) 

b) Element de combustible (r2 ::::;; r ::::;; ra) 

a02 2 w(t) 
~ = aB d02 + --, 
ut PBCB 

oil (02)r=ro = 012 et (02)r=ra = 023 

c) Gaine interieure (r3 ::::;; r ::::;; r1) 

00a 2 A0 Tt =a cu"a. 

(2) 

(3) 

(aB2, AB), (ac2, Ac) sont les diffusivites et conductivites 
thermiques de Ia matiere fissile et de la gaine respective
ment; PB• cB sont Ia densite et Ia chaleur specifique 
de !'element de combustible. 

La variation de puissance W(t) etant supposee 
petite, no us pouvons ecrire: 

W(t) = W0(1 + y(t)), oil y(t) « 1 (4) 

Les fonctions 1X1(t) et 1Xa(t) representent les coeffi
cients de transfert de chaleur de Ia gaine interieure 
et exterieure au milieu refrigerant, respectivement. 

En appliquant Ia transformation de Laplace aux 
equations (I), (2) et (3), no us obtenons les solutions 
suivantes, qui font intervenir les fonctions de Bessel 
modifiees: 

sb01(s, r) - 0 1(0, r) = A1/0(il1r) + B1K0(il1r) 

sb02(s, r) - 0 2(0, r) = A210(il2r) 

sb03(s, r) - 0 3(0, r) = A3/ 0(il1r) + B3K0(il1r) 

0(s, r) represente Ia transformee de Laplace de 
0(t, r), et 0(0, r) est Ia solution stationnaire qui a 
ete obtenue par Aoki. De plus, nous avons pose: 
n1 = (s/ac2)1'2 et n2 = (sfaB2)1/2. Les coefficients A1, 
B1, A2, B2 et A3, B3 sont des fonctions explicites 
des parametres connus. 

A/569 rpeu,HR 

0 H8CTaU,HOHapHOH TennonpOBOAHOCTH 
KOflbl.J,8B~X U,HflHHAPH~eCKHX Tennos~

A8flRIOW.HX 3neMeHToa, oxnamAaeMbiX 
KHnRw.el1 BOAOH H napoM 

A. ,D,>KaHHYCHC 

BemPIHHa TCIIJIOBOfO IIOTOKa H3 KOJihD;CBOfO 

IJ;UJIHH)l;pH'ICCKOfO TCIIJIOBhl)l;CJIJIIOIIJ;CfO 3JICMCHTa 

MOiRCT 6h1Th IIpOCTO Bhll:J.HCJICHa H3 pemeHHH He

CTaD;HOHapHOfO )l;H<fJ<flepCHIJ;HaJihHOfO ypaBHCHIIH 

TCIIJIOIIpOBO)l;HOCTH <f>yphe, CCJIH npeHe6pel:J.h aK

CHaJihHhiM TCIIJIOBhiM IIOTOKOM H Cl:J.HTaTh, 'ITO KO

Jie6aHHH )l;aBJICHHH MaJihl, TO CCTh TCMIIepaTypa 

HaChiiiiCHHH IIOl:J.TH IIOCTOHHHa. 

PaccMaTpHBaeMhlil aJieMeHT cocTOHT H3 )l;eJIH

llleroc.R MaTepHaJia B <flopMe D;HJIHHJ~PHl:J.ecKoro 
KOJihD;CBOfO KaHaJia, IIOKphiTOfO BHYTPH H CHapy

iRH MeTaJIJIHl:J.CCKOH o60JIO'IKOii. 0TBO)l; TCIIJia ocy

IIICCTBJIHCTCH 3a Cl:J.CT KHIICHHH BO)l;hl CHapymH 

3JlCMCHTa H rreperpeBa rrapa BHyTpH . 

.IJ:JIH peiiieHifH ypaBHeHHH <f>ypbe BOCIIOJih3YNI

CH MeTO)l;OM rrpeo6pa30BaHHH JlanJiaCa )l;JIH OTHO

C.HTCJihHOfO H3MCHCHHH TCIIJIOBOfO llOTOKa Ha IIO

nepXHOCTH TCIIJIOBhl)l;CJIHIOIIICfO 3JICMCHTa H OTHO

CHTCJihHOfO If3MCHCHIIH MOIIIHOCTH • 

.IJ:JIH orrpe)l;eJieHn.R Te:r.mepaTyphi KOHTaKTnpyro

IIJ;HX IIOBCpXHOCTCH IIOKphiTHH H TOIIJIHBa, a TaR

me llOKphiTHH H OXJiam)l;aiOIIICH CpC)l;hl HC06XO)l;IIMO 

3HaTh pacrrpe)l;CJICHHC HCCTaiJ;HOHapHhiX TCMTlC

paTyp B IIOKphiTHHX 8J(f,r) H 8a(f,r) H B TOII

JIHBC e 2(t, r). OTH TeMrrepaTypi.I HBJIHIOTCH pe

IIlCHHHMH CJIC)l;YIOIIIHX )l;H<fJ<flepeHn;HaJibHhiX ypaB

HCHHH c rpaHHl:J.HhiMH ycJioBHHMH, yKa3aHHhiMH 

)l;JlH KaiR)l;OH 30Hhl: 

a) BHemH.RH o6oJiol:J.Ka (r, < r < r2) 

ae~_ = a2 Llet ae c ' 

r)l;e 

(8t)r=r =812 H -"-c ( dde1 l =-An (dde2
) • 

2 r ./r=r2 r r=r2 

(1) 

b) TerrJIOBhi)l;CJIHIOIIIHH aJieMeHT (r2 < r < r 3) 

ae2=a2Lle + W(t) 
at H 2 p c ' B B 

(2) 

c) BHyTpeHHH o6oJIOl:J.Ka (ra ~ r < ri) 

~~3 =a~Ll83 , r.n;e Ac(ded3
) =iXi(t)[(8a)r=r -8d, 

u r l'=ri 1 

(8a)r=r3 = 823 II Ac( dde3
) _ = f..B ( dde2

) _ ,(3) 
r r-r3 r r-r

3 
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r,n;e at , a~ - Roatf>qnm;neHTIJ: TeMrrepaTyporrpo

no,n;HocTH B TOIIJIHBC II IIORpbiTHH COOTBCTCTBeHHO, 

An , 'J..,! - Roatf>tf>un;neHTLI TerrJiorrpono,n;HOCTH, 

Pn II en - y,n;eJILHLIH nee u y,n;eJILHaH TCIIJioeM·· 
I\OCTb TOIIJiliBa. 

li3MCHeHHH TCIIJIOBbl,II;CJICHHH W (f) IIpe,IJ;IIOJia

raiOTCH He60JibiiiHMH, H II0:3TOMY HX MOii\HO rrpeA

CTaBHTb B BH,IJ;e MO,IJ;HtPHIJ;HpOBaHHbiX tPYHRIJ;HH 
BecceJIH: 

W (t) = W0 [1 + y (t)], (4) 

r,n;e y(t) «I. qncJia ai (t) u aa (t) - Roatf>· 

lpHIJ;IIeHTbl TeiiJIOOT,IJ;a'III OT BHyTpeHHCH H BHCIII

Heif o6oJIO'IRH R OXJiaii\,IJ;aiOIIJ;IIM cpe,n;aM. 

llpnMennB rrpeo6pa3oBaHne JiarrJiaca R ypaB

IIeHIIHM ( 1) , ( 2) II ( 3) , peiiiiiB II X, IIOJIY'IHM CJie
AYIOIIJ;IIe BbipameHnH: 

s6S1 (s, r)- 8 1 (0, r) = A1lo(Q1r) +B1K 0 (Q1r); 

sMiz ( s, r)- 8z (0, r) = Azlo (Qzr) + B 2K 0 (Qzr) + 
, Wo -( ) 
~-p-c-ys, 

B B 
(5) 

s6B3 (s,r)- 8a (0, r) = Aalo (Qtr) +B3K 0 (Q1r), 

r,n;e ij (s, r) 03HaqaeT tPYHRIJ;IIIO, rrpeo6pa30BaH
HYIO no JianJiacy, e (0, r) HBJIHCTCH pacnpe,n;eJie

HUCM TeMrrepaTyp B CTaiJ;IIOHapHOM COCTOHHHH, 

RaR oHo ,n;aHo Amm. I\poMe Toro Q1 = V s/a~ u 

Qz= Vs!a~. 
Hoatf>tf>un;uennr A~, B1, A2, B2 II A3, B3 BLipame

HLI RaN orrpe,n;eJieHHbie tPYHI\IJ;HII U3BeCTHbiX rra
paMCTpOB. 

A/569 Grecia 

Transmisi6n de calor en reg1men transitorio 
de elementos combustibles cillndricos huecos 
en condiciones de ebullici6n recalentada 

por A. Jannussis 

La transmisi6n de calor de una celda combustible 
cilindrica hueca se puede obtener aplicando Ia 
ecuaci6n diferencial de conductividad termica de 
Fourier correspondiente al caso transitorio, despre
ciando el flujo axial de calor y admitiendo (micamente 
variaciones lentas de presion, es decir, operando en la 
zona cuya temperatura de saturaci6n es aproxima
damente constante. 

Se considera que la configuraci6n de la celda tiene el 
material fisible en forma de un anillo cilindrico cubierto 
en el interior y exterior por una vaina metalica. La 
refrigeraci6n se efectua fluyendo agua hirviendo por el 
exterior del elemento y haciendo pasar vapor reca
lentado a traves del cilindro interior. 

Para resolver la ecuaci6n de Fourier, se utilizara Ia 
transformada de Laplace del cambio relativo del 
flujo termico a traves de Ia superficie del elemento 
combustible y del cambio relativo de potencia. 

Para determinar Ia temperatura de las superficies de 
contacto entre las capas combustibles y las vainas, asi 
como entre Ia envoltura y medio refrigerador, se 
necesita conocer Ia distribuci6n transitoria de tem
peratura en las capas de Ia vaina 0 1{1, r) y 0 3(t, r), yen 
Ia region del combustible 0 2(t, r). Estas temperaturas 
son las soluciones de las siguientes ecuaciones diferen
ciales con las condiciones de contorno que se indican 
para cada region: 

a) Vaina exterior (r1 ~ r ~ r2) 

a0 -a/= ac2 d01 

donde -Ac(d~l).=r, = oca(t)[(0l)r=r1 - 0a], 

(0l)r=r2 = 012 Y -Ac(dd~l) _ = -AB(dd~2) _ 
r-r2 r-r2 

(I) 

b) Elemento combustible (r2 ~ r ~ r3) 

0~2 = an2d02 + W(t) donde (02)r=r
2 

Ut PBCB 

= 012 Y (02)r=ra = 023 (2) 

c) Vaina interior (r3 ~ r ~ r,) 

a03 = ac2 d03 donde Ac(d
03

) at dr r=ri 

= 1Xj(t)[(0a)r=ri - 0i ], 

A (d0a) _ A (d02
) 

c dr r=rs - B dr r=rs 
(3) 

donde aB2, ac2 son los coeficientes de difusi6n termica 
en el combustible y Ia vaina, respectivamente, A.B, Ac 
sus coeficientes de conductividad termica, y PB y cB son 
la densidad del elemento combustible y su calor 
especifico, respectivamente. 

Se admite que Ia variaci6n de potencia W(t) es 
pequeiia, asi que puede expresarse como: 

W(t) = W0(1 + y(t)) donde y(t) « I (4) 

Los numeros oc1(t) y oca(t) representan los coeficientes 
de transmisi6n de calor de las capas interior y exterior 
a los medios refrigeradores respectivamente. 

Cuando se aplica Ia transformaci6n de Laplace a las 
ecuaciones (1), (2) y (3), se obtienen las siguientes 
soluciones en terminos de las funciones de Bessel 
modificadas: 

sbG1(s, r) - 0 1(0, r) = A110(01r) + B1K0(01r), 

sbGls, r)- 0 2(0, r) = A 2Io(02r) 

+ B2K0(02r) + Wo ji(s), (5) 
PBCB 

sbG3(s, r) - 0 3(0, r) = Aal0(01r) + B3K0(01r), 

donde G(s, r) representa, en general, Ia funci6n trans
formada de Laplace, y 0(0, r) es Ia soluci6n para el caso 
estacionario, dada por Aoki. Ademas, 0 1 = v sfac2 

y 0 2 = V sfac2
• Los coeficientes AI> Bl> A2, B2 y A3, B3 

se expresan como funciones explicitas de parametros 
conocidos. 



P/580 Japan 

Boiling heat transfer and burn-out mechanism 
in boiling-water cooled reactors 

By K. Torikai, M. Hori, M. Akiyama, T. Kobori and H. Adachi* 

Nomenclature 

A: total area of the heating surface, (m2
) 

At: liquid fraction in fluid 
Av: void fraction in fluid 

flA v: void fraction difference between wall and 
bubble 

Cp: specific heat, (kcalfkg oq 
D: diam, (m) 
d: diam, (m) 
G: mass transfer rate, (kg/m2s) 
g: gravity acceleration, (m/s2

) 

gc: unit conversion factor, (9.8 m/s2) 

i: interval of slug bubbles, (m) 
kt: thermal diffusivity, (m2/s) 
L: latent heat, (kcalfkg) 
10 : length of pipe, (m) 
It: mixing length of liquid in turbulence, (m) 
lv: mixing length of vapour in tubulence, (m) 
q: heat flux, (kcal/m2s or kcal/m2h) 

q': heat flux on the bubble contact area, (kcalfm2s 
or kcaljm2h) 

qB 0 : burn-out heat flux, (kcal/m2s or kcalfm2h) 
R: radius, (m) 

Rb: bubble radius, (m) 
Rc: radius of bubble dry contact area, (m) 
R.: Reynolds number 

s: slip ratio of velocity 
T: temperature, (0 C) 

flTsat : superheat degree, CC) 
flTsub: subcooling degree, (°C) 

t: time, (s or m/s) 
u: velocity, (m/s) 

ub: bubble growth velocity, (m/s) 
urn: average flow velocity, (m/s) 

Umo: inlet average velocity, (m/s) 
v' : difference from mean velocity in y direction 
y: length, (m) 
y: specific weight, (kgfm3

) 

d: thickness of liquid film, (m) 
d': decrease of thickness of liquid film, (m) 
db: maximum thickness of liquid film, (m) 
17: viscosity, (kg sfm2) 

A.: friction factor of 2 phase flow 
At: thermal conductivity of liquid (kcal/m oc s) 
A.0 : fluid flow friction factor in smooth pipe 
Ar: fluid flow friction factor in rough pipe 

* Japan Atomic Energy Research Institute Tokai-mura. 
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a: surface tension, (kg/m) 
T: shearing stress in fluid, (kg/m2) 

subscripts: 
1: liquid 
v: vapour 

HEAT TRANSFER MECHANISM OF BOILING 

It is generally believed that the area of contact 
between bubbles and heating surface hinders heat 
transfer. On the other hand, Bankoff [1] and Moore [2] 
assumed that the boiling bubbles do not present a dry 
but a wet contact with the heating surface through a 
thin layer of liquid. But this has not been proved, 
and the idea has remained purely a hypothesis. The 
authors have undertaken experiments [3] on the 
adhesion of bubbles on the heating surface with the use 
of an electro-conductive glass plate, such as that used 
in a previous experiment on boiling heat transfer 
under gamma rays (1959) [4]. The test section of the 
glass plate is coated with a thin film (thickness about 
6 p,) of Sn02 (1 em wide, 30 f!/cm), as shown in Fig. 1. 

The experimental procedure was as follows: First, 
a part of the glass surface was covered with a thin 
film, leaving the remaining part dry. At this stage 
before heating, a photograph was taken from below 
(Fig. 2). From the resulting photograph-Fig. 3(a)
the dry (a) and wetted (b) parts are clearly distinguish
able: The dry part (a) presents incompletely reflected 
light from the rough (irregularity about 2ft) glass 
surface, while the wet part (b) registers completely 
reflected light from the smooth surface. The glass 
plate is then heated by passing direct current through 
the conductive film, and again photographed from 
below-Fig. 3(b). This photograph shows that there 
are two kinds of areas of bubble adhesion: (a) a part 
of contact through a thin water layer, and (b) a part of 
dry direct contact of vapour on the heating surface. 
Figure 4 relates the ratio between aggregate area of 
bubble adhesion and total heating surface to bulk 
water temperature, and shows that at constant heat 
flux the ratio increases with water temperature. With 
water temperature as parameter, the ratio increased 
with heat flux, as shown in Fig. 5. 

It is seen also from Fig. 5 that the dry contact part 
is relatively small compared to the aggregate adhesion 
area, and even at burn-out flux the ratio is only about 
50% (not 100%). Figure 6 illustrates the growth rates 
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of the aggregate adhesion area and that of dry 
contact. 

We now consider the mechanism of the formation 
of a thin liquid layer [5]. During bubble growth, the 
shape of the bubble is roughly a hemisphere due to the 
inertia of the liquid surrounding the bubble, but as 
bubble growth rate slows down, the bubble gradually 
changes to spherical form. In the neighbourhood of the 
heating surface, the velocity of liquid moved by the 
bubble is not very large compared to bubble growth 
rate, and liquid viscosity acts to reduce the velocity to 
zero at the heating surface, where the thin liquid layer 
is formed (Fig. 7). 

Assuming that: (a) liquid velocity within the thin 
layer is linear in the direction of layer thickness; (b) 
liquid flow within the layer is laminar; (c) bubble 
shape is a hemisphere; (d) layer thickness is determined 
by the diameter of bubble adhesion area; and (e) 
layer thickness is zero only at the centre point of bubble 
adhesion, we obtain as equations of continuity and 
motion in the thin liquid layer 

where 

o(27TRul5) = _ 21rR o(j 
fJR ot 

2a y e ( dub 3 ) Ub 
- K6·=- Rb- +- Ub2 + 41]
Rb g, dt 2 Rb 

(1) 

(2) 

If .c\Tsat is not very high, 1 : .J(l + K6 ) (e.g., if 
L\Tsat = 15 °C, .J(l + k6) = 1.2, with water of 1 atm 
and 100 °C). 
Then 

2 o2(j ( o15 )2 (j2 ol5 . 1]Rb ol5 
15 oR2 + 215 oR + R oR -:- - 2a(l + k 6) • ot 

of which a solution is 

(3) 

If the bubble is not very small, the liquid layer 
temperature can be regarded equal to the liquid 
saturation temperature, so that heat conduction in 
the liquid layer is expressed as 

' 1 lRb ).~fat q = -- --21rR · dR 
7TRb2 o (j 

= 2.J2A~~TsatJ (17~J.Jo + k6) (4) 

from which Ub, q' and (jb can be calculated (results 
shown graphically in Fig. 8). 

The decrease of thickness of liquid layer by vaporiza
tion into the bubble was roughly calculated by the 
authors [6]: 

d(j' ).~;at ( 
YeL dt = (j _ (j' dt 5) 

(j = (j' : J (~:~).J(L\Tsat · t) (6) 
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From Eq. (3) the dry contact area is given by 

2. 22).e 
1rRc -:- 1rRb -L L\Tsat • t 

qe 
(7) 

Calculated values from this equation are represented 
graphically in Fig. 6, and agree well with measured 
data. Heat conduction through the aggregate adhesion 
area can be obtained by simple calculation (dotted 
line in Fig. 9). 

A comparison in Fig. 9 between the dotted line 
representing heat through the adhesion area and the 
solid line for total heat flux shows that boiling heat 
transfer is mainly assured by heat conduction through 
the thin liquid layer between adhering bubble and 
heating surface. 

EXPERIMENT TO PROVE THE NEW 
BOILING HEAT TRANSFER MECHANISM 

It is known from Moore's experiments that boiling 
surface temperature changes rhythmically with bub
bling, but what directly causes this variation has so far 
not been made clear. The authors [7] performed an 
experiment on boiling heat transfer with a heated 
platinum wire 0.1 mm diam, in which they measured 
the oscillation of surface temperature by means of 
high speed camera and oscillograph, while photo
graphing at the same time the boiling vapour and air 
bubbles. The results are illustrated in Fig. 10 where 
bubble generation and platinum wire temperature 
appear registered on the same picture. Figure 11 
represents changes in time of bubble diam and .c\Tsat 
decrease versus time, as obtained from Fig. 10, and 
from these two figures it is seen that: (a) surface 
temperature changes little prior to bubble generation; 
(b) decrease of .c\Tsat is apparently proportional to the 
length of contact between bubble and wire; and (c) 
the drop of .c\Tsat at the moment of detachment of 
bubble from wire is smaller than during bubble 
growth. 

Since the heat capacity of the thin platinum wire is 
extremely small, the heat transfer coefficient at every 
instance may be obtained by measuring .c\Tsat. When 
the wire temperature is higher than liquid saturation 
temperature, the wire temperature is affected by air 
bubbles as in the case of boiling bubbles. Above all, 
boiling heat transmission is not so much affected by 
the agitation caused by the generation and detachment 
of bubbles around the heating surface as by the 
formation and vaporization of liquid layers between 
bubbles and heating surface. 

BURN-OUT MECHANISM IN POOL BOILING 

In the boiling heat transfer experiments with a glass 
plate described earlier, the authors observed that: (a) 
even under high heat flux, boiling bubbles are generated 
and detach themselves in the normal pattern usually 
associated only with low heat flux; (b) at times bubbles 
may coalesce just on the heating surface at a. stage 
where the growth rate has slowed down, as shown in 
Fig. 12; (c) more often the bubbles coalesce after 
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detachment from the heating surface, as shown in 
Fig. 13, and constitute new bubbles, more similarly 
to the case of film boiling; and (d) even in the region 
of nucleated boiling, some amount of film boiling 
conducive to burn-out is produced when the heating 
surface is covered by agglomerated bubbles for 
periods longer than bubble generating time, as in 
Fig. 13. Thus burn-out in pool boiling is induced by 
the motion of the aggregate bubbles. The authors [8] 
analysed and studied the motion of vapour and water 
in pool boiling over a horizontal heating surface by 
simulation to a counter-flow movement between 
vapour generated by boiling and liquid necessa!y for 
boiling, in a manner such as produced by floodmg. 

The experiment was carried out on a counter-flow 
produced between air and water in the vicinity of the 
axis of the inner barrel of a double-walled nozzle such 
as shown in Fig. 14. The figure also gives experimental 
results, and points are indicated therein where the 
characteristic curves of water and air flows cross 
the curve of equal flow of air and water, marking the 
limiting points for counter-flow. The points correspond 
to the flow of vapour generated from the heating 
surface at burn-out heat flux. Below these cross points 
enough water would not be available to sustain the 
vaporization. From the results of this experiment the 
burn-out heat flux equation was derived. 

qB0 = 0.43 · g~ · giytL{a(ye - Yv)}i M max (8) 

It will be noted that while this equation has not been 
obtained from an actual boiling heat transfer experi
ment it has the same form as the equation derived 
from,the boiling experiment by Kutateladze [9], with 
the difference that Eq. (8) possesses a term for Mmax 
representing the maximum value of M in Fig. 1?. 
Av of the same figure, for obtaining Mmax is the ratio 
of the vapour passage area to the total heating surface. 
Equation (8) has been compared with a large nur~ber 
of data from actual boiling experiments, especially 
those by Cichelli and Bonilla [10], as shown in Fig. 16, 
and as a result it is concluded that the limiting 
conditions of counter-flow between vapour and water 
in boiling constitute a major factor in burn-out. 

BURN-OUT MECHANISM 
IN FORCED CONVECTION 

The authors [11] considered that in the case of forced 
convection, as in the case of pool boiling, burn-out is 
caused by shortage at the heating surface of water 
necessary for boiling. In a vertical heating surface 
the generated vapour is diffused* by turbulence of the 
flow as well as by the ejection of bubbles from the 
heating surface by the inertia of bubble growth, as 
described by Isshiki [12]. The authors introduced a 
new variable mixing length I (the actual value of which 
is quite similar for both material diffusion and 
momentum transfer), with which each phase in the 

• Diffusion in the sense that vapour moves from near the 
heating surface toward the main flow. 
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two-phase flow was analysed as in the case of uniform 
flow: 

OUe , 1 
7"1 = y1h- v1 -

oy gc 

OUv 1 1 OUe 1 1 (9) 
Tv= yvlv--:;-- V v - = Pvlvs ~ Vv -

uy gc uy gc 

Um2 1 
7" = nAl + TvAv = A-8 y-

gc 

From the continuity of vapour and liquid, 

G1 = y1h 
0~1 

VJ,.. } 

oAv I oAJ I 

-G1 = Gv = G = Yvlv oy Vv = -yvlv oy Vv 

Therefore 
2 

A.flm 
8 

y1h V1
1 

= Yvlv Vv = ylv' = .....,(.,...ou-
1
),..------

oy (A1 + SAv) 

From Eqs. (10) and (11): 

(10) 

(11) 

(
oA1) 

(
OAJ) I Um

2 1 oy' 
G = yl oy V = A 8 . A1 + SAv . (~~~) (12) 

If (00~1) ~~~ = l:iAv/um and s = 1, 

A 
G(L + CpTsub) = q = UmoY1 g l:iAv(L + Cp l:iTsub) 

(13) 

If !:1Av = 1 - Av and q assumes its maximum value, 
i.e., the burn-out heat flux qB0 , the heating surface is 
completely covered by a vapour curtain. Here A is 
an unknown factor. The authors [13] devised an 
experimental facility for measuring A with forced 
circulation boiling under maximum conditions of 
225 ata pressure, 340 °C and 300 1/min flow, with 
pumping head up to 10 ata. The results of experiment, 
as represented in Fig. 18, indicate that A is not very 
different from the friction coefficient A0 in uniform 
flow, and particularly in the case of high flow rat:, it 
assumes the value Ar related to the case of a rough p1pe. 

The next unknown factor is Av. In the presence of 
subcooling, Po1etavkin [14] has given the equation 
for void in boiling forced circulation above 7 atm. 
Using this to calculate the burn-out heat flux with 
subcooling and also, from Eq. (13) we obtained the 
results given in Fig. 19, which agree well with experi
mental data on burn-out. The agreement would be 
further improved by the insertion of true values of A 
instead of the Ar used here in all cases, but truly 
applicable only to high flow rate. The calculation of 
burn-out heat flux under saturation conditions, how
ever, is not simple, since in such cases the void fraction 
follows the two-phase flow pattern, which is not yet 
clearly understood. 

In forced circulation boiling, oscillations are often 
experienced in the vapour generation rate, pressure 
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and flow rate. The authors [15] observed this oscil
lating phenomenon with an apparatus at atmospheric 
pressure, which could reveal a stronger effect of void 
than at high pressure. For the experiment, the authors 
also developed a new type of void meter [16] incor
porating two electro-magnetic flow meters, one each at 
the inlet and outlet of the test section. 

The oscillographic records of the experiment 
(Fig. 20) indicate that oscillations of pressure occur 
even under constant flow with low void, not to 
mention the case where there are oscillations in flow 
rate, when large oscillations of pressure of several 
cycles per second are observed. 

The oscillations are particularly violent in the case 
of slug flow, and the authors [17] conducted separate 
experiments, which determined that the distance 
between slug bubbles were regular and could be 
expressed by 

. lo 
1 = --1 , n = 1, 2, 3. 

n+2 
(14) 

Under boiling conditions the slug bubbles collapsed 
from subcooling at the test section outlet [18]. It was 
observed [19] also that the resulting shock waves, 
propagating at the speed of sound, caused other 
bubbles to collapse in their turn in succession as they 
encountered the waves. It was, however, found that 
with constant flow and low void, no oscillations oc
curred at the heating surface which were so great as to 
cause burn-out. This means that the foregoing analysis 
of burn-out heat flux is also applicable to the case of 
constant flow and low void. 
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ABSTRACT-RESUME-AHHOTALU·-1}1-RESUMEN 

A/580 Japon 

Transfert de chaleur a !'ebullition et meca
nisme de calefaction dans les reacteurs a eau 
bouillante 
par K. Torikai eta/. 

Depuis 1956 des recherches experimentales et 
theoriques ont ete faites a l'Institut de recherches 
nucleaires du Japan, sur le transfert de chaleur et 
l'ecoulement du fluide de refroidissement dans les 
reacteurs a eau bouillante. 

Le phenomene de calefaction, un des plus importants 
problemes de !'evacuation de la chaleur des reacteurs 
refroidis par un liquide, est discute dans ce rapport. 
On y a etudie les causes de la calefaction et le flux 
de chaleur de calefaction dans ses relations avec le 
taux eleve de transfert de chaleur de l'eau bouillante 
ainsi que le phenomene de l'ecoulement a deux phases. 

Durant les etudes d'ebullition en piscine, on a 

cherche a determiner le taux d'accroissement des 
bulles avec un faible flux de chaleur: les valeurs 
obtenues lors des experiences ont ete les memes que 
celles donnees par les etudes theoriques. Pour un flux 
de chaleur eleve, on a observe le comportement des 
bulles et les variations de temperature a la surface de 
chauffe avec le temps, grace a un rechauffeur de verre 
transparent conducteur d'electricite. On a trouve que 
!'adherence des bulles a la surface chauffante avait 
tendance a augmenter plutot qu'a reduire le taux de 
transfert de chaleur. On en conclut que la calefaction 
dans les piscines bouillantes est causee non par le 
fait que la surface chauffante est couverte de huiles, 
mais par le mouvement de bulles combinees et 
agrandies pres de cette surface. Cela a ouvert la 
possibilite de prevoir le flux de chaleur de calefaction 
dans le cas de !'ebullition en piscine, a partir d'une 
analyse du mouvement des bulles, et les resultats 
prevus ont ete confirmes par les experiences. 
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On a egalement effectue des experiences sur la 
calefaction pour les canaux d'ecoulement du fluide de 
refroidissement. Aux valeurs proches de la calefaction, 
le flux, la pression, le taux d'emission de vapeur et la 
vitesse d'ecoulement ont presente, a !'observation, un 
phenomime d'oscillation. Grace a une analyse de ces 
phenomenes, il a ete etabli que la capacite thermique 
du rechauffeur et les caracteristiques d'ecoulement des 
boucles, comme les caracteristiques des pompes, 
etaient egalement des facteurs importants, influen9ant 
la caiefaction. L'oscillation de l'ecoulement a ete 
etudiee plus a fond, a Ia fois experimentalement et 
theoriquement, du point de vue du phenomene de 
l'ecoulement a deux phases. 

A/580 HnoHHA 

TennonepeAa4a npH KHneHHH H KpH-
3HC rennoo6MeHa B peaKTopax, ox
lla}f{AaeMbiX KHnflll..\eH BOAOH 

K. TopHKaH et al. 

C 1956 ro,a;a n HrronciWM ucc.'!egonaTCJ!bCI\0~1 
I!HCTIITyTe no aTOMHoii: ::meprmr rrpono,a;HTCH ;mc
uepiiMeHTUJibHbie II TeopeTIPieCKIIe IICCJie,[);OBUHIIH 
110 TeiiJIOOT,[l;U'Ie II l'II)J;pO)J;IIHUMIIKe B peaJ\TOIJUX, 
oxJiam,a;aeMbiX KHIIH~e:if no,a;oii. 

B 3TOM p;oKJiap;e o6cymp;aeTcH I\pu3nc TerJJroo6-
Mena, npep;CTUBJIHIOID;IIH co6o:if O)J;HY II3 CUMblX: 
BUiKHbiX: IIp06JieM TeiiJIOOT)J;Ul.[II B 1\IIIIH~IIX: peai<
Topax. IIccJiep;osaJIIICb npiiqiiHbi B03HHKHoneniiH 
Rpii3IICa TeiiJI006MeHa ll KpiiTIIqecKHX TeiiJIOBhlX 
uarpy30K II IIX CBH3II C K03<flqJHll,HeHTOM TeiiJJOOT
;_(Ul.fJI I{ 1\IIIIH~eii BO!l,e U CTpYKTypoii ~nyx:qlU3HO
l'O IIOTOI\U. 

Ilpii II3yqeHHH I'IHieHHH n 6oJiblllOM o6'beMe Hc
c.nell,OBaJiach CKOpOCTb pOCTU IIY3bipeii. npH HH3-
IWii: TeiiJIOBOif narpy3Ke; 31\CIIepHMeHTUJibHhle p;aH
Ilbie xoporno corJiacyiOTCH c Teopneii. ,ll;JIH BbiCo
I\HX TeiiJIOBhlX narpy30K npiiMeHenne upo3pa'1Horo 
cTeKJIHHHOro 3JieKTponponop;noro narpenaTeJJH rro-
3BOJIHJio necnr na6JIIO,IJ;eHIIH 3a pemiiMOM ny3bl
pe:if II 3U H3MeHeHIIHMII TeMnepaTypbi IIOBepX:
HOCTH uarpena. BhlJIO ycTanonJieno, 'ITO ci~errJie
IIIIe ny3hipeii: na rronepxrrocTII narpena rrpoHBJIHeT 
Tenp;en:u.IIIO K yneJIIIqenuiO rrpii yMeHhiiiennii cKo
poCTII TeiiJ!OOT)J;Ul.[JI. 0TCIOil,U p;eJiaeTCH BbiBOil,, 'IT<l 
Kpn3HC TerrJioo6Mena rrpn KnrrenHn n 6oJihiiiOM 
o6'heMe Bhl3hrnaeTCH ne TeM, 'ITO rronepxnoCTh na
rpena noKphrnaeTCH IIY3bipHMU, a C031l,aeTCH p;nn
/IteHIIeM 6oJihJIIHX ny3bipeii: OKOJio :lToil: uosepx
HOCTII. 8TO OTKpbiJIO B03MOiKHOCTh IIpell,CnU3biBUTJ, 
I\l!HTIIqeCKHe TeiiJIOBbie Harpy3KII B 60JihiJIOM o6'b
eMe Ha OCHOBUHllii UHUJIH3U il,BlliKeHHH IIY3bipeH. 
IIpell,CKa3anubre pe3yJILTaThi 6hiJin noll,TBepmll,eHhl 
OllhiTOM. 

TaKme nponoll,HJIHCb ::mcrrepHMeHThi no onpep;e
JreHIIIO KPHTJiqecKnx TeiiJIOBhiX narpy3oK n Imna
Jiax. IlpH narpy3Kax, 6mt3KHX K I>pnTnl.fecKnM, 
6hlJIII IIpOBell,eHhi na6JIIO!l,eHII.H 3a II3MPIH'HIIHMil 
;J:aBJieHHH, CKOpOCTII napoo6pa30BUHHH II pUCXO,!J,U, 
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lWTOpLie UMeJIJI IWJieOaTeJILHhiii xapaKTep. lJ.1 
<lHUJIII3a OIIbiTHhiX ,!l,UHHhiX 6biJIO yCTUHOB.'Il'HO, 'ITO 
TPIJJIOeMI\OCTb o6orpeBaTeJIH, rnp;pO,!l,IIHUMJl'll'CJ.Ul' 
xapmnepncTJmn KOHTypa n uacoca HB.'IHJllfCh nam
HhiMH lPUI\TOpaMH, BJIUHIO~HMH HU 3H<\ 11C'HIIt' l\pH

THl.[eCI\Oi( uarpy3Kir. B p;aJihHeiirneM OhiJIH nee ,!e
;~oBaHhr 3KC11epHMeHTUJlhHO II TeopeTlll.[('Cl\II Hy,'IJ,

CUll,HH paCXO;J;a C TOl.[l\ll 3pl'HIIH .HR.'TC'IIIIH ;\BYX
(f.<\31101'0 HOTOIW. 

A/580 Japan 

Transmisi6n de calor y mecanisme del que
mado destructive en los reactores refrigerados 
por agua en ebullici6n 
porK. Torikai eta/. 

Desde 1956, la transmisi6n de calor y la hidniulica 
de los reactores refrigerados por agua en ebullici6n se 
han estudiado te6rica y experimentalmente en el Insti
tuto de Investigaciones Nucleares del Jap6n. 

Se discute en esta memoria el fen6meno del que
mado destructivo, que es uno de los problemas mas 
importantes de transmisi6n de calor en los reactores 
de agua en ebullici6n. Se han estudiado las causas del 
quemado destructivo y los flujos de calor durante el 
mismo, en cuanto se relacionan con la elevada capaci
dad de transmisi6n de calor del agua en ebullici6n asi 
como con el fen6meno del flujo en dos fases. 

Durante los estudios de ebullici6n en tanque 
abierto, se investig6 la velocidad de crecimiento de las 
burbujas para flujos de calor bajos: los val ores ex peri
mentales se aproximan bastante a los te6ricos. A flu
jos elevados de calor se observaron, gracias a un 
dispositivo calefactor transparente devidrioconductor, 
el comportamiento de las burbujas y la variaci6n de la 
temperatura en la superficie calefactora. Se encontr6 
que la adherencia de las burbujas a la superficie cale
factora tendia a aumentar, en vez de a reducir, la 
transmisi6n del calor. Se deduce la conclusion, por 
consiguiente, de que la causa del quemado destructivo 
en tanques abiertos noes el que la superficie calefactora 
se cubra de burbujas, sino el movimiento en las proxi
midades de Ia superficie de las burbujas agrupadas y 
agrandadas. Ello permite predecir el flujo de calor 
durante el quemado destructivo en tanques abiertos 
mediante el analisis del movimiento de las burbujas; 
los resultados predichos fueron confirmados por Ia 
experiencia. 

Se llevaron tambien a cabo experimentos de que
mado destructivo en canales de refrigeraci6n. Se 
observ6 que cerca del flujo critico la presion, la pro
ducci6n de vapory la velocidad del fluido se convertian 
en fen6menos oscilatorios. AI analizar dichos fen6-
menos, se estableci6 que la capacidad calorifica del 
elemento calefactor y las propiedades hidraulicas del 
circuito, tales como las caracteristicas de las bombas 
eran tambien factores importantes que afectaban ai 
quemado destructivo. Las oscilaciones del caudal del 
refrigerante se estudiaron mas a fondo, tanto te6rica 
como practicamente, desde el punto de vista del flujo 
de fluidos en dos fases. 
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The mechanism of nucleate boiling 

By C. J. Rallis and H. H. Jawurek* 

Before the full potential of boiling as a means of 
heat transfer can be realised it is necessary to have an 
understanding of its basic mechanism. Particularly is 
this the case in nuclear reactor applications where 
systems are complex and the risk of failure must be 
kept low. General design equations for the rate of heat 
transfer under such conditions are not currently 
available due to inadequate knowledge of the funda
mental processes involved. 

This paper reports work aimed at the elucidation 
of these fundamentals, and reviews the contributions 
made by the Boiling Heat Transfer Group at the 
University of the Witwatersrand. 

An attempt was made to approach the problem in a 
direct manner. Only the simplest case of boiling, that 
is, nucleate boiling under saturated pool conditions, is 
dealt with. A thorough treatment of this case is 
considered a prerequisite to a more advanced study of 
boiling. 

NOMENCLATURE 

A: heat transfer area, (ft2
) 

Dct: equivalent spherical bubble diameter 
at departure, (ft) 

Dcta: arithmetic mean of Dct 
f: bubble frequency, s-1 or h-1 

/i: bubble frequency of individual source, 
s-1 or h-1 

f: mean off; 
/a: arithmetic mean of/; 

fVct: arithmetic mean of products of fi Vct; 
Gct: mass velocity of vapour in departing 

bubbles, (ibm/h ft2) 

n: number of bubble sources on heat 
transfer surface 

N = n/A: bubble source concentration, (ft-2) 

X: nucleation site concentration, (ft-2) 

PL: liquid pressure, atm. 
(qjA), (q/A)tot: total heat flux, (Btu/h ft2

) 

(q/A)LH: latent heat transport, defined by Eq. 
(1), (Btu/h ft2) 

(qjA)Nc: natural convection flux, (Btu/h ft2) 

Ymax: mouth radius of largest potentially 
active cavity, (ft) 

r!ax: mouth radius of largest active cavity, 
(ft) 

* Department of Mechanical Engineering, University of the 
Witwatersrand, Johannesburg. 
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r1~;11 : mouth radius of smallest active cavity, 
(ft) 

Tsat: saturation temperature of liquid, (0 R) 
Tw: heater wall temperature, CR) 

dTsat: (Tw - Tsat), (0 R) 
Vct: bubble volume at departure, (ft3

) 

vdi: bubble volume at departure for a 
particular source, (ft3) 

Vct: mean of Vct; 
Vcta: arithmetic mean of Vct; 

vv: specific volume of vapour, (ft3/lbm) 
o: limiting thermal boundary layer thick

ness, (ft) 
Av: latent heat of vaporization, (Btu/Ibm) 
pv: vapour density, (lbm/ft3) 

a: surface tension, lbr/ft 

Latent heat transport 

During saturated boiling, heat may be considered 
to leave a surface via two components: the first is 
transferred to the liquid by convection, later to 
manifest itself in bubble growth after departure and 
in evaporation at the free liquid surface; the second 
causes formation and growth of bubbles up to the 
point of their departure. The latter component is 
termed latent heat transport, and is defined as 

(qjA)LH = PvAv ifiVct;/A (1) 
i~1 

with properties evaluated at the saturated state 
corresponding to the liquid pressure. 

For many years it was generally held that in nucleate 
boiling, whether sub-cooled or saturated, the con
tribution of the latent heat transport to the total 
flux was negligible. Gunther and Kreith [1], also 
Rohsenow and Clark [2], had shown this to be the case 
in sub-cooled boiling. The latter, as well as many 
subsequent workers, considered these results to be 
equally applicable to saturated boiling. This view has 
resulted in a plethora of mechanisms and correlations 
for the rate of heat transfer, all based on the convective 
component alone. Adequate reviews of these have been 
published [3, 4]. 

This application of findings on sub-cooled boiling 
to saturated boiling was, in the absence of experimental 
justification, considered an unacceptable extrapolation. 
In consequence a programme was initiated to investi
gate the contribution of latent heat transport in 
saturated pool boiling, the first results of which were 
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Figure I. Boiling curve for water also showing latent heat 
transport and extrapolated natural convection curve 

published in 1961 [5]. These preliminary results 
showed that, for water boiling at atmospheric pressure, 
latent heat transport was at no stage negligible, and 
appeared to be the sole contributor at the peak flux. 
Data on ethanol showed the same trend. 

Subsequently these studies were continued after 
refining the apparatus and experimental techniques 
[6]. Boiling took place from an electrically heated 
nickel wire of 0.02 in diam, immersed in a stagnant 
pool of water at saturation point and at atmospheric 
pressure. Electrical and thermometric measurements 
allowed the determination of (q/A) and LlTsat· Motion 
pictures of the test section and bubbles provided 
measurements of bubble departure volume, Vd, and 
bubble frequency,/ 

In the flux range investigated, vapour emanation 
occurred in the form of discrete bubbles (isolated or 
coalesced on the surface). Continuous vapour columns 
or jets, as observed on flat plates even at moderate 
fluxes, were absent. The number of bubble sources 
was defined as the number of surface localities from 
which bubbles departed. At low fluxes, in the regime 
of isolated bubbles, the number of nucleation sites 
equals the number of bubble sources; at higher 
fluxes, however, where lateral coalescence of bubbles 
occurs, this ceases to be valid. 

The resulting boiling curve, log (q/A) against LlTsat• 
and the latent heat transport, as calculated from Eq. 
(1), are shown in Fig. I. The natural convection curve 

is correlated and extrapolated by an equation of the 
form (q/A)Nc = const. LlTs~t" The percentage con
tribution of latent heat transport to the total flux is 
plotted against total flux in Fig. 2. This contribution 
increases smoothly with flux; at the peak flux (not 
measured but about 4 to 6 x 105 Btu/h.ft2) it alone 
might represent the total flux. 

It was stated earlier that convection (natural and 
bubble-induced) and latent heat transport together 
account for the total flux, other mechanisms being 
considered inoperative or negligible. This view is 
substantiated as follows: with respect to disturbance 
of the thermal boundary layer, the area of influence of 
one bubble source is small, corresponding to approxi
mately two bubble diameters [7]. Thus, in the region 
of very low bubble source concentration, the con
vection mechanism may be roughly approximated 
by one of undisturbed natural convection. Thus, for 
the first two low-flux determinations shown in Fig. 2, 
the percentage convection contribution is obtained 
from extrapolated natural convection data. The sum 
of the contribution from latent heat transport and 
convection is close to 100 per cent within the esti
mated experimental error bounds. It is felt that the 
small discrepancy is due to the neglect of bubble
induced convection. 

Evidently the two main contributions to the total 
flux require further investigation. Many workers 
appear to be dealing with the convection component. 
Our group has, to date, tended to concentrate attention 
on the rather neglected latent heat transport com
ponent. 

By definition, a study of this involves investigations 
into (a) bubble departure volume and frequency, and 
(b) bubble source concentration, i.e. nucleation and 
coalescence. These inevitably also have a bearing on 
any bubble-induced convection mechanism. 

The remainder of this paper reports studies into 
(a) and (b). 

Bubble frequency and departure volume 
Consider boiling with discrete bubble formation (i.e. 

no continuous vapour jets) on a surface of area A 

80 

20 

0 10' 

.. , .. , . .. , /' , / , . , , , 
'/ / - ---- e.:ptr.mental error 
~' boundt 

101 

(q/A)Tot , Btu/ h ft
2 

Figure 2. Latent heat transport and convection as percentages 
of total heat flux 
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having n bubble sources. At a particular flux and 
pressure the bubble frequency and successive departure 
volumesforaparticularsourcei(wherei = 1,2, ... , n) 
are not constant. The variation is generally not large, 
but is significant. Letf1 and Vct; be the mean values, 
over a period of time, of bubble frequency and 
departure volume of a source i. Different sources 
produce bubbles with different values off; and Vct;, 
which are statistically distributed about means. 

It has been general practice to report frequency 
and volume data in terms of arithmetic means of 
f; and Vct;, i.e. as /a and Vcta. Data indicate that at a 
fixed pressure both /a and Vcta are flux independent 
except in the vicinity of the peak flux. The resulting 
relation 

/a · Vcta = const. (2) 
is well known. 

However, the purpose of studying bubble fre
quencies and volumes is to determine the mass 
velocity of departing vapour, Gct, fundamentally 
defined as 

n 

Gd = L UiVctJPv/A (3) 
z~l 

since the actual latent heat transport is given by 

(4) 

This mass velocity is also required for any formu
lation of a bubble Reynolds number, to be used if 
correlation based solely on a convection mechanism 
is to be attempted. 

Gct can also be expressed in terms of mean fre
quencies and departure volumes,jand Vct: 

n 

Gd = (n/A)j· VctPv = L UiVct;)PvfA (5) 
z~l 

Clearly Eq. (5) permits any definition of one of the 
two parameters j and V ct; the definition of the other 
is then fixed. Thus it is possible to derive a consistent 
mean Vct if j is chosen as the arithmetic mean, and 
vice versa. The use of both as arithmetic means is not 
permissible if the equality in Eq. (5) is to be maintained. 
This matter has been considered in detail elsewhere 
[8]. It is preferable not to separate f and Vct, but 

~ 
30 

.$! 
20 

w 

I!" 
10 

(q/A)Tot, Btu/h 1t2 

Figure 3. Variation of mean product of bubble frequency and 
departure volume with heat flux 

rather to define the mean product 

n 

/V = 2, (/I Vct;)fn (6) 
z~l 

and hence Gct as 

The product /aDcta or /a Vcta which is flux independ
ent finds no application in boiling work. The product 
fVct, however, varies with flux as shown in Fig. 3. 

Theoretical work, mainly of a hydrodynamic 
nature, is necessary to predict the variation of fVct 
with physical properties, flux and pressure. 

An additional outcome of the fVct study has been 
the finding that, at fixed flux and pressure, each bubble 
source on the surface exhibits the same value of the 
product/; Vct; within reasonable statistical scatter, i.e. 

/i Vct; = const. (8) 

See Fig. 4. It is felt that the scatter is due to short
comings of the cine technique which did not allow 
the establishment of a good time average for each 
determination off; Vct;. Even so, correlation coeffi
cients ranging from 0.83 to 0.92 were obtained for five 
different flux settings, with the sixth low-flux deter
mination of somewhat irregular patch boiling yielding 
0.67. The correlation coefficients can be considered 
significant, since the underlyingf1 and Vct; data were 
reasonably normally distributed. 

The significance of the foregoing is that with 
boiling on a surface, each source over a period of 
time produces the same mass of vapour; that is, if 

.f; Vct1 is a good time average, then 

(9) 

The deeper significance of this behaviour IS being 
studied. 

Bubble sources and nucleation 
Nucleation proceeds from vapour entrapped in 

microscopic surface cavities. This has been demon
strated both analytically and experimentally [9, 10, 
11, 12]. Evidence of this was also obtained by 
Dutkiewicz [13] in 1958 using two liquids-ethanol 
and water-having markedly different boiling curves. 
When the heating wire, after prolonged boiling with 
ethanol, was transferred into water and re-tested, 
the boiling curve initially approximated or coincided 
with the ethanol boiling curve. This pretreatment 
effect decreased with time and vanished after about 
six hours of boiling. Correspondingly similar behav
iour was observed when the order of testing liquids 
was reversed. 

Nucleation may be assumed to take place from 
surface cavities of conical geometry. Griffith and 
Wallis [10] have shown that, with respect to nucleation, 
a cavity may be adequately characterised by specifying 
the mouth radius only. Mouth radii of potentially 
active cavities will have some frequency distribution. 
Clearly, the size distribution is all important in 
determining the shape of the boiling curve. An 



SESSION I. I 0 P/600 C. J. RALLIS and H. H. JAWUREK 159 

Ul 

-~' 

5 

FILM LOOP 0 

I 
I 

I 

I 
I 

I 

I 
I 

I 

I 
I 

I 

0 / 
00 0 / 

0 0 0~ 
/ 

0 ·. @ ;f 
/ 

I . / 
I .. 0 / 

/ 
/ 

I Ojr" 
0 9' I. . - & 3-1 

I Y -fVd=39·23x10 ft s 
I / 

1 / ----!1·96Std.deviation 
I./ v 

2 

(a) 

--- TT 

FILM LOOP 1 

·4 

- 6 3 -1 - fvd = 23·80x 10 ft s 

---:!:. 1·96 Std deviation 

·8 1·2 
vd x 10

6
, tt

3 

(b) 

1·6 

Figure 4. (a) Relationship between bubble frequency and volume 
at departure. (b) Relationship between bubble frequency and 

volume at departure 

approximate method is outlined whereby this dis
tribution may be obtained from macroscopic measure
ments. 

Consideration is limited to "smooth" surfaces, 
namely, to conditions where the largest cavity on the 
surface (of mouth radius rmax) is always active, that is, 

r;:',ax = rmax = const. (lOa) 

This is equivalent to saying that the limiting thickness 
of the thermal boundary layer, b, which is flux and 
pressure dependent, must at all stages be large enough 

to contain the vapour nucleus of the largest cavity, 
that is 

~ > rmax (lOb) 

It is now necessary to obtain a nucleation criterion, 
that is, an equation relating cavity mouth radius and 
wall superheat, dTsat· Such an equation exists for 
nucleation in a constant temperature field only. For 
nucleation in a variable temperature field, such as 
exists near a heating surface, no satisfactory criterion 
has been developed. However, as long as the limita
tions of Eq. (10) are satisfied, the constant temperature 
field expression may be used as an approximation. 
Nucleation may then be characterized by 

(11) 

The derivation of this equation is well known [10]. 
The choice of wall temperature, Tw, and the evaluation 
of physical properties at Tw are substantiated at a 
later stage. 

According to Eq. (11) the largest potentially 
active cavity will nucleate first, smaller and smaller 
cavities only becoming active as dTsat is raised. Thus, 
since the largest cavity remains active as dTsat 
increases, a plot of .N', the number of nucleation 
sites per unit area, against r~in will result in the 
cumulative cavity size distribution for the surface 
under study. Differentiation with respect to r~in yields 
the frequency distribution. 

To illustrate and to substantiate this approach, the 
data of Fig. 5 are employed. Figure 5 is the customary 
representation of bubble source concentration data. 
Before the onset of coalescence the nucleation site 
(active cavity) concentration, .N', equals the bubble 
source concentration N. After coalescence this rela
tion ceases to hold. High-flux .N' data are rather 
difficult to obtain. The water data of Fig. 5 show 
the result of an examination of cine films of the 
bubble field. It is seen that the relation 

(q/A) = const. .N'0·5 (12) 

holds for the entire range, irrespective of coalescence. 
This finding should facilitate future experiments con
siderably, since it permits the visual determination of a 
few N or .N' values in the region of isolated bubbles 
and allows extrapolation to high concentrations using 
Eq. (12). This work, incidentally, also shows that the 
number of pin-holes per unit area in Gaertner and 
Westwater's plating runs [14] is, in fact, the nucleation 
site concentration. 

Values of nucleation site concentration to be 
employed in the determination of the .N' versus r~in 
distribution were obtained from the smoothed arrd 
extrapolated data of Fig. 5. Corresponding dTsat 
values were read from the smoothed boiling curves, 
that is, in the case of water from Fig. 1; r~in values 
were calculated using Eq. (11). The resulting cumu
lative and frequency distributions of cavity mouth 
radii of the nickel surface employed in the water run 
are presented in Fig. 6. The low cavity-radius part of 
the distribution was not obtained since the boiling 
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Figure 5. Variation of nucleation site concentration (.N') and bubble source concen
tration (N) with heat flux 

curve was not determined in the close vicinity of burn
out. 

It was felt that a test to determine the quantitative
ness of the postulated potentially active cavity size 
distribution was necessary. Since visual examination 
of the surface microstructure appeared unprofitable, 
an indirect test was devised. This consisted of con
ducting boiling tests with different liquids at different 
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Figure 6. Nucleation cavity size distribution for nickel surface 

pressures on the same surface, and of determining the 
cavity size distribution for each run in the manner 
described above. If the resulting distributions were 
approximately the same, some trust could be placed 
in the method . .N' measurements and boiling curves 
for ethanol and benzene at atmospheric and sub
atmospheric pressures were obtained from these tests 
and are recorded in Figs. 5 and 8 and also in reference 
[15]. Great care was exercised to avoid "hysteresis" 
and to achieve reproducibility. Details of the experi
mental procedure are given elsewhere [15]. The 
resulting cumulative distributions, .N' against r,=:;in• are 
shown in Fig. 7. The curves, though not coinciding, 
show reasonable agreement. Considering the roughness 
of the approximations involved and the difficulty of 
obtaining reproducible boiling curves, this result is 
encouraging. 

At this point the choice of Tw as the appropriate 
temperature in Eq: (11) and the evaluation of physical 
properties at Tw may be justified. The procedure of 
obtaining the distributions of Fig. 7 was repeated 
twice-once using Tsat in Eq. (11) and once using 
(Tw + Tsat)/2. The maximum deviation of the dis
tributions was obtained when using Tsat and the 
minimum when using Tw. That is, nucleation could be 
best described as a process occurring in a constant 
temperature field Tw. This implies that the thickness 
of the thermal boundary layer is considerably larger 
than a vapour nucleus, and that the limitations of 
Eq. (10) are satisfied. 
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Figure 7. Cumulative cavity size distribution for platinum 
surface 

Determinations similar to those of Fig. 7 were also 
obtained by Griffith and Wallis [10]. Their work may 
be considered as further evidence of the general 
validity of this method of determining the size range of 
pqtentially active cavities on a heating surface. 

'It is clear that the approach outlined above requires 
considerable refinement. The effect of variation in 
the thickness of the thermal boundary layer requires 
special attention. 

The next step would appear to be the determination 
of the cavity size distributions of different types of 
surface and the establishment of some general trends. 

A further phenomenologiclj.l test of the validity of 
the nucleation mechanism embodied in Eq. (11) 
suggested itself. The effect of pressure in Eq. (11) is 
such as to permit, to a rough approximation [6, 16], 
the use of 

(13) 

Thus, if the pressure and the wall superheat are 
reduced in a boiling system, r:!'.in increases. During 
operation at a particular low pressure, the situation 
arises where r:!'.in = r:!'.ax in the middle region of a 
boiling curve. With the range of active cavity sizes now 
equal to zero, nucleation, and hence nucleate boiling, 
must cease or otherwise proceed by some mechanism 
other than the normal one. At some even lower 
pressure the value of ~Tsat required for normal 
nucleation will exceed that associated with the peak 
flux; below this pressure the normal nucleate regime 
should be altogether absent. 

To test the foregoing it is necessary to conduct 
boiling runs at various low pressures with a particular 

surface-liquid combination. Such tests were performed 
[15] at saturation temperature, care being once 'hgain 
taken to avoid "hysteresis" and to achieve repro
ducibility. The results are presented in Fig. 8. 

During run E.l (1.0 atm) and run E.2 (0.677 atm) 
the well-known boiling curves were traced. This also 
applies to run E.3 (0.396 atm) in the high flux range. 
At low flux, run E.3 exhibited a highly unusual change 
in direction. This behaviour appeared to be associated 
with the cessation of the normal mechanism of nucle
ation. Inspection of Fig. 5, in which the N versus 
(q/A) data for this run are reported, shows that no 
dramatic change in the bubble source concentration 
occurred at this point. However, nucleation seemed 
to become unstable; bubbles no longer emanated from 
fixed sources in column formation, but appeared to 
be formed at points shifting about on the surface. 
This effect was particularly noticeable in run E.4 
(0.294 atm) where bubble-producing sources jumped 
around on the surface in a rapid and apparently 
random manner. 

A curve similar to that for run E.3 has been obtained 
by van Stralen [17] for the boiling of a_ solution of 
whey in water at a pressure of 0.132 atm. Boiling as in 
run E.4 does not appear to have been hitherto 
reported. 

The phenomena of runs E.3 and E.4 cannot be 
attributed to "hysteresis effects" or "temperature 
overshoot" since: (a) runs were performed at decreasing 
flux; (b) the test procedure used in obtaining runs E.3 
and E.4 was identical to that adopted for the stable 
runs E.1 and E.2; and (c) this instability did not die 
away with time. In fact on one occasion during 
operation in the unstable region, even though the 
bubble pattern remained irregular, the flux was 
maintained at the same setting for over an hour; in 
the same run at higher flux no irregularity was 
observed. 

Run £.5 (0.136 atm) illustrates the complete 
cessation of nucleation. At a flux slightly higher than 
that of the last point recorded, the surface burst into 
film boiling. The nucleate regime was entirely absent. 
Van Stralen [18] and Lienhard and Schrock [19] hav~ 
observed the same phenomenon. 

Run E.6 (1.0 atm) is a satisfactory check on 
reproducibility. 

Similar results to the above were also obtained for 
benzene. 

As a result of this cessation or'normal nucleation at 
low pressures only three stable boiling runs were 
obtained with ethanol and benzene and these were the 
only ones that could be analysed to give the cumulative 
cavity size range distribution on the heating surface, 
see Fig. 7. 

Tests at reduced pressure, such as those described 
above, provide powerful evidence of the correctness 
of the proposed nucleation mechanism. 

Suggested method of correlating results 
Evidently the total heat flux during saturated 

nucleate boiling is made up of two components-latent 
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Figure 8. Boiling curves for ethanol showing unstable nucleate boiling and absence of 
the nucleate regime at low pressure 

heat transport and convection. Clearly both these are 
dependent on N, f and Vct. However, their relative 
contributions to the total flux vary throughout the 
nucleate boiling region. At the low-flux end the 
convection component predominates, whereas at the 
high-flux end latent heat transport is the controlling 
factor. Thus no single equation based on either of 
these components alone can be expected to work. 
Each component must be correlated separately. 

The total flux and latent heat transport are directly 
measurable. The difference between them should then 
be correlated using the appropriate convection 
mechanism. This aspect of the problem is currently 
receiving attention. 

CONCLUSIONS 

(a) Latent heat transport and convection together 
account for the total flux in saturated nucleate 
boiling. 

(b) Latent heat transport is at all stages significant; 
it is probable that at burn-out it alone represents the 
total flux. 

(c) The mean product fVct, if defined correctly, 
increases throughout the flux range. 

(d) At fixed flux and pressure the product fVct is 
the same for each bubble source within reasonable 
statistical scatter. 

(e) The relationship between heat flux, (q/A), and 
the number nucleation sites per unit area, .N', 

(q/A) = const. ._N'n 

where n ,....., 0.5 holds up to high fluxes, irrespective of 

coalescence. After the onset of coalescence the number 
of bubble sources, N, increases more slowly with flux, 
n assuming values as high as 2.6. 

(f) Nucleation from each surface cavity may be 
approximately characterized by 

provided that the thermal boundary layer thickness is 
greater than the mouth radius of the largest cavity, 
that is b > Ymax· 

(g) If the limitation b > Ymax is satisfied, then a 
plot of .N' against r~in approximately represents the 
cumulative cavity size distribution for the surface 
under study; from this the cavity size frequency 
distribution can be calculated. 

(h) The nucleation criterion (in term (g) above) can 
yield predictions on the size range of active cavities. 
These have been verified by experiments and lead to the 
following general conclusions: 

(i) the effect of lowering the pressure on a 
boiling system is such as to decrease the size range of 
active cavities; 

(ii) for a particular surface-liquid combination a 
definite low pressure exists, below which the boiling 
curve exhibits instability; 

(iii) this threshold is reached when the size 
range of cavities active in the normal sense becomes 
zero. Beyond this threshold there exists a hitherto 
unrecognized regime of unstable nucleate boiling; 

(iv) in this unstable regime nucleation and boiling 
proceed by mechanisms other than the normal; 

(v) at even lower pressures the nucleate regime is 
altogether absent. 
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SUMMARY 

Experimental and analytical work elucidating the 
mechanism of saturated nucleate boiling has thus been 
reported. The bulk of this work deals with latent heat 
transport, (q/A)LH• which is shown to contribute 
significantly to the total flux. The study of (q/A)LH 
involved investigations into: 
(a) Bubble departure. The interrelation between 

bubble frequency and departure volume was 
dealt with. 

(b) Bubble source concentration. This involved a study 
of surface characterization and bubble coales
cence. A method was developed by which the 
size distribution of potentially active nucleation 
cavities on a surface could be obtained from 
macroscopic measurements. A nucleation criter
ion was adopted, which was tested against and 
confirmed by experimental results showing: 
(i) the existence of a regime of unstable 

nucleate boiling at low pressure; and 
(ii) the complete absence of nucleate boiling at 

even lower pressure. 
Suggestions for future work were made. A rational 

approach to the general correlation of nucleate 
boiling heat transfer was outlined. 
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ABSTRACT -RESUME-AHHOTA~IIUI-RESUMEN 

A/600 Afrique du Sud 

Le mecanisme de !'ebullition nucleee 

par C. J. Rallis et H. H. Jawurek 

Avant de pouvoir reconnaitre toutes les possibilites· 
que presente !'ebullition comme moyen de transfert 
de chaleur, il est necessaire d'en comprendre le 
mecanisme de base. Ce memoire constitue une 
tentative d'aborder simplement et directement ce 
probleme. Nous ne traitons que du cas d'ebullition le 
plus simple, a savoir !'ebullition nucleee dans les 
conditions de liquide sature. Nous considerons 
l'examen de ce cas simple comme Ia condition 
prealable de toute etude plus approfondie de 
!'ebullition. 

Pendant de nombreuses annees, le transfert de 
chaleur latente defini par 

n 

(q/A)LH = pvAv !JiVcti/A = NfVctpvAv 
i~l 

a ete considere comme une contribution negligeable 
au flux total de chaleur dans toutes les conditions 

d'ebullition nucleee. Les resultats experimentaux 
concernant !'ebullition nucleee, a saturation, que 
nous donnons ci-dessous, indiquent que le rapport 
(qjA)LHf(qfAhot augmente regulierement lorsque le 
flux augmente, et tend vers !'unite lorsque (q/Ahot 
tend vers Ia calefaction. Le transfert de chaleur 
latente ainsi que Ia convection expliquent le flux total 
de !'ebullition de liquide sature. 

La plus grande partie du memoire traite des 
parametres qui entrent dans Ia formulation de 
(q/A)LH· lis doivent inevitablement influencer n'im
porte quel mecanisme de convection cree par des 
bulles. 

Les deux parametres les plus importants entrant 
dans Ia formule (q/A)LH sont: a) Ia concentration des 
sources de bulles, N, qui depend essentiellement de Ia 
surface, et b) le taux moyen de Ia circulation de masse 
de chaque source, fVctpv, de nature essentiellement 
hydrodynamique. Cependant, ces deux parametres 
sont etroitement lies entre eux. 

Les resultats experimentaux montrent: a) que Ia 
moyenne arithmetique fVct augmente avec le flux; 
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b) que, pour un flux particulier, le produit fVd est 
a peu pres le meme pour chaque source de bulles. 

Le terme N. concentration des sources de bulles, 
est de la plus grande importance du point de vue de la 
correlation du transfert de chaleur, par le fait qu'il 
entre tant dans la formulation de transfert de chaleur 
latente que dans celle de la convection comme nombre 
de sources qui contribuent a la circulation du liquide. 
Dans la region des bulles isolees, la concentration des 
sources de bulles, N, est identique a la concentration 
des points de nucleation, .N'; pour des flux plus 
eleves, ce n'est plus le cas, car Ia vapeur de plusieurs 
noyaux peut s'assembler pour former une seule bulle. 
Le rapport 

(q/Ahot = const. .N'n 

oil n ,...._, 0,5 est confirme pour !'ebullition de l'eau a la 
pression atmospherique et pour les composes orga
niques a diverses pressiqns basses. 

En utilisant ce rapport ainsi qu'une equation 
caracterisant la nucleation a partir d'une cavite, une 
courbe d'ebullition etant donnee, nous avons pu 
arriver a la distribution des dimensions de cavites 
de nucleation potentiellement actives; cela signifie 
qu'une surface peut etre caracterisee par rapport a 
la nucleation. Nous presentons des donnees tant sur 
.N' que sur N, et par consequent sur la coalescence. 

L'analyse utilisant ]'equation de nucleation indique 
que cette derniere et par suite !'ebullition nucleee 
ne peuvent continuer indefiniment a des pressions 
toujours plus basses; pour une combinaison surface
liquide donnee, il existe une pression au-dessous de 
laquelle la nucleation ne peut se poursuivre normale
ment. Des experiences de confirmation montrent que 
cette pression marque le seuil d'un regime d'ebullition 
nucleee instable, non reconnu jusqu'ici. A une 
pression inferieure, le regime nuclee est entierement 
absent. 

Bien qu'elle en soit encore a son debut, ]'etude 
dont nous rendons compte ici demontre comment on 
pourrait obtenir une correlation rationnelle du 
transfert de chaleur pour !'ebullition nucleee. 

MexaHH3M o6paaoeaHHfl 
npH KHneHHH 

A/600 IOAP 

aapOAbiWeH 

K. ,lJ,H<. P3nnHc, r. r. ,IJ,moypeK 

Ilpem~e qeM ocym;ecTBJIHTb npon;ecc HHTeHCHB
Horo I<HIIeHHH I<ai< cpe~cTBa TerrJiorrepe~a'IH, He
o6xop,nMo IIOHHTb OCHOBHOH MexaHH3M I<HIIeHHH. 
::hoT P,OI<Jiap, rrpep,CTRBJIHeT co6oii: IIOIIbiTI<y rrpo
CTO n p,oxop,qnno o6'hHCHHTb aTy rrpo6JieMy. B p,o
Imap,e paccMaTpnnaeTcH TOJib.Ko rrpocTei'Imnii. 
cJJyqaii, a HMeiiHO I<HIIeiine c o6paaonaHHeM aapo
p,hlmeii: B cocy~e c Hacblm;eHHhlM rrapoM. PaccMOT
peHne aToro rrpocTeii:mero cJiyqaJI HBJIJieTCJI Heo6-
xo~HMhlM ycJionneM ~JIJI 6oJiee ~eTaJibHoro nccJie
~oBaHHH rrpon;ecca I<HIIeHHJI. 

B Te'leHJie Mnornx JieT ci<pbiTYIO TerrJiorrepep,a
'IY, orrpe~eJiaeMyro ypanHeHiteM 

n 

(q/A)LH=Pv"Av ~ fivdJA=NfvdPv"Au, 
i=1 

paccMaTpnnaJin .Kai< Heaiia'IHTeJILHYIO qacrb o6uw
ro rerrJionoro rroroi<a,· o6paayrom;erocH rrpn ncex 
ycJIOBHHX I<ImeiiHJI c o6paaonanneM aapop,hlmeii. 
PeayJILTUThl a.KcrrepnMenraJILHoro nccJiep,onaHnH 
o6paaonaHHJI aapop,bimei'I rrpn I<HIIeHnn B cocyp,e 
C HaCbiiii,eHHbiM rrapoM, IIpHBep,eHHbie B p,aHIIOM 
iWI<Jiap,e, yRaaLJBaiOT na TO, 'ITO OTHomenne 
( q I A) LH I ( q I A) o6m HenaMeHHO yneJIH'IIIBaeTCJI c 
yneJHI'IeHJteM IIOTORa, CTpeMJICb R 1, IIO Mepe TOl'O 
Ral\ ( q I A) o6m CTpeMHTCJI R BeJIH'IHHe, coorner
f,TByrom;eii: I<pnancy RnrreHHJI. CRpbiTaH TerrJiorre
pep,aqa If .KOHBe.Kn;HJI BMeCTe o6'bJICHHIOT CYID;HOCTb 
IlOTORa npn HaCbiiD;eHHOM 1\HIIeHHH. 

3Ha~MTeJibHOe MeCTO B p,aiiHOM P,ORJiap,e OTBe
p,eiiO paccMoTpemrro napaMeTpon B ypanneHnu 
( q I A) o6IU. 8To, 6eaycJIOBHO, ~OJiiRHO nMeTb OTHO
meHne R JII06oMy MexaHnaMy, orrncLmarom;eMy 
1\0HBeRIJ,HIO BCJiep,cTBne nyaLipbROBoro I<nrreHnH. 

,[(nyMH nan6oJiee namHbiMJI rrapaMerpaMn, nxo
AHIII,IIMn B (qiA) LH HBJIHIOTCH: a) KOHIJ,eHTpan;HH 
HCTO'IHIIRa rryaLipbROB N, I<oTopaa rJiaBHbiM o6-
paaoM aanncnT oT rronepxnocTn, II b) cpep,HHH 
CROpoeTb IIOTOKa MaCChi OT .KaiRP,OfO UCTO'IHHKa 
fvdPu, I<oropaH no cnoeii: rrpnpop,e B ocnonno11t 
onpeiieJiaerea nu~po,r.vmaMnRoii. Op,nai<o o6a 3TH 
rrapaMeTpa B3aHMOC.BJI3RHbi. 

PeayJII>Tarhl 3I<crrepiiMeHTOB noi<aahlnaroT, 'ITO 
a) cpep,neapii<f>MeTH'IeCRoe rrponanep,eniie fv d yne
JIII'InnaeTcJI c yneJin'leHneM rroToRa n b) rrpn p,an
HOM rroToi<e nponane~enne fvd rrpn6JIH3HTeJILHo 
op,nna.Kono P,JIJI I<am~oro IICTO'IHni<a nya~>rpi>I<OB. 

IlapaMeTp N, .KoiJn;eHrpan;na ncro'IHURa ny-
31>Ipbi<on, IIMeer nepnocrerreHHoe aHa'!eHne, Tai' 
I<aR OH II03BOJIHeT OIIpe~eJIUTh COOTHOilleHne Be
JIU'IUH TeiiJIOIIepep,a'ln, I<OTOpaJI OIIHChiBUeTCH 
ypanHeHneM B nnp,e ci<pi>Iroro nepeHoca rerrJia u 
B BH~e ypaBHeHHJI I<OHBe.KIJ;UH, I<yp,a OHO BXO,[l,HT 
1\a.K 'IIICJIO HCTO'IHHI<OB, Bbi3biBaiOID;HX IIOTOI< iRH~
KOCTU. qTO I<acaeTCH OT~eJibHbiX IIY3Lipb.KOB, I<OH
n;eHTpUIJ;HJI IICTO'IHUI<a nyaLipbi<OB N II~eHTII'IHa 
l\OHIJ;eHrpan;nn cpe~LI, B I<oropoii: rrponcxop,nT op
paaonaHue aapo~bimeii: N. Ilpn 6oJiee BbiCoi<nx 
CIWpOCTHX IIOTO.Ka aTa np,eHTH'IHOCTb 6oJibiDe He 
l!Meer MecTa, ra.K I<a.K nap OT HeCI<OJibi<HX aapo
~bimeii: MOiReT CJIHIIUTbCH H o6pa30BbiBUTb TOJibl\0 
op,nH rryahlpeK. 0THomeHne (q/A)o6m. = constNh, 
r~e n = 0,5, HBJIHeTCJI CIIpaBe~JIUBhiM ~JIH I<IIIIe
HIIJI BO~bl IIpU UTMoc<f>epHOM ~UBJieHHH II ~JIJI op
raHH'IeC.KUX iRH~.KOCTeif IIpH HU3I<HX ~UBJieHHJIX. 

C IIOMOIII,biO 3TOfO O'l'HOIDeHHJI H ypaBHeHHJI, 
xapa.KTepnayrom;ero HBJieHne o6paaonaHHJI aapo
Ahimeii: U3 IIOJIOCTH, a TU.KiRe C IIOMOIIJ;biO rrpnBe
ACHHOii: I<pHBOH I<HIIeHHJI Haii~eHO B03MOiRHLIM 
YCTUHOBHTb ,[l,IIUIIU30H paaMepOB IIOJIOCTeii:, IIOTeH
IJ,HUJibHO UI<THBHbiX B OTHOIDeHIIII o6pa30BUHHH 
aapO~biiDeii:: TO eCTh MOiRHO oxapai<Tepn30BUTh IIO
BepXHOCTh B OTHOilleHIIH o6pa30BUHUJI aapOP,hiilleii:. 
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llpnBep,en:r,I p,anHI>Ie o6 N, N n, CJiep;oBaTeJII>HO, o 

CJIIIIJaHIIII. 

AuaJIII3 ypaBHCHIIH, orrHCI>IBarom;ero ycJIOBII.H 

o6paaoBamm aapop;:r,nneir, yKaa:r,maeT na To, 'ITO 

npoiJeCcbl o6pa3oBamm aapop,blrneii II, cJiep;oBa

TeJII>HO, llpOIJCCCbl o6pa30BaHIIH aapOP,hiiiieH KIIIIe

IIIIH He 1\WryT IIpOTCKaTb 6eCKOHe'IHO npn BC8 

yMeHbiiiarorn;nxcH p,aBJieHIIHX. j],JIH p;annoro cJiy

'laH IlOBepXHOCTb - /IHIP,KOCTb p;aBJieHHe HaCTOJib-

1-.:0 MaJio, 'ITO npo1Jecc o6paaoBaHHH aapop,blrnei[ 

He MOIIWT npoTeKaTb 06hi'IHbiM nopHP,KOM. 

Oni>ITLI, nocTaBJieHHhle c 1JeJILIO nop,TBepmp,eunH 

:noro IIOJIO/RCHIIH, liOI\a3biBaiOT, 'ITO 3TO p,aBJieHne 

J!BJIHCTCH IIOporoBhiM )l.JIH TIOKa em;e HCH3BCCTHOro 

JlCIRIIMa HCCTa6UJILHOI'O K.UIICHIIH C oopa30BaHIICM 

3apop,hiiUeii. llpn MCHbiiieM ;:J;aBJieHUJI MexaHII3M 

o6paaoBannH aapop;Lnueii: Boo6m;e OTCYTCTByeT. 

XoTH MexannaM :lToro HBJieHHH naxop;IITCH 

JIJ!IIIh Ha Ha'laJihHOii: CTap;IIII II3Y'ICHIIH, B p;OKJiap,e 

IIpUBep;CHhl RpiiBI>Ie, ITO.I\a3hiBaiOm;ne, IIpii .1\al\HX 

l\OppeJIHIJIIHX TCUJIOIIepep;a•IH MO/RHO ITOJIY'IIITb 

paiJIIOHaJibHhie BeJIII'IIIHhl KllfiCIIHH C o6pa30BaHU

eM aapop;Lnnei"r. 

A/600 Sudafrica 

El mecanisme de ebullici6n por nucleos 

por C. J. Rallis y H. H. Jawurek 

Antes de apreciar por entero las posibilidades de 
la ebullicion como proceso de transferencia de calor, 
es preciso comprender su mecanismo basico. Este 
articulo intenta tratar el problema de un modo sencillo 
y directo. Unicamente se estudia el caso mas sencillo 
de ebullicion, es decir, la ebullicion por nucleos en 
condiciones de saturacion. Se considera que este caso 
es un paso previo a cualquier estudio mas profundo 
de la ebullicion. 

Durante muchos afios se ha supuesto que el trans
porte de calor latente, definido por 

n 

(q/A)r~ = PvAv 2,/;Yct;/A = NfVctPvAv 
i~l 

no contribuye apreciablemente al flujo total de calor 
para todas las condiciones de ebullicion por nucleos. 
Los resultados experimentales sobre ebullicion por 
nucleos a saturacion, que se exponen en el presente 
articulo, indican que la relacion (q/A)cl/(q/Ahot 
aumenta continuamente al aumentar el flujo y tiende a 
la unidad cuando (q/Ahot tiende hacia el quemado. 
Trans porte de calor latente y conveccion dan cuenta del 
flujo total en el caso de ebullicion saturada. 

La mayor parte de este articulo trata de los para
metros que entran en la formula para (q/A)cl· Inevi
tablemente, estos deben influir tambien sobre 
cualquier mecanismo de conveccion inducido por 
burbujas. 

Los dos parametros mas importantes que entran 
en (q/A)e~ son: a) la concentracion de fuentes de 
burbujas, N, que depende fundamentalmente de la 
superficie, y b) el ritmo medio de flujo de masa de 
cada fuenteJVctPv• que esencialmente es de naturaleza 
hidrodinamica. Sin embargo, ambos parametros estan 
relacionados entre si. 

Los resultados experimentales demuestran que 
a) la media aritmetica del producto fVct crece con el 
flujo y b) para un flujo determinado, el producto fVct 
es aproximadamente el mismo para cada fuente de 
burbujas. 

El termino N, la concentracion de fuentes de burbu
jas, es de fundamental importancia desde el punto 
de vista de la correlacion de transferencia de calor, 
puesto que entra en la formulacion para el transporte 
de calor latente asi como en la de correccion a traves 
del numero de fuentes que in~ucen flujo de liquido. En 
la region de burbujas aisladas, la concentracion de 
fuentes de burbujas, N, es identica a la concentracion 
de lugares de nucleacion .N'; para flujos mas altos, 
esto ya no se aplica puesto que el vapor de varios 
nucleos puede soldarse y formar una sola burbuja. Se 
confirma la relacion (q/Ahot = const . .N'n conn R::J 0,5 
para ebullicion de agua a la presion atmosferica y 
de organicos a varias presiones bajas. 

Usando esta relacion y una ecuacion que caracteriza 
la formaci on de nucleos a partir de una cavidad y dada 
una curva de ebullicion, se encuentra que es ·posible 
calcular la distribucion de tamafios de las cavidades de 
formaci6n de nucleos potencialmente activos. Se 
presentan datos sobre .N' y N y por lo tanto sobre la 
fusion de burbujas. 

Mediante la ecuacion de formacion de nucleos se 
demuestra que este proceso y por tanto la ebullicion 
por nucleos no puede desarrollarse indefinidamente a 
presiones cada vez mas bajas; para una determinada 
combinacion superficie-liquido existe una presion por 
bajo de la cual el mecanismo de formacion de nucleos 
en el sentido normal no puede tener Iugar. Los 
experimentos confirman que esta presion marca el 
umbra! de un regimen de ebullicion por nucleos 
inestable hasta ahora no reconocido. A presiones 
inferiores el regimen de ebullicion pro nucleos esta 
totalmente sustente. 

El estudio que aqui se presenta, aunque todavia en 
las primeras fases de desarrollo, ilustra las lin,eas que 
deben seguirse para obtener una correlacion racional 
de transferencia de calor a traves de la ebullicion por 
nucleos. 
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Boiling from a liquid interface 

By M. Novakovic and M. Stefanovic* 

Boiling from a liquid surface is an interesting 
phenomenon which could be used in new apparatuses 
for heat transfer and for the investigation of boiling 
phenomena under conditions approaching to ideal. 
This investigation was made with the aim of studying 
boiling from an almost ideal surface and determining 
heat transfer coefficients. To' correlate the results 
with the physical parameters investigations were 
made of the nucleation of water, ethyl alcohol, 
benzene and n-pentane. 

The problem of heat transfer between immiscible 
liquids has been little studied, especially in the case 
of one liquid boiling. L. Trefethen [1] studied nuclea
tion from the interface of two liquid phases but he 
did not measure heat fluxes and heat transfer coeffi
cients. K. F. Gordon, T. Singh and E. Y. Weisman 
[2] measured heat transfer between a mercury sur
face and boiling water, methyl and ethyl alcohol. 
They found that for a superheated mercury surface 
with !l.t = 4-57 oc one obtains a heat flux q = 
4 060 - 298 000 kcalfm2h and the heat transfer 
coefficient IX = 976 - 8 800 kcal/m2h °C in which case 
the dependence of heat flux on the superheated 
mercury surface is q = C!l.tn where n is constant for 
water (n = 1.43) and ethyl alcohol (n = 1), while 
it decreases for methyl alcohol from n = 2.2 to 
n = 1. The study of the same problem of boiling heat 
transfer from a liquid interface was started in this 
laboratory some time ago and results for water and 
alcohol are published [5]. 

EXPERIMENTAL TECHNIQUE 

The experimental vessel (Fig. 1) consisted of a glass 
cylinder connected to a steel bottom by means of a 
rubber ring. The connection was made at a relatively 
cold place and the mercury was isolated from the 
rubber by a water interspace. The vessel was covered 
with a stainless steel top with an opening for air, 
an opening for water and mercury, and a micrometer 
screw travelling thermocouple. The steam was con
ducted by a glass pipe inserted in the top. The pipe 
had double walls, the inner diameter being 35 mm. 
Between these walls an electric heater was placed to 
prevent condensing of the vapour within the pipe 
and returning of the condensate into the experimental 
vessel. 

• Boris Kidric Institute of Nuclear Sciences, Beograd-Vinca. 

166 

The thin mercury layer above the convex middle 
part of the bottom was heated by an electric heater 
spirally wound round the lower part of the copper 
column (bed), 56 mm in diameter. Thus boiling from 
the surface of the vessel was avoided as it was kept at a 
temperature below the boiling point. The upper front 
surface of the column is tightly silver soldered to the 
thin steel bottom (0.3 mm thick) which was finely 
finished. Starting from the steel bottom, seven hori
zontal holes for thermocouples were made (1.6 mm 
diam.) at every 10 mm along the length of the copper 
column up to the axis. The heat flux through the steel 
bottom and the temperature of its upper surface 
were determined from measured temperature dis
tributions in the copper. The whole copper column 
with the heater and thermocouples was insulated. 
The influence of the ends was also avoided by ex
tracting vapour through the outlet glass pipe from the 
central part only. The outlet pipe had a smaller 
diameter than the copper column. In the mercury layer 
temperatures were measured with a chromel-mercury 
travelling thermocouple. A single 0.3 mm diameter 
chromel wire was inserted into a capillary tube with 
a 1 mm outer diameter so that only 0.5 mm of the 
end of the wire was free from glass. The position of 
this tube, which projected horizontally into the 
mercury layer, could be adjusted by a micrometer 
screw so that vertical temperature traverses could be 
made. The mercury in a pvc hose was led from the 
vessel to the cold junction where a mercury-chromel 
contact was made and kept in melting ice. Thermo
couple emfs were measured by the zero method. 

The apparatus was set on three legs whose height 
could be adjusted by a screw bolt thus enabling the 
steel bottom to be brought into the horizontal 
position. This position was checked with a spirit 
level in two normal directions. 

The mercury layer thickness above the steel bottom 
was determined by a "comb" fixed to the periphery 
of the bottom. The tooth points of the comb were 
arranged at different calibrated heights. The mercury 
layer thickness was adjusted so that its free surface 
touched the corresponding tooth point by slight 
lifting and lowering of a communicating vessel. 

To reduce heat losses (dissipation of heat flux) 
thinner mercury layers were used. However, the 
mercury layer would break if it were thinner than a 
certain value. The average thickness of the stable 
mercury layer was about 5 mm for boiling water and 
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Figure I. Experimental apparatus 

1. Glass cylinder (boiling vessel) 12. Electric heater 
2. Steel bottom 13. Copper column 
3. Rubber ring 14. Thermocouple holes in the copper column 
4. Water 15. Thermal insulation 
5. Steel top 16. Chrome! wire of the chromel-mercury 
6. Opening for communication with the thermocouple 

atmosphere 17. Cold point of the thermocouples 
7. Opening for water and mercury 18. Stand 
8. Micrometer screws for adjustment of 19. "Comb" 

thermocouples 20. Communicating vessel 
9. Glass pipe conducting steam out of the 21. Condenser 

glass cylinder 22. Instruments for measuring emf 
10. Electric heater in the glass cylinder 23. Boiling liquid 
11. Mercury 24. Measuring glass for the condensate 

about 3 mm for boiling alcohol, benzene and n
pentane. The thickness increased with an increase 
of heat flux. The last experiments were performed 
with a 5 mm mercury layer for all liquids. For this 
mercury layer thickness, heat losses from the steel 
bottom to the surface of the mercury heating surface 
were determined by comparing the heat flux obtained 
on the basis of the condensate and the temperature 
gradient in the copper column for all the four liquids. 
The flux varied from q = 9.75 x 103 kcalfm2h to 
q = 1.15 x 105 kcalfm2h and superheating from !J.t = 

9.5 oc to !J.t = 46 °C. The ranges of these variables 
for particular liquids are given below: 

water 9.5 < !J.t < 23 
alcohol 23 < !J.t < 46 
benzene 22.4 < !J.t < 40.9 
N-pentane 18.6 < !J.t < 36.6 

1.5 X 104 < q < 1.15 X 105 

1.1 X 104 < q < 7 X 104 

1.66 X 104 < q < 6.47 X 104 

9.75 X 103 < q < 4.65 X 104 
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Figure 2. Dependence of heat flux on heating 

1. Results for water (Novakovic and Stefanovic) 
2. Results for alcohol (Novakovic and Stefanovic) 
3. Results for benzene (Novakovic and Stefanovic) 
4. Results for pentane (Novakovic and Stefanovic) 
5. Results for water of K. F. Gordon et a/. 
6. Results for alcohol of K. F. Gordon eta/. 

No measurements were made at smaller heat fluxes 
because of the difficulty of getting the system into a 
stationary state. No measurements were made either at 
higher fluxes because the strong boiling prevented 
exact temperature measurement in the mercury layer. 

The boiling heat flux was determined by measuring 
the condensate at set time intervals and was calculated 
on the basis of the test surface covered by a glass 
pipe opening (A = 9.5 cm2) and was checked by the 
copper temperature gradient. The temperature of 
the heating mercury surface was determined by extrap
olating the temperature distributions in the mercury 
layer. 

THE EXPERIMENTAL 
RESULTS AND OBSERVATIONS 

Nucleation took place at preferred points, called 
nucleation centres, from which bubbles were released 
at almost regular intervals similarly as from solid 
surfaces. Even at constant flux these centres formed 
by sudden breaking out of a new bubble followed by 
characteristic crackling. This bubble grew much 
faster and its size when it escaped was bigger than 
that of bubbles appearing at a centre already formed. 
Below the centre a very slight concavity of the mercury 
was observed. Unlike boiling from solid surfaces 
nucleation centres are mobile. 

The results of measurements are plotted as the 
dependence of heat flux on superheating (Fig. 2). 

The broken line on the graph (Fig. 2) shows the 
results reported by Gordon et a/. [2]. It can be seen 
that in our experiments higher superheating was 
obtained for the same fluxes in the measured range. 

In the graphs one can easily discern two boiling 
regions similar to those with solid surfaces, one in 
which the ratio dq/d(6.t) is smaller (convective 
boiling) and the other with a much higher ratio 
(developed bubble boiling). The slopes of the lines 
representing results for bubble boiling are the same 
for all the four liquids. It is of interest to note that the 
slopes of broken lines showing Gordon's results [2] 
coincide with slopes obtained for convection boiling. 

It is evident from the graph that the results for 
bubble boiling show a linear dependence on a log-log 
graph, i.e., they have the form 

(1) 

A similar dependence can be obtained by cross 
plotting for other pairs of parameters (q,6.t and 
cx,6.t). From the experimental results, using the method 
of least squares, the following values for the constants 
in Eq. (1) are obtained: n = 0.81 for the four liquids; 
C is different for each of the four liquids. 

Comparing our experimental relation with those 
based on Kutateladze's [3], Kruzilin's* [3] and 
Rohsenow's** [4] well-known boiling equations, it 

50 

40 ~Nu Pr 0,35 

30 

20 

15 

Figure 3. Dimensionless boiling equations 

Experimental results for boiling from the mercury surface 
(Novakovic and Stefanovic) 

or 

+:Water 
o: Alcohol 

1. Kutateladze's equation 

6.: Benzene 
o: Pentane 

2. Equation of Novakovic and Stefanovic [4] 

• Kruzilin's equation: Nu = 0.082Pr0 •5Pe0 ·'Kt0 •377 • 

• • Rohsenow's equation: 

C(t.- t8)/r8 = C1[(q/p,r8)y'(a/(y'- y•))]0 •
35Pr1•7 
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is clear that Kutateladze's equation of the form: 
Nu = A Prn1 X Pen• X Kpns, (2) 

correlates our results best for all fluids. 
The graph in Fig. 3 shows our experimental results 

in dimensionless forms and the dependences obtained 
on the basis of Kutateladze's equation 

(3) 

The curve of Kutateladze's correlation is less steep 
than ours but it gives somewhat bigger values for 
heat transfer coefficients in the range investigated. 
This was taken into account by a slight adjustment 
of the exponent n2 and the constant A in Eq. (2). By 
the least squares method the values of the exponent 
n2 and of the constant A were found (n2 = 0.81, 
A = 2 x 10-4), so that our dependence has the 
following form: 

Nu = 2 x 1Q-4p,-o.3speo.siKpo.7. (4) 

The results differ by about ±3 %-
From the graph in Fig. 3 it is evident that the begin

nings of bubble boiling for all the liquids investigated 
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Figure 4. Diagram of bubble growth 
The moments of the departure of a bubble from the heating 

surface are marked by vertical lines 

have shown a certain regularity. In other words, 
bubble boiling starts when the values of the criteria 
Kpo.7 x Pe0·81 are approximated: 

or 

Kp0 · 7 X Pe0 ·81 ~ 6.25 X 104 

Nu X Pr0 •35 ~ 12.5. 

SOME OBSERVATIONS AND RESULTS 
BASED ON THE PHOTOGRAPHS TAKEN 

WITH A HIGH-SPEED CINE-CAMERA 

(5) 

(6) 

Photographs of the appearance and development 
of bubbles were taken with a high-speed cine-camera 
(6 000 frames per second) for the heat flux values 
ranging from q = 25 x 103 to q = 50 x 103• 

Figure. 4 presents the preliminary results for the 
development of several typical bubbles. It is apparent 
that the diameter of the bubble increases with time 
and that with an increasing flux the development 
rate of the bubble also increases. 

Figure. 5 shows the time To for which bubbles remain 
on the heating surface as a function of the diameter 
d0 of the bubble at separation for various fluxes. For 
our values of the heat flux and boiling conditions the 
values lie within the range 2 mm < d0 < 6 mm; 
50 s-3 > To > 20 s-3 • The graph also illustrates that 
with increasing flux the time To for which bubbles 
remain on the surface is shortened while d0 increases. 
Thus bubbles escaping with a larger diameter d0 

remained a shorter time on the heating surface, 
i.e., their Twas shorter. These results are not in agree
ment with observations of Fritz, Ende and Jakob 
for solid surfaces. This can be explained by different 
physical conditions of the boiling (a considerably 
higher superheating of the heating surface for the 
same heat fluxes). The results shown in Fig. 5 indicate 
that a good many films should be taken in order to 
give a round correlation. 

CONCLUSION 

The results of these measurements are reproducible 
and conclusive. The scattering of results is slight be
cause of improved measuring techniques and careful 
avoidance of secondary effects. The results obtained 
for the four liquids correlated with equation ( 4) are 
in good agreement. There is a considerable disagree
ment between the results of our investigations and 
those of K. F. Gordon [2]. In our opinion the dis
agreement originates in the experimental conditions. 
Our results concern only boiling heat transfer from 
a liquid interface, i.e., from a mercury surface. We 
think that because of boiling at the meniscus between 
the glass shield of the experimental vessel and the 
place where the thermocouple penetrates into the 
free mercury surface, smaller superheating was 
obtained (at the same heat fluxes) as reported by 
Gordon et al. This was also experimentally supported. 
By inserting thermocouple wires into the mercury sur
face of the experimental apparatus, the heat flux was 
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Figure 5. The time for which bubbles remain on the heating surface as a function of the bubble diameter at separation 
+: q ""' 25.103 (kcal/m2h) 0: q ""' 30.103 (kcal/m2h) 
x: q ""' 40.10" (kcal/m2h) \7: q ""' 50.10" (kcal/m2h) 

increased by 50%-100% (at the expense of redistri
bution) resulting in a diminished mercury surface 
superheating for 5 °C to 10 °C depending on the 
experimental conditions. 

In our opinion this method of heat transfer is of 
great interest and our work has only touched on this 
problem. Further work on this is in progress in our 
laboratory. An analysis of the dynamics of vapour 
bubbles by taking their photographs with a high-speed 
cine-camera is in progress. Several preliminary 
photographs taken [5] and our observations helped 
us to see and understand the problems and the extent 
of this analysis which would give a good deal of 
information for further theoretical interpretation 
of the boiling phenomenon. 

At higher heat fluxes the surface of the liquid metal 
becomes wavy. In this way the effective surface of 
heat transfer between two immiscible liquids becomes 
larger, thus enabling an increase of heat flux. 

It is of some interest to compare the efficiency of 
the boiling heat transfer from a solid surface with or 
without a liquid metal. In a general case the addition 
of a liquid metal leads to an increase in the temperature 
of the solid surface for the given flux. Nevertheless, 
the increase of the temperature of the heating solid 
surface can be advantageous for solid surface tem
peratures exceeding those corresponding to burn-out 
heat fluxes. It should be noted that at these tempera
tures heat fluxes are expected to increase with the 
liquid metal layer. In other words it is possible to 
correct the dependence of heat flux on the preheating 
of the solid heating surface by varying the thickness 
of the liquid metal layer and its physical parameters 
and to obtain a more favourable dependence, an easier 
control as a result of greater temperature variation 
with the changing heat flux, and possibly, to achieve 
a higher burn-out of heat fluxes. 

A very interesting heat transfer range is to be found 
at solid surface temperatures exceeding the liquid 
metal boiling point. Here the liquid metal layer boils 
from the solid surface and it condenses into the boiling 
liquid above the liquid metal. 

Such a complex mechanism of heat transfer can be 

achieved in a nuclear reactor or in the secondary 
heat exchangers for the reactor system. 

NOMENCLATURE 

Ts CK): 

fs CC): 
tp CC): 

!:::..t = fp- tsCC): 

q (kcal/m2h): 
~ (kcal/m2h oq: 
Ps (kg/m2): 

rs (kcalfkg): 
c (kcalfkg oq: 

a (kg/m): 
y' (kgfm3): 
y" (kgfm3): 
A. (kcaljmh oq: 

a (m2/h): 
Y (m2h): 

absolute saturation 
temperature 

saturation temperature 
temperature of the heating 

surface 
liquid superheat temperature 

difference 
heat flux density 
heat transfer coefficient 
saturation pressure 
latent heat of vaporization 
specific heat of the liquid 

at constant pressure 
surface tension 
specific weight of the liquid 
specific weight of the vapour 
thermal conductivity of 

the liquid 
thermal diffusivity 
kinematic viscosity of the 

liquid 
f-l (kgfm h): viscosity of the liquid 
Nusselt's number: Nu = ~v'[af(y' - y")]/A. 
Pecklet's number: Pe = qy'[af(y' - y")]/rsy"a 
Kutateladze's number: Kp = Ps/v'[a(y' - y")] 
Kruzilin's number: Kt = (r8 y")2/ACT8 y' 

x y'[a(y' - y")] 
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ABSTRACT -RESUME-AHHOTAU111R-RESUMEN 

A/699 Yougoslavle 

Ebullition d'un liquide a Ia surface d'un autre 
liquide 

par M. Novakovic et M. Stefanovic 

Les auteurs presentent les resultats d'une etude sur 
le transfert de chaleur dans le cas de !'ebullition d'un 
liquide sur une surface parfaitement lisse (interface 
liquide-liquide). De cette maniere, on elimine la 
rugosite superficielle. 

lls decrivent un appareil original qui supprime les 
effets secondaires (par exemple, !'ebullition sur une 
surface solide). Ils ont utilise la surface horizontale 
du mercure comme surface de chauffe a partir de 
laquelle quatre liquides ont ete portes a ebullition a la 
pression atmospherique. La surface du liquide 
(interface) a ete maintenue dans un etat de grande 
proprete par une methode experimentale Speciale. 
Les liquides utilises etaient l'eau, l'alcool ethyliqi.Ie, 
le benzol et le n-pentane, qui ont tous des points 
d'ebullition compris entre 35 et 100 °C. 

Les auteurs presentent les resultats des mesures du 
flux de chaleur d'ebullition q, de la surchauffe de la 
surface du liquide de chauffage l:!..t et du coefficient 
de transfert de chaleur correspondant IX. La surchauffe 
de la surface de chauffage (liquide) etait plus elevee 
qu'en cas d'ebullition sur une surface solide. 

On distingue nettement deux regions d'ebullition, 
malgre leur ressemblance visuelle: !'ebullition par 
convection et I' ebullition par nucleation; les conditions 
de passage du l'un des deux genres d'ebullition a 
l'autre sont indiquees. Le coefficient de transfert de 
chaleur en fonction de la difference de temperature 
(surchauffe superficielle) pour les deux regions peut 
etre represente par la formule: 

IX= C(I:!..W 

dans laquelle C est une constante qui depend des 
parametres physiques des liquides portes a ebullition 
et n une constante pour tous les liquides bouillants 
dans la region d'ebullition par nucleation. 

Si, pour tous les liquides etudies, on etablit une 
correlation entre les resultats obtenus en ce qui 
concerne le transfert de chaleur, d'une part, et les 
proprietes physiques du liquide considere, d'autre 
part, ces resultats peuvent etre representes par la 
formule sans dimension suivante: 

Nu = A(Pr, Pe, Kp) 

dans laquelle les variables Nu, Pr, Pe et Kp sont des 
nombres sans dimension qui dependent des parametres 
des bulles. 

Les auteurs donnent les resultats d'une etude 
preliminaire sur le mecanisme de nucleation faite au 
moyen d'une camera rapide ( 6 000 images par 
seconde). Ils ont constate que la frequence des huiles 
augmente avec !'augmentation du diametre de 

celles-ci au moment ou elles se separent, alors que 
c'est le phenomene oppose que l'on constate dans les 
experiences d'ebullition a partir de surfaces solides. 
Les auteurs discutent les possibilites de nouvelles 
etudes detaillees au moyen de la photographie 
rapide. 

A/699 IOrocnaBHR 

KHneHHe c mHAKHX nosepxHocreH 
paaAena 

M. HosaKOBHLt, M. CTecpaHOBHLt 

B HacTo»IIWH pa6oTe npHBO!J;HTCa peayJinTaThi 
HCCJiep;oBaHHH TeiiJIOIIepep;aliH IIpH KHIIeHHH C 

rJiap;Koii ropnaoHTaJII>Hoii rronepxHOCTH paap;eJia 
(<iKH!J;KOCTb- iKH!J;KOCTb>). B 3THX YCJIOBHHX BJIHH

HHe IIIepOXOBaTOCTH IIOBepXHOCTH HarpeBa HC

KJIIO'IaeTCH. 

OrrncaHa opiirHHaJII>HaH annapaTypa, c noMo

IIJ;biO KOTOpOH npoBOp;IIJIOCb IICCJiep;onaHIIe II Ha 

KoTopoii oTCYTCTBYIOT no6ollllhle a<f><f>eKTbi. IIo

nepxHoCTbiO Harpena HBJIHJiacn ropuaoHTaJII>HaH 

nonepxHoCTb PTYTII, Ha KOTopoii InmeJIH paaJIH'I
Hhle iKH,lJ;KOCTII npii aTMoc<f>epHOM p;aBJieHIIH. qH

CTOTa iKHAKOH IIOBepXHOCTII paap;eJia IIO)lp;epiKIIBa

JiaCb c noMOIIJ;biO- crren;IIaJII>Hoii ::mcnepnMeHTRJib

Hoii MeTO,liiiKH. lfccJiep;oBaJIOCb KHIIeHHe 'leTbipex 

iKII,liKOCTeif: BO!J;bl, 3THJIOBOrO CIIHpTa, 6eH30Jia Jl 

n-neHTaHa C TO'IKaMH KHIIeHHH Memp;y 35 II 

100° C. 
IIpunep;eHI>I peayJinTaThl H3MepeHHH TenJioBoro 

noToKa q Ha nonepXHOCTII Harpena, neperpena .1 t 
llOBepXH()CTII HarpeBa H COOTBeTCTBYIOIIJ;ero KOa<f>

qiHD;IIeHTa TenJiorrepep;aqu a npn KnrreHHH. Y CTa

HOBJieH <f>aKT 6oJibiiieii cTerreHH neperpena mnp;

Koii IIOBepXHOCTH, 'leM B CJiyqae KHIIeHHH C TBep
,Il;biX mepoxonaThiX nonepxHOCTeii. 

qeTKO pa3JIH'IaiOTCH ,liBa BH3yaJibHO CXO)lHbiX 

peiKHMa: KOHBeRD;HOHHOe U IIY3blpbKOBOe IUille
HHe. IloKaaaHo, rrpu KaKnx ycJioBnHx op;HH pemnM 

nepexop;HT B p;pyroii. Koa<J><J>nn;neHT TerrJiorrepe

p;aqu KaK <f>yHKIJ;HH neperpena rronepxHOCTH pTy

TH ,liJIH o60HX peiKHMOB BbipamaeTCH Kal{ 

rp;e C - IIOCTOHHHaH, 3aBIICHIIJ;aH OT WI13HlleCKHX 

napaMeTpOB KHIIHIIJ;HX iKH!J;KOCTeif, a n - IIOCTO

HHHaH BeJIH'IHHa p;JIH BCeX KIIIIHIIJ;HX iKHAKOCTeji 

B peiKHMe IIY3hlpbKOBOrO KHIIeHHH. 
PeayJII>TaThl no TerrJiorrepep;aqe p;JIH ncex mup;

KOCTeii cKoppeJiupoBaHbi c <J>uauqecKnMu rrapa

MeTpaMH KHIIHIIJ;IIX iKII!J;KOCTCH II rrpep;CTaBJieHhl 
IWK 

Nu =A(Pr, Pe, Kp), 

rp;e rrepeMeHHI>Ie Nu, Pr, Pe u Kp HBJIHIOTCH 6ea-
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paaMepHLIMH KpHTepHHMH, aaBHCHID;HMH OT napa

MeTpOB nyaLipbKOB. 

,[J;aHLI npeABapHTeJibHLie peayJibTaTLI llOJiy'leH

HLie C llOMOID;biO YCKopeHHOH KHHOC'beMKH ( 6000 
KaAPOB B ceKyH~y). HaiiAeHo, 'ITO lJ:aCToTa ny

aLipbKa pacTeT c yBeJIH'IeHHeM AHaMeTpa nyaLipb

Ka llpH OTpLIBe, 'ITO IIpOTHBOllOJI01KHO :3KCllepH

MeHTaJibHLIM peayJibTaTaM npH KHneHHH c TBep

ALIX noBepxHocTeii. 

A/699 Yugoslavia 

Ebullici6n desde una superficie de separaci6n 
entre dos liquidos 

par M. Novakovic y M. Stefanovic 

El articulo presenta los resultados de una in
vestigaci6n de transmisi6n de calor por ebullici6n 
desde una superficie, idealmente suave, de separacion 
entre dos liquidos. De esta forma se elimina la rugosi
dad de la superficie. 

Se describe un aparato original que elimina efectos 
colaterales (v.g., ebullici6n desde una superficie 
solida). Se uso una superficie horizontal de mercurio 
como superficie de calentamiento para hacer hervir 
cuatro liquidos a la presion atmosferica. La superficie 
de separacion se conservo en un alto grado de limpieza 
por un procedimiento experimental especial. Los 
liquidos a hervir fueron: agua, alcohol etilico, 
benceno y n-pentano, cuyas temperaturas de ebulli
cion van de 35 oc a 100 °C. 

Se dan los resultados de las medidas del ftujo de 
calor por ebullicion q, supercalentamiento D..t de la 
superficie liquida de calentamiento y el coeficiente de 
transmision de calor IX correspondiente. Se observ6 
que el supercalentamiento era mayor que en el caso 
de ebullicion a partir de superficies solidas. 

Se distinguen claramente dos regiones de ebulli
cion, similares a la vista, la ebullici6n convectiva y la 
ebullicion por micleos; se indican las condiciones de 
paso de una clase de ebullici6n a la otra. El coeficiente 
de transmision de calor puede representarse en 
funcion de la diferencia de temperatura (super
calentamiento de la superficie) para ambas regiones 
por la relaci6n IX = C(D..t)n donde C es una constante 
que depende de parametros fisicos de los liquidos 
en ebullicion y n una constante para todos los 
liquidos hirvientes en la region de ebullicion por 
nucleos. 

Los resultados de transmision de calor para todos 
los liquidos se n\lacionan con las propiedades fisicas 
de los mismos y se representan en la expresion sin 
dimensiones: Nu = A(Pr,Pe, Kp), donde las variables 
Nu, Pr, Pe y Kp son numeros sin dimensiones basados 
en parametros de burbuja. 

Se da cuenta de un estudio preliminar del mecanismo 
de formacion de nucleos con camara rapida de cine 
(6 000 fotosfs). Se observo que la frecuencia de las 
burbujas aumenta con el diametro de las burbujas 
que emigran, que es precisamente lo contrario de los 
resultados experimentales sobre ebullicion a partir 
de superficies solidas. Se analizan las posibilidades 
de nuevos estudios detallados usando camara rapida 
de cine. 
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Basic heat transfer and hydrodynamics studies in 
two-phase flow 

By M. Silvestri, N. Adorni, S. Bertoletti, I. Casagrande, L. Cravarolo, 
G. P. Gaspari, A. Hassid, C. Lombardi, E. Pedrocchi and G. Peterlongo* 

INTRODUCTION 

This paper describes the experimental work on heat 
transfer and hydrodynamics with two-component 
mixtures and with steam-water mixtures flowing 
vertically upwards, which has been underway at 
CISE since 1958 [1]. This work is aimed at paving the 
way for the use of steam-water mixtures as a coolant for 
power reactors. The available knowledge on steam
water mixtures was extended towards the range of 
high outlet qualities and high specific mass flowrate. 

A closed loop designed for room temperature 
operation and pressure up to 25 kgfcm2 was used to 
perform experiments with two-component mixtures 
in adiabatic flow [2]. The test section, whose length 
is 400 em, is fed separately with gas and liquid. The 
mixer is of the annular slot type, with gas entering 
on the run side. Suitable gas blowers were designed 
and built [3]. 

The experimental range was as follows: 
Temperature: 16 to 40 °C 
Pressure: up to 22 kgfcm2 

Gas phase: argon, nitrogen 
Gas density: 3 to 40 X 10-3 gfcm3 

Gas viscosity: 1.8 to 2.2 X 10-4 poise 
Liquid phase: water, ethyl alcohol 
Liquid viscosity: 0.7 to 1.2 X 10-2 poise 
Surface tension: 72 and 23 dynfcm 
Specific mass flowrate: 30 to 300 gfcm2s 
Quality: 0 to 1 

Annular dispersed flow was mainly studied but other 
flow patterns were also studied, though to a less 
extent. Most of the experiments were performed 
with round tubes of 1.5 and 2.5 em diam. 

More complicated geometries were however studied 
but in less detail: 

Annular conduits: rod 1 and 1.5 em diam; tube 
2.5 em id. 

Cluster: 7 rods 1 em diam; tube 4.6 em id. 

The steam-water measurements were performed 
using two open loops of different sizes [4, 5]. In both 
cases the test line is pressurized by means of a control 
valve discharging into the atmosphere without heat 
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recovery; pressure in the test line is usually auto
matically controlled at the downstream end of the 
test section. Heating is obtained by Joule effect by 
passing a direct current through the metallic wall of 
the test section. The test section is preceded by an 
adiabatic section having the same cross-section 
geometry (calming length). 

The largest number of experiments were made with 
a large calming length directly connected to a once
through boiler. In other cases the calming length was 
short and was either preceded by a throttling valve 
or by a mixing device separately fed with steam and 
water. 

The range of physical variables explored was: 

Pressure 40 to 90 kgfcm2 ; 

Specific mass flowrate 100 to 400 gfcm2s; 
Inlet quality -0.5 to 1. 

A very large number of experiments were per
formed with tubular test sections covering the fol
lowing range: 

Heated length 2 to 400 em; 
Diam 0.5 to 2.5 em; 
Axial power distribution uniform; rectangular, 

obtained by an intermediate non-heated length; 
linearly increasing or decreasing, chopped 
cosine. 

Annuli and to some extent clusters were also 
tested; when necessary, reference is made to these 
measurements, which are still in progress; in particular, 
the influence of transverse obstacles (spacers) was 
studied in this case. 

Non-conventional instrumentation and measure
ment techniques briefly described in the following 
sections were developed; in particular, the following 
may be mentioned: sampling probes [2, 6, 7], instru
ments for the direct measurement of the shear stress 
at the wall [8, 9], a method for the measurement of 
the liquid holdup [10, 11], differential thermocouples 
for heat transfer measurements [12], heat transfer 
crisis detectors [4, 5, 6]. 

This work was performed under contracts with the 
European Atomic Energy Community (Euratom). 

By the end of this programme it is possible that 
the behaviour of steam-water mixtures is understood 
to such an extent that reliable orientative reactor 
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studies can be undertaken. Obviously, however, a 
number of specially designed experiments reproducing 
particular configurations and conditions will even
tually be necessary during the development of a new 
reactor concept. 

NOMENCLATURE 

D: equivalent diam 
De: outer diam in an annulus 
D1: inner diam in an annulus 
G: average specific mass flowrate over the 

cross section (gas + liquid) 
G+: specific mass flowrate of one phase 

(gas or liquid) 
H: enthalpy 
L: length 

0 ( Wsat) Lsat: saturatiOn length = L W 
P: pressure 
Q: total volume flowrate (gas + liquid) 
s: film thickness 
S: slip ratio 
U: actual linear velocity of one phase (gas 

or liquid) 
v+: flowrate specific volume of the mixture 

( = ;+) 
W: total power input to the heated section 

at the crisis 
Wsat: saturation power ( = X 0THgt = W1 sat 

+ W2sat + · · • · ·) ' 
W1,sat: power , input over Lsat to the particular 

surface where the crisis is made to set on 
W2,sat• . . . : power inputs over Lsat to surfaces 

different from that where the crisis is 
made to set on 

0 0 ( average Gg+) 
X: gas quahty (by weight) = G 

H- Ht 0 h 0 

or H Wit steam-water mixtures 
gl 

Xv: gas quality (by volume) 
y: distance from the wall of the conduit 
oc: gas volume fraction 
y: surface tension 
r: total mass flowrate 

jj.p; pressure drop 
/j.()F: inner wall to bulk temperature difference 

p,: viscosity 
p: density 

p+: flowratedensity(= Xvpg + (1- Xv)pt) 
p: actual density of the mixture ( = ocpg 

+ (1 - oc)p1) 
T: wall shear stress 
cfo: heat flux 

Subscripts 

f: friction 
g: gas 

gl: gas minus liquid 

M. SILVESTRI et a/. 

HT: in heat transfer conditions 
in: inlet 

1: liquid 
o: outlet 

Phase and velocity distribution 
in annular-dispersed flow 

The phase distribution is characterized by a con
tinuous liquid film upon any wettable surface in 
contact with the two phases; the liquid volume fraction 
decreases from the surface towards the core, where the 
gas phase is the continuous one and the liquid is 
resolved into small droplets. The transition between 
the liquid film and the core is not well defined due 
to the irregular nature of the film surface; however, 
an approximated value of the extension of the film 
region can be given by the so-called electrical film 
thickness, which is obtained through the measure
ment of the electrical resistance of the liquid film: 
due to waves on the film surface and to the presence 
of a gas bubble inside the film itself, the electrical 
thickness is supposed to be an underestimated 
value. 

The phase and velocity profiles over the conduit 
cross section were investigated in round tubes by 
means of two different kinds of sampling probes. 
The central region was investigated by means of a 
small cylindrical probe (0.2 em id) [2, 6] which could 
also be used as a Pitot tube which measures directly 
the local values of G/, Gg +and of the impact pressure. 
The local values of Ug, U1 and (1 - oc) (that is of the 
slip ratio) were evaluated through an analytical pro
cedure based on the observation of the different 
behaviour of the two phases in proximity of an 
obstacle [6, 13]. 

The region adjacent to the wall was investigated, 
not by taking the electrical film thickness, but by 
means of a very different sampling probe [7]. In this 
case the values of the velocity and liquid volume 
fraction were evaluated assuming locally S = 1 over 
the region investigated (this is not in contrast with 
the results obtained over the core). 

Typical profiles of the measured quantities ( G1 + 
and Gg +), detected with a two-component mixture 
under conditions which are supposed to be very close 
to fully developed flow, are reported in Fig. 1, where 
the evaluated quantities (Ug, (1 - oc)) are also indi
cated. The G1 + profile presents a minimum in cor
respondence with the axis of the conduit; the maximum 
value is always very near to the wall, well within 
the film region. The (l - oc) profile, as could be 
expected shows the liquid volume fraction con
tinuously increasing towards the wall; the value 
(I - oc) = 1 was never observed even at the minimum 
wall distance permitted by the probe {0.013 em). No 
discontinuity in (1 - oc) is observed by passing from 
the core to the film region. 

The Ug profiles are very similar to, but sharper 
than, those existing in single-phase flow. The apparent 
wall roughness, due to the irregularities of the film-core 
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Figure I. Typical phase and velocity distribution in a round duct 

interface, and the damping of the turbulence, due to 
the droplets, might account for this. 

Two remarks can be made [14]: 
(a) The local values of the slip ratio seem to be close 

to one (1 to 1.5) over the whole cross section, and 
tend to increase near the wall. The higher values of 
the over-all slip ratio should be attributed therefore 
only to the higher liquid concentration in the low 
velocity region. 

(b) The local values of the void fraction are rather 
large (0.4 to 0.2) even at wall distances much lower 
than the electrical film thickness. So one must suppose 
that small bubbles are present in the film region, which 
therefore is not to be considered as an all-liquid region, 
but the region in which, in contrast with the core, the 
liquid phase is the continuous one. 

The phase and velocity distribution in the core 
region were investigated also with steam-water mix
tures both under adiabatic and heat transfer condi
tions. The results are qualitatively the same, but the 
heat transfer seems to increase the liquid concentra
tion in a zone of the core close to the film region. 

For the electrical film thickness with two-component 
mixtures in adiabatic flow, which possibly is the easiest 
quantity to measure, an attempt was made to find 
out an empirical correlation, just in order to describe 
the influence of the main parameters involved. 

For round tubes,_the expression [13, 15, 16]: 

s = f(X, G, y)p~-55 Do.s 

was found to fit the experimental data ( ± 10 %) over 
the investigated range (s = 0.02 to 2 mm), but a simple 
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analytical form of the function f(X, G, y) adequate 
over the whole range was not found: qualitatively one 
can say that, for constant y, s decreases with increasing 
X and G and, for constant X and G, with decreasing 
y; the last effect is marked in the range of the highest 
values of X and G. 

The film thickness was measured also in the case 
of more complicated geometries, such as annuli [15] 
or clusters [17]. For annuli, the film thickness on the 
external wall can be given in the following form: 

(
De - Di)o.45 

Se = Seo De 

where Seo is the thickness corresponding to D1 = 0 
(with the same value of De). The film thickness on 
the internal wall is always lower than Se (by a factor 
1.5 to 3) and it was not possible to establish a de
pendence on D1 and De. 

With clusters, at· the highest liquid flowrate, the 
film thickness may vary even to a marked extent 
from rod to rod, probably due to the entrance 
effects, which in this case extend over a greater 
distance. 

An important parameter, related to the heat 
transfer properties of the two-phase mixtures, is the 
liquid flowrate in the film region (FF). This quantity, 
under adiabatic conditions, was evaluated in a first 
approximation from the G1+ profiles on the basis 
of the electrical film thickness. 

For a single round tube (2.5 em id), the following 
correlation was found to hold (±10%) [14]: 

__!}_ = 5.3 (s+)1·1 (20 ~ s+ ~ 300) 
7TD f-'1 

(where s+ = sy~~pl)), independently of y, pg and, at 

least within the narrow range investigated, of #h f.tg and 
Pl; the influence of the diameter was not investigated. 
According to this correlation, all other things being 
equal, rF decreases with increasing X, while the trend 
is non-monotonic with G. For the same values of X 
and G, rF is practically independent of pg, but 
decreases markedly with decreasing y. 

Pressure drop 

The pressure difference between two sections of a 
conduit results from the contribution of (a) the 
resistance undergone by the fluid against its motion, 
(b) the ~ction of gravity and (c) the variation of the 
kinetid"energy, or momentum, of the fluid. In two
phase flow these factors have a different significance 
depending on whether we consider the energy or the 
momentum balance of the fluids [6, 18, 19]. 

In the first case they are represented by: the energy 
lost in irreversibilities, proportional to the total 
volume flowrate (Q f).Pr); the potential energy due to 
gravity, proportional to the flowrate density (p+); and 
the variation of the kinetic energy. In the second case 
they are represented by: the shear stress on the wall; 
the actual density of the mixture (p); and the momen
tum variation. We call frictional pressure drop, or 
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pressure loss, the quantity 11Pr which appears in the 
energy equation of two-phase flow and is directly 
related to the pumping power. 

In adiabatic flow it is relatively easy to separately 
evaluate the single contributions in the measured 
pressure drop. In fact with a conduit of uniform cross 
section, and with a negligible variation of the gas 
density and of the phase and velocity distribution in 
the flow direction, the contribution of the energy or 
momentum variation can be neglected. As a con
sequence, the knowledge of the flowrate density, 
according to the energy equation, makes it possible 
to compute immediately the pressure loss; on the other 
hand, as will be seen later on, if a direct measurement 
of the shear stress can be performed, the actual 
density of the mixture can also be evaluated. 

In annular dispersed flow 11Pr increases monot
onously with quality up to X,.._, 0. 7; above this value, 
and depending on the physical properties of the two 
phases, !l.Pr may reach a maximum for low specific 
mass flowrates. The influence of the various pa
rameters was separately studied and, in the range of 
monotonic variation, brought to the following 
empirical correlation, which is valid in fully developed 
flow for round tubes, annuli and clusters (within 
±20%) [15, 16, 19]: 

11Pr -- K GI·4 yo.4 (_.!_)n 
L DL2 p+ (CGS units) 

where K = 0.112 and n = 0.75.* 
It may be observed that the dependence on the 

equivalent diameter is the same, while the exponent 
of G is lower than in single-phase flow. The influence 
of viscosity of both phases was found to be negligible, 
whereas that of the surface tension is relatively marked 
[21]. 

The shear stress on the wall was measured directly 
with a special device. The principle consists in measur
ing, in addition to the pressure gradient, the force 
balancing a small sleeve of the same internal dimen
sions as the conduit, and which can slide along the 
flow direction [8, 9]. Shear stress data for round tubes 
are correlated through the following empirical 
relationship: 

y0.4 1 
-r = 9.1 x 10-3 - G1·5 X0 ·7 - (CGS units) 

no.a p~·9 

It is worth mentioning that the influence of f.tl 
and f.tg does not appear in the correlation. Although 
this was not investigated, it can be inferred neverthe
less that it should be negligible, since both !::.P and 
p do not depend on these parameters. 

Under heat transfer conditions the contribution of 
the energy of momentum variation is in many cases 
a substantial fraction of the total pressure drop. 
Unfortunately this contribution is not simple enough 
to evaluate, and therefore an empirical correlation 

* In the more restricted range explored with steam-water 
mixtures (round tubes) the best fitting values of K and n are 
respectively 0.087 and 0.86 [20]. 
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(in graphical form) of the total pressure drop was 
elaborated for round tubes in the form [20]: 

!J.pHT =f[(IJ.v+)/LJ 
/J.P0 v0+ D 

where !::.P0 is the total adiabatic pressure drop and 
v0 + the flowrate specific volume corresponding to the 
outlet conditions, while !J.v+ is the variation of the 
flowrate specific volume over the length L. In many 

. . !J.pHT . 
practical cases the ratio !J.Po IS close to one. The 

approximation is better with positive inlet quality 
but it is still reasonably correct if the two-phase 
flow exists along most of the conduit. 

Liquid volume fraction 

Four different methods were used to measure 
directly or to evaluate, in adiabatic conditions, the 
liquid volume fraction, and the related quantities (mean 
density and over-all slip ratio), which are based on the 
following principles: 

Measurement of the variation of the hold-up in 
the liquid line [10] for given flow conditions**; 

Measurement of the shear stress on the wall and of 
the pressure drop, in those cases in which the 
momentum variation along the flow direction is 
negligible [7, 8]; 

The integration of the phase distribution profiles 
over the conduit cross section [13, 22]; 

The integration of the profiles of the quantity of 
matter given by the {J-ray attenuation measure
ments [6, 23]. 

The values of the liquid volume fraction given by 
these methods agree within ± 10%, that is, actually, 
within the accuracy of the measurements. This gives 
a certain confidence about the reliability of methods 
and results. 

The experimental data (22) show that the difference 
between the values of (I - oc) and of (1 - Xv) 
depends, as would be expected, on the flow pattern. 
In the region of bubble flow (that is, roughly, for 
(1 - Xv) > 0.65) these values are nearly identical, 
while in annular-dispersed flow (roughly (1 - Xv) < 
0.15) they generally are appreciably different, and their 
difference depends on the other parameters. 

With argon-water mixtures in round tubes at various 
pressures the following correlation gives an approxi
mation better than 10%((1 - Xv) > 0.01) [22]: 

It may be noted that the Martinelli-Lockhart 
[24], Martinelli-Nelson [25], and Hughmark [26] 
correlations do not take into consideration G and D, 
while Marchaterre [27] gives a dependence on G 
very close to that indicated by the CISE data. 

** This method was also used for liquid volume fraction mea
surements with heat transfer in a small loop operating at a pres
sure of 10 kg/em• [11]. 



SESSION I. I 0 P/867 

The role played by p,g and #I was not established 
with accuracy, but it can be said [22], and agreed by 
other authors, that it is inferior to that of the other 
parameters and probably very moderate. The in
fluence of PI was not investigated. The influence of y 
is difficult to precise within the range investigated. 
From a qualitative point of view (1 - IX) decreases 
with decreasing y, but this effect is less important in 
correspondingly high values of (l - IX). As an ex
ample, a comparison is made between the results ob
tained in a round tube, 2.5 em id, using alternatively 
water (y = 72 dynfcm) and alcohol (y = 23 dynfcm) 
as the liquid phase. In annular dispersed flow we 
have a good approximation ((1 - 1X)water > 0.05): 

(1 - 1X)alcohol = (1 - 1X)water - 0.03 

(at the same 1 - Xv) 

In the region 0.15 < (1 - Xv) < 0.65 the respective 
influence of the various parameters is qualitatively 
the same as in annular-dispersed flow, and decreases 
quantitatively going towards the upper limit. 

A limited number of experiments in adiabatic 
conditions were performed also in a cluster geometry 

1 - IX 
[17]. The values ofthe ratio 

1 
_ Xv , for the same G, X 

and physical properties, are not too different from 
the values obtained with a round tube 1.5 em id. 

Heat transfer 

Heat transfer measurements [12, 28] were made 
by means of differential thermocouples; the junctions 
of one differential thermocouple were installed re
spectively on the external wall of the heated section 
(hot junction) and on the external wall of an adiabatic 
section of the test line (cold junction). 

The readings of such thermocouples were reduced, 
after calibration in single-phase flow, to the tem
perature difference D.OF between the bulk temperature 
and the temperature of the heated wall in contact 
with the coolant, in correspondence with the hot 
junction. The accuracy of measurements was adequate 
for the detailed observation of the heat transfer 
mechanisms in two-phase flow. 

Figure 2 gives an example of the behaviour of 
D. OF versus cp at the outlet of a heated tube for constant 
inlet conditions. Up to a given threshold (dropdown 
threshold = c/Jn) AOF is affected by two distinct 
hysteresis effects: with the first one, when cp reaches 
up to or above c/Jn. the representative point will follow 
a path such as A, B, A'; with the second one, if cp 
remains lower than c/Jn. the path will be along A, 
IX, {J. 

The observations permit one to state tentatively 
that in typical cases of liquid film heat transfer, as 
with steam-water mixtures, even at relatively low 
quality, free-surface evaporation is the predominant 
heat transfer mechanism. For a given value of the heat 
flux the description of the film (of its free surface, in 
particular) can correspond to any point in a determined 
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Figure 2. Typical trend of the wall-to-bulk temperature difference 
versus heat flux near the outlet 

range of metastable structural states and the particular 
structure in existence strongly reflects on heat transfer. 
Moreover, whereas curves A, A', etc., depend both on 
inlet conditions and on the history of the heat flux 
variations, curve B is independent of these parameters 
within the accuracy of the experiments. Above a 
determined value of the heat flux ( c/Jn), only one stable 
structure of the film can exist, and the representative 
point follows curve C; curves C branch off from curve 
B at heat flux levels which depend on inlet conditions. 

The structure of the film along curves C is character
ized by locally and occasionally thinner patches; for 
a given power input the film temporarily dries out 
over these patches and then reforms or tends to re
form; in such conditions (noise threshold) heat trans
fer is affected by a very characteristic noise. The noise 
first sets on at the outlet of the heated section and 
progressively reaches upstream for increasing power 
inputs. 

If the heat flux is increased above the noise threshold, 
the wall is progressively freed of water. When this is 
achieved, heat transfer involves two steps: convection 
to steam which becomes effectively superheated; 
evaporation of droplets in superheated steam. One 
may imagine that droplets carried in the bulk become 
progressively incapable of entering into contact with 
the wall. 

Moreover, the behaviour of heat transfer after 
fast ramp power rises has been studied. It was found 
that for values of the specific mass flowrate, at least up 
to 200 gfcm2s, such power rises can cause for short 
periods premature and exasperated crises (premature 
patch dry-out of the liquid film) even for values of the 
heat flux inferior to the noise threshold. Heat flux 
rapidly rising from zero to a given value renders the 
metastable states of the liquid film more unstable. 

Heat transfer crisis 

Sharp transitions between different evaporative 
heat transfer mechanisms are described as heat 
transfer crises. Th~ noise onset observed in the present 
heat transfer experiments corresponds to this de
scription, since in particular both D.OF (time average 
of AOF) and the noise amplitude increase rapidly with 
the power input from the noise threshold onwards 
[12, 28]. 
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Figure 3. Typical trend of the critical power versus inlet quality 

The available evidence suggests that the noise onset 
is due to the disruption of the liquid film wetting 
the heated surface, and therefore this phenomenon 
will be described as film disruption crisis. 

Experimentally [4, 5] the noise threshold is detected 
by a differential thermocouple similar to those used 
for heat transfer measurements, the hot junction of 
which was installed on the external wall of the heated 
surface close to the outlet. The test section was 
furthermore provided with two distinct power tripping 
devices: an electrical circuit with a system of relays 
sensible to the change of the electrical resistance, and 
therefore of the temperature of a small portion of the 
heated surface near the outlet, and a microswitch 
held open by a low melting point metallic strip in close 
contact with the heated wall. These devices could be 
used both to detect the crisis and as safety devices. 

In an ideal case, the critical power, in particular 
conditions defined by the heated length, cross-section 
geometry, specific mass flowrate and absolute pres
sure, when plotted versus inlet quality (Fig. 3) is seen 
to decrease monotonously for increasing X1n and tends 
to zero for Xtn tending to unity; the trend is approxi
mately linear for Xtn ~ 0. 

As this work progressed, a correlation using the 
outlet parameters was found to fit satisfactorily the 
experimental data obtained with round tubes, uniform 
heat flux, Xtn)) 0 [6]. 

The normal trend of the critical power versus inlet 
quality can be affected by very marked disturbances 
[29]. In a first approximation, to describe data relevant 
to this normal trend in the case of upward flow in 
vertical channels with constant cross section, without 
transverse obstacles, including separately heated 
surfaces as outer tube and rod in an annulus, the 
following parameters are found [29, 30] sufficient: 
cross-section geometry; absolute pressure; specific 
mass flowrate; length of the section between the point 
where X = 0 and the outlet of the heated section 
(saturation length Lsat); power imput one Lsat to the 
particular surface where the crisis is made to set on 
(Wt,sat). 

In the case of X1n > 0, Lsat should be extrapolated 
Wsat 

as Lsat = L W : actually [31 ], all other conditions 
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being equal, the critical power input is very largely 
independent of the heat flux distribution for X1n > 0, 
although this is not valid any more above a given value 
(for instance 5) of the ratio of maximum to average 
heat flux. 

The adequacy of these parameters to describe the 
crisis, and the fact that the onset of the crisis in two 
separately heated surfaces cooled by the same flow 
are independent phenomena actually suggest that, once 
two-phase flow is established, heat transfer is essentially 
governed by the amount of water flowing close to the 
heated wall which should, moreover, be little in
fluenced by the water flowing in the bulk or close to 
other surfaces. 

The disturbances affecting the normal trend of data 
and the limits of the field in which Lsat and W1,sat are 
adequate parameters are discussed now: 

(a) In the case of Xtn < 0, the heat flux should not 
be such that the situation at any point over the cross 
section could be very far from thermodynamic 
equilibrium. 

(b) For Xtn < 0 strong pressure pulsations may 
occur when the power input is such that the outlet 
quality X0 is near zero; they may end by a heat trans
fer crisis probably due to the onset of film boiling. 
These pulsations depend on the characteristics of 
the test line; for instance the introduction of a con
centrated pressure drop immediately upstream of the 
heated section influences markedly the trend of the 
phenomenon (see dotted lines in Fig. 3). 

(c) For small positive values of X 1n especially in 
the lower range of the flowrates a strong perturbation 
is generally found wliich still leaves unaltered the 
characteristics of the film disruption crisis. The per
turbed trend may be due to slug flow and may be 
brought closer to normal by a concentrated pressure 
drop at inlet (see dotted lines in Fig. 3). 

(d) For Xtn > 0 the extrapolated saturation length 
can be relevant to the observed phenomenon only if 
the actual inlet phase distribution is not too different 
fr?m that resulting from ebullition over (Lsat - L) 
Wtth a heat flux equal to the average over L. This ex
plains the strong effect of inlet conditions found with 
short test sections [32]. 

(e) For high inlet linear velocities, when the liquid 
film is thinnest, discrepancies between data obtained 
with different test sections of the same geometry may 
be due to roughness or, more generally, to small
scale geometrical imperfections of the heated wall. 

(f) If spacers or other obstacles are present, pro
viding bridges over the gap between heated surfaces 
or heated and non-heated surfaces, the crisis is no 
longer an independent phenomenon for each surface; 
the same may be expected for very small gaps between 
distinct surfaces. No interaction between distinct 
surfaces has, however, been found for gaps down ,to 
0.15 em. 

For the normal trend of data the film disruption 
crisis correlation should have the form: 

F(cross-section geometry, P, G, W1,sat• Lsat) = 0 
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However, it may also be convenient to look for formu
lae using system-describing parameters (for instance 
L, W, Xin); such formulae should be implicitly 
equivalent to the expression F = 0 [29]. 
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ABSTRACT-RESUME-AHHOTALU·1R-RESUMEN 

A/867 ltalie 

Etudes de base sur le transfert de chaleur et 
l'hydrodynamique dans les ecoulements a 
deux phases 

par M. Silvestri et al. 

Ce memoire presente un examen general du travail 
experimental effectue au CISE dans le domaine du 
transfert de chaleur et de l'hydrodynamique des 
ecoulements a deux phases en convection forcee. 
Nous y indiquons les priricipaux resultats obtenus de 
meme que certaines correlations des donnees experi
mentales. 

Les principaux points abordes sont les suivants: 
a) Distribution de phase et de vitesse. 
b) Chute de pression; 
c) Fraction volumique de liquide; 
d) Mecanisme du transfert de chaleur; 
e) Crise du transfert de chaleur. 
Les experiences ont ete effectuees sur des conduits 

verticaux en ecoulement ascendant; le regime annu
laire-disperse a ete principalement etudie. 

Les experiences de transfert de chaleur ont ete 
executees avec des melanges eau-vapeur a haute 
pression (50 a 90 kgfcm2). ' 

Mais la plus grande partie des resu\tats concernant 
la distribution de phase et de vitess~ et la fraction 
volumique de liquide a ete obtenue avec des melanges 
a deux constituants en conditions adiabatiques a la 
temperature ambiante(jusqu'a 22 kgfcm2 de pression); 
cependant, quelques experiences ont ete effectuees 
avec transfert de chaleur. 

Les mesures de chutes de pression ont ete effectuees 
dans toutes les conditions citees plus haut, avec et 
sans transfert de chaleur. 

On a concentre les recherches principalement a des 
tubes cylindriques; cependant d'autres geometries 
plus compliquees, telles que des espaces annulaires et 
des grappes, ont fait l'objet de quelques experiences. 

L'influence des conditions hydrodynamiques a 
l'entree et de la distribution axiale de puissance a ete 
aussi etudiee. 

Les conditions experimentales avec les melanges a 
deux constituants ont ete les suivantes: 

Phase gazeuse: argon, azote 
Phase liquide: eau, alcool ethylique 
Temperature: 16 a 40 °C 
Pression: jusqu'a 22 kgfcm2 

Debit massique specifique: 30 a 300 gfcm2 s 
Titre: 0 a 1 

C d 
. . d . {diametre: 1,5 a 2,5 em 

on utts cyhn nques 
1 120 

~ 
350 ongueur: 4 em 

A vee les melanges eau-vapeur, les domaines etudies 
ont ete suivants: 

Pression: 50 a 90 kgfcm2 

Debit massique specifique: 100 a 400 gfcm2s 
Titre a l'entree: 0,5 a 0,1 

Titre a la sortie: superieur a zero 

(

diametre: 0,5 a 2,5 em 
Conduits cylindriques longueur chauffee: 2 a 

400cm 
Ce travail a ete execute sous contrat avec la 

Communaute europeenne de l'energie atomique 
(EURATOM). 

A/867 HTaJIMA 

OcHOBHble HccneAoBaHHH rennonepe
Aa~H H rHAPOAHHaMHKH B AByxlflaaHOM 
noroKe 

M. CMnbsecTpM et al. 

,[(aeTCH o6~Hii o6aop ::mcnepHMeHTaJihHoii pa-
6oTLI, npoAeJiaHHoii B lla.PopMaqHoHHOM qeHTpe 
3KCnepHMeHT8JihHhiX HCCJieAOBaHHH B o6JiaCTH Te
IIJIOIIepeAaqu H rHAPOAHHaMHKH ABYx.Paaaoro- no
TOKa IIpH BhiHY>KAeHHOH KOHBeKqHH. flpHBOAHTCH 
OCHOBHhle peayJibTaThl H HeKOTOphle KoppeJIHqHH 
aKcnepuMeHTaJihHhlX AaHHhlX. 0cHOBHh1MH BOIIpo
caMH HBJIHIOTCH CJieAYIO~He: 

a) .Paaa H pacllpeAeJieHue 110 cKopocTHM; 
b) naAeHHe AaBJieHus; 
c) o6'heMHaH AOJIH >KHAKOCTH; 
d) TennonepeAaqa; 
e) KpH3HC TeiiJIOIIepeAaqu. 

3KcnepHMeHThl IIpOBOAHJIHCh C IIOTOKOM, Ha
npaBJieHHhlM BBepx 110 BepTHKaJihHhlM Tpy6o11pO
BOAaM; 6LIJI HCCJieAOBaH rJiaBHhiM o6pa30M pemHM 
KOJibqeo6pa3HO pacceHHHOFO IIOTOKa. 

,[(aHHLie no TellnonepeAaqe OhlJIH llonyqeHhl aa 
napO-BOAHHhlX CMeCHX npH BhiCOKOM A8BJICHHH 
(50-:- 90 ~£e/cM2 ). 

Eonbmas me qacTh AaHHhlx o .Paae u pacllpeAe
neHHH no CKOpOCTHM, a TaK>Ke 110 06'beMHOH AOJie 
1RHAKOCTH 6LIJia IIOJiyqeHa Ha ABYXKOMIIOHeHT
HhiX cMecsx B aAHa6aTuqecKHX ycnoBHHX npu 
KOMHaTHOH TeMIIepaType (AaBJieHHe AO 22 ~£e/cM2); 
OAH8KO JIHllib orpaHHqeHHOe KOJIHqecTBO l)KCIIepH
MeHTOB 6Mno npoBeAeHo c TennollepeAaqeii. 

llaMepeHHH naAeHHH AaBneHHH 11pOBOAHJIHCb 
BO BCeX 3KC11epHMeHT8JibHhlX yCJIOBHHX, yKaaaH
HhlX BLime, KaK c TennollepeAaqeif:, TaK H 6ea aee. 

,[(ns 6onbmHHCTBa aKcllepuMeHTOB 11pHMeHH
JIHCh KpyrJihle Tpy6LI; qaCTHqHo 6h1JIH HCCJieAOBa
Hhl OOJiee CJIO>KHhle reoMeTpHH, T8KHe, KaK .KOJih
qeo6pa3HaH H B BHAe 11yqKa. ELino TaKme uayqe
HO BJIHHHHe FHAPOAHHaMuqecKHX ycnoBHii Ha 
BXOAe B Tpy6o11pOBOA H oceBoe pac11peAeneaue Te
nnoBoii MO~HOCTH. 
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Y CJIOBHJI aKCIIepHMeHTOB Ha ABYXKOMIIOHeHT
HLIX cMecHx 6LIJIH cJieAYIO~HMH: 

raaoo6paaHaH ~aaa: MaccoBhiH YAeJihHhlii pac-
aproH, aaoT xoA: 

·J«B/\KOCTH8JI ~838: B0/\8, 
3TBJIOBhiH CITHpT 

TeMnepaTypa: 16 - 40° C 

30-;-- 300 zjcM2. cep; 

1\aqeCTBO: 0__:_ 1 

Kpyrnhle Tpy6hl 
AasneHue: ,I(BaMeTp: t,5 _;__ 2,5 eM 

AO 22 1>zjcM2 ,I(JIBHa: 120 ~ 350 eM 

Ha rrapo-BO,AHHLIX cMecHx uccJie,AoBaJICH ,AHana
aoH 

,I(aBJieHue: 
50_;__ 90 "zfcM2 

MaccoBhlii: YAeJihHhlii: pac
XOA: 
1007400 zjcM2 .cep; 

1\aqecTBO H8 BXOAe: 
-0,5+1 

1\aqeCTBO Ha BhiX0/\1': 
Bhlme HYJIH 

,I(JIBHa Harpesa: 

3Ta pa6oTa OLIJia rrpo,AeJiaHa no KOHTpaKTaM, 
aaKJIIO'IeHHLIM c EsporreiiCKHM cooo~eCTBOM no 
aTOMHOH aHeprHH (EBpaTOM). 

A/867 ltalia 

Estudios basicos sobre transmisi6n de calor 
e hidrodinamica en flujo bifasico 
por M. Silvestri et a/. 

Se presenta un repaso general del trabajo experi
mental realizado en el CISE acercade Ia transmision de 
calor y Ia hidrodimimica del flujo bifasico en con
veccion forzada. Se sefialan los resultados principales 
y se dan algunas correlaciones de los datos experi
mentales. 

Los puntos principales son los siguientes: 
a) Distribucion fasica y de velocidades; 
b) Caida de presion; 
c) Fraccion de volumen de liquido; 
d) Transmision de calor; 
e) Crisis de Ia transmision de calor. 
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Los experimentos se realizaron en conductos verti
cales con flujo ascendente y sobre todo se estudio el 
regimen de flujo anularmente disperso. 

Se recogieron datos de transmision de calor en 
mezclas agua-vapor con alta presion. ( 40 a 90 kg/m2). 

En cambio, Ia mayor parte de los datos referentes a 
Ia distribucion de las fases y velocidades, asi como 
acerca de Ia fraccion de volumen lfquido, se recogieron 
a temperatura ambiente (presion hasta de 22 kg/cm2) 

con mezclas de dos componentes en condiciones 
adiabaticas; no obstante se realizo un cierto numero 
de experimentos con transmision de calor. 

Las medidas de caida de presion se llevaron a cabo 
en todas las condiciones experimentales citadas mas 
arriba, cony sin transmision de calor. 

La mayoria de las experiencias se hicieron con tubos 
redondos aunque tambien se investigaron basta 
cierto punto geometrias mas complicadas, como 
anillos y haces. 

Tambien se estudio Ia influencia de las condiciones 
hidrodinamicas a Ia entrada del conducto y Ia de Ia 
distribucion axil de potencia. 

He aqui las condiciones experimentales para 
mezclas de dos componentes: 

Fase gaseosa: 
Fase liquida: 

Temperatura: 
Presion: 
Caudal especifico masico: 
Calidad: 
Tubos redondos: 

Diametro 
Longitud 

argon, nitrogeno 
agua, alcohol 

etilico 
16 a 40 oc 
hasta 22 kgfcm2 

30 a 300 gfcm2s 
Oa1 

1,5 a 2,5 em 
120 a 350cm 

Con mezclas agua-vapor, Ia zona explorada fue: 
Presion: 40 a 90 kgfcm2 

Caudal especifico masico: 100 a 400 gfcm2s 
Cali dad de entrada: -0,5 a 1 
Cali dad de salida: mayor de cero 
Tubos redondos: 

Diametro 
Longitud caldeada 

0,5 a 2,5 em 
2a400cm 

Este trabajo se realizo bajo contrato con Ia Euro
pean Atomic Energy Community (EURATOM). 



Liquid-metal heat transfer 

By 0. E. Dwyer* and R. N. Lyon** 

For heat transfer to or from a fluid flowing in a 
channel, integral equations of the type first developed 
by Lyon [1], and based on a generalization of the von 
Karman [2] approach, have found considerable use 
in the liquid-metal heat transfer field. These equations, 
for the conditions of uniform heat flux and fully 
established flow, are based on the assumption of 
independence of physical properties with tran~v~rse 
temperature variation, which is usually permissible 
for liquid metals. Equations of this type have been 
written for: (a) round pipes [1], (b) infinite parallel 
plates, with heat transfer from one plate onl~ [3], 
(c) concentric annuli with heat transfer from the mner 
wall only [4], (d) the same, with heat transfer from the 
outer wall only [4], (e) in-line flow through rod bundl~s 
having equilateral triangular spacing and a P/ D ratio 
greater than 1.3 [5], and (f) in-line flow through r~d 
bundles having square spacing and a P/ D ratiO 
greater than 1.7 [6]. In all of these equations, the eddy 
diffusivity of heat transfer EH is represented by the 
product "PEM, where EM is the eddy diffusivity of 
momentum transfer, and 1p is the ratio of the two 
diffusivities. 

EM and its effect on Nusselt number 

Figure 1 shows a number of possible E11! profile 
curves for turbulent flow through an annulus. All are 
identical over the radial distances between the walls 
and the radii of maximum EM· Between these radii, 
four different types of profiles are shown, all of which 
have been used or recommended in the past. Type (a) 
has been used by Knudsen and Katz [7], (b) is similar 
to the measured profiles of Page et a!. [8] for the flow 
of air in narrow channels, (c) is typical of profiles 
calculated by means of the correlation of Rothfus, 
Walker, and Whan [9], and (d) is similar to the early 
predictions of von Karman [2] for turbulent flow in 
pipes. The equality of the EM maxima is in_acc?rdance 
with the correlation of Rothfus et al., whtch Is based 
upon the premise that the radius of maximum velocity 
for turbulent flow in annuli is the same as that for 
laminar flow in annuli. 

The uncertainty of the EM profile in the region of 
maximum linear velocity is mostly the result of its 
being indeterminate at rm, the radius of ~axim~m 
velocity. However, there seems to be mcreasmg 
evidence that the shape of the EM profile is closer to 

• Brookhaven National Laboratory, Upton, New York. 
** Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
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Figure I. Typical EM and temperature profiles for heat transfer 
to a liquid metal flowing in an annulus 

Curves a, b, c, and d represent diffe_rent types of £M profile curves; 
while curves 1 2 and 3 represent cases of heat transfer from 
inner wall on!;, o'uter wall only and from both walls with equal 
fluxes, respectively. '" r2 and rm represent inner radius, outer 

radius, and radius of maximum velocity, respectively 

that represented by curve (b), with the value at rm 
roughly ! of the maximum value. Curves similar to 
those in Fig. 1 apply to pipes, parallel plates, and 
in-line flow through rod bundles. For pipes, only the 
right portion of the figure applies; for parallel plates, 
the curves would look similar to those shown except 
rm would be at the mid-transverse point; and for 
rod bundles, only the left portion of the figure applies. 

The effect of EM profile shape on the calculated heat 
transfer coefficient can be quite significant depending 
upon flow rate, geometry and, in the case of annuli 
and parallel plates, whether the heat transfer is 
unilateral or bilateral. The numbers in Table 1 
represent the ratio of the heat transfer coefficient 
calculated using profile (b) to that using profile (c). 
For some cases, the effect is nil; for others, it is 
appreciable. In a given case, the relative magnitude of 
the effect can be judged by comparing the EM and 
temperature curves in Fig. 1. The higher the slope of 
the temperature curve, the greater the effect. For a 
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Table. I. Effect of €M-profi le shape on heat transfer 
coefficient for heat transfer to liquid metals under 

conditions of uniform heat flux and 
fully established flow 

Coefficient based on £M profile (b) 
ratio. 

Coefficient based on £M profile (c) 

Typical case ;pPe = 102 ;pPe = 103 ;pPe = 104 

(1) Pipes 1.00 (1.00) (1.01) 
(2) Parallel plates, heat flow 

from one plate only 1.01 1.04 1.08 
(3) Parallel plates, equal heat 

fluxes from both plates 1.00 1.00 1.01 
(4) Annuli, y = 2, heat flux 

from inner wall only . 1.02 1.06 1.11 
(5) Annuli, y = 2, heat flux 

from outer wall only . 1.00 1.01 (1.03) 
(6) Annuli, y = 2, equal heat 

fluxes from both walls, 
ht 1.00 0.99 0.93 

(7) Annuli, y = 2, equal heat 
fluxes from both walls, 
h. 1.00 1.01 1.04 

(8) Rod bundles, P/D = 1.5, 
equilateral triangular 
array, in-line flow . 1.00 (1.01) (1.04) 

Note: h1 and h2 refer to heat transfer from mner and outer walls, 
respectively. 

given case, the greater the flow rate, the greater will 
be the effect also, owing to the greater contribution of 
eddy conductivity in the heat transfer process. 

Case 6 in Table 1 is interesting in that the ratios of 
the coefficients are less than 1.0 for Pe = 103 and 
Pe = 104• This means that the higher the eddy con
ductivity, the lower the heat transfer coefficient. The 
apparent paradox is explained by the fact that the 
higher the eddy, and therefore the total, conductivity, 
the less the temperature gradient, and also the stream 
temperature, in the outer portion of the annulus, for 
the same inner wall temperature. The strong weighting 
influence of the flow in the peripheral cross-sectional 
area lowers the average bulk temperature and, there
fore, lowers the coefficient for the inner wall. 

Determination of 1p and its effect on Nusselt number 
There have been many attempts to produce a 

satisfactory analytical method for evaluating "P· Since 
1958, four such attempts have been published by 
workers in the US. These methods, all based upon 
some modification of Prandtl's [10] mixing-length 
theory, are listed in Table 2; and there given, for 

Year 

1958 
1960 
1963 
1963 

Table 2. Analytical relationships 
for evaluating the diffusivity ratio 

Function 
Author(s) Ref. of 

Lykoudis & Touloukian . 10 Pr 
Azer & Chao 11 Re, Pr, y 
Dwyer 12 Pr, £M/v 
Schrock et at. 13 Pr, £M/v 

No. of 
emptrical 
constants 

1 
2 
3 
1 
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each method, are the variables upon which 1p depends 
and the number of empirical constants used. Dwyer's 
[13] basic equation contained three constants, but 
instead of going to the trouble of evaluating them, he 
presented a second equation having two empirical 
constants, which expressed ip, which is 1p averaged 
across the flow area, as a function of Pr and (€M/v)max, 
the maximum value of €M/v across the flow area. This 
equation is given in the next section. 

There have been three papers published in the US 
that present experimental values of 1p for mercury 
flowing in round tubes; that of Isakoff and Drew [15] 
in 1951, that of Brown et al. [16] in 1956, and that of 
Schrock eta/. [14] in 1963. Some ofthe results of these 
workers, together with results calculated by the 
analytical methods mentioned above, are shown in 
Fig. 2. The Dwyer curves are based upon his original 
equation for 1p, but the constants used in it are 
preliminary values recently obtained at Brookhaven. 
The equation as used here, therefore, is 

0.2/Pr- 2 
"P = ( €M/v)0·9 (1) 

where, Pr represents Prandtl number and v, the kine
matic viscosity. The 1p profile, as evaluated by the 
equation ofLykoudis and Touloukian [11], would be a 
horizontal straight line having a value of 0.35 at all 
Reynolds numbers. 

1.4 r--.--,---.--.-.--.--..--.---,---, 

1.2 

0.8 

0.6 

0.4 

0.2 

Figure 2. Experimental values of diffusivity ratio obtained with 
mercury flowing through round pipes, compared with values 

calculated by various proposed methods 
Here, y represents distance from wall, and rw the pipe radius 
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Figure 3. Comparison of theoretical curves representing liquid
metal heat transfer for flow in round tubes, under conditions of 

constant wall heat flux and fully established turbulent flow 

The outstanding feature of Fig. 2 is the lack of 
agreement between the various curves. However, the 
experimental curves tend to fall sharply as the center 
line of the pipe is approached, whereas the analytical 
curves are rather flat, which would appear more 
reasonable. The experimental curves, moreover, show 
large differences in magnitude. So do the analytical 
curves, but this is simply a question of the arbitrary 
choices of the empirical constants. The conclusion is 
that further, more accurate experimental measurements 
are necessary before the correct shape of the typical tp 
profile can be reasonably established. Such measure
ments are very difficult to make. 

The four equations for estimating tp are also com
pared in Fig. 3 where the theoretical equation for 
pipes, already referred to, is plotted on a Nusselt 
number (Nu) vs. Peclet number (Pe) graph. The curve 
for ip = 1 is shown for reference. Here again, we see 
large differences between the curves. Curve B seems 
most reasonable because (a) it agrees more closely 
with recently published experimental results, (b) it 
merges with the molecular-conduction curve at low 
Peclet numbers, and (c) it merges with the curve for 
tp = 1, at high Peclet numbers. On the latter point, 
it is believed that when the Reynolds number reaches 
300 000 or above, depending on Prandtl number, ip 
reaches unity. Moreover, there are indications that 
ip may even exceed unity beyond this critical flow rate. 

There have been several sets of experimental data 
on channel-flow liquid-metal heat transfer published 
in both the US and the USSR in recent years for flow 
through pipes, annuli, and rod bundles, which show 
Nusselt numbers exceeding those calculated on the 
assumption that ip = 1 when the Peclet number 
exceeds about 5 000. Besides the possibility that, at 
high flow rates, ip may exceed unity, there are other 
possible explanations for this observation, such as the 
use of wrong EM profile curves and low friction factor 
curves, but these do not appear so plausible. More 
experimental work on the effects of turbulence on 
heat and momentum transfer in liquid metals is 
required before this present anomaly is cleared up. 

Theory vs. experiment for channel flow 

The theoretical equations already mentioned for 
channel flow can be represented to within about 
± 5% error by semi-empirical equations of the type 

Nu = a. + {J(ipPe)" (2) 

for 102 ~ Pe ~ 104• Both Nu and Pe are based upon 
the standard equivalent diameter. This equation, with 
a given set of constants, is satisfactory for practically 
all liquid metals, i.e. 0.005 ~ Pr ~ 0.03. For practical 
purposes, it is recommended that ip be evaluated by the 
convenient equation recently published in reference 
[13]. 

1.82 
ip = 1 - Pr(EMfv):n~x (3) 

for flow through pipes, parallel plates, annuli, and rod 
bundles. For heat transfer to liquid metals flowing 
through tubes and between parallel plates, a., {3, andy 
are simple constants; for flow through annuli, they 
are usually functions of Y (the ratio of outer to inner 
radius); and for in-line flow through rod bundles, 
they are usually functions of P/D, the pitch:diameter 
ratio. Table 3 summarizes this information for a 
large number of cases. The values given in this table 
are based on the conditions of uniform heat flux, 
fully established velocity and temperature profiles, and 
EM profile type (b). 

It has become increasingly evident that, in the case 
of liquid metals, eddy conduction does not contribute 
to convective heat transfer at the low end of the turbu
lent flow regime. The Reynolds number at which eddy 
conduction begins to operate depends on the Prandtl 
number and channel geometry. Figure 4 shows some 
typical curves for three different channels at Pr = 0.02. 
The critical Peclet numbers for pipes, the annulus, 
and the rod bundle are approximately 150, 300, and 
700, respectively. They correspond to Reynolds 
numbers of 7 500, 15 000, and 35 000 respectively. 
Figure 4 also shows the laminar lines for the three 
cases. It will be noticed that in the case of the annulus, 
there is very little difference between the laminar and 
molecular-conduction turbulent Nusselt numbers. This 
is almost true for the rod bundle case also. It means 
that for both cases an appreciable advance into the 
turbulent regime is necessary, before the heat transfer 
coefficients become much greater than those for 
laminar flow. 

Equation (2), with constants from Table 3 and ip 
evaluated by Eq. (3), will now be compared with 
recently published experimental results in the US 
for three channel-flow geometries: pipes, annuli, and 
rod bundles. The only pipe-flow results published 
since 1958 are those of Baker and Sesonske [20]. 
These results are shown in Fig. 5 where it is seen that 
the agreement between predicted and experimental 
results is very good. Also, the only annulus flow 
results are those of Baker and Sesonske. These results 
are shown in Fig. 6 where the agreement is not as 
good as in Fig. 5. Over much of the Peclet range 
covered, the experimental points fell about 15% 
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Table 3. Summary of empirical constants for use in Equation (2) for various geometries, 
under conditions of uniform heat fluxes and fully established velocity and temperature profiles 

Conditions of heat Nusselt 
Flow through transfer No. y ot {J y Ref. 

I. Round pipes Nu 7.0 0.025 0.8 

2. Annuli Heat transfer from Nu1 1-7 4.82 + 0.697y 0.0222 0. 758y"·063 16 
inner wall only 

Heat transfer from Nu2 1-7 5.54 - 0.023y 0.0189 0.758y-0
•
020

' 16 
outer wall only +0.00316y 

+0.0000867y2 

Equal heat fluxes 1.5 11.80 0.0726 0.701 
from both walls Nu1 2.0 15.30 0.0855 0.704 17 

3.0 27.00 0.1095 0.707 
1.5 8.23 0.0418 0.733 

Nu2 2.0 7.55 0.0415 0.736 17 
3.0 7.08 0.0414 0.739 

Heat transfer from 1.5 10.40 0.0603 0.708 
both walls, with t1 = t2 Nu1 2.0 11.05 0.0613 0.718 17 
at any axial position 3.0 12.52 0.0647 0.732 

1.5 8.92 0.0462 0.721 
Nu2 2.0 8.58 0.0432 0.731 17 

3.0 8.16 0.0403 0.741 

3. Parallel Heat transfer from Nu 5.60 0.01905 0.775 2 
plates one plate only 

Equal heat fluxes Nu 9.49 0.0596 0.688 2 
from both plates 

4. In-line flow 
between rod 6.66 
bundles equi- Nu P/D + 3.126(P/D) 0.0155 0.86 18 
lateral tri- = 1.3-3.0 + 1.184(P/D)2 

angular spacing 

5. In-line flow be-
tween rod bundles P/D 7.0 
having square Nu = 1.7-10.0 + 4.24(P/ D)u2 0.0275(P/ D)0 •27 0.8 19 
spacing 

above the predicted curve. Nu vs. Pe curves obtained 
from Eqs. (2) and (3) are found, however, to be in 
good agreement with experimental results on annuli 
recently published by Petrovichev [21] and Subbotin 
et al. [22] in the USSR. 

The experimental results in Figs. 5 and 6 were 
obtained simultaneously on a stainless steel double
pipe exchanger, and the individual coefficients were 
calculated from measured over-all temperature differ
ences. This procedure involves an assumption as to 
the relative magnitudes of the individual coefficients 
before they can be calculated. 

The rod-bundle (or tube bank) geometry is fre
quently encountered in the design of nuclear reactors 
and their associated heat-exchange equipment. In 
recent years, three semi-empirical equations have been 
published in the US for estimating heat transfer 
coefficients for in-line flow between rod bundles 
having equilateral triangular spacings under conditions 
of uniform heat flux and fully established velocity and 
temperature profiles. These equations were by Dwyer 
and Tu [5] in 1960, Friedland and Bonilla [6] in 1961, 
and Maresca and Dwyer (19] in 1963. The last equation 
is represented by Eq. (2) with the functions for oc, {3, 
and y listed in Table 3. All three equations were 

developed by approximating the hexagonal flow area, 
associated with each rod, by a circle of the same area 
and assuming an annulus model. This is a valid 
assumption for Pf D ratios above 1.3. The three equa
tions apply at least in the P/ D range 1.3 to 3.0 and the 
Peclet number range 102 to 104 • 

The Maresca-Dwyer equation is compared with 
recent experimental results in Fig. 7. Some published 
results of Nimmo and Dwyer [23] are shown for 
mercury flowing through a 13-rod bundle of 0.500-in 
rods; and some results of Kalish and Dwyer [24] are 
shown, for flow of NaK through a 19-rod bundle. 
In each case, surface temperatures were measured by 
thermocouples embedded just below the surface; and 
the rods, all electrically heated, had nickel-plated 
copper sheaths. The agreement between the experi
mental points for both liquid metals and the predicted 
curve is quite good. 

Cross flow through rod bundles and tube banks 
In the design of conventional shell-and-tube liquid

metal heat exchangers, one must estimate heat transfer 
coefficients for flow at various angles across the tube 
banks. Since 1958, there have been one experimental 
and two analytical cross-flow studies in the US. 
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Figure 4. Typical curves for heat transfer to liquid metals flowing 
through various-shaped channels under conditions of uniform 
heat flux and fully established velocity and temperature profiles. 
In the case of the annulus curves, the heat transfer is from the 

inner wall only 

Rickard, Dwyer and Dropkin [25] measured heat 
transfer rates to mercury flowing at right angles 
through a bank of staggered rods having an equilateral 
triangular spacing with a P/D ratio of 1.38. They 
correlated their results by the empirical equation 

Nu = 4.03 + 0.228(Pe)0 ·67 (4) 

In that study, the condition of uniform heat flux was 
closely approached, the Peclet number was varied 
from 400 to 4 000, and only the test rod was heated. 
In Eq. (4), Nu is based on the average temperature 
difference from surface to bulk mercury, and Pe is 

30 
Pr .. 0.01 

20 

I!S 

Nu 
10 

8 

6 

2 4 

• UNIFORM HEAT FLUX 
• VARIA8LE HEAT FLUX 

6 8 10. 
Pe 

2 4 

Figure 5. Comparison of predicted and experimental results for 
heat transfer to NaK flowing in round tube under fully estab

lished conditions 
The predicted curve is based upon Eqs. (2) and (3). The experi

mental results are due to Baker and Sesonske 
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Figure 6. Comparison of predicted and experimental results for 
heat transfer to NaK flowing in an annulus under fully established 

conditions 
The predicted curve is based upon Eqs. (2) and (3). The experi

mental results are due to Baker and Sesonske 

based upon the average velocity through the minimum 
flow area. 

Hsu [26] recently proposed a theoretical equation 
for estimating tube-average Nusselt numbers, in the 
intermediate Peclet number range, for liquid metals 
in cross-flow through rod bundles, or tube banks. 
It is 

(5) 

where Pe is based upon the average up-stream velocity 
of the liquid metal before entering the rod bundle, 
and r/>1 is the unit velocity potential at the rear 
stagnation point of a rod. Tabulated values of the 
ratio r/>1/ D, which is a unique function of the P/ D 
ratio and rod spacing, were given by the author for 
both square and equilateral triangular arrays. Hsu's 
equation represents a further development of a 
similar study published earlier by Cess and Grosh 
[27]. Both studies were based on the assumptions of 
in viscid flow, no interaction between the thermal 
boundary layers of adjacent rods, and absence of 
eddy conduction. The main difference between the 

Nu 
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Figure 7. Heat transfer to liquid metals flowing in-line through 
unbaffled rod bundles under conditions of uniform heat flux and 

fully established turbulent flow 
The data points for the mercury were taken on test elements 
6 and 7 about one year apart, both of which were wetted by 

the mercury 
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Figure 8. Heat transfer to liquid metals in 90° cross flow through 
rod bundles or tube banks under conditions of uniform heat flux 
Comparison between experimental results of Rickard et a/. [25] 
with theoretical predictions of Hsu [26] and Cess and Grosh [27] 

two studies was that Cess and Grosh used a conducting
sheet analogy to determine values of the ratio c/>1/D, 
whereas Hsu determined this quantity by using a 
complex analytical function orginally developed by 
Howland and McMullen [28]. A comparison of 
Eqs. (4) and (5) is shown in Fig. 8, along with the 
earlier Cess-Grosh prediction. The agreement between 
the experimental results and Hsu's equation is very 
good. Both were based upon a uniform stream 
temperature approaching the rod, which is taken as 
the bulk temperature in evaluating [Nu]90o, In an 
actual exchanger this is not the case, but the effect of 
the difference is expected to be very slight. Both 
theoretical curves in the figure are based on a cosine
type temperature distribution around the rod, which 
was established earlier by the experimental results of 
Hoe, Dropkin, and Dwyer [29]. 

Cross flow and parallel flow are the two limiting 
cases of the general type of shell-side flow existing in a 
shell-and-tube heat exchanger. To estimate tube
average heat transfer coefficients under conditions of 
oblique flow across a particular tube in a tube bank, 
Hsu [30] has assumed that the heat transfer conditions 
are the same as 90° flow across an elliptical-shaped 
tube in a bank of such tubes. The shape of the ellipse 
is determined by an imaginary plane cutting across 
the circular tubes in such a way that a second plane 
passing through the axis of the tube intersects the 
first plane at right angles and in a line parallel to the 
flow stream. According to Hsu, Nusselt numbers for 
oblique flow can be well approximated by the equation 

[
sin () + sin2 

()] t 
[Nu]9 = 0.958(c/>1/D)l(Pe)t 1 + sin2 () (6) 

where () = 90° for normal cross flow and approaches 
zero for parallel flow. In this equation, the characteristic 
length term in both Nu and Pe is the od of the tubes, 
and the velocity in Pe is on a tube-free basis as in 
Eq. (5). According to Eq. (6), as the flow angle of the 
liquid metal through the tube bank changes from 90 
to 75 to 60 and to 45 °, the tube-average heat transfer 
coefficient drops by 1.9, 3.9, and 10.3 %, respectively. 
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Eq. (6) becomes less and less reliable as () falls more 
and more below 45 o. 

For flow across single tubes, the value of c/>1/ D in 
both Eqs. (5) and (6) becomes 2.00. 

Asymmetry effects 

Geometrical asymmetry has been known to have a 
deleterious effect on average heat transfer rates to or 
from liquid metals flowing in annuli and through 
staggered rod bundles. The reason this effect is so 
pronounced with liquid metals is that the bulk of the 
temperature drop through the flowing fluid is not in 
the region very close to the wall, as it is in the case of 
ordinary fluids. Local coefficients in the region of 
least clearance are depressed more than those in the 
region of greatest clearance are increased, the result 
being that the average coefficient for the device drops. 

In recent years, there have been three studies carried 
out at Brookhaven which have shed light on the 
effects of geometrical asymmetry on liquid-metal heat 
transfer. In a study of heat transfer to mercury 
flowing in-line through a rod bundle, Friedland et a/. 
[31] attributed to bowing of the rods the fact that in 
some cases their measured coefficients fell as much as 
50% below those obtained when the rods were known 
to be straight. Snyder [32] analyzed slug-flow liquid
metal heat transfer in an eccentric annulus under the 
following conditions: heat transfer from the inner 
wall only, no circumferential variation of inner wall 
temperature, constant heat flux per unit length of 
annulus, and fully established temperature profiles. 
For an r2/r1 ratio of 1.94, he found the average slug
flow Nusselt number to decrease by about 11 and 
24% as the eccentricity increased from 0 to 20, and to 
40%, respectively. Average turbulent-flow Nusselt 
numbers for this same annulus were estimated to 
decrease roughly 28, 19, and 6% at Peclet numbers of 
102, 103, and 104

, respectively, when the eccentricity 
was increased from 0 to 50%. 

In a current analytical study of heat transfer to 
liquid metals flowing through eccentric annuli, Yu 
[33] has found that small amounts of eccentricity have 
a very marked effect on the average heat transfer 
coefficient under the following conditions: heat transfer 
from the inner wall only, uniform heat flux, and fully 
established turbulent flow. For example, for an 
annulus having a r2/r1 ratio of 1.5, at a Peclet number 
of 1 700, the average coefficient decreased about 59% 
as the eccentricity was increased from 0 to 15 %. 

The more uniform the heat flux and the lower the 
flow rate, the greater will be the reduction in the 
average coefficient for a given amount of asymmetry. 
But, under actual conditions, the circumferential 
temperature variation caused by asymmetry tends to 
produce circumferential heat flow in the rod or tube 
wall, causing departure from the condition of uniform 
heat flux and thereby tending to mitigate the effect of 
the asymmetry. 

The possibility of the reduction of average heat 
transfer coefficients in heat exchange equipment by 
the appearance of geometrical asymmetries presents 
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problems to the designer. However, in conventional 
baffied shell-and-tube heat exchangers having a small 
amount of parallel flow, the problem is not believed 
to be serious. On the other hand, for certain other 
geometrical designs, it can be quite serious. 

Boiling liquid-metal heat transfer 

This is important in civilian power reactor tech
nology for two reasons: (a) it is relevant to the matters 
of safety analysis and hot-spot evaluation, and (b) it is 
essential in the consideration of water-liquid metal 
dual-cycle systems for electrical power generation. 

In a theoretical study, Chen [34] has proposed a 
superposition approach for estimating convective 
boiling coefficients in round vertical tubes with net 
vapor generation. For the micro-convective con
tribution-that due to bubble growth-he proposes a 
relationship derived from the Forster-Zuber [35] pool 
boiling theory; while for the macro-convective con
tribution-that due to stream flow-he uses a modifi
cation of the Lyon-Martinelli [1] equation. Comparison 
of Chen's predicted results with recent experimental 
results published by the General Electric Co. [36] and 
by Hoffman and Krakoviak [34] is given in Fig. 9. 
The term Xu is the conventional Martinelli two-phase 
flow parameter, and hL represents the liquid-phase 
coefficient at the same liquid Reynolds number. Some 
of the scatter in the results may be attributable to the 
large super-heat sometimes required to nucleate 
bubbles in liquid-metals. 

Subcooled forced-convection burnout, or critical 
heat flux, with sodium is being investigated at Atomics 
International [37]. As yet, no clear correlation between 
critical heat flux and flow rate has been observed for 
flow rates ranging from 0.37 x 106 to 1.2 x 106 

lbfhr-ft2 (50 to 163 gfs-cm2
). The critical flux was 

found to decrease from 1.5 x 106 to 0.47 x 106 
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Figure 9. Comparison of Chen's [34] correlation with ORNL 
data on convective boiling of potassium and General Electric data 

on convective boiling of sodium 
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Figure 10. Comparison of Hoffman's [34] burnout-heat-flux 
results for potassium with correlation of Lowdermilk eta/. [38) 

for water 

(1 Btu = 0.271 cal/hr-cm2, 

and 1lb/hr-ft2 = 1.356 x Io-~ gm/s-cm2) 

Btu/hr-ft2 ( 4.07 x 105 to 1.27 x 105 calfhr-cm2), as 
pressure increased from 0.15 to 0.34 atm. 

Burnout heat flux tests for potassium, with net 
vapor generation and forced convection, have been 
reported by Hoffman [34]. The results for two stainless 
steel tubes are shown in Fig. 10. The solid lines are 
predictions based on the correlation of Lowdermilk, 
Lanzo, and Siegel [38] for water. The good agreement 
between the results is presumably due to the similarity 
of pertinent physical properties for the two different 
liquids. 
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ABSTRACT -RESUME-AHHOTAWV'I.R-RESUMEN 

A/225 Etats-Unis 

Transfert de chaleur par metaux liquides 

par 0. E. Dwyer et R. N. Lyon 

Cette communication resume les resultats obtenus 
recemment dans l'etude du transfert de chaleur par 
metaux Jiquides, en indique !'importance, en s'atta
chant particulierement a !'application aux centrales 
nucleaires refroidies par des metaux liquides. Elle ne 
comprend que les resultats pertinents obtenus aux 
Etats-Unis de 1958 a 1963 inclus. Dans la seconde 
moitie de cette periode de six ans, on a publie plus 
d'informations sur le transfert de chaleur par metaux 
liquides que dans m'importe laquelle des periodes de 
trois ans precedentes. La ten dance aux Etats-Unis a ete 
defaire des etudesd'analyse fondamentale et des etudes 
experimentales sur des systemes simples, bien definis 
et controles plutOt que des mesures de transfert de 
chaleur sur des installations prototypes d'echange de 
chaleur. 

Pour le transfert de chaleur par metalliquide a une 
seule phase, on dispose de nouvelles formules theo
riques et semi-empiriques qui permettent de predire 
le coefficient de transfert de chaleur, dans differentes 
conditions d'ecoulement dans des canaux et pour 

l'ecoulement sur des corps immerges. Dans la 
premiere categorie, les cas etudies ont ete les espaces 
annulaires, les plaques paralleles et les ecoulements 
rectilignes dans des grappes de barreaux ( ou de 
tubes); dans la seconde categorie, les spheres et 
l'ecoulement perpendiculaire a des cylindres de section 
circulaire ou elliptique. Ces derniers cas representent 
une bonne approximation des ecoulements sou~ divers 
angles au travers des barreaux dans une grappe de 
barreaux (ou de tubes dans un faisceau de tubes). 

Pour l'ecoulement dans un canal, les equations 
theoriques des nombres de Nusselt contiennent le 
terme 1p, rapport de la diffusivite tourbillonnaire du 
transfert de chaleur a celle du transfert de moment, 
tandis que les equations semi-empiriques contiennent 
le terme ip, valeur moyenne efficace de "P· L'evaluation 
de ces rapports est l'un des problemes principaux dans 
la prediction des coefficients de transfert de chaleur. 
On comprend mieux maintenant la forme generale 
d'une courbe typique representant le nombre de 
Nusselt en fonction du nombre de Peclet pour un 
ecoulement en canal. Pour les ecoulements dans des 
parties annulaires ou entre plaques paralleles, !'eva
luation de la diffusivite par tourbillons dans la zone 
transversale de vitesse lineaire maximale pose un 
autre probleme. Quelques progres ont aussi ete 
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realises dans ce domaine, qui n'est heureusement 
important que dans les conditions proches de l'echange 
de chaleur unilateral aux gran des vitesses d'ecoulement. 

Parmi les observations interessantes obtenues ces 
dernieres annees sur Ie transfert de chaleur par 
metaux liquides, on peut citer: a) la variation pratique
ment nulle du coefficient de transfert de chaleur avec 
l'ecoulement en canal pour un intervalle considerable 
en regime turbulent, b) l'effet tres prononce d'une 
dissymetrie geometrique sur les coefficients de transfert 
de chaleur local et moyen, c) !'indication que ijJ 
est superieur a 1 pour les grands debits, d) !'influence 
principale sur ijJ de EM/v, rapport entre la diffusivite 
tourbillonnaire du transfert de moment et la viscosite 
cinematique, et e) la forte influence, dans les transferts 
de chaleur bilateraux pour des ecoulements turbulents 
annulaires ou entre plaques paralleles, sur les coef
ficients de transfert de chaleur des flux de chaleur 
relatifs provenant des deux surfaces. Le probleme 
du « mouillage » et !'aspect associe de la purete des 
metaux liquides sont discutes brievement. 

II y a eu une forte expansion de la recherche sur le 
transfert de chaleur par metaux liquides a deux phases 
aux Etats-Unis au cours des deux dernieres annees, 
mais il est encore trop tot pour discuter des resultats 
obtenus. Cette communication resume les resultats 
recents et pn:lsente l'etat des connaissances sur des 
sujets tels que !'ebullition en masse, le flux thermique 
critique, !'ebullition et la condensation a convection 
forcee. 

A/225 CWA 

~HAKOMeTannH4eCKHe TennOHOCHTenH 

3. ,LJ.yaHep, P. H. JlaHoH 

B aToM )J;OKJia)J;e cyMMnpyroTCH pe3yJihTaThl n 

llO)J;'IepKHBaeTCH 3Ha'leHne UOCJie)J;HHX )J;OCTHm:e

liHH B 06JiaCTH H3y'leHHH ffi:H)J;KOMeTaJIJIH'IeCKHX 

TeUJIOHOCHTeJieii; )J;JIH H)l;epHhlX 3HepreTII'IeCKHX 

ycTaHoBoK. B )J;OKJia)J;e aHaJin3npyiOTCH )J;aHHhie, 

noJiy'leHHhie no 3ToMy Bonpocy B CiliA B 1958-
1963 ro)J;ax. Bo BTopoii noJioBnHe noro mecTn

JieTnero nepno)J;a 6MJio ony6JinKoBaHo 6oJihme pa-

6oT no ffi:H)J;KOMeTaJIJIH'IeCKHM TeUJIOHOCHTeJIHM, 

'!eM B Te'lenne JII06oro npe)J;M)J;ym;ero TpexJieTnero 

nepno)J;a. B CiliA anaJIHTHKo-TeopeTn'leCKHe n 

3KCnepnMeHTaJihHhle HCCJie;rJ;OBaHHH HHTeHCHBHO

CTH TellJI006MeHa Be)J;yTCH npe)J;llO'ITHTeJihHO Ha 

IIpOCThiX, XOpOlliO OTperyJIHpOBaHHhlX II TO'IHO 

KOHTpOJIIIpyeMhlX CIICTeMax, a He Ha npOTOTHll

HhlX ycTaHOBKaX. 

B nacToHm;ee BpeMH )J;JIH onpe)J;eJieHIIH Koa<l>

¢n~IIeHTOB TenJIOOT)J;a'III HpH IICIIOJih30BaHIIH 

ffi:H)J;KOMeTaJIJIH'IeCKoro TeiiJIOHOCHTeJIH B pa3JIH'I

HhlX ycJIOBHHX Te'leHnH KaK )J;JIH cJiy'laH )J;Bnm:e

HIIH TenJioHocnTeJIH BHYTPH KaHaJioB, TaK n )J;JIH 

CJiy'IaH Hapyamoro OMbiBaHHH TeJI paaJIH'IHOH 

<f>opMhl paapa6oTaHhl HOBble TeopeTnqecKne n no

JIY3Mnnpii'IecKne 3aBHCHMOCTn. B nepBoM cJiyqae 

)J;JIH ycJioBnii noToKa B KaHaJie paccMaTpnBaJIIICh 

KOJih~eBMe m;eJin, napaJIJieJihHhle nJiacTnHhi n na

paJIJieJihHoe )J;BIIm:enne B)J;OJih ny'IKa cTepm:neii 

(IIJIH Tpy6oK), a BO BTOpOM CJiyqae paCCMaTpHBa

JUICh rnaphl H IIOnepe'IHOe OMhlBaHHe ~HJIHH)J;pOB 

KpyrJioro n aJIJIHllTH'IecKoro ce'leHnH. llocJie)J;HHe 

MoryT paccMaTpnBaThCH KaK xopomee npn6Jinm:e

nne llOTOKOB, HanpaBJieHHhlX IIO)J; pa3JIH'IHhlMH yr

JiaMH K ny'IKY CTepm:HeH (HJIH Tpy6oK). 

Ilpn )J;BHm:eHHH B KaHaJie TeopeTH'IeCKHe 3aBH

CHMOCTH )J;JIH KpnTepnH HycceJihTa co)J;epm:aT Be

.'"IH'IHHY f HBJIHIOID;YIOCH IlOKa3aTeJieM COOTHorne

IIHH Mem:)J;y Typ6yJieHTHOH COCTaBJIHIOID;eH nepe

HOCa TenJia n cocTaBJIHIOm;eii nepenoca TenJia 3a 

c'!eT n3MeHeHnH KOJIH'IeCTBa )J;Bnm:eHnH, B TO Bpe

MH KaK ll2_JIY3MIIHpH'IeCKHe ypaBHeHHH CO)J;epm:aT 

BeJIH'IHHY'f HBJIHIOID;YIOCH )J;enCTBHTeJihHhiM cpe)J;

HRM 3Ha'IeHReM )J;JIH '~-

fJiaBHaH 3a)J;a'la npn onpe)J;eJieHnn Koa<l><l>n~n
eHTOB TeUJIOOT)J;a'IH COCTOHT B O~eHKe 3THX COOT

HOilleHRH. B HacToam;ee BpeMH Mhl nMeeM Jiyqmee 

npe)J;CTaBJieHne o6 o6m;eii <!>opMe KpnBoii 3aBncn

MOCTn KpnTepna HycceJihTa oT qncJia lleKJie )J;JIH 

)J;BHffi:eHHH B KaHaJie. fi pn UOTOKaX qepe3 KOJih

~eBhie m;eJin n Mem:)J;y napaJIJieJihHhlMH nJiaCTHH

KaMn B03HnKaeT em;e O)J;Ha 3a)J;a'la - o~eHKa Ko

a<f>¢n~neHTa Typ6yJieHTHoii )J;n<f><f>y3nn B none

pe'IHoii 06JiaCTH MaKCHMaJihHOM JIRHenHOH CKOpO

CTH. HeKoTophie yc11exn 6MJIH )J;OCTHrHyThl TaKm:e 

H B 3TOM CJiyqae. 0)J;HaKO 3Ta 3a)J;a'la HBJIHeTCH 

TPY)J;Hoii TOJihKO npn ycJIOBHHX, npn6Jinm:arom;Hx

CH K O)J;HOCTOpOHHeMy TeiiJIOHepenocy B UOTOKaX 

HhiCOKOM HHTeHCHBHOCTH. 

Cpe)J;n nHTencnBHhiX Ha6JIIO)J;eHnii, c)J;eJiaHHbiX 

3a nocJie)J;Hne ro)J;bl B CBH3H c n3y'leHneM m:n)J;

RoMeTaJIJin'leCKnx TeUJIOHOCHTeJieii, 6hiJIH YCTa

HOBJieHhl CJie)J;yiOm;ne <f>aKThl: 

a) BhlCOKOe IIOCTOHHCTBO Koa<f><f>n~HeHTa Te

IIJIOOT)J;a'IH npn )J;BHffi:eHHR nOTOKa B KaHaJie Ha 

60JihillOM paCCTOHHHH llO KaHaJiy; b) pe3KO Bhl

pam:eHHOe BJIHHHHe reoMeTpH'IeCKOH aCHMMeTpHH 

Ha MeCTHhlH H Cpe)J;HHH KOa<f><f>n~HeHThl TeUJIOOT

)J;a'!_H; c) yKa3aHne na To, 'ITO 3Ha'Ienne BeJJnqn-

Hhi 'f npeBhlruaeT 1 npn O'IeHh BhiCOKHX CKOpO

CTHX UOTOKa; d) BhlCOKaH 3aBHCIIMOCTh ljl OT 

EMfv- OTHOilleHHH Typ6yJJeHTHOH COCTaBJIHIOm;eii 

nepeHOCa TeiiJia K KHHeMaTH'IeCKOH BH3KOCTH; 

e) npn )J;BYXCTOpOHHeM TeUJIOrrepeHOCe B Typ6y

JieHTHOM llOTOKe 'Iepe3 KOJih~eBhle m;eJIH H napaJI

JieJihHhie UJiaCTHHhl Ha6JIIO;rJ;aeTCH CHJihHaH aaBH

CIIMOCTh Ko<~<f>qm~neHTOB TeUJIOOT)J;a'IH OT OTHO

CHTeJihHhiX TeUJIOBhlX UOTOKOB, HCXO)J;HID;HX OT 

o6eHX UOBepXHOCTeii. 1\paTKO paCCMaTpHBaiOTCH 

IIp06JJeMhl <<CMa'IHBaeMOCTll>) H CBH3aHHhle C Hen 

1Ip06JieMhl 'IHCTOThl ffi:H)J;KHX MeTaJIJIOB. 

B Te'!eHIIe nocJie)J;Hnx )J;Byx JJeT o6'heM pa6oThi 

B CiliA B o6JiacTn n3y'IeHnH )J;Byx<Pa3HhiX m:n)J;

KoMeTaJIJJn'leCKHX TeUJIOHOCnTeJieH yBeJIH'IHJICH 

no MHoro pa3. TeM ne MeHee ceiiqac em;e CJinru

IWM pano o~ennBaTb peayJibTaThl :'lTOii pa6oThl. B 
,L\aHHOM ,L\OKJia,[\e cyMMnpyiOTCJI HOBeii:rnne pe-

3YJihTaThl H ypoBeHb HalliHX 3HaHnH no TaKHM BO-
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rrpocaM, KaK KHIIeHue B 60JihiiiOM oo'heMe, KpHTH

qecKHe HBJieHHH rrpu ImrreHuu, KurreHue B ycJio

BHHX npHHY):(HTeJibHOii KOHBeKil;HH II KOH,L\eHCa

ll;HJI. 

A/225 Estados Unidos de America 

Transferencia de calor lfquido- metal 

por 0. E. Dwyer y R. N. Lyon 

Se resume e indica el significado de progresos 
recientes en el estudio de la transferencia termica 
liquido -metal, haciendo resaltar las aplicaciones al 
proyecto de plantas nucleares de potencia, refrigeradas 
por metalliquido. El documento trata solamente de la 
informacion pertinente procedente de los Estados 
Unidos durante los afios 1958- 1963. En Ia segunda 
mitad de este periodo se ha publicado mas infor
macion sobre el tema, que durante cualquier intervalo 
igual de tiempo precedente. La tendencia en los 
Estados Unidos ha sido preferir Ia realizacion de 
estudios fundamentales, analiticos y experimentales 
en sistemas controlados bien definidos, a la medida 
de la velocidad de transferencia termica en prototipos 
de intercambiadores de calor. 

Se dispone actualmente de nuevas expresiones 
teoricas y semiempiricas de transferencia termica en 
fase simple liquido- metal, que permiten obtener los 
coeficientes de transmision de calor en distintas 
condiciones de flujo, tanto a traves de canale;, como 
alrededor de cuerpos sumergidos. En el primer grupo, 
se han estudiado los casos de anillos, placas paralelas, 
y flujo en haces de barras o tubos: en el segundo, 
esferas y flujo normal a cilindros de seccion transversal 
circular y eliptica. Estos ultimos casos pueden 
aceptarse como buenas aproximaciones de los que 
comprenden flujos a angulos variables con barras en 
haces de barras (o tubos en un banco de tubos). 

En el flujo canalizado, las ecuaciones teoricas para 
los numeros de Nusselt contienen el termino tp, la 
razon de la difusividad turbulenta de Ia transferencia 

de calor, a Ia de cantidad de movimiento, mientras 
que las ecuaciones semiempiricas contienen el termino 
ip que es el valor medio de tp. 

El problema mayor en Ia prediccion de coeficientes 
de transmision de calor, es la evaluacion de estas 
razones. Se dispone actualmente de un conocimiento 
mas preciso sobre la forma general de la curve del 
numero de Nusselt en funcion del numero de Peclet 
para flujo canalizado. Otro problema, en el caso de 
flujo en anillos y placas paralelas, es el calculo de la 
difusividad turbulenta en la region transversal de 
velocidad lineal maxima. Se han conseguido aqui 
tambien ciertos progresos pero, afortunadamente, el 
problema solo es importante en condiciones proximas 
a la transferencia unilateral de calor con velocidades 
de flujo altas. 

Entre los puntos interesantes, observados durante 
los ultimos afios, en transferencia de calor liquido
metal, destacan: a) la independencia esencial de los 
coeficientes de transmisi6n de calor del flujo en el 
canal, aun bastante dentro del regimen turbulento, 
b) un efecto muy pronunciado de disimetria geome
trica, en coeficientes de transmision de calor, locales 
y medios, c) indicios de que ip es mayor que Ia unidad 
para velocidades de flujo muy altas, d) fuerte depen
dencia de ip del EM/v, razon de difusividad turbulenta 
de transferencia de cantidad de movimiento, a 
viscosidad cinematica, y e) la dependencia marcada 
de los coeficientes de transmision de calor, en trans
ferenda bilateral para flujos turbulentos en anillos y 
entre placas, de los flujos de calor relativos de las dos 
superficies. Se discutiran brevemente los problemas 
del« mojado » y el asociado de pureza liquido - metal. 

En los dos ultimos afios ha tenido lugar en los 
Estados Unidos un incremento considerable en la 
investigacion de la transferencia de calor en sistemas 
bifasicos metal-liquido, pero es prematuro esperar ya 
resultados de este cumulo de trabajos. En este articulo 
se resumiran los resultados recientes, y se presentara 
el estado de nuestro conocimiento sobre temas como 
piscinas en ebullicion, flujo termico critico, ebullicion 
con convecci6n forzada y condensaci6n. 
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Tennoc~eM a 3neMeHTax peaKTopoa 
C •MAKOMeTannM~eCKMM oxna~eHMeM 

B. M. Cy66oTMH, n. A. YwaKOB, n. 11. KMpMnnoa, M. X. M6parMM.OB, 
M. H. MaaHoacKMM, E. B. HoM.o~Mnoa, .Q. M. Oae'tKMH, 11. H. CopoKMH, 

B. n. CopoKMH 

,l];aHHhiH )J;OKJia)J; CO)J;epiRHT peayJILTaThl HeKo
TOphiX HCCJie)J;OBaHHH TenJI006MeHa ii\H)J;KHX Me
TaJIJIOB, noJiyqeHHhle B <DuauKo-aHepreTuqecKoM 
HHCTHTyTe. 

TEnll006MEH nPVI TE4EHVIVI }HVIAKVIX 
MET AJ1J10B B TPY6AX 

0)J;Ha rpynna onhiTHhiX )J;aHHhiX no TenJio~6MeHy 
B Tpy6ax pacnOJiaraeTCJI OKOJIO KpHBOH, no
CTpOeHHOH no ~OpMyJie 

Nu=5+0,025.Pe0
'

1
, (1) 

ApyraJI pacnoJiaraeTcJI cym;ecTBeHHO Hume. Ilpu
quHoii: aToro paaJiuquJI JIBJIJieTCH TepMuqecKoe 
conpOTHBJieHHe Meii\)J;Y CTeHKOll H ii\H)J;KHM Me
TaJIJIOM (Rk). qT06hl HCKJIIoqHTL ero BJIHJIHHe, 
)J;aHHhle no uaMepeuuro npo~HJIH TeMnepaTyphl 
ii\H)J;KHX MeTaJIJIOB 6hiJIH npe)J;CTaBJieHhl B BH)J;e 
CJie)J;yiOID;HX ~OpMyJI 1

: 

r+=y++, O<y++<t (2) 
r+=1,87 ln(y++ + 1) +0,065y++-0,36, (3) 
1<y++ <11,7 

T+=2,5·lny++_f. y++>1f,7 (4) 

YpaBueuue (2) oqeBu)J;uo; (4) onucLmaeT Kpu
Byro, ocpe)J;HHIOID;yiO onLITHLie )J;aHHhle, a (3) 
no)J;o6pauo TaK, qTo6LI ua rpauu~ax aoH y+ + =1 
H y+ + =11,7 6LIJIH paBHLI 3HaqeHHJI T+ H npo
H3BO)J;Hhle ar+ Jay++. 

3aBHCHMOCTL (4) JIBJIJieTCJI He)J;OCTaToquo Toq
HOH )J;JIJI BhlqucJieHuJI Koa~~u~ueHTOB Typ6yJieHT
Horo o6MeHa. B ~euTpe noToKa pacnpe)J;eJieuue 
TeMnepaTyphl B )J;eHCTBHTeJILHOCTH HMeeT npHMep
HO napa6oJiuqecKuii: xapaKTep. 0)J;HaKo no paa
Jiuque He oKaahiBaeT 6oJILmoro BJIHHHHJI ua 
peayJILTaThl pacqeTa Koa~~u~ueHTOB TenJioo6-
Meua. IlocJie HHTerpupoBaHHH ypaBHeHHH noJiy
qaeTCJI ~OpMyJia (1). IlyTeM H3MepeHHJI TeMne
paTypLI CTeHKH H pacnpe)J;eJieHHJI TeMnepaTypLI 
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B nOTOKe ii\H)J;KHX MeTaJIJIOB 6biJIO ycTaHOBJieHO, 
qTO KOHTaKTHOe TepMuqeCKOe COnpOTHBJieHHe B 
OCHOBHOM onpe)J;eJIJieTCJI KOJIHqeCTBOM OKHCJIOB H 
)J;pyrHX npHMeceii:, CKOH~eHTpHpOBaHHLIX B6JIH3H 
CTeHKH, H aaBHCHT OT )J;HaMeTpa Tpy6LI H CKOpOCTH 
TenJIOHOCHTeJIJI npuMepHo TaKHM me o6paaoM, 
KaK H TOJIID;HHa JiaMHHapuoro nO)J;CJIOJI. ,ll;aHHLie 
no KOHTaKTHLIM TepMuqeCKHM COnpOTHBJieHHJIM 
)J;JIJI pa3HLIX ii\H)J;KHX MeTaJIJIOB 06o6m;aiOTCJI B 

~ 6eapaaMepHhiX KOOp)J;HHaTaX d --:-Re. 

B peayJILTaTe uaMepeuuJI noJieii: TeMnepaTypLI 
B nOTOKaX pa3JIHqHLIX TenJIOHOCHTeJieH 6hiJIH 
onpe)J;eJieHLI K03~~H~HeHTLI Typ6yJieHTHOrO nepe
HOCa TenJia 2. Ilpu aHaJIH3e onLITHLIX )J;aHHLIX 
)J;JIJI pTyTu, BO)J;LI H BOa)J;yxa ycTaHoBJieHo, qTo 
Koa~~u~ueHThl Typ6yJieHTuoro nepeHoca TenJia 
He aaBHCJIT oT qucJia Pr (puc. 1). IloJiyqeHhl 
cJie)J;yrom;ue ~opMyJILI: 

e:=2,04.10-'·Re [1 -1- (;
0
/-2(,:)']-

-[0,329 + 8,36-10- 7 Re] .y+ .e-o,oss·u+, (5) 

Nu=7,24 -~:~e +0,0153·Reo,82,prn, (6) 

r)J;e n ~,58-0,18·th(0,8IgPr) ,D;JIJI 10•<Re< 

<5·10' u <0<Pr<10. 

£ 
BLIJI o ycTaHOBJieuo, qTo BeJiuquHa e =...!!... uaMe

Ev 

HJICTCJI no pa)J;uycy Tpy6LI H aaBHCHT 2 OT quCJia 
Re •. 

IlyTeM H3MepeHHJI Typ6yJieHTHhiX nyJILCa~HH 
TeMnepaTyphl B noToKax BO)J;hl u PTYTH ycTa
HOBJieHo, qTO aMnJIHTYALI nyJILCa~HH TeMnepa
Typhl B ~HKCHpOBaHHOH TOqKe no)J;qHHJIIOTCJI 
HOpMaJILHOMY aaKoHy pacnpe)J;eJieHHJI. 
Roa~~u~ueHT KoppeJIJI~HH Rr Mem.n;y nyJIL

ca~HJIMH B ABYX ToqKax r1 - r 2 yMeHLmaeTCJI OT 1 
)1;0 uyJIH C yBeJiuqeHHeM paCCTOJIHHJI MCiRAY 
TOqKaMH (r2-r1) OT HYJIJI )1;0 10 (eM. puc. 1). 
XapaKTepuLiii: MacmTa6 Typ6yJieHTHOCTH B pa
)J;HaJILHOM uanpaBJieuuu Lr cJia6o MeHHCTCJI B 

o6JiaCTH 0<~<0,9 H 6LICTpO yMeHLmaeTCH no 
ro 

Mepe npu6JIHiReHHH K CTeHKe. MaKcuMaJILuoe 
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P~o~c. 1. Ko3<j:l<jlH4HeHTbl Typ6yneHTHoro nepeHoca Tenna, Koppenli4HH H cneKTpanbHall <PYHK4Hll: 

1-lJ,JISI lRHlJ.KHX MeTaJIJioB; 2, 3-lJ,JIH BOlJ.hl n B03lJ,yxa. R~-lJ,JIH BOlJ.hl rrpn Re= 17 ·103
; Ri-lJ.JIH PTYTH rrpn 

Re= 105
; S (f)-lJ,JIH PTYTH 

3HaqeHHe L paBHO 0,1 ·ru npH .!_~0,7. XapaR-
r ~ 

TepHLie MaCIIITa6LI Typ6yJieHTHOCTH B OCeBOM 

HanpaBJieHHH 3HaqHTeJibHO 6oJibiiie, qeM B pa,n;H

aJibHOM, TO eCTb Typ6yJieHTHhle BHXpH CHJibHO 

BhlTJIHYTLI B)l;OJib nOTORa ii\H)l;ROCTH. 

Roalfllfluu;HeHT RoppeJIHIJ;HH R., JIBJIJieTcJI lflyHR

u;ueii napaMeTpa c.n;BHra no BpeMeHH 't H He 

3aBHCHT OT HaqaJia OTcqeTa BpeMeHH (eM. pHC. 1). 
TaRHM o6pa3oM, lflyHRIJ;HJI, onHCLIBaroru;aH nyJib

cau;uH TeMnepaTypLI B lflHRCHpOBaHHOH TOqRe 

Typ6yJieHTHOrO nOTORa, JIBJIJieTCJI CTaiJ;HOHapHOH 

CJiyqaiiHOH lflyHRIJ;HeH. 

IlJIOTHOCTb cneRTpaJibHoii lflyHKIJ;HH S(f) HMeeT 

MaKCHMYM npH qacTOTe ,....,0,8 Zlf H 6LICTpO y6LI

BaeT no Mepe yBeJIHqeHHJI qacTOThl B03Myi.IJ;eHHJI. 

IloqTH BCIO 3HeprHIO (....., 98%) nepeHOCHT Typ6y

JieHTHhle B03Myi.IJ;eHHJI, HMeiOI.IJ;He qaCTOTY <10 Zlf 

(eM. puc. 1). Cpe.n;Hee BpeMJI ii\H3HH B03Myru;eHHJI 

cocTaBJIJieT ,....,0,1 ce.,. npH Re =105• 

OnLITLI noKaaaJIH, qTo )l;JIHHa HaqaJibHoro 

yqaCTKa TenJIOBOH CTa6HJIH3aiJ;HH )l;JIH ffiH,ll;KHX 

MeTaJIJIOB 3aBHCHT OT qHcJia Re 6oJiee CHJibHo, 

qeM ,ll;JIJI 06hlqHhlX ii\H,ll;KOCTeH 2• 

TEMnEPATYPHOE nOJlE nY4KOB 
~J..111J..1HAPJ..14ECKJ..1X TEnJ10BbiAEJ1fHO

W.J..1X 311EMEHTOB 

B pa6oTe yqacTBOBaJIH A. B. iRyRoB, B. ,IJ;. Ta

JiaHOB, 10. II. OpJIOB, B. H. ra6pHaHOBHq, 

Pacnpe.n;eJieHHe TeMnepaTypLI no nepHMeTpy 

IJ;HJIHH,ll;pHqeCKHX TenJIOBhl)l;eJIHIOI.IJ;HX aJieMeHTOB 

onpe.n;eJIJieTcJI reoMeTpHeii peiiieTRH nyqRa, CBoii

CTBaMH H peiRHMOM TeqeHHJI ii\H)l;KOCTH, a TaRme 

cBoiiCTBaMH TenJIOBLI)l;eJIJIIOI.IJ;HX aJieMeHTOB. 

AHaJIH3 .n;ulfllflepeHu;HaJibHLIX ypaBHeHHH H co

OTBeTCTBYIOI.IJ;HX rpaHHqHhlX yCJIOBHH )l;JIJI TenJIO

BLI)l;eJIJIIOI.IJ;HX CTepmHeH C 3ai.IJ;HTHOH o6oJioqKOH 

npHBO,ll;HT R CJie,n;yroru;eii 3aBHCHMOCTH )l;JIJI o6JiaCTH 

CTa6HJIH3HpOBaHHOro TenJI006MeHa: 

lw-tw ~ / ( S . . p · p · M ) Tt= At= d' cp, e, r, k . 
qR2 2 

(7) 

CBoiicTBa TenJIOBLI,n;eJIJIIOI.IJ;ero aJieMeHTa B o6-

ru;eM cJiyqae xapaRTepH3yeT napaMeTp 

A.! 1 +m;2k 
Mk=f..w • 1-m;2k' (8) 
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n~e m=~:+~: (-1~m~1); A/' Aw, Ao- TenJIO

npOBO,D;HOCTII Jl\II,D;KOCTII, 060JIOqKII II TenJIOBhl,D;e

JIHIOlll;el'O aJieMeHTa; 
R s = R 1 - OTHOIIIeHIIe BHyTpeuuero pap;IIyca o6o-

2 
JIOqKII K BHeiiiHeMy; 

k - HOMepa rapMOHIIK pHp;a <l>ypbe, B BII,D;e 

KOToporo npe,n;cTaBJieHa 3 lf>yaKn;IIH (7). 

B aaBIICIIMOCTII OT IIX TenJIOBhlX CBOHCTB Ten

JIOBhl,D;eJIHIOlll;IIe :lJieMeHThl MOJI\HO paap;eJIIITb Ha 

CJiep;yiOlll;IIe rpynnhl, COOTBeTCTBYIOlll;IIe npep;eJib

HhlM aHaqeHIIHM M k· 

1-H rpynna. Ha BHyTpeHHeii: noBepxHOCTII 

o6oJioqeK (r=R1) BhlnOJIHHeTCH ycJIOBIIe q=--const 

no nepiiMeTpy, eCJIII "Aw"fY'Ao, 
"At 1 +;2k 

M '"" - · -- (9) 
k- "Aw 1-s2k. 

,ll;JIH TOHKOCTeHHhlX o60JIOqeK ( ~ ~ 1) 

ap;ecb (8 =R2-R t). 

"A1R2 
M;::,. "Awb (10) 

2-H rpynna. Ha BHyTpeHaeii: noBepXHOCTII 

o6oJioqeK BhlnOJIHHeTCH ycJIOBIIe t::..const, eCJIII 

Aw~"Ao 

(11) 

,ll;JIH TOHKOCTeHHhlX o6oJioqeK 

"Atb 
M::.. T:lf . (12) 

w 2 

3-H rpynna. 8JieMeHThl c o6oJioqKaMII aKBIIBa

JieHTHhl TenJIOBhl,D;eJIHIOlll;IIM CTepmHHM C TenJIO

npOBO,D;HOCTbiO Aw npii 60JibiiiOH TOJilll;IIHe o6o

JioqeK (s2k~1) IIJIII KOI',D;a TenJIOnpOBO,D;HOCTII aJie

MeHTOB II o6oJioqeK paBHhl ("Ao =Aw; m =0), 

'At 
M::.. 'A . (13) 

w 

4-H rpynna. 8JieMeHThl c o6oJioqKaM:II aKBIIBa

JieHTHhl TenJIOBhl,D;eJIHIOlll;IIM CTepJKHHM C TenJI0-
6 

npOBO,D;HOCTbiO Ao npii TOHKIIX o60JIOqKaX (R2~1), 

"A 
M ::.. __!_ ( 14) 

Ao 

fi p1IBe,D;eHHaH KJiaCCIIIf>IIKaiJ;IIH IJ;IIJIIIH,D;p1Iqe-

CKIIX TenJIOBhl,D;eJIHIOlll;IIX aJieMeHTOB nOMOI'aeT 

Bhl6paTb MeTO,D;hl IIX TenJIOBOI'O MO,D;eJIIIpOBaHIIH 

B Jia6opaTopHhlX ycJIOBIIHX. B KaqecTBe Mop;eJieii: 

IICnOJib30BaJIIICb Tpy6KII C paBHOMepHhlM TenJIO

nO,D;BO,D;OM Ha BHyTpeHHeH nOBepXHOCTII, C03,D;a

BaeMhlM aJieKTpoHarpeBaTeJIHMII. TaKIIMII Tpy6-

KaMII JI8l'KO IIMIITIIpOBaTb TenJIOBhl,D;eJIHIOlll;IIe aJie

MeHThl 1-ii:, 2-ii: rpynn C TOHKOCTeHHhlMII o6o

JIOqKaMII (10), (12) II aJieMeHThl 3-ii:, 4-ii: rpynn 

(13), (14). Mo,n;eJIIIpOBaHIIe aJieMeHTOB 1-ii: II 2-ii: 

rpynn C ,D;OCTaToqao TOJICTOCTeHHhlMII o60JIOqKaMII 

OCylll;eCTBIITb Tpy,D;HO, Tal\ KaK YCJIOBIIH M:O,D;eJIII

poBaHIIH (8), (9), (11) npii np01I3BOJibHhlX 3Ha-

B. H. CY660THH et aZ. 

qeHIIHX k CBO,D;HTCH K Tpe6oBaHIIIO BhlnOJIHeHIIJI 

YCJIOBIIH 

'A.! . 'A. 
'A.w ::.. Idem, 'A.:::.. idem, s =idem. 

EcJIII aapaHee II3BeCTHo, KaKaH II3 rapMOHIIK 

(k) ,n;aeT Haii60Jibiiiiiii: BKJiap; B TeMnepaTypHoe 

nOJie, MOJI\HO BOCnOJib30BaTbCH np1I6JIIIJl\eHHhlM 

Mop;eJIIIpoBaHIIeM. HanpiiMep, ,D;JIH TpeyroJibHoii 

peiiieTKII OCHOBHaH rapMOHIIKa k::..6; 

( 15) 

TeMnepaTypHhle noJIH MaKeTOB TenJIOBhlp;eJIH

IOlll;IIX aJieMeHTOB IICCJiep;oBaJIIICb Ha nyqKaX, 

COCTOHlll;IIX II3 CeMII (TpeyrOJibHaH pemeTKa) IIJIII 

p;eBHTII (KBa,n;paTHaH peiiieTKa) aJieKTpoo6orpe

BaeMhlX Tpy6oK II lf>IIrypHoro BhlTeCHIITeJIH. TeM

nepaTypa Jl\II,D;KOCTII II3MepHJiaCb Ha BhlXO,D;e II3 

BCeX HqeeK. 3a pacqeTHYIO TeMnepaTypy npiiHII

MaJiaCb TeMnepaTypa Jl\II,!I;KOCTII OKOJIO n;eHTpaJib

HOI'O cTepmaH. TaKaH MeTO,D;IIKa IICCJie,n;oBaHIIii: 

6hlJia npoBepeua onhlTaMII c nyqKoM II3 37 o6o

rpeBaeMhlX Tpy6oK. ToJilll;IIHa CTeHoK Tpy6oK 

6hlJia ,D;OCTaToqHO 6oJibiiiOH. floaTOMY Tpy6KII 

MOJI\HO 6hlJIO cqiiTaTb :lKBIIBaJieHTHhlMII CnJIOIDHhlM 

CTepmHHM. 

Ha PTYTII (Pr =0,022--;-0,025) II Bo,n;e (Pr = 
=2,4-+-4,8) IICCJie,D;OBaJIIICb nJIOTHhle nyqKII II3 

HepmaBeiOlll;eH CTaJIII ("';: =1 ,85 II 24 COOTBeTCT-
/ 

BeHHo). B onhlTax c aBTeKTIIqecKIIM cnJiaBoM 

N a-K (Pr =0,022--;-0,024) IICnOJib30BaJIIICb nJioT-

cTaJIII (~w =0,69) 
I 

Hhle nyqKII II3 uepmaBeiOlll;eii: 

II M:e,D;II (~W =16,3). 
I 

Pacnpep;eJieHIIH TeMnepaTyphl II TenJioBoro no-

TOKa no nepiiMeTpy CTepmHeii: (TOJICTOCTeHHhlX 

Tpy6oK) nJIOTHhlX nyqKOB noKa3aHhl Ha piic: 2. 

Pacnpe,n;eJieHIIe TenJioBoro noToKa 6hlJio Haii:p;eHo 

II3 peiiieHIIH 3ap;aqii TenJIOnpOBO,D;HOCTII ,D;JIH 

CTepJKHH 

npH 

q '""' A =- ::.. 1-- k..o k _k 
q k Mk 

T1 =~Akcoskcp. 
k 

(16) 

(17) 

II p1IBep;eHHhle ua p1Ic. 2 p;aHHhle ,D;JIH JKII,D;KHX 

l\IeTaJIJIOB ycpep;HeHhl B IIHTepBaJie 80<Pe<550. 

B aTOM HHTepBaJie uepaBHoMepHOCTb TeMnepaTyphl 

p;JIH Na-K yMeHbiiiaeTCH c pocTOM Pe npHMepHo 

Ha 30%, a ,D;JIH P'~'Y™ - Ha 10%. ,ll;aHHhle ,D;JIH 

BO,D;hl ycpep;HeHhl B IIHTepBaJie 104<Re<2·104, 

B KOTOpOM npOif>IIJib TeMnepaTyphl H3MeHHeTCH 

ueauaqHTeJihHO. 

3HaqeHIIH Pr II 'Aw/ 'A 1 ,D;JIH BO,D;hl II Jl\H,D;KIIX 

MeTaJIJIOB CIIJibHO OTJIHqaiOTCH p;pyr OT p;pyra. 

O,n;aaKo HepaBHOMepHoCTII TeMnepaTyphl H Ten

JIOBhlX nOTOKOB OTJIHqaiOTCH He oqeHb CHJibHO. 

XapaKTepuo, qTo npii TenJIOC'beMe Bo,n;oii: uepaB

HOMepHOCTb TeMnepaTyphl HaHM8HbiiiaH. 
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PHc. 2. PacnpeAeneHHe reMneparypbl H rennoabiX noroKoa no nepHMerpy crepH<Heit nnoTHbiX ny'!Koa: 

1, 2, 3-lJ,JUI PTYTH (~;=1,85). CIIJiaBa Na-K (~;=0,69) H BOlJ,LI (~;=24) COOTBeTCTBeHHO 

Ha ocuoBaunn paccMoTpeHHLIX .o;aHHLIX, aua
JIUTH'IecKnx paclleTOB n peayJihTaTOB .o;pyrnx 
onhiTOB Momuo KOHCTaTnpoBaTb cJie.o;yrom;ee. Bea
paaMepHaH HepaBHOMepHOCTb TeMnepaTypbi ,ll;JIH 
TeDJIOBbl,ll;eJIHIOID;HX CTepmHeH 6ea 060JIO'IKH DpH
MepHO nponop~HOHaJibHa A/Aw. )J;JIH TOJICTOCTeH
HLIX Tpy6oK B8JIH'IHHa T1 CJia6o 3aBHCHT OT TOJI
ID;HHLI CT8HOK Tpy6oK. 

,lJ;JIH TOHKOCTeHHLIX Tpy6oK BeJIH'IHHa T I OT
HOCHTeJihHO CJia6o aaBncnT OT ').,wf').,w· CJie.o;oBa
TeJihHo, T 1 cJia6o aaBncuT n oT TOJIUJ;HHLI cTeHOK 
Tpy6oK, TaR KaK H3MeHeHHe OTHOCHT8JlbHOH Ten
JIODpOBO,ll;HOCTH :mBHBaJieHTHO U3MeHeHHIO OTHO
CHTeJihHOH TOJIID;HHLI CTeHKH Tpy6Kn [eM. «<JopMyJILI 
(10) U (12)). 

!Jpn yBeJIH'IeHHH OTHOCHTeJibHOrO mara CTepm
HeH B nyqKe BJIUHHne napaMeTpa Mk yMeHhma

s 
eTcH. TaR, yme npn 11 =1,1 uepaBHOMepuocTb 

2 

TeMnepaTypLI no nepuMeTpy cTepmueii npnMepuo 
B nHTb paa MeHhme, lleM B nJIOTHOH ynaKOBKe. 

s 
IloaToMy npn t~>1,1 napaMeTp Mk Momuo 

ll 

UCKJIIO'IUTb U3 ypaBHeHHH (7) H ,ll;JIH 60JihmHHCTBa 
CJiyqaeB He yqHTLIBaTb HepaBHOMepHOCTb TeMDe
paTypLI no nepnMeTpy cTepmueii. 

OnbiTHLie .o;auuLie ,ll;JIH nJIOTHLIX ynaKOBOK c 
TpeyrOJihHOH pemeTKOH annpOKCUMupyroTCH «<Jop-

MyJioii (pnc. 3) 

Nu=0,15 (~; r,02 .pe0,3+0,o4 YA.,fJ..r, (18) 

Pr~1; 80<Pe<600; 0,69<~;<16,3. 

,lJ;aHHble ,ll;JIH nJIOTHbiX KBa.o;paTHbiX pemeTOK 
npnBe.o;eHhl B pa6oTe 3 • 

OnhiTaMn ycTaHOBJieHo, 'ITO npn o.o;nuaROBhiX 
,ll;HaMeTpax CTepmHeH H O,ll;HHaKOBLIX CKOpOCTHX 
mn.o;Roro MeTaJIJia Koa«<J«<Jn~neHThi TenJiooT.o;aqu 
npaKTH'IecKn ue aaBHCHT oT mara cTepmueii. 
Roa«<J«<J~neHThi TenJIOOT,ll;alln R mn.o;KHM MeTaJIJiaM 
B nyqKaX C TpeyrOJibUOH pemeTROH onHCbiBaiOTCH 
«<JopMyJioii (eM. puc. 3) 

Nu=0,58 (~: r·55 
.pe0,45, (19) 

80 <Pe <4000; 1,1 <: < 1,5. 
2 

XapaRTepHhlii paaMep - rn.o;paBJinllecKnii .o;na
MeTp HlleiiRn. Ha puc. 3 npnaHTbl cJie.o;yrom;He 
o6oauaqeunH: 

_ Nu v 

'i?-("w)0.02 o.a+0,04 VJ.. J.. ,ll;JIH nJIOTHOH yna-
- · Pe w/ f KOBRH 
'}..I 

Nu S 
H "' (d)' 0, 55 ,ll;JIH ny'IROB C d> 1. 

_.r • Peo. 45 a 
dz 
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P~o~c. 3. TennoOTAa4a B ny<~Ka>c crep)I(Hei:i. nnoTHble ny4KH (a): 1, 2, 3- Allll /., w = 0,69; 1,85 H 16,3 COOTBeTCTBeHHO. 

1 
Pa3ABHHYTble ny<~KH (b): 

s 
4, 5, 6, 7, 8, 9-;IJ,JIH d=1,1; 1,15; 1,2; 1,3; 1,4 H 1,5 COOTBeTCTBeHHO 

2 

Oco6eHHOCTR Temroo6MeHa B nyqKax Ha6mo;IJ,a
IOTCJI TaKme R npR Temroc'LeMe Bo;IJ.oii. CTa6ImR-
3RpoBaHHhle 3HaqeHRJI cpe,D;HllX IIO IIepiiMeTpy 
qiiceJI N u npR TeqeHIIII BO;IJ.hl B IIJIOTHhiX nyqKax 

CTepmHeii C TpeyrOJihHOH ll KBa,n;paTHOH perneT

KaMII OIIIIChiBaiOTCJI I}JopMyJIOH 

Nu ~ 0,01 ReG.s -Pr0,43 (20) 
400 < Re <50 000. 

XapaKTepHhlii pa3Mep - rii,n;paBJIIIqecKIIii ,n;IIa
MeTp. Pa36pOC TOqeK OTHOCIITeJibHO ocpe;IJ.HJIIOID;eH 
JlllHIIll He 'JlpeBhiiiiaeT ± 15%. 

B HacToJirn.ee BpeMJI no TeiiJioo6MeHy npR 
IIpO,ll;OJlhHOM o6TeKaHIIll BO,ll;OH II B03,ll;YXOM nyq-

o s 1 0 KOB CTepmHell C d > HaKOIIJieH OIIpe,n;eJieHHhlll 
2 

l}laKTRqecKIIii MaTepiiaJI. BoJihiiiiiHCTBO ,n;aHHhiX 

,li;JIJI BO,ll;hl, B TOM qllCJie ll pe3yJihTaThl, IIOJiy'IeH
S 

Hhle aBTOpaMII Ha BO,ll;e ,ll;JIJI IIY'IKOB C d =1,1; 
2 

1,2; 1 ,4; 1,5, corJiacyroTcJI c l}lopMyJioii Beii-
eM aHa 

1 

Nu=c Reo,s ·Pr 3, 

r.n;e ;IJ.JIJI TpeyroJihHoii perneTKR c 

s c=O, 026 ;r-0,006. 
2 

(21) 
s 

1,1<a<1,5 
2 

,il,aHHhle IIO TeiiJIOOT;IJ,aqe R B03,ll;YXY 6oJiee 
IIpOTIIBOpe'IRBhl. qaCTh ll3 HIIX COrJiacyeTCJI C 

l}lopMyJioii ,D;JIJI KpyrJihiX Tpy6, ,n;pyraJI 'IaCTh He 
corJiacyeTcJI HR c l}lopMyJioii ,ll;JIJI KpyrJihiX Tpy6, 
HII c l}lopMyJioii (21 ). 

IIMeiOIII.IIecJI ,n;aHHhle ,n;JIH 11\R,ll;KIIX MeTaJIJIOB 
ll 06hl'IHhiX 11\II,ll;KOCTeH IIOKa3hiBaiOT, 'ITO IIpll
MeHeHIIe I}JopMyJI, IIOJiy'IeHHhiX B OIIhiTaX C Kpyr
JlhiMll Tpy6aMII, ,ll;JIJI pac'IeTa TeMnepaTypHoro 
IIOJIH IIY'IKOB CTepmHeH (c llCIIOJih30BaHReM rR,n;
paBJIII'IeCKOrO ,ll;IIaMeTpa) M0/1\eT llpRBeCTll BO 
MHOriiX CJiy'IaHX K cepbe3HhiM OIIIII6KaM. 

CPEAHI-1E KOSOJOJI-1U.J..1EHTbl 
TEnJ100TAA4J..1 B KO}f{YXOTPY5HbiX 

TEnJ1005MEHHJ..1KAX 

B pa6ote yqacTBOBaJIR M. B. CyBopoB R 
A. M. RoJIOTBIIH. 

Cpe,n;HIIe Koal}li}JIIu;IIeHThl TenJIOOT,n;a'III B ceMR
Tpy6HhiX TellJI006MeHHIIKaX 6hiJill llOJiy'IeHhl ,D;JIH 
cnJiaBa Na--K. BHyTpR Tpy6oK npoTeKaJI HaT
pRii. B onhiTax R3MepHJIRCh cpe,n;HIIe Koal}ll}lii
u;IIeHThl TenJionepe;IJ.a'IR OT HaTpiiH K cnJiaBy 
HaTpHH - KaJIHH. 

ITo ua:ii,n;eHHhiM Koal}li}JII~IIeHTaM TenJionepe,n;aqH 

H paCC'IHTaHBhiM TIO I}JopMyJie (1) KOai}JI}JH~HeHTaM 
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TenJIOOT,ZJ;a'IH B Tpy6ax onpe,ZJ;eJIHJIHCh cpe,ZJ;HHe 

Koacl>cl>RI~HeHThl TenJIOOT,lJ;8'IIJ B MelliTpyOHOM npo-
S l 

cTpaHcTne. B HHTepnaJiax 1,1<-d <1,4; 60<d< 
2 r 

< 260; 200 < Pe < 1200 onhlTHhle ,ZJ;aHHhle c TO'I-

HOCTbiO ±10% annpOKCHMHpyiOTCH cl>opMyJioii: 

Nu=8 [di +0,027 (~ -1,1 )] .peo.6. (22) 

3anHCHMOCTb Nu =/ (Pe) B TenJioo,6MeHHHKax 

6oJiee CHJibHaH (cTeneHh ,....,0,6), 'IeM n ny'I«ax 

cTepmaeii: (cTeneHh ,....,0,45), a CTa6HJIIJ3an;HH 

TenJioo6MeHa aacTynaeT npH 6oJibiDHX l/dr. 
qHCJia Nu ,ZJ;JIH TemiOo6MeHHHKOB H o6orpena

eMhlX ny'IKOB (19)-(22) CIJJibHO OTJIIJ'IaiOTCH .ll;pyr 

oT ,ZJ;pyra no cJie,ZJ;yro~HM npH'IHHaM. Cpe,ZJ;HHe 

1\0:lcl>cl>HI\lleHThl TenJIOOT,ZJ;a'IIJ B TenJIOOOMeHHIJKaX 

y'IHThlB8IOT BJIHHHHe yqacTKOB TenJionoii: cTa6H

JIIJ3aD;HH II OTHOCHTCH 1\ CJiy'IaiO HenOCTOHHHOrO 

no ,ZJ;JIHHe TenJionoro noTOKa. 0,ZJ;HaKo ,ZJ;JIH 6oJihiiiHX 

II dr BJIHHHHeM aTHX yqacTKOB MOJHHO npeae-

6pe'Ih, a acl>cl>eKT OT HepaBHOMepHOCTII TenJIO

BOrO nOTOKa HeBeJIHI\. 

fJiaBHaH npii'IIJHa 3ai\JIIO'IaeTCH B CIIJibHOM 

BJIHHHHII aeo6orpenaeMoii: o6eqaii:KH aa TeMne

paTypaoe noJie mH,ZJ;KOCTII n TenJioo6MeHHHKe. 

IIpii onpe,ZJ;eJieHHII Koacl>cl>IIn;IIeHTOB TenJionepe

,ZJ;a'III B TellJIOOOMeHHIIKe IICnOJib3YIOTCH 3Ha'IeHIIH 

cpe,ZJ;HIIX CMemaHHhlX TeMnepaTyp nOTOI\OB 11\II,ZJ;-

1\0CTeii:, 1\0TOphle cy~eCTBeHHO OTJIII'IaiOTCH OT 

JIOKaJihHhlX. BcJie,ZJ;CTBIIe Toro 'ITO TeMnepaTypa 

TenJIOHOCIITeJIH HenOCTOHHHa no Ce'IeHIIIO TenJIO

OOMeHHIIKa, paaJIII'IHhle pH.ll;hl Tpy6oK IIMeroT 

pa3HYIO HHTeHCIIBHOCTb TenJioo6Meaa. YKa3al!Hhlii: 

acl>cl>eKT yMeHblllaeTCH C yneJIII1IeHIIeM 'IIICJia Tpy-

001\ Kpaii:He Me,ZJ;JieHHO. 

IIpe,ZJ;noJiaraH, 'ITO TeMnepaTypa 11\II,ZJ;KOCTII n 

Tpy6KaX TenJIOOOMeHHIII\a npiiMepHO nOCTOHHHa 

(no 6JIH3KO K ycJIOBIIHM onhlTOB ), «oacl>cl>IIn;IIeHThl 

TenJIOOT,!J;8'III nOCTOHHHhl no ,!J;JIIIHe TpyooK, Ten

JIOOOMeH Mem,ZJ;y H'IeiiKaMII OTCyTCTByeT, MOJHHO 

noJiy'IIITb cl>opMyJiy 

_Nu, ~ 
Nu2 

8nl Nu, + 
~ dr N Pe In [(1-~t) exp (-AI)+~ exp (-Au) 

+Ra,, (23) 

r,ZJ;e Nu 1- 'IIICJIO HycceJibTa ,ZJ;JIH n;eaTpaJihHoii 

30Hhl ny'IKa TenJIOBhl,ZJ;eJIHIO~IIX :lJieMeHTOB; 

Nu2- cpe,ZJ;Hee 'IIICJIO HycceJihTa ,ZJ;JIH MemTpy6-

aoro npOCTpaHCTBa TenJIOOOMeHHIIKa; 

n, N - cooTneTcTneaao 'IIICJIO Tpy6oK 11 H'IeeK 

B TenJIOOOMeHHIIKe; 

~- ,ZJ;OJIH nepiicl>epiiHHhlX H'Ieei\ (H'Iee~, ~6~ 
pa30BaHHhlX KpaHHIIMII Tpyol\aMII II OOe'IaiiKOII), 

R - TepMII'Iecl\oe conpoTIIBJieHIIe Mem,ZJ;y rpe

ro~eii ii\II,ZJ;KOCTbiO II BHelllHeii nonepXHOCTbiO 

Tpy6oK; 

Nu1 ·Af kPl 
a,==~; A==cPyv; 

P v - ,ZJ;JIIIHa, Koacl>cl>IIn;IIeHT TenJionepe

n~piiMeTp TenJioo6MeHa, o6'heMHhlii pacxo,ZJ; 
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TenJioHOCIITeJIH ,ZJ;JIH n;eHTpaJibHoii (IIH,ZJ;eKc I) 
11 nepiicl>epiiiiHoii (IIH,ZJ;eKc II) 30H TenJioo6MeH

N 
HII«a; npii n--+ oo N u• ---+ 1. 

u, 
IIpHOJIIImeHHhle pac'IeThl no cl>opMyJie (23) 

,ZJ;aiOT pe3yJibTaThl, Ka'IeCTBeHHo corJiacyro~IIecH 

C OnhlTHhlMII ,ZJ;aHHhlMII. 0Ka33JIOCb, 'ITO C pOCTOM 

'IIICJia Pe pa3HIID;a Mem,ZJ;y Nut II Nu2 yMeHhmaeT

cH, npii'IeM Nu1>Nu2• 0TCIO,ZJ;a BhlTeKaeT IIH

TepeCHhlii: BhlBO,ZJ;: 3aBIICIIMOCTb Nut=/ (Pe) ,ZJ;OJI

maa ohlTb 6oJiee CJia6oii, '!eM 3aBIICIIMOCTb Nu2 = 
=f (Pe), 'ITO II aaoJIIO,ZJ;aeTCH B OnhlTaX. 

PaccMoTpeHHhle nLime pe3yJihTaThl aKcnepii

MeHTOB II paC'IeTOB noKa3hlBaiOT, 'ITO noJiy'IeHHhle 

B OnhlTaX C TenJIOOOMeHHIIKaMII ,ZJ;aHHhle HeJib3H 

Henocpe,ZJ;CTBeHHO IICnOJib30BaTb ,!J;JIH pac'IeTa nyq

KOB TenJIOBhl,ZJ;eJIHIO~IIX :lJiei\IeHTOB peaKTOpOB. 

TEnJl005MEH nPVI KVInEHVIVI }t{VI,lJ,KVIX 
METAJlJlOB VI KOH,lJ,EHCAI_\VIVI VIX 

nAPOB 
B IICCJie,ZJ;onaHIIII TenJioo6MeHa npii KIIneHIIII 

mii,ZJ;KIIX MeTaJIJIOB yqacTnonaJIII A. A. Mnam

KeBII'I, A. II. l\y,ZJ;pHnn;en. OnhlThl npono,ZJ;IIJIIICb 

C HaTpiieM, KIInH~IIM Ha ropii30HTaJibHOH no

nepXHOCTII n ycJIOBIIHX cno6o,ZJ;Hoii: KoaneKD;IIII. 

IIonepxaocTh TenJioo6Meaa ,ZJ;IIaMeTpOM 38 .MM 

6LIJia pacnoJiomeaa aa O,ZJ;HOM yponae c ,ZJ;HOM 6aKa. 

TenJiono,ZJ;BO,ZJ; ocy~eCTBJIHJICH nyTeM aJieKTpoH

aoii 6oM6ap,ZJ;IIpOBKII TenJionepe,ZJ;aro~eii: cTeHKII. 

HaTpiienhlii nap KOH,ZJ;eHCIIponaJICH B oxJiam

,ZJ;aeMoM noTOKOM B03,ZJ;yxa KOH,ZJ;eHCaTOpe, pacno

JIOil\eHHOM n nepxaeii qacTII 6aKa. ,r:r;anJieHIIe 

napoB HaTpiiH II3MepHJIOCb ,ZJ;aT'IIIKOM KOMneH

caD;IIOHHOro TIIna C IIH,!J;YKD;IIOHHhlM <<HyJib-npii-

6opOM>> ('IYBCTBIITeJibHOCTb ,....,1 MM. pm. em.). 
II p11 II3MepeHIIHX Koacl>cl>IIn;IIeHTOB TenJI ooT,ZJ;a'III 

TenJionepe,ZJ;aro~aH CTeHKa B pH,ZJ;e cJiyqaen oLIJia 

BhlnoJIHeaa TpexcJioiiaoii. B IJ;IIJIIIH.ll;pii'IecKyro 

qame'IKY II3 HepmaneiOID;eii: CT3JIII ITO,ZJ; B3KYYMOM 
3aJIIIBaJiaCb Me,ZJ;h. IIonepxHOCTb Me,ZJ;II nocJie Me

xaHII'IecKoii: oopaOOTKII llOKphlBaJiaCb TOHKHM CJIO
eM HIIKeJIH (,....,20 .M.,.). B OT,ZJ;eJihHhlX onLITax HII

KeJienoe noKphlTIIe pa3pymiiJIOCb II HaTpiiH KOH

Tai\TIIpOBaJI aenocpe,ZJ;CTBeHHO c Me,ZJ;biO. B .ll;pyrHx 

cJiy'IaHx TenJionepe,ZJ;aro~aH CTeHKa OhlJia ,ZJ;nyx

cJioii:Hoii (aepmanero~aH cTaJib- Me,ZJ;b). IIpii noM 

HaTpiiH KIIneJI Ha nonepXHOCTII II3 HepmaneiOID;eH 

cTaJIII. 

TeMnepaTypa cTeHKII II3MepHJI8Cb .ll;BYMH Tep

MonapaMII, 3aJIIIThlMII n CJioe Me,ZJ;II. Pacnpe,ZJ;e

JieHIIe TeMnepaTyphl B HaTpiiii II nape II3MepHJIOCb 

nO,ZJ;BII}J\HOH TepMonapoii. 
IIpii IICCJie,ZJ;OBaHIIII KpiiTII'IeCKHX TeiiJIOBbiX 

IIOTOI\OB TeiiJIOnepe,ZJ;aiOID;aH CTeHKa II3rOTOBJIH

JiaCb IIJIII II3 maponpoqaoro cnJiana Ha HIIKeJienoii: 

OCHOBe, IIJIII II3 MOJIII6,ZJ;eHa. 

,z::r;JIH rrepiiO,!J;II'IeCI\OH O'IIICTKII HaTpiiH OT OKIIC

JIOB XOJIO,ZJ;IIJibHIIKOM-JIOByiDKOH II OTOOpa rrpo6 

HaTpiiH MeTO,ZJ;OM na«yyMaoii: ,ZJ;IICTIIJIJIHD;IIII 6LIJI 

npe,ZJ;yCMOTpeH 33MKHYThlH IJ;IIpKyJIHD;IIOHHhlH KOH

Typ. 
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PHC, 4, lo13M8H8HHe BO apeMeHH T8Mneparyp1.1 CT8HKH npH KHneHHH HaTpHII: ' 

ICICaA 
J, 2, 9-l1,llfi q=f,4·101

; 0,82·101
; 0,47·101 

- 2- B ts=7f0; 690; 800°C COOTBeTCTBeHHO 
M •'I 

HccJieAOBaHH.fl noRaaaJIH, liTO aa noBepxao

cT.ax H3 HepmaBeiO~eH CTaJIH H HHReJI.JI HaTpHH 

MOiKeT 6HTL CHJILHO .neperpeT no OTHOilleHHIO R 

TepMOAHHaMHlieCRH paBHOBeCHOH TeMnepaType ts 
(Ao 100°C H BHme). HaTpHii Bo BCeM o6'LeMe 

oRaaHBaeTCH TaRme CHJILHo neperpeTHM. B aTOM 

CJiyqae RHUeHHe Ha UOBepXHOCTH TenJI006MeHa 

oTCYTCTByeT Aame npH 6oJILmHx TenJIOBHX no

TORax ( ...... 106 1i,1i,a.tt/M2 ·<t), TeUJIO OT CTeHKH OT

BOAHTCJI TenJionpOBOAHOCTLIO H KOHBeK~HeH, a 

CO CB060AHOH noBepXHOCTH HaTpHH npOHCXOAHT 

HcnapeHHe. PaaHH~a TeMnepaTyp HaTpHH H napoB 

npH aTOM AOCTHraeT 3Ha'IHTeJILHOH BeJIHliHHLI. 

TaKoii pemHM c~eCTBOBaJI HHOrAa AeCJITKH 
liacon. 

Y CT8HOBJieHO, liTO AJIJI HaTpHH cy~eCTBYIOT 
AHa pemHMa KHneHHJI: ycToii'IHBOe H aeycToii

'IHBoe. Y cToiiliHBoe RHneHHe conpoBOiKAaeTCJI 

OTHOCHTeJILHO MaJILIMH nyJILCa~HJIMH TeMnepaTypLI 

cTeHKH. HeycToiiliHBoe KHneaHe xapaKTepHayeT

CJI 6oJILillHMH nyJILCa~HJIMH TeMnepaTypLI CTeH

RH (AO 100°C H BLime). flpH HeyCTOHliHBOM KH

neHHH liaCTOTa nyJILCa~HH TeMnepaTypLI HH>Ke, 

lieM npH ycTOHliHBOM. Ha noBepxaocTJIX H3 

HHKeJIJI H CTaJIH Ha6JIIOAaJIHCL o6a pemHMa 

KHneHHJI. Ha MeAHLIX noBepxaocTJIX KHneaHe 

6LIJIO BcerAa ycToii'IHBLIM. 06a pemHMa MoryT 

cy~eCTBOBaTL AJIHTeJILHOe BpeMJI. flepenaA TeM

nepaTypLI Ha CB060AHOH UOBepXHOCTH HaTpHH 

peaKO yMeHLmaeTCJI npH nepeXOAe OT ecTeCTBeHHOH 

K OHBeK~HH K HeyCTOHliHBOMy KHlleHHIO H CTaHo'

BHTCJI He3H8liHTeJILHLIM UpH pa3BHTOM RHUeHHH. 

PaaJIHtrHLie pemHMLI RHneHHJI 6LIJIH TaRme sa

MetreHLI npH npOCBeliHBaHJIH KHUJI~ero CJIOJI 

HaTpHJI peHTreHOBCRHMJI JiyliaMJI. 

Ha pHc. 4 npHBeAeHH xapaKTepHLie aaBHCH

MOCTH TeMnepaTypLI TeUJIOOTAaiO~eH CTeHRJI OT 

BpeMeHH, aanHCaHHLie 6LICTpOAeHCTByiO~HM no

TeH~HOMeTpOM SITIT-09. YtiacTRH AHarpaMM a, 
b, C COOTBeTCTBYIOT TenJIOC'LeMy 6ea KHUeHHJI. 

B ROH~e aTHX yqacTKOB peaRo CHHmaroTcJI TeM-

nepaTypa aaTpHJI H TeMnepaTypHLIH aanop 

<<CTeHRa - iKHAKOCTL>) BCJieACTBHe BCRHnaHHJI 

aaTpHJI. ITepexoAHLIH npo~ecc conpoBOiKAaeTcJI 

CHJILHLIMH yAapaMH H noBLimeaHeM AaBJieHHJI B 

6aKe. YtiacTKH d, e, f cooTBeTcTBYIOT aeycToii

liHBoMy, a yqacTKH g, h - ycTOH'IHBOMY KHneHHIO 

HaTpHJI. 

floJiyqeHHLie B OllHTaX 3HalieHHJI KOalf>lf>H~H
eHTOB TeUJIOOTAaliH npHBeAeHLI Ha pHC. 5 
(a..,..,.a.tt!M-2 ·'1.·° C, q KKa.ttjM 2 ·<t). TaM me aaaeceHH 

JIHTepaTypHHe AaHHLie no TeUJIOC'LeMy npH RHne

HHJI aaTpHJI aa Tpy6:Kax 4• 5 H npH RHneHHH cnJiaBa 

Na-K aa nJiocRoii noBepxaocTH 6 • OnLITHLie 

AaHHLie Ha pHC. 5 MO>KHO KalieCTBeHHO paa6HTL 

aa TPH rpynnLI. ITepBaJI rpynna cooTBeTCTByeT 

CJiyqaro, ROrAa TeUJIO OT CTeHKH OTBOAHTCJI ROH

BeK~HeH H TeUJIOUpOBOAHOCTLIO, a KHUeHHe 

oTcyTcTnyeT. OnHTHLie TO'IKH no:H rpynnH pac

noJiararoTcJI B6JIH3JI JIHHJIJI, UOCTpOeHHOH UO lf>op

MyJie a.=100q'iaKKa.tt/M2 ·'t·°C. 8Ta lf>opMyJia OUH

CLIB8eT AaHHLie, noJiyqeHHLie Ha TOH me ycTaHOBKe 

B ycJIOBHJIX, KOrAa KHneaHe aaBeAOMO oTcyT

CTBOBaJio (tv/l.ts)• 
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BTopaH rpynna onbiTHhlX ,ll;aHHhlX cooTBeTCT

ayeT pa3BliTOMy 1\llneHHIO. JIHHHH, OCpe,ll;HHIOI11;aJI 

3TH ,ll;aHHhle, annpORCliMHpyeTCH cflopMyJIOH 

(24) 
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MmR,ll;Y HHTeHCHBHOCTbiO nyJincarw:H 11 paccJioe- O·l0-6 

HlleM Ha pliC. 5 OnhlTHhlX ,ll;aHHhlX no TenJIOOT- l1cP 

,ll;aqe np11 paaBHTOM RllneHHH cym;ecTByeT onpe- 4 
• .m 

,ll;eJieHHaH CBH3b: qeM MeHMIIe nyJinCaiJ;llll TeM

nepaTyphl, TeM Bbiiiie 3HaqeHHH RoacflcflliD;lleHTOB 

TenJIOOT,lJ;aqll ( cpaBHHTe pH C. 4 II 5). 
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P11c. 5, TennoOTAa'la npH KHneHHH Harp1111: 

1, 2, 3-HHKeJieBaH ITOBepXHOCTb; ts=600, 650 
n 700° C; 4, 5, 6, 7- MeAHaa noBepxHoCTh, ts = 700, 
750, 800 n 850° C; 8, 9, 10-noBepxHoCTh H3 HepmaBeiO
m;eil: CTaJIH; ts = 700, 800 H 850° C COOTBeTCTBeHHO. 11, 
12, 13- ,IJ,aHHhie pa6oT 4

• 
5

' 
6

; 14-AJIH CB060AHOH KOH
BeKD;HH (t S = 500° C, p = 1 am) 

TpeTnH rpynna onhlTHhlX ,ll;aHHhlX, cooTBeT

CTByrom;aH HeycToHqliBOMY RllneHliiO HaTpliH, pac

noJiaraeTCH B npoMemyTRe MemJJ;y ,ll;BYMH nepBhlMH 

rpynnaMH. 
B HCCJie,ll;oBaHHOM HHTepBaJie H3MeHeHHH napa

MeTpOB aaBHCliMOCTb CZ =f (P s) ORa3aJiaCb CJia6ou. 

3HaqeHHH RpliTllqecRHX TenJIOBhlX nOTOROB np11 

RHneHllll HaTpHH B YCJIOBHHX CB060)J;HOH ROHBeR

:IJ;Hll (pHC. 6) OnliCbiBaiOTCH cflopMyJIOH 

qRp=(f,5-+ 1,3P s·f06 KKa.t~,jM 2 ·li; 
0,015<Ps<1, 2 am. (25) 

C cflopMyJioil (25) corJiacyiOTCH )J;aHHhle pa6oThl5• 

XapaRTepHo, qTo RpH3HC RHneHHH HacTynaeT 

paHniiie, ecJIH eMy npeJJ;IIIeCTByeT HeycToilqHBOe 

RHneHHe HaTpHH. HanpHMep, npH Ps~0,35 am 
3HaqeHHH qKP )J;JIH pa3BHTOrO H HeyCTOHqHBOrO 

EmneHHH OTJIHqaiOTCH npli6JIH3HTeJibHO Ha 70% 
(ToqRll a, b Ha pliC. 6). 

BhlJIO npoBe,ll;eHo HCCJie,ll;oBaHHe npo:n;ecca ROH

.neHca:n;HH <meno)J;BHmHorm> RaJIHeBoro napa Ha 

DJIOCROH CTeHRe 113 HepmaBerom;eil CTaJIH. llo-
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P11c. 6. KpHTH'IecK~ote rennoabte noTOKH np11 KHneHHH HaTpHll: 

1, 2, 3-AJIH nonepxHoCTeil: H3 maponpoqHoro cnJiaBa, 
MOJIH6AeHa H HepJRaBerom;eft CTaJIH COOTBeTCTBeHHo; 

4- AaHBble pa6oTbl 5 

BepXHOCTbiO ROH,ll;eHCaiJ;liH HBJIHJICH JIHCT cflOJibrll 

0,2 .M.M, HanaHHHhlH cepe6pHHhlM npHnOeM Ha 

MaCCHBHhlH Me,ll;Hhlii napaJIJieJienHne,ll;. TepMo

naphl 6hlJIH aa)J;eJiaHhl B Me,ll;H. 

3a 20 MU1£ ROH)J;eHcan;Hll npll 450° C RaJIHH 

nOJIHOCTbiO CMOqliJI CTeHRy, II ROH,ll;eHcan;HH CTaJia 

nJieHoqHOH. llaphl RaJIHH npll OCBem;eHHll 6eJihlM 

cBeToM HMeJIH HpRyro roJiy6oaaTo-aeJieHyro OR

pacRy. 

RoacflcflHn;HeHThl TenJIOOT)J;aqH 6hlJIH ropaa)J;o 

MeHniiie paccqHTaHHhlX C yqeTOM JIHIIIb TepMllqe

CROrO COnpOTHBJieHHH nJieHRH ROH)J;eHCaTa. 8TO 

MOil\eT 6biTb Bhl3BaHO ROHTaRTHhlM TepMHqeCRHM 

COnpOTHBJieHlleM Ha CTeHRe II TepMllqeCRHM CO

npOTliBJieHlleM Ha rpaHHD;e <<nap - ROH,ll;eHCaT>>, 

-10 .._____.__.......___..____.__.......___..J..____..__.......__..J_....J6" t 

P11c. 7. PacnpeAeneHHe reMneparypbt B KanHeaoM nape, 
KOHA8HCaTe 11 CT8HK8 KOHA8HCaTOpa: 

1, 2, 3-nap, KOHAeHCaT H CTeHKa; 4, 5, 6, 7-AJIH 
TeMnepaTyphl napa 345, 364, 383 H 640° C 
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PHc. 8. Ko~<flH4H8HTbl TeMOOTAaO.CH npH KOHA8HCa4HH napoa 
KanHll: 

1-onbiTHhle ):\aHHhle; 2-pac'leT 

CBH3aHHhiM C «<Ja30BhiM nepeXO,ll;OM HJJH C npHCyT

CTBHeM B nape HeROH)J;eHCHpyrom;HXCH ra30B. 

)J;JJH HCCJJe)J;OBaHHH BJJHHHHH yRa3aHHhiX «<JaR

TOpOB 6hiJJH npOH3Be)J;eHhl H3MepeHHH nO,ll;BHiKHOH 

TepMonapoii pacnpe)J;eJJeHHH TeMnepaTyphl B Ra

JJHeBOM nape, ROH,ll;eHcaTe H cTeHRe. Ha BepxueM 

Top~e ROH)J;eucaTopa 6hiJJa c,ll;eJJaua BanuoqRa 

rJJy6HHOH 8 AU£, ROTOpaJI 3anOJJHJIJJaCb ROH,ll;eH

CaTOM. HaMepeHHH TeMnepaTypuoro noJJJI cTeHRH 

npOH3BO,ll;HJJHCb nyTeM norpymeHHJI nO,ll;BHiKHOH 

TepMonaphl B yaRyro (0,95 AUt) BepTHRam,uyro 

ID;eJJL, Bhl«<JpeaepOBaHHyro B CTeHRe ROH,ll;eHCa

TOpa. HaMepeHHJI noRaaaJJH, qTo ROHTaRTuoe 

TepMB11eCROe COnpOTBBJJeHBe Mem)J;y CTeHROH H3 

B. H. CY660THH et al. 

HepmaBeiOm;eiJ: CTaJJH H ROH,ll;eHCaTOM RaJJHJI OT

CYTCTByeT. 

llpH HH3RHX )J;aBJJeHHJIX MeiK,ll;Y napOM H ROH

)J;eHCaTOM o6uapymuBaeTcJI <<cRaqoR>> TeMnepa

Typhl, ROTOphiH yMeHLmaeTCJI C pOCTOM )J;aBJJeHHJI 

(puc. 7). BeJJuquua <<cRaqRa>> TeMnepaTyphl co

rJJacyeTCJI c pacqeToM no raaoRHHeTuqec.Roii Teo

pHH, eCJJH npH 3TOM Roa«<J«<JH~HeHT ROH,ll;eHca~HH 
npHHJIT paBHhiM e)J;HHH~e H yqTeHa nonpaBRa Ha 

OTHOCHTeJJLHYIO CROpOCTb napa no HanpaBJJeHHIO 

R noBepXHOCTH ROH,ll;eHCa~HH 7 (pHC. 8). 
KaR noRa3hiBaiOT npe)J;BapHTeJJLHhle onhiThl, 

3HaqeHHJI Roa«<J«<JH~HeHTOB TenJJOOT)J;aqH npH ROH

,ll;eHca~HH napOB RaJJHH B ropH30HTaJJLHOH Rpyr

JJOH Tpy6e npHMepHO Te me, qTO H npH ROH)J;eH

ca~HH ua nJJocRoii noBepxuocTH. Boauu:Rarom;aJI 

B .npo~ecce ROH,ll;enca~HH B Tpy6e napoB RaJJHJI 

pa)J;HaJJLHaJI COCTaBJJJIIOID;aJI CROpOCTH BJJHJieT Ha 

ru)J;paBJJHqecRoe conpoTHBJJeuu:e. 
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A/328 USSR 

Heat transfer from fuel elements of liquid 
metal-cooled reactors 

By V. I. Subbotin eta/. 

Notwithstanding definite progress in the theoretical 
context, experimental studies on heat transfer to 
liquid metals remain for the present the main research 
methods. 

This paper gives new data on heat transfer to liquid 
metals obtained in recent years from the development 
of liquid metal-cooled reactors. 

As a result of temperature gradient measurements 
in the flow of sodium, sodium-potassium alloy, 
lithium and mercury, a general equation for temper
ature distribution in different liquid metals has been 
obtained. Turbulent flow heat transfer coefficients in 
tubes have been determined, together with some 
statistical properties of turbulent flow. 

In studying the free convection effect it has been 
observed that the MacAdams rule is not applicable to 
liquid metals. 

In this paper the problems of heat transfer from 
plate-type fuel elements are considered. These 
elements are characterized by a large heat transfer 
surface. Analytical calculations and experimental 
studies have revealed some specific features of heat 
transfer in channels of rectangular cross section. Data 
have been obtained relating heat transfer and tem
perature distribution to the channel geometry, and to 
the thicknesses and thermal conductivities of both 
fuel layer and cladding etc. 

The problems of heat removal where liquid metals 
flow through bundles of cylindrical fuel elements have 
been examined. Empirical formulae for calculations 
relating to such systems are given. The temperature 
distribution in bundles of fuel elements is also shown 
to depend on their physical properties (thermal 
conductivity, dimensions etc.). 
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It has been shown that the "equivalent hydraulic 
diameter" cannot apply in generalizing heat transfer 
data for liquid metals in channels of complicated cross 
section. 

Fuel elements are classified according to their 
thermal properties and the possibility of thermal 
simulation under laboratory conditions. Methods of 
thermal simulation with cylindrical fuel elements are 
described. 

Experimental results for liquid metals are compared 
with corresponding results for water. A note is made 
of the inadequate explanation concerning the use of 
hydraulic diameter as the characteristic value for 
bundles through which water or ordinary liquids flow. 

A method has been studied for the approximate 
calculation of temperature distribution in a bundle 
of cylindrical elements, based on the analysis in the 
liquid of a uniform velocity flow (laminar flow). In 
certain cases these results give a sufficiently accurate 
physical picture. 

This paper presents the results of work on deter
mining mean heat transfer coefficients in shell-and-tube 
heat exchangers of the "liquid metal-liquid metal" 
type having different lattice pitches and different 
lengths of tubes. It is shown that mean heat transfer 
coefficients in heat exchangers and in fuel element 
bundles must differ from each other. 

Investigation of the pressure drop in fuel element 
bundles has brought to light certain properties 
inherent in these systems (e.g., a significant decrease in 
pressure drop coefficients with tightly packed bundles, 
etc.). 

A substantial number of heat transfer experiments 
where the liquid metal flows perpendicularly through 
tube bundles has enabled the mean heat transfer 
coefficient to be calculated. However, pulsation 
amplitudes of temperature at the heat transfer surface, 
reaching 40-60% of the average temperature head, 
cast a doubt on the safety of lengthy operation of 
certain systems mentioned. 

The results of experimental heat transfer studies are 
given, made by altering the overall conditions. 
Investigations of burn-out heat fluxes and heat 
transfer coefficients when sodium is boiling under free 
convection conditions have revealed some important 
properties of liquid metal boiling. 

Condensation processes of potassium vapours have 
been studied using a flat vertical wall. Visual observa
tions and photographs have shown the features of the 
change from droplet to film condensation. 

A/328 URSS 

Transfert de chaleur sur les elements de 
combustible des reacteurs a refroidissement 
par metaux liquids 

par V. I. Subbotin eta/. 

Malgre les realisations certaines dans le domaine 
de Ia theorie, ce sont les etudes experimentales du 
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transfert de chaleur par les metaux liquides qui 
constituent encore les methodes principales d'investi
gation. 

Ce memoire contient de nouvelles donnees relatives 
a l'echange de Ia chaleur par les metaux liquides 
obtenues au cours des dernieres annees gdice au 
developpement des reacteurs a refroidissement par 
metaux liquides. Les experiences faites sur le sodium, 
l'alliage sodium-potassium, le lithium, le mercure pour 
Ia mesure des gradients de temperature ont permis 
d'etablir une seule formule pour Ie profil de la 
temperature dans le metal liquide, de determiner les 
coefficients du transfert turbulent de la chaleur dans 
des conduits tubulaires et d'evaluer certaines carac
teristiques statistiques de l'ecoulement turbulent. 

On a remarque en examinant !'influence de la 
convection naturelle que la loi de Mac Adams ne 
s'applique pas aux metaux liquides. 

Ce memoire examine les questions de !'evacuation 
de la chaleur des elements de combustible en forme de 
plaques ayant une surface importante d'echange 
thermique. Des calculs analytiques et des recherches 
experimentales ont montre une serie de proprietes 
specifiques d'echange thermique, propres aux canaux a 
section rectangulaire et ont permis d'obtenir des 
donnees pour la determination de Ia relation qui lie 
le transfert de chaleur et le champ de temperature 
avec la geometrie du canal, l'epaisseur et la conductibi
lite thermique de la couche productrice de chaleur et 
de l'enveloppe de protection, etc. 

On etudie les questions de !'evacuation de la chaleur 
lorsque les metaux liquides circulent le long de 
faisceaux d'element de combustible cylindriques. On 
donne des formules empiriques pour le calcul de tels 
systemes. 

On montre que le champ de temperature des fais
ceaux d'elements de combustible est egalement 
determine par les caracteristiques (dimensions et 
conductibilite) de ces elements. 

On demontre que le diametre hydraulique equivalent 
ne peut etre applique pour generaliser les donnees 
relatives a l'echange de chaleur par les metaux 
liquides dans des canaux de forme compliquee. 

On classe les barreaux combustibles du point de 
vue de leurs proprietes thermophysiques et de la 
simulation thermique. On decrit les methodes de 
simulation thermique des etements de combustible 
cylindriques. 

Les valeurs obtenues pour les metaux liquides sont 
comparees aux valeurs correspondantes obtenues pour 
l'eau. On note !'explication insuffi.sante du probleme 
concernant !'utilisation du diametre hydraulique en 
tant que grandeur caracteristique pour les faisceaux 
le long desquels circule l'eau ou d'autres liquides 
ordinaires. 

On etudie la methode de calcul approximatif du 
champ de temperature des elements cylindriques en 
faisceaux en prenant pour base !'analyse du courant 
du liquide a vitesse uniforme sur la section (courant 
plat). Ces resultats donnnet, dans certains cas, une 
image physique suffi.samment juste. 
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Ce memoire indique les resultats de recherche sur 
les coefficients moyens de transfert de chaleur dans 
les echangeurs "metal-metal" a tubulures de pas et de 
longueurs differents. 11 est montre que les coefficients 
moyens de transfert de chaleur doivent etre differents 
dans les echangeurs de chaleur et dans les faisceaux 
d'elements sous forme de barreaux. 

Des recherches sur la resistance hydraulique des 
faisceaux de barreaux ont permis de mettre en 
evidence certaines caracteristiques particulieres a de 
tels systemes (baisse brutale des coefficients de 
resistance des faisceaux compacts et autres relations). 

Un nombre suffisant d'experiences sur le transfert 
de chaleur lorsque l'ecoulement des metaux liquides 
perpendiculaire au faisceau de tubes permet de 
calculer le coefficient moyen de transfert de chaleur. 
Cependant les amplitudes de pulsation de la temper
ature de la surface d'echange de chaleur qui atteignent 
40 a 60 % de la contrainte thermique moyenne, 
amenent un doute en ce qui concerne la securite d'un 
fonctionnement prolonge certains des systemes men
tionnes. 

Des recherches experimentales ont ete consacrees 
aux problemes d'echange de chaleur lorsque l'etat 
d'agregation varie. Des experiences de mesures des 
charges thermiques critiques et du transfert de chaleur 
lors de !'ebullition du sodium dans les conditions de 
convection naturelle ont montre une serie de pro
prietes importantes de I' ebullition des metaux liquides 
(pulsations de la temperature, instabilite, differents 
regimes d'ebullition, etc.), 

Les processus de condensation des vapeurs de 
potassium ont ete etudies dans des experiences avec 
une paroi verticale plate. Des observations visuelles 
et des photographies ont montre les particularites du 
passage de la condensation en gouttes a la conden
sation en film. 

A/328 URSS 

Transferencia de calor en los elementos de 
combustible de reactores refrigerados por 
metales llquidos 

por V. I. Subbotin eta/. 

A pesar de los claros progresos en el campo teorico, 
las investigaciones experimentales relativas a la 
transferencia de calor por metales liquidos siguen 
constituyendo el mas importante metodo de estudio. 

En la memoria se presentan nuevos datos acerca del 
intercarribio de calor con metales liquidos obtenidos 
en los ultimos aiios gracias al desarrollo de los 
reactores refrigerados por dichos liquidos. Los 
experimentos realizados con sodio, con aleacion 
sodio-potasio, con litio y con mercurio, para deter
minar los gradientes de temperatura, permitieron 
establecer una formula unica para la curve de dis
tribucion de la temperatura en un metal liquido, 
determinar los coeficientes de transferencia turbulenta 

R 1-1. CY660THH ~ aL 

del calor en tubos circulares, y tambien estimar 
algunas caracteristicas estadisticas de la corriente 
turbulenta. 

AI estudiar la influencia de la conveccion natural se 
advirtio que la conocida ley de MacAdams no es 
aplicable a los metales liquidos. 

En la memoria se consideran algunas cuestiones 
relacionadas con la extraccion de calor en el caso de 
placas de combustible con aletas. Los calculos 
teoricos y las investigaciones experimentales pusieron 
de manifiesto particularidades especificas del inter
cambio de calor, tipicas para canales de seccion 
rectangular, y proporcionaron datos para determinar 
la relacion funcional que existe entre la transferencia 
de calor y la distribucion de temperatura, la geometria 
del canal, el espesor y la conductibilidad termica de la 
capa productora de calor y de la vaina, etc. 

Se estudia el problema de la extraccion del calor 
cuando los metales liquidos circular a lo largo de 
haces de elementos combustibles cilindricos, y se 
presentan formulas empiricas para el calculo de 
tales sistemas. 

Se muestra que la distribucion de temperaturas en 
los haces de elementos combustibles viene determinada 
tambien por ciertas propiedades de los elementos 
(las dimensiones y la conductibilidad). 

Se demuestra que el concepto de diametro hidraulico 
equivalente no es aplicable a la generalizacion de los 
datos relativos al intercambio de calor con metales 
liquidos en canales de forma complicada. 

Se clasifican los elementos combustibles en forma 
de barra desde el punto de vista de sus propiedades 
fisico-termicas y de la preparacion practica de modelos 
termicos. Se describen metodos de construccion de 
modelos termicos de los elementos combustibles 
cilindricos. 

Los datos obtenidos para metales liquidos se 
comparan con datos relativos al agua. Se hace notar 
que es insuficiente la explicacion relativa ala aplicabili
dad del concepto de diametro didraulico como 
magnitud caracteristica de los haces a lo largo de los 
cuales circula agua y otros liquidos ordinarios. 

Se examina un metodoaproximado de calculo de la 
distribucion de temperaturas en elementos cilindricos 
que constituyen un haz, metodo basado en el analisis 
de la corriente de un liquido con velocidad uniforme 
en todos los puntos de cada seccion transversal 
(corriente plana). Estos resultados, en algunos casos, 
proporiconan una imagen suficientemente tiel del 
proceso fisico. 

En el informe se presentan los resultados de un 
estudio sobre los coeficientes medios de transferencia 
de calor en los intercambiadores "metal-metal", con 
pasos diferentes de la red de tubos y distinta longitud. 
Se demuestra que los coeficientes medios de trans
ferencia de calor en los intercambiadores y en los 
haces de elementos combustibles en forma de barra 
deben ser diferentes. 

Las investigaciones acerca de la resistencia hidraulica 
de los haces de barras permitieron poner de manifiesto 
algunas particularidades propias de dichos sistemas 
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( disminuci6n brusca de los coeficientes de resistencia 
de los haces compactos, etc.). 

Un numero suficiente de experimentos relativos a 
la transferencia de calor, cuando la corriente de los 
metales liquidos es perpendicular al haz de tubos, 
permite calcular el coeficiente medio de transferencia 
de calor. Sin embargo, las amplitudes de pulsaci6n 
de la temperatura de la superficie de intercambio de 
calor, que alcanzan entre el 40 % y el 60 % del valor 
medio, inspiran temor en relaci6n con la seguridad 
de funcionamiento en caso de un trabajo prolongado 
en algunos de dichos sistemas. 

Se han estudiado experimentalmente los problemas 
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de intercambio de calor cuando tienen Iugar cambios 
de fase. Medidas experimentales de los flujos termicos 
criticos y de los coeficientes de transferencia de calor 
cuando hierve el sodio en condiciones de convecci6n 
natural pusieron de manifiesto toda una serie cje 
caracteristicas esenciales de la ebullici6n de metales 
liquidos (pulsaciones de la temperatura, inestabilidad 
regimenes diversos de ebullici6n, etc.). 

Los procesos de condensaci6n de los vapores de 
potasio se estudiaron en experimentos con una pared 
vertical plana. Las observaciones visuales y las 
fotografias revelaron detalles del paso de la conden
saci6n en gotas ala pelicular. 
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Some theoretical problems of heat conduction in 
reactor fuel elements 

By J. Schmid* 

Problems of heat conduction in fuel elements of 
cylindrical geometry are solved in cases where the 
thermal conductivity, the heat-transfer coefficient and 
the contact resistance are dependent on temperature. 
In the calculation we consider an arbitrary distribution 
of heat sources over the cross section, and variable 
boundary conditions along the circumference. We 
neglect heat conduction in the direction of the z-axis. 

NOTATION 

r, 4>: polar co-ordinates (m), (rad) 
R: radius of the boundary of two media ( m) 
t: temperature CCC), (°K) 

A: thermal conductivity (kcal/mh oq 
q: density of heat sources (kcal/m3h) 
p: contact resistance (m2h 0 Cfkcal) 
IX: heat-transfer COefficient (kcaJjm2h 0 C) 

SOLUTION OF THE HEAT CONDUCTION 
EQUATION IN CYLINDRICAL GEOMETRY 

The heat conduction equation in cylindrical geom
etry 

[
1 a ( at) 1 a ( at)] - -- r.?.- + -- A- = q(r cp) 
r or or r 2 ocp ocp ' 

(1) 

is modified by means of the equation (similarly as in 
ref. [1]) 

.?.(t) = .1.0 + A1(t) (2) 
where 

.1.0 = .l.(t0)A1(t) = J.(t) - J.(t0 ) 

and where t0 is a suitably selected reference tempera
ture. After insertion into (1) we obtain equation 

,~. [a2t r ot 1 o2t] 
- 0 or2 + r or + f.2 oc/>2 

[
o2t 1 ot 1 o2t] 

= q(r, c/>) + .?.l(t) or2 + r or + f.2 ocf>2 

+ ~~l[(~:r+ ~(~~)1 (3) 

We assume that the influence of non-linearities (i.e., 
the second and third term on the right-hand side of 
Eq. (3)) is small, and a solution of the equation is 
sought by means of the iteration process. 

The zero approximation t< 0>(r, cp) for the function 
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t(r, cp) is obtained from the equation 
02((0) 1 Ot(O) 1 02((0) 

--+--+--- -q<o> (4a) or2 r or r 2 ocp2 - ' 
where 

1 
q<o> = :f q(r, cp), (Sa) 

0 

and further approximations are obtained by solving 
equation 

o2t(m) 1 ot<m> 1 o2t(rn) 

----af.2 + r --a;:- + f.2 ocf>2 = -q<m>, 

(m = I, 2, 3, ... ), (4b) 
where 

q<m> = _!_ {q(r, cp) - Al(t<m-ll)q<m-1) + d.?. I 
Ao dt t=tlm-1) 

x [ (at~:-lJ + ~(ot~~-1>)]}. (Sb) 

Equation (4) is solved by Fourier's method. 
Expanding the sources into a Fourier series and 
assuming the solution in the form 

co 

t<m>(r, cp) = I (cfn(r) cos ncp + "fn(r) sin ncp) 
n=O 

differential equations for functions fn(r) are obtained 
of the form 

'fn"(r) + ~ 'fn'(r)- ~ n2 'fn(r) = - 1q~m>(r) 

1 = {c(n : 0, 1, 2, ... ) 
s(n - 1, 2, 3, ... ). 

All these equations are solved by means of the 
method of integration factors [2]. 

The solution of Eqs. ( 4) takes the form 
t<m>(r, cp) = Abm> + B~m> !qr + cz~m> 

co 

+ I [(A~m>rn + B~m>r-n + cz~m)) cos ncp 
n=l 

where 

1Z~m) = -rnfr r'-<2n+l>Jr:(r")n-tl 1q~m>(r") dr" dr' 
ro ro 

1 = {c(n : 0, 1, 2, ... ) 
s(n - 1, 2, 3, ... ) 

and where 1q~m>(r) are Fourier coefficients of function 
q<m>. 

Equations (5) and (6) are rewritten using matrix 
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symbols in a more convenient form. The series (6) 
for t<m>(r, cp) may be written as the product of matrix 
Sand vector f<m>, 

t<ml(r, cp) = S · f<m>, 
where 

S = [1, cos cp, sin cp, cos 2cp, sin 2cp, ... ] 
r<m> = 1MC<m> + z<m> (7) 

vector c<m) containing integration constants of the 
order A~m>, BJm>, Aim>, Bim>, qm>, Dim>, ... , vector 

z<m) has the components czJm>, czfm>, szfm>, ... 'and 
the matrix 1M takes the following form 

lgr 0 0 0 0 0 0 0 0 

0 0 r ,-1 0 0 0 0 0 0 

0 0 0 0 r ,-1 0 0 0 0 

1M= 0 0 0 0 0 0 r2 ,-2 0 0 (8) 

0 0 0 0 0 0 0 0 r2 ,-2 

ot<m) 1 ot<m) 
For the derivations ----a,:- and r ---a;r we obtain 

ot<m) = S(2Mc(m) + Z'(m)) = sf<m)} 
or r 

1 ot<m) ~ (9) 
--- = sr<m> 
r ocp 4> 

matrix 2M (or rather vector Z'<m>) being the derivation 
of matrix 1M(i<m>) and 

1 
f<m) =-

4> r 

0 

c<m>r + n<m),-1 + sz<mi 1 1 1 

-(A~m>r + Bim>,-I + czim>) 

The product of two Fourier series having the 
coefficients am bn and Vn. wm i.e., the product SA· SV, 
where vectors A and V include Fourier coefficients 
am bn and Vm wn, may be written as:· 

SKaV 

Matrix Ka contains the coefficients am bn, its form 
being 

2a0 al bl a2 

2a1 2ao + a2 b2 al + aa 
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We next determine Fourier coefficients for function 
A.im-I>(r, cp). We expand A.im-ll(t) in the vicinity ofthe 
point t = t0 into a Taylor series, of the form 

A.im-ll(t) = a0(t - t0) + a1(t - t0) 2 

+ a2(t - toP + · · · 
and insert in it the series for t<m-Il(r, cp). Vector 
Jim-I>, containing Fourier coefficients for function 
A.im-l>(r, cp), takes the form 

11<m-I> = (ia1Kh<m-1)) [j<m-1), (11) 
3=0 

where 

~ - - T -+-+ u<m-I> = r<m-l)- To; o = lol; I= 

By means of the same procedure we obtain the 
following expression for Fourier coefficients of 
function d.-11/dt 

J~m-I> =Go+ c~1(j + l)a1K&1l-11) [j<m-1>, (12) 

where 
G0 = a0l. 

The vector of Fourier coefficients of function q<m> 
may be written in the form 

-to .... 1 -+ ;+' 
q<m) = q(O) + Ao [- Kg<m-11A ~m-1) 

(
-+2 -+2 )1(m-1)] (13) + Kp,<m-1) + Kpq,<m-11 IL 2 • 

From the nuclear fuel point of view, the temperature 
dependence of the thermal conductivity in the form 

1 
A.(t) = b0 + b1v = b2v2 + ... , l' = -- (14) t- t0 

is very important. By a similar procedure, we obtain 
the following expression for vector q <m>: 

(15) 

b2 a a ba 

b1 + ba a2 + a4 b2 + b4 

2bl b2 2a0 - a2 -bl + ba al- aa -b2 + b4 a2- a4 

2a2 a1 + aa -bl + ba 2a0 + a4 b4 al +as b1 + bs 

Ka = t 2b2 bl + ba al- aa b4 2a0 - a4 -bl + bs al-as (10) 

2a3 a2 + a4 -b2 + b4 al +as -bl + bs 2a0 + a6 bs 

2b3 b2 + b4 a2- a4 b1 + bs al-as bs 2a0 - a6 
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where 

We may now determine t<0>(r, cp) from Eq. (4a); 
vector q<1> from expressions (13) or (15); function 
t(Il(r, cp) by solving Eq. (4b) form= I, etc. 

For the calculation itself, it is best to divide the 
region of variable r into a number of sections and to 
calculate the vectors q<m>(r;) numerically. 

BOUNDARY CONDITIONS 

In the next chapter we shall deal with solutions of 
boundary problems for an annular region, consisting 
of an arbitrary number of annuli. Therefore, we will 
now give the external boundary conditions on the 
surface of the annular region. Relations will be 
given for the internal and external surface of the 
annular region together (if two signs appear in the 
formulae, the upper one is valid for the internal radius 
and the lower one for the external radius). We will 
further give the inner (fourth) boundary condition for 
the boundary of two media. 

Central arrangement 

First boundary condition 

The first boundary condition requires the fulfilment 
of the equation 

(16) 

where F1(cp) is a given function. When we expand 
function F1( cp) into a Fourier series, substituting into 
(16) series (6) for t<m>(r, cp), we may write out algebraic 
equations for individual functions of argument cp and 
write the boundary condition thus 

(17) 
where 

lp(m) = AI - z<m) 

and where vector A1 includes Fourier coefficients of 
function F1( cp). 

Second boundary condition 

The second boundary condition takes the form of 

±A.(t) ~~r~R = G(cp). 

We rewrite Eq. (18), using relation (2), to give 

ot<m) I ot.<m-I) I 
±A.o- = G(cp) =f A.l(t<m-Il) -- . 

Or r~R Or r~R 

After conversion to the matrix form, we obtain 

2MC(m) = 2p(m) 

where 

1 - -p!m) - - [±B-- A Z'(m) - K lm-l)T,<m-IJ] 
2 - Ao o ;.1 r 

(18) 

(18') 

(19) 

and where vector B includes Fourier coefficients of 
function G(cp). 
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Third boundary condition 

The third type of boundary condition is written as 
follows: 

±A.(t) :: LR = rx(cp, t, tR)[t(R, cp) - tn(c/J)]. (20) 

Assuming that function rx(cp, t, tR) may be modified 
to the form 

we may write boundary condition (20), using relation 
(2), as 

ot<ml I 
=f)·oar r~R + <P(cp)[t<ml(R, cp)- tR(cp)] 

= -<P(cp) F(t<m-I), tR) 

ot<m-1) I 
X [t<m-ll(R, cp)- tR(cp)] ± A.1(t<m-I>) -- (20') 

Or r~R 

After conversion to the matrix form, we obtain 

(22) 
where 

(23) 

We assume the dependence of rx on temperature is 
given by relation 

( 
t )-k 

rx = rxo tR 

or 

where 

t- tR (-k) 
w= ~~ci-1= T' (j = 1, 2, 3). 

Vector f<m-IJ is then given by the expression 

f<m-l) = (.i c1_ 1 K{Vlm-1>) W<m-ll, 
3=1 

where 
W<m-1) = K"T!(f<m-I) - T R)· 

Fourth boundary condition 

The boundary conditions on the boundary of two 
concentric annular regions may be written in the 
following form (1: inner annulus, 2: outer annulus) 

Combining the expression 
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with Eqs. (24) we obtain 
ot<m) I 

tJm>(R, cp) = tim> (R, cp) + Ao1Poi 'P(cp) ar r~R 

+ fA·oiPn(tim-l)' !~m-Il) + An{tfm-Il) 

ot<m-1) I 
X [Pol+ Pn(tfm-Il, t~m-l))]}'P(cp)---];:-- r~R 

X Ao2 + = Ao1 + + An{tim-l)) ~ 
ot<m) I at<m) at<m-l) I 

ur r~R ur ur r~R 

ot<m-1) I 
- ).12(t4m-1))---];:-- r~R (25) 

The dependence of integration constants of annulus2 
on integration constants of annulus 1 may be expressed 
as 

.h(m) - M c<m) + P<m) (26) L2 - 4 I,2 I 4 1,2 ' 
where 

4M1,2 = 4ML2 + ~I,2 

jf<m) = F'(m) + ;}<m) + R p<m-I) + R Q~(m-I) 4 1,2 4 1,2 1,2 I 2 

and where 

eGo= 

1Gn = 

eGo 

CG1 

SGI 

F~'(m) _ cG
2 "' I,2 -

(

cz<m> _ cz<m> _ ["z'<m> ;.01 _ cz'<m>]RlgR) 10 20 10 ;.02 20 

[
cz'<m> Aol- cz'<m>] 10 ;_02 20 

(

R-n[t z<m> _ zzcm) + (z z'<m> Ao1 
_ 1 z'<m>) !!.]) 

1 n 2 n 1 n ). 2 n n 
l ~ 

Rn [zz<ml _ tz<m> _ (zz'<m> Ao1 _ tz'<m>) !!_ J ln 2n In ;_02 2·n n 

P/527 J. SCHMID 

X= !(1 + A01/A02), ~ = !(1 - Aol/A02), I= c, s. 

~12 = l.A.oiPoiRIK'l'2M 
s<m>- 11 R K Z .... '<m> u 12 - 211.01Po1 1 'l'I 

p<m-1) = { Ao1KP011m-1) + Po1K;.ulm-ll 

X [1 + p:
1 

Kp111m-1]} K'l' Tr11m-1) 

Q<m-1) = K;,
11

1m-1>Tr11m-1) - K;,
12

1m-llTr
2
1m-1) 

Eccentric arrangement 

207 

We derive an expression for the temperature 
t(f, cp') on a circle of radius R, moved in the direction 

Figure I. Eccentric arrangement 
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of axis x by a value b (Fig. 1). We insert the following 
expressions into the series for t(r', r/>) in the form of (6) 

cos r/>' = x(cos rP + e) 

cos € = x( 1 - e cos r/>) 

r = R/x 

where 

sin r/>' = X sin r/> } 
sin € = xe sin rP 

1 b 
X = .J (1 - 2e cos r/> + e2) e = R.' 

(27) 

Considering that eccentricity is small, we expand 
expressions (27) according to the binomial theorem 
and we leave in the expressions only linear terms for 
eccentricity e. After rearrangement we obtain for the 
course of the temperature this expression (for n ~ 3) 

t(r, r/>') = t(R, r/>) = A 0 + B0(lg r + e cos r/>) 

+ czo + e cos czo 

where 

+ V1 cos r/> + X1 sin r/> + ef2[(W1 + V1) 

+ (W1 - V1) cos 2r/> + ( Y1 - X1) sin 2r/>] 

+ V2 cos 2r/> + xi sin 2r/> 

+ e[(W2 + V2) cos r/> + ( Y2 + Xi) sin r/> 

+ ( W2 - V2) cos 3r/> + ( Y2 - X2) sin 3r/>] 

+ V3 cos 3r/> + X3 sin 3r/> 

+ l-e[(W3 + V3) cos 2r/> 

+ (Y3 + X3) sin 2r/>] 

V .. = A .. R .. + B .. R-n + cz .. (R) 

X .. = C .. R"' + D .. R-n + sz .. (R) 

1 
W .. = A .. R"' - B .. R-n + - cz .. 

n 

1 
Y - C Rn - D R-n + - sz .. - n n n n 

and where 

cz .. = R cz .. '(R), sz .. = R sz .. '(R). 

Similarly we may obtain derivations otfor and otforf>. 
Boundary conditions for the eccentric region may be 

defined similarly as in the previous section. The 
derivative in Eqs. (18) and (20), and on the left-hand 
side of condition (24), must be replaced by the 
derivative of the form 

~( ) [ot(r', r/>') I 1 ot(r, rf>') . J 
11 t :~ _cos E - -= :1..1.. sm E • 

ur r=r r U'fJ 

Rotation of the co-ordinate system 

When several eccentric regions occur in a given 
system, the co-ordinate system has to be rotated by an 
angle of fJ (Fig. 1). The transformation takes the form 
of 

(28) 
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where 

0 

0 

hl 
po =! 

H1 
0= 

h2 H2 

( 

cos n(J 

h = . 
n -sm n(J 

Rn[(cz .. - ~cz .. ')(cosnfJ- 1) 

+ (sz .. - ~ sz .. ') sin nfJ J 
R-n[ (sz .. + ~ sz .. ')(cos nfJ- 1) 

- (cz .. + ~ cz .. ') sin n(J J 
Rn[ (sz .. - ~ sz .. ')(cos nfJ- 1) 

- ( cz .. - ~ cz .. ') sin nfJ J 
SOLUTION OF BOUNDARY PROBLEMS 

Let us now determine the temperature distribution 
for an annular region, composed of L layers. Taking 
for a basis of calculation the integration constants of 
the first zone (i.e., the nearest one to its beginning) and 
eliminating gradually integration constants of inter
mediate layers, we obtain 

c<ml- M c<ml + f<ml (29) 
! - 4 1,! 1 4 1,! ' 

where 

4M1,1 = 4Mt-1,t · 4Mt-2, 1-1 

• 4Mt-s,t-2 •.• 4M2, a • 4M1, 2 

· 4Fi;':l = 4MH,t {4Mt-2,t-1[4Mt-s,t-2(. · · .) 

+ F,<m) ] + F,<ml } + F,<m) 
4 l-3,!-2 4 t-2, t-1 4 1-1, t· 

Outer boundary conditions on radii R0 and RL have 
been given. 

We thus obtain a system of equations 

M c<m) - p<m> } ko 1 1 - ko 1 

kLMLCtm) = kLFtm> 
~(m) _ M ~(m) + p<m) 
'-'L - 4 1,L'-'1 4 1,L 

(30) 
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(k = 1, 2, 3 according to the type of boundary 
condition). Eliminating vector c}_m>, we may determine 
vector c~m) from the expression 

cfm> = M-1 £<m>, (31) 
where 

~( ) 

M = C:M~-~if~-.-J £<m> = c:FfmY=·c~~-:~£ij?) 
The procedure for the solution will therefore be as 
follows: we determine the zero approximation for Ci0

> 

from the given equations, neglecting all non-linearities, 
i.e., A.1 = 0. By means of relations (29) we determine 
the other vectors Ci0l. Then using zero approximations, 
we calculate non-linearities for all equations required 
and determine the first approximation. We proceed 
similarly for all other approximations. 

In the case when the dependence of A. in temperature 
is very small, but the dependence of p and oc on 
temperature is strong, it may be found suitable to 
hasten the calculation by calculating more iterations 
for boundary conditions for one iteration step of 
Eq. (4). 

Note: Where the boundary condition of the 
second type is applicable to both surfaces, the func
tions G0 and GL must fulfil condition 

Rof" Go(cfo) dcp + RLf" GL(cp) dcp 

Example I 

=i2rr rRLq(r, cp)rdrdcp. 
0 JR0 

APPLICATIONS 

Let us estimate the convergence of the iteration 
procedure for a circular cylinder with constant heat 

1(m)(O) 

,(o) (0) 

I 

5 

4 

3 

2 

1 

0 

q=3,2.10 
8 

v 

.... v q = 1,6. 10 
8 

v v I 8 

1.---- q =0,8. 10 

~ ~ 

0 2 3 4 5 6 7 8 9 10 

--m-
Figure 2. Maximum temperature on the axis of an element of 

circular cross section for individual iterations 
Aitken's method was used every time after several iterations to 
estimate the resulting value (A. = eft, e = 3 092 kcal/mh, 

R = lOmm) 
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~r----,-----r----~----~--~ 

0 0!::---~1 ---+--4--.....JI,--....1 

--m-

Figure 3. Maximum temperature on the axis of an element of 
circular cross section for individual iterations for various values 

of A.(t0) 

(q = 1.6 x lOS kcal/m3h, A. = eft, e = 3 092 kcal/mh, 
R = lOmm) 

sources and for the first type boundary condition, 
independent of the angle 4> (we assume tR = 0 °C). 
For this case, the equation (6) may be modified to the 
form 

ir A_(m-1>(r') 
t<m> = A0 + cz~o> - 1 t'<m-ll(r') dr' (32) 

o Ao 

For the dependence of thermal conductivity on 
temperature in the form of 

a calculation has been performed for various heat load 
values. It appears that the iteration procedure in this 
case is convergent for arbitrary values of q, even though 
for large temperature differences the number of 
iterations will increase. On Fig. 2, the temperature 
on the cylinder axis is plotted as a function of the 
number of iteration steps. To obtain convergence 
more rapidly, Aitken's method was used every time 
after several iterations to estimate the resulting 
values. 



210 SESSION I. I 0 

t[•C] 

~~------~------~------~----~ 
0 9~ 1~ 

-- <1>-

Figure 4. Plot of surface temperature of the fuel-element rod 
(0: surface temperature when neglecting the influence of tem
perature on (X; 1, 2, ... : surface temperature in individual 
iterations;/: resulting course (R1 = 4 mm, R2 = 5 mm, rf>o = Q(o 

= 4 000 kcal/m2h oc, J.1 = 20 kcal/mh oc, J.2 = 138 kcal/mh oc, 
p = IQ-t m2h 0CJkcal, q = 3.75 X 108 kcal/m3h) 

By analysis of expression (32) it is possible to show 
that in the given case the method will evidently 
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converge for the case 

I 
Alm-1) I 
-A.- ~k<l. 

o max 

From this point of view it is therefore necessary to be 
careful in selecting the value of A.0 , i.e., t0 • Figure 3 
shows the character of convergence for various values 
of t 0 for one case. A similar calculation has been 
carried out for other dependences of A. on temperature. 

This example was chosen because of the possibility 
to solve it easily, using the method by Kirchhoff [3]. 
This method, for some special cases of temperature 
dependence of the thermal conductivity, gives the 
results in a closed form. Our case (i.e., A. = eft) is one 
of them. On Figs. 2 and 3, the results of the method 
described in this paper (full line) are compared with 
that of the method by Kirchhoff (dashed line). 

Example 2 

The second example deals with the temperature 
distribution in a fuel rod with cladding, for the case of 
irregular cooling due to the contact of two rods. The 
chosen course of <P(cp) is shown in Fig. 4, and the 
dependence of oc on temperature is considered in the 
form 

oc(cp, t, tR) = <f>(cp)c:r·55 

The course of the surface temperature for individual 
iterations is plotted in Fig. 4. After the second iteration 
was used, Aitken's method was the next step (on the 
figure denoted by k). The final course is denoted by/. 
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ABSTRACT -RESUME-AHHOTALU,1JI-RESUM EN 

A/527 Tchecoslovaquie 

Quelques problemes theoriques de transfert 
de chaleur dans les elements de combustible 
de reacteurs 

par J. Schmid 

Le memoire donne la solution d'un probleme de 
limite de transfert de chaleur que posent les elements 
de combustible d'un reacteur nucleaire lorsque la 
conductivite thermique depend de Ia temperature. 

Les conditions aux limites non lineaires sont du 
type ou le coefficient de transfert de chaleur ou Ia 
resistance de contact a }'interface de deux milieux 

dependent de Ia temperature. En admettant que la 
contribution de Ia partie non lineaire soit negligeable, 
on peut trouver Ia solution par un procede d'itera
tion dont on peut attendre, dans ces conditions, des 
resultats convergents. 

Si Ia conductivite thermique, le coefficient de 
transfert de chaleur et Ia resistance de contact sont 
independants de Ia temperature, la premiere etape 
du procede d'iteration consistera simplement a 
resoudre !'equation correspondante dans une geo
metrie cylindrique pour les conditions aux limites 
donnees. 

Cette methode a ete appliquee a certains problemes 
de calcul des caracteristiques de canaux chauds. 
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A/527 4exocnoaaKH.R 

HeKoropble reopeTH4eCKHe npooneMbl 
rennonposOAHOCTH s rennoB~AenR~

~Hx 3neMeHrax RAepH~x peaKropos 

VI. WMHAT 

PeruaeTcH KpaenaH aa.a;a'Ia TCIIJIOnpono.a;nocTn 

B TeiiJIOBhi,U:CJI.IIIOI.QHX :;)JICMCHTaX H,U:epHLIX peaK

TOpOB, KOr,U:a Koa!fJqJH~HCHT TCIIJIOIIpOBO,U:HOCTH 3a

BHCHT oT TeMrreparypLI. HeJIHHeifHLie rpaHH'IHhie 

YCJIOBH1I OTHOCHTCH K TlfiiY, KOf)J;a Koa!fJ!fJH~HeHT 
TCIIJIOIICpe.a;a'IH HJIH KOHTaKTHOe TCIIJIOBOC conpo

THBJICHHC Ha rpaHHIJ;C ,U:BYX cpe,ll; aaBHCHT OT TeM

nepaTypLI. flpHHHMaH, 'ITO HeJIHHCHHOCTI> MaJJa, 

MOffiHO HaHTH pemeHHe MCTO,U:OM HTepaD;HH, npH

'feM MOil{HO npe,U:IIOJIO>KHTh, 'ITO 3,l];eCb Mhl HMCeM 

CXO,U:.Ill.QHHCH CJiyqaif. 

EcJIH Koa!fJ!fJ»u;HeHT TenJioupoBOAHOCTH, Ten

Jionepep;a'IH H KOHTaKTHOC COIIpOTHBJJeHHC He aa

BHC1IT OT TeMnepaTyp:ni, ,U:OCTaTO'lHO HaHTH perue

IIHC COOTBCTCTBYIOI.QCrO ypaBHCHHH B IJ;HJIHH,U:pH

'EeCKOH reoMeTpHH 7J,JJH 7J,aHHbiX rpaHH'lHhlX YCJJO

BHH KaK nepnyiO cTyneHI> npou;ecca HTepau;nu. 

3TOT MCTO,U: 6LIJI npHMCHCH ,U:JIH pemeHHH HCKO

TOpbiX npo6JieM npn pac'leTe ropwiero KaHaJia. 
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A/527 Checoslovaquia 

Algunos problemas te6ricos de transmisi6n 
del calor en elementos combustibles de 
reactores 

por J. Schmid 

Se resuelve un problema de contorno de trans
misi6n de calor en elementos combustibles de re
actores con conductibilidad termica dependientes de Ia 
temperatura. Las condiciones de contorno no lineales 
son de tipos con coeficiente de transmisi6n del calor 
dependiente de Ia temperatura o con resistencia de 
contacto en la superficie de separaci6n de dos medios 
dependiente de Ia temperatura. Suponiendo pequefia Ia 
contribuci6n de los terminos no lineales puede ob
tenerse la soluci6n mediante un proceso iterativo que, 
en este caso, es de_esperar que converja. 

Si son independientes de Ia temperatura Ia con
ductibilidad termica, el coeficiente de transmisi6n del 
calor y Ia resistencia de contacto, basta hallar la 
soluci6n de la ecuaci6n correspondiente en geometria 
cilindrica, con las condiciones de contorno dadas, 
como primer paso del proceso iterativo. 

El metodo ha sido aplicado a algunos problemas 
del d1Iculo de factores de canales calientes. 



Pf776 Czechoslovakia 

The optimum reactivity control of a multi-zone nuclear 
reactor in relation to the maximum output 
of the power station 

By J. Schmid and V. Stach* 

Nuclear power reactors are equipped with a control 
system for the compensation of a considerable excess 
of reactivity. The actual reactivity excess, however, is 
comparatively low during the steady state operation 
of the reactor, particularly in the case of continuous 
refuelling. Therefore the question arises of how to 
exploit a given compensation system of a reactor 
when at a steady state. Because the compensation by 
control rods is always connected with loss of the 
reactor output, the minimum loss of the electrical 
output of the reactor is considered as the criterion for 
the best choice of the compensation. 

These considerations do not apply when the 
macroscopic neutron flux distribution and the spatial 
variation of the output is influenced by the insertion 
of the control rods, which is the case for the build-up 
of a poisoned zone. They are intended for a reactor 
for which the macroscopic flux distribution is deter
mined by the design of a multi-zone core without any 
relation to the control system. 

Figure I. Influence of a control rod on an adjacent channel 
1 : Fuel element; 2: Control rod; 3 : Original unperturbed 

neutron flux; 4: Flux perturbed by an inserted control rod 

• The Nuclear Research Institute of the Czechoslovak 
Academy of Science, Rei by Prague. 
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In such a reactor, a control rod inserted into the core 
causes a local flux perturbation resulting in the 
lowering of both mean output and its spatial dis
tribution in neighbouring experimental channels. It is 
not possible, however, to compensate for this reduc
tion, at least not by increasing the output of more 
distant experimental channels beyond the nominal 
level, because such a reactor design includes a number 
of experimental channels which restrict the output. 

The effect of an inserted control rod on a neigh
bouring experimental channel is shown in Fig. 1, 
where, as well as in the following figure, the fuel 
element is considered as an assembly consisting of a 
number of fuel pins. The influence of the rod on the 
fuel assembly output is characterized by the parameters 
fJ and {J. fJ represents the ratio of the mean neutron 
flux in the fuel assembly after the insertion of the 
control rod to the mean value of the unperturbed 
flux. fJ denotes the ratio of the maximum value of the 
neutron flux in the fuel assembly after the insertion of 
the control rod to the original maximum value. It was 
possible to express the parameter fJ for the particular 
system under consideration by the relation [1]: 

<I> a 
fJ=l-K-

<I>k,O' 

where <I>a and <I>k,o are the values of the macroscopic 
neutron flux distribution in the position of the 
regulating rod and in the position of the experimental 
channel prior to the perturbation, K is an empirical 
constant. For the determination of fJ it is necessary 
to carry out a more detailed analysis of the neutron 
flux distribution in the fuel element (see Fig. 2). 
In the actually treated case it was possible to express 
the perturbed neutron flux distribution as follows:: 

<I>(p, c/>) = <I>o(p)[l + f-p- cos ot] 
Pma.x 

where <1>0(p) is the flux variation in the unperturbed 
fuel assembly,/ is an empirical constant; the meaning 
of the remaining quantities can be clearly seen in the 
figure. For the fuel assembly located at any position in 
the core, the neutron flux is influenced by macroscopic 
perturbation of the flux (the perturbation is repre
sented by the reactor boundary) and by a control 
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2 

Figure 2. Neutron flux distribution in the fuel assembly 
1: Undisturbed flux; 2: Perturbed flux; 

3: Direction of the perturbation 

rod. The neutron flux variation in the fuel assembly 
influenced by both perturbations can be expressed as: 

<l>(p, 4>) = <1>0(p)[l + _P_ (/1 cos cx1 + /2 cos cx2)]. 
Pmax 

The value of/1 can be estimated from the macroscopic 
variation of neutron flux in the reactor; f 2 has been 
found experimentally [1]: 

where a, b, c, are empirical constants. By simple 
analytical operations maximum values of <l>(p, 4>) for 
the cases with and without control rod respectively, 
and therefore the value of (j, can be determined. 

The quantity {J fixes the depression of the thermal 
output of the experimental channel, (j specifies the 
depression of maximum temperature in the fuel 
assembly by the relation: 

tmax = to + /J(tmax,o - to). 

The quantity (j has a significance in such cases, i.e., 
where it is possible to modify the flow rate of the 
coolant through the channel in order to exploit the 
fuel pin maximum permissible temperature and when 
this step can reduce the loss of the reactor output. 

For a partially inserted control rod, only a part of 
the neighbouring channel is influenced by the per
turbation. According to the experimental results [2], 
it is possible to set up the longitudinal variation of the 
neutron flux in a perturbed channel from the un
perturbed and perturbed cosine-like variations with the 
exception of the region of one or two diffusion lengths 
of the lattice around the end of the control rod (see 
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Fig. 3). For the estimation of the output, temperature 
and the flow rate variations, the actual variation has 
been extrapolated up to the position at the end of 
the rod. 

The reactivity of a partially inserted control rod 
varies with the insertion depth acccording to the 
relation: 

(h+L 
(Jk(h) Jo <l>2(z) dz 

(Jk(ii) = iR+L <l>2(z) dz' 

where ii is the maximum insertion depth of the rod 
(smaller than the core height); Lis the diffusion length 
of the lattice. 

The thermal output of a perturbed channel depends 
on h as follows 

L
H-!'l./2 

N. (h) <l>k(z) dz 
T,k """"'=">ll7-/2----,-,,-----

NT,k(Q) = rH f>/2<1>k,o(z) dz 
Jf>/2 

(1 +{J)cos~+(l-{J)cosi(h+~) 
1T!:!.. 

2 cos 2H 

where H is the extrapolated reactor height, l:!../2 is 
the extrapolation length. 

The relative thermal output loss of the perturbed 
channel is 

NTk(h) 
YT(h) = l - N. ' (0) 

1 T,k [ COS ~ ( h + ~)] 
= 2 (1 - {J) 1 - 1T!:!.. • 

cos 2H 

. YT(h) (Jk(h) . 
The ratio of YT(ii) and (Jk(ii) , whtch represents the 

normalized value of the relative thermal output loss 
related to the compensated reactivity is den~ted as 
flT· The plot of flT(h) is shown in Fig. 4. The change of 
the thermal efficiency of the power station caused by 
the depressed outlet temperature of the perturbed 
channel will not be great and the variation of the 

I 
•I• 

I 

Figure 3. Neutron flux distribution in an adjacent channel at a 
partially inserted control rod 
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Figure 4. Plot of !lT against h 

3m 

normalized value of the relative electrical output loss 
f1E will differ only slightly from /1T· 

For the case of long-term reactivity compensation 
at steady working state, one can consider the adjust
ment of the coolant flow rate to the depressed output 
in perturbed channels and to evaluate the gain of the 
electrical output which can be reached in this way. 
Three different cases of heat removal conditions 
depending on the insertion depth of the control rod 
arise when the coolant flow rate in the channel is 
lowered (see Fig. 5, the direction of the coolant flow 
being the same as that of the insertion of the control 
rod): 

(a) the perturbation does not reach the position in 
the fuel channel where originally there was the 
maximum fuel element temperature; (b) the end of the 
control rod is inserted closely to the original point of 
the maximum temperature; (c) the end of the control 
rod is inserted sufficiently beyond the original point 
of maximum temperature. 

For the maximum temperature of the fuel pin for 
case (a) we get, on the basis of well-known relations, 
the following relation: 

t 
_ 

1 
+ G;,o t;,v,o- to 

max- o G, 7TA 
2 cos 2H 

{ 
_ · 7TA _ 7T ( A) 

x {3 cos 2H + (1 - {3) cos H h + 2 

+ J (I + [ti,V.~~ ~J~;oT0.2cos ;!T)}. 
The above-mentioned relation refers to the maximally 
loaded cell of the fuel element; ti,v,o is the coolant 
outlet temperature from the most highly loaded 
cell at the normal operational state, t0 is the coolant 
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inlet temperature, {} is the maximum temperature 
difference between the surface of the fuel pin and the 
coolant in this cell at the normal operational state, and 
G; and G;,o are the flow rates in the cell at modified 
and normal regime respectively. 

If we require the maximum temperature to remain 
equal to the maximum allowed temperature of the fuel 
pin while inserting the control rod, we get for the flow 
rate the equation 

(
Gi\ fi,v,o-fo 1 

G,o/a= fmaxo- fo
2 

7TA 
· · cos-

2H 

{ 
- 7TI5.. - 7T ( A) 

X {3 cos 2H + (1 - {3) cos H h + 2 

+ 1 + -' cos- . J( [ 2{} (G. )o.2 7TA]2)} 
f;,v,o- f0 G;,o 2H 

400 

200 

h 

o~-----------------------------~ 
-z-

o~------------------------------~ 
-Z-

0~----------------------~ 
--z-

Figure 5. Various cases of the heat removal conditions from the 
perturbed channel, when modifying the coolant flow rate. The 

directions of both the flow and the rod insertion coincide 
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Figure 6. Plot of flE against h 
The direction of the flow and of the rod insertion: 1 : coincident; 

2: opposite 

Similarly, we get equations for the flow rate modifi
cation, for cases (b) and (c): 

(
Gi\ ti,v,o-fo 1 

G. oJb = tmax o- to 
2 

7Tll 
·· ' cos-

2H 

X { P [cos ;! - cos ~ ( h + ~) J 
+ -• cos- · sin- h + - , 2{} (G-)0

•
2 

1rll 1r( Ll)} 
ti,v,o- t0 Gi,o 2H H 2 

and 

(
Gi) ti,v,o-to 1 

Gi,O c = tmax,o- to 
2 

COS 7Tll 

2H 

{ 
- 7Tll - 7T ( Ll) x f3 cos 2H + (1 - f3) cos H h + 2 

J( [ 2fJP ( Gi) 1rll] 2

)} + 1 + - cos- . 
t.,v,o- fo Gi,O 2H 

With a good approximation we can put G i/G i,o = Gk/ 
Gk,o where Gk and Gk,o are the flow rates through the 
fuel element and in the case under consideration we 
can estimate the normalized value of the relative 
electrical output loss related to the compensated 
reactivity, which we shall denote ilE· 

In an analogous way we get the function ilE(h) for 
the case when the control rod is inserted in the direction 
opposite to that of the coolant flow. The results are 
shown in Fig. 6. 

Figures 4 and 6 clearly show that in the case of no 
control of the coolant flow rate through the perturbed 
channel the optimum insertion depth of the control 
rod is in the range of t to ! of the core height. If 
control of the coolant flow rate is applied, then for 
the coincident direction of both the insertion of the rod 
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and the coolant flow, ilE is nearly constant in the range 
of more than all the second half of the rod lift. The 
direction of the rod insertion and the coolant flow 
being opposite to each other, ilE possesses a distinct 
minimum in about the half of the core height. 

The temperature of the gas at the outlet of the 
perturbed channel tk v depends on the insertion depth, 
when the flow rate is adjusted, according to the 
relation 

Gk,o 
tk,v = to + (tk,v,o - fo)[l - YT(h)] Gk • 

where tk,v,o is the outlet temperature at the nominal 
regime of the channel. The plot is shown in Fig. 7. for· 
the case when the direction of both the rod insertion 
and the coolant flow coincide. 

For the selection of the core radius on which the 
regulating rod is to be inserted, a parameter is used 
which equals the ratio of the output loss to the com
pensated reactivity. If both the numerator and the 
denominator of this ratio are normalized with respect 
to the positioR of the control rod in the centre of the 
core, then for a uniform arrangement clearly holds 
v = «1>(0)/«l>(r), where «1>(0) is the neutron flux in the 
centre of the core, «l>(r) is the flux in the place where 
the rod is inserted. 

For the core composed of zones with different fuel 
assemblies, we have v = (Ni/N0) x («1>(0)/«l>(r)) where 
Ni/N0 is the ratio of the fuel assembly output of the 
ith zone to that of the central zone respectively, when 
ip the same neutron flux. The functions '~~T and '~~E are 
plotted in Fig. 8. 

The relative thermal output loss of the reactor due 
to the insertion of the control rods can be expressed as, 

m n 

NR,T,o- NR,T i~ ~1 Nk,T,o,i. Yii 
T = = !-..:'-'-~----

NR,T,O ~ 
~ Nk,T,O,i 
i=l 

where n is the number of experimental channels in the 
reactor, m is the number of inserted rods, NR,T is 
the thermal output of the reactor. A similar expression 
can be written for the relative change of the total 
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0 --------

1--- ---
_/ 

v 
_,,_ 

/ v---.-

-~r.-()---

j_ 
lj_ 
v --

0 
4m 

Figure 7. Plots of the change of the coolant flow rate and of the 
outlet temperature from the influenced fuel assembly versus the 

insertion depth of the control rod 
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Figure 9. Displacement of the operation point when changing 
the flow rate in perturbed channels 

coolant flow rate ~. The coolant outlet temperature 
will be given by the relation, 

1 - 'T 
tR,v = fo + (tR,v,o - fo) 1 _ ~ 

where tR,v,o is the coolant outlet temperature in the 
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reactor without the perturbation. Using the given 
relation between the coolant parameters and the 
efficiency of the power station 'Y), we can write for 
relative electrical output loss E0, 

Eo= NR.~- NR.E = 1 _ (1 _ 7)!!_. 
R,E,O 'YJo 

Changing the flow rate of the coolant through the per
turbed channels, the performance curve of the primary 
circuit will be also changed and the operation point 
on the performance curve of the circulators will be 
shifted as shown by the diagram in Fig. 9. The over-all 
electric output change is 

' 1- ~ 
E = 1 - (1 - E0) 1 _ ~ 

6~--~--~--~r----, 

// 
s~--~--~~l-+7~ 

4~---+----4-~~/----~ 

~)[%] 31-----+--~V::...___+----1 
I / 

3 

2 

t 
h [m] 

I 

0 

21-----~v~--+----+----1 

/ 
/ 

0~----+-----+-----+---__, 

I 

0 

1 

-~111 /~ 17i ~L-
~ v / 

Ilk 
2 

--k--
3 4% 

Figu're I 0. Electrical output loss of the reactor and the optimum 
mode for insertion of the control rods in dependence on the 

compensative reactivity value 
(Full lines 1, 2, and 4 denote the cases of insertion of one, two 
and four central control rods respectively; dashed line 4 denotes 
the case of insertion of four rods in the outer zone of the core) 
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For the given case, the problem of the minimum 
reactor output loss by reactivity compensation has 
been treated according to the foregoing method. The 
result is shown in Fig. 10. 
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Af776 Tchecoslovaquie 

Compensation optimale de reactivite dans un 
reacteur a plusieurs zones en vue de Ia pro
duction maximale d'energie 
par J. Schmid et V. Stach 

Les reacteurs des centrales nucleaires ont un 
excedent de reactivite relativement important pendant 
leur fonctionnement avec chargement en continu, 
particulierement avec des elements de combustible 
neufs. Pour compenser cet excedent de reactivite, il faut 
utiliser des barres absorbantes qui affectent de fa~on 
importante la puissance du reacteur. Le but de cette 
communication est de definir les conditions permettant 
de minimiser la perte de production de la centrale, 
c'est-a-dire de determiner l'ordre et la profondeur 
d'insertion des barres de compensation. 

Les calculs s'appliquent a un reacteur a eau lourde 
refroidi par gaz. Ce type de reacteur dispose d'un 
nombre relativement faible de canaux experimentaux. 
On admet que les barres de compensation n'affectent 
que les quatre canaux immediatement voisins (reseau 
carre) et que le reacteur ainsi que les distances entre 
barres d'absorption sont assez grands pour que les 
interferences entre les barres inserees soient neglige
abies. 

On donne les formules fondamentales qui per
mettent de determiner la puissance thermique d'un 
canal experimental donne en fonction de Ia profon
deur d'insertion de Ia barre absorbante voisine. On 
resout le probleme dans le cas d'un debit de gaz 
constant dans le canal, et dans le cas du debit qui 
permet de conserver la temperature maximale autorisee 
pour !'element combustible. On resout ce second cas 
dans deux conditions differentes: barre de compen
sation inseree du cote de !'entree du gaz de refroidis
sement ou du cote de Ia sorti .. de ce gaz. 

La communication donne les relations qui per
mettent de determiner l'effet des barres de compen
sation sur Ia puissance thermique et electrique du 
reacteur pour des debits de gaz controles ou non 
controles dans les canaux individuels. 

La derniere partie du memoire aborde le probleme 
de la compensation optimale d'un excedent de 
reactivite donne. On donne des fonctions qui caracte
risent Ia perte de production electrique relative en 
fonction de l'efficacite relative de Ia barre absorbante. 
A !'aide de ces fonctions on peut determiner la 
profondeur optimale d'insertion des barres d'absorp
tion et l'ordre optimal d'insertion des barres dans un 
reacteur a plusieurs zones. 

A/776 YexocnoeaKHR 
OnTHManbHaH KOMneHca~HH peaKTHB
HOCTH MHOr030HanbHOrO peaKTOpa H 
MaKCHManbHaH MOUJ.HOCTb aneKTpO
CTaH~HH 

H. WMHA, B. CTax 

PeaKTOphl H,lJ;epHblx :meKTpocTauu;nii upn 

3KCITJiyaTai.J;HH C HenpepbiBHOH neperpy3KOH Tell

JJOBbl,l);eJIHIOII.J;HX :meMeHTOB H OCo6eHHO npH 3KC

JIJiyaTai.J;HH CO CBe»eHMH TeiTJIOBhl,l);eJIHIOID;HMH :me

MeHTaMH HMeiOT ,lJ;OBOJibHO 6oJibillOH aanac 

peaKTHBHOCTH. ,ll;JIH KOMneucau;nn aToro aanaca 

JlBO,lJ;HTCH pH,lJ; KOMITeHCHpyiOII.J;HX CTepmHeil:, KOTO

phle CHJibHO BJIHHIOT Ha MOII.J;HOCTb peaKTOpa. Qe

JibiO HaCTOHII.J;eH pa60Tbl HBHJIOCb onpe,l];eJieHHe yc

JIOBHH ( Onpe,l);eJieHHe ITOpll,l1;Ka H rJiy6HHbl BBe~e
HHH OT,l);eJibHbiX KOMITeHCHpyiOII.J;HX CTepmHeii:), 

HpH KOTOpbiX ITOTepH MOII.J;HOCTH 3JieKTpOCTaHI.J;HH 

6y,lJ;yT MHHHMaJILHbl. 

PacqeThl KacaiOTCH THmeJIOBO,lJ;HOro peaKTopa c 

raaoBhiM oxJiamp;euneM. Y aToro THna peaKTopa 

'IHCJIO 3KCnepHMeHTaJibHbiX KaHaJIOB OTHOCHTeJib

HO ueneJIHKo. B pa6oTe aBTOphl ncxop;nJIH H:J 

npep;rroJiomennn, 'ITO KoMneucnpyroxu;ne CTepmnn 

BJIHHIOT TOJibKO Ha 'IeTblpe TeXHOJIOrH'IeCKHX Ka

HaJia, KOTOpble HaXO,lJ;HTCH B Henocpep;CTBeHHOM 

COCe,l);CTBe C HHMH (KBa.n;paTHaH pemeTKa), II 113 

npe,l);ITOJIOmeHHH, 'ITO peaKTOp H COOTBeTCTBeHHO 

paCCTOHHHe Memp;y BBe,l);eHHbiMH ITOrJIOII.J;aiOII.J;HMH 

CTepmHHMH HaCTOJibKO BeJIHKH, 'ITO MOlliHO rrpe

He6pe'Ib HHTepcl>epeuu;neil: BBop;HMhiX CTepmneii. 

IlpHBe,lJ;eHhl OCHOBHble COOTHOilleHHH l);JIH onpe

,lJ;eJieHHH TeiiJIOBOH MOII.J;HOCTH ,l];aHHOrO 3KCnepH

MeHTaJibHOrO KaHaJia B 3aBHCHMOCTH OT rJiy6HHbl 

BBe,l);eHHH rrorJio:ru;aroxu;ero CTepmun, uaxop;nxu;ero

cn pnp;ox c 3THM KaHaJioM. IIpo6JieMa pemaJiaCL 

,lJ;JIH cJiyqan, Rorp;a pacxop; raaa qepea KanaJI ne 

MeHHeTCH H Korp;a OH HMeeT BeJIH'IHHy, l!;OCTaTO'I

HYIO ,l);JIH Toro, 'IT06bl TeMnepaTypa TenJIOBI>Ip;eJIH

roxu;ero aJieMeHTa He nop;HHMaJiacb Bhlme MaKCH

MaJII>HO ,~J;onycTHMOil:. BTopoil: cJiyqaii: pemaJicH p;JIH 

ABYX paaJIH'IHbiX ycJioBHil, a HMenuo: p;JIH cJiyqaH 

BBe,l);eHHH KOMIIeHCHpyiOII.J;HX CTepmneil: CO CTOpO
Hbl BXOp;a TeiiJIOHOCHTeJIH H l);JIH CJiy'IaH BBep;eHHH 

HX CO CTOpOHbl BhiXO,lJ;a TeiiJIOHOCHTeJIH. 

RpoMe Toro, npnne;:~;eubl cooTHomeHHH p;JIH on

pep;eJieHHH BJIHHHHH KOMITeHCHpyiOID;HX CTepmueii 

Ha TeiTJIOBYIO H 3JieKTpH'IeCKYIO MOII.J;HOCTb peaK

Topa p;JIH cJiyqan ueperyJinpyeMoro H peryJinpye

Moro pacxop;a raaa 'Iepea oTp;eJII>Hhle KaHaJibl. 
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TiocJie]J;HHH qacTb pa60Tbi IIOCBHII\eHa BOrrpocy, 

RaRHM CIIOC060M MO:IRHO OIITHMaJibHO ROMIIeHCH

poBaTb ]);aHHbiH aanac peaRTHBHOCTH. 

BBe]J;eHhi lflyHRQHH, xapaKTepnayroll\ne oTnocn

TeJibHYIO y6biJib 3JieKTpnqecKOH MOII\HOCTH, OTHe

CeHHYIO R OTHOCHTeJihHOH alfl!fleKTHBHOCTH IIOI'JIO

Il\aiOII\ero cTepmHH. ITo BH]J;y aTnx ifiYHKQBH 

MO:IRHO on'pe]];eJIHTb, BO-rrepBbiX, OIITHMaJibHYIO 

l'Jiy6nHy BBe]);eHHH IIOI'JIOII\aiOII\el'O CTep:lRHH H, 

BO-BTOpbiX, OIITHMaJibHbiH IIOpH]J;OK, B KOTOpOM: 

Ha]J;O BBO]J;HTb CTep:lRHH y MHOI'030HaJibHOI'O peaK

TOpa. 

A/776 Checoslovaquia 

El control 6ptimo de Ia reactividad en un 
reactor de varias zonas en relaci6n con Ia 
producci6n maxima de Ia central 

por J. Schmid y Y. Stach 

Los reactores de las centrales nucleoelectricas 
tienen un exceso de reactividad relativamente grande 
en los casos de funcionamiento con carga continua, 
sobre todo en el caso de elementos combustibles 
frescos. Para compensar este exceso de reactividad hay 
que emplear cierto numero de barras absorbentes que 
perturban considerablemente el nivel de potencia del 
reactor. En esta memoria se estudian las condiciones 
en las que se minimizan las perdidas de potencia, 
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determinando Ia secuencia y profundidad de insercion 
de las barras compensadoras. 

Los calculos se refieren a un reactor de agua pesada 
refrigerado por gas. Este tipo de reactor tiene un 
numero relativamente pequefto de canales experi
mentales. En esta memoria se supone que las barras 
compensadoras afectan solamente a los cuatro canales 
mas proximos (se trata de una red cuadrada) y que 
tanto el reactor como Ia distancia entre las barras son 
Io suficientemente grandes como para hacer despre
ciables los efectos de interferencia. 

Se dan las relaciones que permiten Ia determinacion 
de Ia potencia termica de un canal experimental en 
funcion de Ia profundidad de 'insercion de Ia barra 
absorbente vecina. EI problema se resuelve para el 
caso de un flujo constante de gas y para un flujo tal que 
Ia temperatura maxima permisible del element6 
combustible se mantenga fija. Este ultimo caso se 
resuelve suponiendo que Ia barra compensadora se 
inserte, bien en Ia direccion de entrada del refrigerante 
o bien en Ia salida. 

Asimismo se dan relaciones para determinar el 
efecto de las barras compensadoras sobre Ia produccion 
termica y electrica del reactor para los casos de flujo de 
gas controlado en cada canal individual. 

La ultima parte de Ia memoria trata el problema de 
Ia compensacion optima del exceso dado de reactivi
dad. Se introducen unas funciones que caracterizan Ia 
perdida relativa de produccion electrica relacionandola 
con Ia eficiencia relativa de Ia barra absorbente. 
Mediante estas funciones se pueden determinar Ia 
profundidad y Ia secuencia optimas de insercion de Ia 
barra absorbente en un reactor de varias zonas. 
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Heat transfer 

Chairman: P. J. Nowacki (Poland) 

Paper P/580 (presented by K. Torikai) 

DISCUSSION 

S. S. KUTATELADZE (USSR): Although the con
vective heat transfer processes in the type of reactor 
which we are discussing are closely bound up, even in 
the case of liquid metals, with turbulent transfer 
phenomena, no sufficiently accurate methods have 
been evolved for determining turbulent transfer 
coefficients in the range of finite Reynolds numbers. 
It has however been possible-and this is an important 
point-to obtain for flows with "diminishing" 
viscosities (#---+ 0), i.e., for Re -+ oo, a series of 
asymptotic solutions free from empirical constants. 
New asymptotic solutions can also be obtained for 
various important cases of boiling heat transfer. 

Thus, apart from my equation for qB 0 under 
boiling conditions and free convection-quoted in the 
paper by Mr. Torikai-it is also possible to obtain a 
formula for very high liquid flow speeds-w0 and 
T~ T": 

-1.*(1 ,~,.*) Cr . 1-,-,( cjr" Cptl.T) 
qBO = 'f' - 'f' 2 rw0·v y y 1 + y' -,-

Where cp* = steam content of zone adjacent to wall 
Cr = friction coefficient 

r = latent heat of boiling 
C =constant 

The remaining symbols are the normally accepted ones. 
Formula [13] in Torikai's paper is close to this 

solution when Cptl.T)) r. 
I should like also to draw attention to the fact that, 

as far as the analogy between boiling and bubbling is 
concerned, Torikai's experimental results are in 
principle similar to the results obtained by ourselves 
in the USSR and also by Spalding in England. 

Another problem which needs to be borne in mind 
is the molecular weight of the gas. 

Paper P/326 (presented by N. I. Buleev) 

DISCUSSION 

0. E. DWYER (United States of America): I would 
like to compliment Dr. Osmachkin on this informative 
paper. I was particularly interested in his treatment 
of the case of in-line flow of liquid metals through 
unbaflled rod bundles. A few years ago, we produced 
an analytical solution to this problem, at the Brook
haven National Laboratory, in which we assumed that 
the radial velocity distribution, with respect to a given 
rod, was the same as that in the inner portion of an 
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annulus having the same inner radius, the same 
radius of maximum velocity and the same average 
velocity through the inner portion. It seemed that this 
was preferable to basing the velocity distribution on 
that for flow in pipes. I have made a spot check which 
shows that Figure 9 in Dr. Osmachkin's paper is in 
rather good agreement with Eq. [2] in paper P/225*, 
if one uses the constants in Table 3 of that paper and 
assumes ijJ = 1. The constants are based on the 
annulus model. 

At low Pe numbers, we believe that Nu is almost 
independent of Pe. At a pitch: diam ratio of 1.7 for 
example, we have concluded that below Pe R> 700, the 
eddy contribution to total heat transfer is negligibly 
small, leaving molecular conduction as the dominant 
mechanism. 

Above Pe R> 700, eddy conduction becomes in
creasingly important, until at Pe R> 104, it is close to 
unity. Thus, the higher the Peclet number, the greater 
the accuracy required in determining '~'T· 

Paper P/16 (presented by A. D. Lane) 

DISCUSSION 

H. S. IsBIN (United States of America): Have you 
carried out sufficient tests to enable you to summarize 
the effects of eccentric positioning of the test sections ? 

A. D. LANE (Canada): No, we have not. We do 
however hope to do some work on spacing. 

H. S. IsBIN (United States of America): When you 
estimate radiation heat transfer from the oxidized 
Zircaloy sheath, what values do you use for the 
emissivity of the surfaces ? 

A. D. LANE (Canada): We have not tried to estimate 
radiation from oxidized Zircaloy sheaths during 
irradiation, for two reasons. First of all, in the case 
where thermal bowing occurred and appreciable 
corrosion resulted, the temperatures were estimated 
from thermocouple readings on stainless steel elements 
subjected to similar conditions and also from an 
examination of the extent of the sheath corrosion. 
Secondly, in normal operation the temperature of the 
surroundings, i.e., the test section, was the same inside 
and outside the reactor and in general little below the 
fuel-sheath temperature. 

V. I. SuBBOTIN (USSR): I have one comment to 
make in connection with this paper. Burn-out does not 
occur in the same way at high and at low pressures, 
and at high pressures there is no great increase in the 
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temperature of the heat-producing wall when burn-out 
occurs. It seems to me that in a number of cases this 
could be a source of error in experimental determina
tions of qB 0 • 

Paper P/224 

DISCUSSION 

K. M. BECKER (Sweden): Figure 13 in the paper 
compares different correlations with two selected sets 
of the Columbia data. It seems from this comparison 
as if the Beeker-Persson correlation is rather inade
quate from the point of view of predicting burn-out 
conditions. We have, however, shown, in a paper 
(K. M. Becker, Report in progress, AB Atomenergi, 
Studsvik, Sweden) to be published in October or 
November 1964, that this correlation predicts the 
burn-out heat fluxes for about 3 000 Swedish burn-out 
measurements to within ±5 per cent in the following 
ranges of variables: 

2.7 < p < 91 kgfcm2 

100 < G < 3 500 kg/m2 s 
35 < qfA < 600 Wfcm2 

0.05 <X< 1.00 
4 < d < 13 mm 
600 < L < 3 500 mm 

I think I can explain why our correlation looks so 
bad in Figure 13. The correlation, which is based on 
the Vanderwater-Isbin flow model, contains two 
constants, e and b, which represent the entrainment 
and droplet diffusion rates and which have to be 
determined from experimental data. When our paper 
on the correlation was written about between 18 
months and two years ago, the Swedish burn-out 
studies only covered measurements up to 40 kgfcm2, 

and the constants e and b above this pressure had to be 
determined from foreign data. In the case now 
discussed, where the pressure is 1 000 psia, e and b 
were determined by means of the CISE data (K. M. 
Becker and P. Persson, An Analysis of Burn-out 
Conditions for Flow of Boiling Water in Vertical Round 
Ducts, ASME paper No. 63-WA-51). To obtain these 
data, steam-water mixtures were applied to the inlet 
of the test section. As we pointed out in our paper, the 
correlation cannot for this reason be considered 
reliable at this pressure when it is applied to predict 
burn-out in ducts with sub-cooled inlet conditions. 

The new paper I mentioned contains new e and b 
values which can be used at the higher pressures. 

Figure 1 shows Figure 13 in Levy's paper after 
insertion of the correct values for e and b in the 
Beeker-Persson correlation. 

It will be seen that the agreement between the 
Columbia data and our correlation is now satis
factory. This fact can be brought out even more 
clearly if use is made of some of the data presented in 
Figure 2 in Levy's paper. A comparison is given in 
Figure 2. 

The increasing scatter at low steam qualities is to be 
expected in view of the fact that the correlation is 
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based on the climbing film flow model. If, however, b 
is also made a function of the steam quality, the 
scatter shown in Figure 2 at low steam qualities can be 
reduced appreciably. 

Finally, in Figure 3 our correlation is applied to the 
Swedish data and the Columbia data for a pressure of 
about 50 kgfcm2 • 

It will be observed that here too there is excellent 
agreement between the two sets of data and our 
correlation. 

Paper P/93 (presented by J. Villeneuve) 

DISCUSSION 

W. M. CAMPBELL (Canada): In Canada we also have 
been studying fouling, but our results appear to be 
different from those presented in this paper. There may 
not, however, be any real disagreement. 

The process we use is as follows. The coolant is 
carefully treated with Attapulgus clay and filtered to 
remove all particulates (organic and inorganic); those 
components which promote organic fouling are 
essentially absent. 

Under these conditions we have found, as described 
in paper P/15*, that chlorine promotes mass-transfer 
iron fouling, and that the form of the chlorine is very 
important. Trichlorethylene, for example, is a more 
effective promoter than chlorodiphenyl. We feel that 
the chlorine compound which is added has to break 
down to form an active chlorine compound, so far 
unidentified. Thus, if a stable chlorine compound is 
used in tests, the wrong conclusion could be drawn 
regarding the effect of chlorine. 

I submit that in the case described in paper P/93 the 
effect has been masked by the fairly high organic 
fouling impurity and the stability of the organic 
chlorine compound added. 

I would also draw attention to one of our X-7 loop 
tests which showed almost no fouling on fuel-element 
surfaces maintained at 450-500 oc for 82 days 
(0.1 flgfcm2 h). 

J. VILLENEUVE (France): I agree that chlorine has 
different effects depending on the form in which it is 
found in the circuit. In our circuit we used an OM2 
terphenyl produced from the polymerization of a 
benzene that had been chlorinated by mistake. The 
substance involved was thus a combined chlorine that 
has no effect on fouling. With time, however, it must 
have combined with the iron in the circuit and fouling 
has now occurred through transfer. 

In our experiments, we have always found that there 
is a clearly defined threshold at 500 °C. Above this 
temperature, one finds local pyrolysis which produces 
a film consisting of a soft product that sticks to the 
heating wall. 

L. S. DzuNG (Switzerland): What was the range of 
the Prandtl numbers for the cooling media used in this 
experiment ? 

J. VILLENEUVE (France): The Prandtl numbers 
varied between 5 and 12. 
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L. S. DzuNG (Switzerland): I note that the correla
tion formula used in this paper has the same structure 
as the classical correlation first suggested by Colburn 
in 1930. I should be interested to know how your 
formula in fact compares with the classical one. It 
seems to me that the mechanism of heat transfer 
depends mainly on the physical properties of the 
medium, which are characterized by the Prandtl 
number and the Reynolds number. The chemical 
properties are not very much involved. The formula in 
the paper should therefore also apply to media other 
than organic liquids provided the Prandtl number is 
within the appropriate range. 

J. VILLENEUvE (France): The correlation we find is 
different from the classical ones, e.g., that of Colburn
in that the exponent of the Reynolds number is 0.9. 
As has already been pointed out, e.g. in reference [1] 
of the paper, the exponent of the Reynolds number 
increases with the Prandtl number. By using the semi
theoretical calculation of Martinelli for our case, we 
obtain a value of 0.9 for the exponent. 

Paper P/53 (presented by P. Leveque) 

DISCUSSION 

R. F. S. ROBERTSON (Canada): We in Canada are 
very interested in the mechanism proposed by Leveque 
in this paper. Our evidence suggests that a concept 
based on the combination of a pure radio lysis which is 
independent of LET and temperature and a pyrolysis 
which is independent of dose rate may perhaps be an 
over-simplification. In the case of the capsule irradia
tions carried out in the NRX reactor-mentioned in 
our paper P/15-we have found for both ortho- and 
meta-terphenyl that the yields as a function of tempera
ture are nearly the same at dose rates of 0.1 and 0.3 
Wfg. Dr. Leveque's mechanism would not predict this 
result. We do agree, however, that, in meta-terphenyl 
at least, the pyrolysis rate of radiolysed material is 
significantly higher than that of unirradiated material. 
Our results indicate that fast neutrons are more 
damaging than y rays and that Gn/Gy is about 3 for 
temperatures below 375° C. 

Papers P/115 (presented by 0. E. Dwyer) and P/318 
(presented by V. I. Subbotin} 

(It was agreed that these papers should be discussed 
together.) 

DISCUSSION 

L. S. DzuNG (Switzerland): Firstly, I wish to con
gratulate the authors of paper P/225, which provides 
us with a most complete summary on the information 
available on heat transfer with media of low Prandtl 
number. 

My comment refers to Figure 1 in which, for some 
curves, the eddy diffusivity EM has a cusp in the portion 
of the channel between two walls. Now this portion is 
characterized by a zero-velocity gradient, i.e., the flow 
is locally homogeneous. Thus, physically the eddy 
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diffusivity should also have zero gradient, i.e., there 
should be no cusp. I wonder if Mr. Dwyer has any 
comment on this point. 

0. E. DwYER (United States of America): The eddy 
diffusivity of momentum transfer at a given transverse 
point in the flow channel depends primarily on the 
shearing stress and the slope of the velocity profile at 
that point. Since, at the radius of maximum velocity, 
these are zero, it is impossible to evaluate the diffusivity 
at this point. However, the e111 versus (r - r1)/(r2 - r1) 

curve for an annulus should be differentiable at all 
points and shoulq also have zero slope at the radius of 
maximum velocity. Curve (b) in Figure 1, the one 
preferred by the authors, satisfies these requirements. 
There is adequate experimental evidence to indicate 
that profile (a) in Figure 1 is very unlikely. Moreover, 
a fairly uniform velocity profile in the central portion 
of the annulus does not mean that the eddy diffusivity 
of momentum in that region also has to be uniform. 

P. GILL! (Austria): I would like to make a comment 
and to ask one question on Mr. Dwyer's paper. I 
should like to refer particularly to the heat transfer of 
liquid metals in cross-flow through tube bundles, which 
might represent the case of a heat exchanger or of a 
steam generator for a nuclear power plant with a 
liquid-metal cooled reactor. 

I would suggest that it is possible to combine the 
two formulae quoted by the author for the Nusselt 
number in cross-flow, that is the empirical equation 
[Eq. (4)] by Rickard, Dwyer and Dropkin (Ref. [25] 
of the paper) and the theoretical formula [Eqs. (5) and 
(6)] by Hsu. * Each of these formulae exhibits inter
esting features. Equation ( 4) shows a constant 
figure--4.03-in addition to the power function of the 
Peclet number and thus obviously takes account of 
molecular conductance. The formula has, however, 
been obtained for one particular tube arrangement 
only. On the other hand Eqs. (5) and (6)-thanks to cp1, 

the unit-velocity potential difference between forward 
and rear stagnations points of the tube-are valid for 
different tube arrangements but do not take account of 
molecular conductance. Thus the Nusselt number 
according to this formula becomes zero for a Peclet 
number of zero. 

It would not be difficult to combine the two form
ulae. We would have to change the coefficient 0.958 in 
Eqs. (5) and (6), or else this coefficient and the 
exponent of the Peclet number and of cp1/ D, in such 
a way that, by adding the constant 4.03, Nu was in 
line with the experimental results. One way this could 
be achieved would be to reduce the coefficient by about 
10 to 20%. Alternatively, it would be possible in 
Eq. (4) to substitute the function cp1/ D and a suitably 
chosen coefficient for the coefficient 0.228. Thus a more 
general and more satisfactory formula would be 
achieved for the cross-flow of liquid metals through 
tube bundles, which would also be valid for small 
Peclet numbers and for various tube arrangements. 

Now to my question, which relates to the values of 

*Int. J. Heat Mass Transfer, Vol. 7, pp.431-446 (April1964). 
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r/>1/ D tabulated in the paper by Hsu to which I have 
already referred. These values of r/>1/ D refer to square 
in-line and to equilateral triangular tube arrange
ments only. Have values of r/>1/ D for more general 
tube arrangements been calculated by the Hsu method 
at the Brookhaven National Laboratory or elsewhere? 

0. E. DwYER (United States of America): Eq (4) is 
an empirical equation based upon experimental 
results for a single rod bundle, one having a P/D of 
1.38. It gives a Nu versus Pe curve, the slope of which 
increases with Pe. However, Eqs. (5) and (6) having 
been based on the assumption of inviscid flow, give 
straight lines on a Nu versus Pe plot. Thus, Eqs. (4) 
and (5) deviate in the low Pe range. It is evident 
therefore that Eqs. (5) and (6) do not apply at the 
Peclet extremes as well as Eq. (4) does. A modification 
ofEq. (5), consistent with the characteristics ofEq. (4), 
as Dr'. Gilli suggests, would be appropriate for esti
mating cross-flow heat transfer coefficients for 
conditions differing from those on which Eqs. (4) and 
(5) were based. 

With reference to the existence of r/>1/ D values, I 
know of none other than those published in refs. [27] 
and [30]. 

If I may now comment on the other paper, we in the 
United States know that Dr. Subbotin and his 
colleagues at the Institute of Physics and Energetics 
in the USSR have performed very extensive and 
splendid work in recent years in the field of liquid
metal heat transfer. Their results have contributed 
much to our present knowledge of the subject. It has 
been reassuring to us working in the same field in the 
United States to see from time to time that there was 
substantial agreement in several areas of independent 
research in both countries. 

To improve our knowledge of liquid-metal heat 
transfer, more information is required on the nature of 
the eddy contribution to the total heat transfer 
mechanism; a more accurate means of predicting the 
eddy diffusivity of heat transfer is also needed. In this 
connection, the work described by Dr. Subbotin in 
connection with the measurement and correlation of 
local temperature fluctuations in the flowing metal 
stream is very significant. 

Dr. Subbotin and his co-workers have studied 
extensively the important problem of heat transfer 
from rod bundles, with both closed and open packing, 
to in-line flow of liquid metals. In their Eqs. (18) and 
(19), which are based upon experimental results for 
these two cases respectively, the Nusselt number is 
shown to have the same dependence on the Peclet 
number throughout the whole Peclet range covered. 
This is at variance with results obtained at Brookhaven 
on staggered rod bundles with both mercury and NaK 
(as shown by the results plotted in Figure 7 of paper 
P /225), as long as good thermal contact exists between 
the flowing metal and the heat transfer surface. 

I think that, at Peclet numbers in the low turbulence 
range, Eq. (19) in Dr. Subbotin's paper will probably 
yield Nusselt numbers below those for molecular 
conduction only; this could only be explained by the 
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absence of good thermal contact at the rod surfaces, 
under such flow conditions. 

V. I. SUBBOTIN (USSR): The results of Mr. Dwyer's 
experiments on heat transfer from rod bundles to 
in-line flow are in good agreement with ours at 
Pe > 500. At Pe < 500, there are divergences which 
increase as the Pe numbers become smaller. One of 
the reasons for this divergence may be the axial heat 
flows, the values for which increase as the Pe numbers 
become smaller. 

It is difficult to explain the divergence by contact 
phenomena. In our experiments, purity was system
atically controlled and impurities were never higher 
than 10-3 wt %. A comparison between our experi
ments and Mr. Dwyer's leads to the conclusion that 
we must have had some fouling on the heat-producing 
wall. 

N. I. BuLEEV (USSR): I should like to raise a 
question to which little attention has been paid in the 
literature on hydraulics and heat transfer in channels. 

When we compare the results of theoretical calcula
tions relating to turbulent viscosity and temperature 
conductivity coefficients with experimental data we 
are not in fact comparing identical concepts. 

. ow ar 
The expressions peM a, and peH Or where el\r = 

11
21 ~:I and EH = lr21 ~:I, which appear in the initial 

expressions for heat movement and flow, are only the 
main components of the turbulent stress and turbulent 
heat flow. In this sense the initial theoretical equations 
are approximate. 

In the case of experimental data, however, when 
results are based on measured velocity and tempera
ture profiles, full values are obtained for turbulent 
stresses and heat flows. 

If, in experimental work, we represent the values 
obtained for pn'w' and pn'T' in the formpEM*(owfor) 
and PEH*(oTfor), and we then find the values 
EM*, EH* (formal values) and the ratio EH*/EM*, then 
these values will not have exactly the same significance 
as EM, EH and EH/EM and may differ from them by 
more than ten per cent. 

In my view, when we investigate the values, EM, EH 

and EH/EM, it is essential to use some single theoretical 
model for the momentum and heat turbulent transfer. 

V.I. SuBBOTIN (USSR): When making calculations, 
the traditional practice is to take the value of the 
turbulent viscosity coefficient ( Er) and then, on the 
basis of whatever value is used for the turbulent 
Prandtl number (E), to find the coefficient of turbulent 
thermal conductivity ( Ea). This approach was under
standable in the days when experiments were being 
carried out on the measurement of velocity fields and 
there were no reliable experiments on the measure
ment of temperature fields. At the present time how
ever it is possible to find Ea directly and to substitute 
it into the corresponding expressions. 

0. E. DWYER (United States of America): In most 
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cases, velocity profiles can be predicted with con
siderably greater accuracy than temperature profiles; 
and since one can now convert EM values to EH values, 
for channel flow, with some confidence, I accordingly 
feel that the EM->- Ea ->- Nu route is more often 
preferred for estimating heat transfer coefficients in 
most new situations. 

Paper P/ 135 (presented by C. Cunningham) 
DISCUSSION 

J. PELCE (France): Very similar work has been going 
on at the CEA laboratories, but, in our case, the 
emphasis has been on elements with herringbone 
tinning. We have been trying to solve the same 
problems and we have been using the same methods. 

We have been doing a fair amount of work on 
thermal characteristics and pressure drops for a wide 
variety offinning arrangements with a view to working 
out formulae suitable for use in reactor optimization 
calculations. Details of this work are available if 
anyone should be interested in having them. 

We have also made detailed studies of the thermal 
behaviour of the cans chosen for particular reactors 
such as EDF2 and EDF3. Particular attention has 
been paid to the thermal peculiarities of whole sets of 
cans, arranged to simulate actual pile geometry, at 
rated operation (with special emphasis on the problem 
of angular displacement between elements). We have 
also studied the influence of low flows for cases of 
upward (EDF3) and downward (EDF4) gas streams, 
and also the geometries of deformed cans. 

All these tests were performed on full-size or 
over-size models. Our conclusions are very largely in 
line with those set forth in papers P/135 and P/136. 
Information on our results is contained in CEA 
reports 2469 and 2470. 

In connection with paper P/135, I have two ques
tions. First, in the experiments described did the gas 
flow up or down? And could you give us some idea 
of the accuracy of your results? Secondly, have you 
carried out detailed investigations with cans possessing 
more than four sectors? 
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C. CUNNINGHAM (United Kingdom): The results 
oflow flow tests reported in the paper relate to upward 
flow. It is impossible to give a precise answer on the 
question of accuracy. Inasmuch as it is possible to 
generalize, the standard deviation in our heat-transfer 
tests can be put at about 2%. As for your second 
question, we have not carried out detailed investiga
tions on herringbone elements with more than four 
sectors. 

W. L. GRANT (South Africa): Figures 1E and 2E 
indicate the variation of heat transfer with relative 
element orientation. Is this variation the same for both 
vertical and horizontal fuel-element channels ? 

C. CUNNINGHAM (United Kingdom): We have not 
carried out any orientation tests in vertical channels. 
In all our other tests at high Reynolds numbers, 
however, we have not been able to detect differences 
due to channel altitude-this is readily understandable 
as buoyancy effects are insignificant. 

Paper P/719 (presented by V. B. Nesterenko) 

DISCUSSION 

Y. EL-MESHAD (United Arab Republic): Mr. 
Nesterenko, could you tell us about the possibility of 
using your averaging technique (a) when taking into 
consideration the cladding material or for multilayer 
fuel elements in general, and (b) when taking into 
consideration the axial heat flow along the fuel 
material? 

V. B. NESTERENKO (USSR): By using methods of 
approximation, it is possible to allow for the thermal 
resistance of the fuel can in the heat-transfer coefficient 
we quoted. In this investigation no account was taken 
of the heat flow along the element in the case of gas, 
because of the smallness of the quantity involved. 

Paper P/552 (presented by R. Negrini) 

There was no separate discussion of this paper. 

Transfert de chaleur 

President: P. J. Nowacki (Pologne) 

Memoire P/580 (presente par K. Torikai) 

DISCUSSION 

S. S. KuTATELADZE (URSS): Les processus de 
transfert de chaleur par convection dans le type de 
reacteur qui nous occupe sont etroitement lies, meme 

dans le cas des metaux liquides, a des phenomtmes de 
transfert turbulent, mais aucune methode d'une 
precision satisfaisante n'a ete elaboree pour determiner 
les coefficients de transfert turbulent pour des nombres 
de Reynolds d'un intervalle fini. Cependant on a pu
et ceci est important- obtenir pour des ecoulements de 
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viscosites << decroissantes >> (jt,--+ 0), c'est-a-dire pour 
Re--+ oo, une serie de solutions asymptotiques 
independantes de constantes empiriques. De nouvelles 
solutions asymptotiques peuvent aussi s'obtenir pour 
divers cas importants de transfert de chaleur a 
1' ebullition. 

Ainsi, outre mon equation pour qBO dans les 
conditions d'ebullition et de convection libre
mentionnee dans le memoire de M. Torikai- il est 
possible 6galement d'obtenir une formule pour de tres 
grandes vitesses w0 d'ecoulement liquide et T ~ T": 

..I.*( .-~. Cr • 1-,-,( Jr"Cp!l.T) 
qBo = 't' 1- 't'*) 2 rw0·v y y 1 + C y' -,-

oil 4>* = teneur en vapeur dans la region de la paroi 
Cr = coefficient de frottement 

r = chaleur latente de vaporisation 
C = constante 

Les autres symboles ont leur signification habituelle. 
La formule 13 du memoire de M. Torikai est 

voisine de cette solution quand Cp!l.T » r. 
.Je voudrais aussi attirer !'attention sur le fait que, 

pour tout ce qui concerne l'analogie entre ebullition et 
bouillonnement, les resultats des experiences de 
Torikai sont dans leur principe semblables aux 
resultats obtenus par nous-memes en URSS ainsi que 
par Spalding en Angleterre. 

Une autre consideration qu'il faut garder presente a 
l'esprit est la masse moleculaire du gaz. 

Memoire P/326 (presente par N. I. Buleev) 

DISCUSSION 

0. E. DWYER (Etats-Unis d'Amerique): Je voudrais 
f~liciter M. Osmachkin de sa communication si 
instructive. J'ai surtout ete interesse par la methode 
qu'il emploie dans le cas de l'ecoulement longitudinal 
de metaux liquides a travers des grappes de barreaux 
nus. Voila quelques annees, nous avons donne de ce 
probleme, au Laboratoire national de Brookhaven, 
une solution analytique, dans laquelle on assimilait la 
distribution radiale des vitesses, par rapport a un 
barreau donne, a celle dans la zone interieure d'un 
anneau de meme rayon interieur, de meme rayon de 
vitesse maximale et de meme vitesse moyenne dans la 
zone interieure; cela valait mieux, semble-t-il, que de 
prendre pour distribution fondamentale des vitesses 
celle de l'ecoulement dans des tuyaux. J'ai fait une 
verification qui montre que la figure 9 du memoire de 
M. Osmachkin est en assez bon accord avec I' equa
tion 2 du memoire P/225, si l'on utilise les constantes 
du tableau 3 de ce memoire et si l'on suppose ip = 1. 
On a choisi les constantes en se fondant sur le 
modele annulaire. 

A de faibles valeurs du nombre Pe, nous pensons que 
Nu est presque independant de Pe. A une valeur 
repere, rapport de diametre de 1,7 par exemple, nous 
avons conclu qu'au-dessous de Pe R> 700, la part du 
tourbillon dans le transfert de chaleur total etait 
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negligeable, ce qui donnait a la conduction mole
culaire le role predominant. 

Au-dessus de Pe R> 700, !'importance de la conduc
tion tourbillonnaire s'accroit de plus en plus, jusqu'a 
Pe ~ 104, oil elle est proche de l'unite. Ainsi, plus le 
nombre de Peclet est eleve, plus il faut de precision 
dans la determination de '~'T· 

Memoire P/16 (presente par A. D. Lane) 

DISCUSSION 

H. S. lsBIN (Etats-Unis d'Amerique): Avez-vous 
fait assez d'essais pour pouvoir donner une idee des 
effets de l'excentrement des sections d'essais? 

A. D. LANE (Canada): Non, nous n'en avons pas 
fait assez. Mais nous esperons bien faire quelques 
etudes sur l'espacement. 

H. S. ISBIN (Etats-Unis d'Amerique): Dans votre 
evaluation du transfert de chaleur rayonnee par la 
gaine de Zircaloy oxydee, queUes valeurs prenez-vous 
pour l'emissivite des surfaces? 

A. D. LANE (Canada): Nous n'avons pas cherche a 
evaluer le rayonnement des gaines de Zircaloy 
oxydees pendant I' irradiation, cela pour deux raisons. 
Tout d'abord, dans le cas oil la chaleur produit un 
cintrage causant une corrosion sensible, on evaluait 
les temperatures a partir de lectures de thermocouples 
places sur des elements d'acier inoxydable soumis aux 
memes conditions, ainsi qu'a partir d'un examen de 
l'etendue de la corrosion de la gaine. En second lieu, 
en marche normale, la temperature du milieu ambiant, 
c'est-a-dire de la section d'essai, etait la meme a 
l'interieur et a l'exterieur du reacteur, et elle etait en 
general peu inferieure a Ia temperature de Ia gaine du 
combustible. 

V. I. SuBBOTIN (URSS): J'ai une remarque a faire 
concernant ce memoire. La calefaction ne se produit 
pas de la meme maniere a haute eta basse pression, et 
a haute pression il n'y a guere d'augmentation de 
temperature de la paroi chauffante quand se produit 
Ia calefaction. 11 me semble que, dans bien des cas, cela 
pourrait etre une source d'erreur dans les determina
tions experimentales de qBo· 

Memoire P/224 
DISCUSSION 

K. M. BECKER (Suede): La figure 13 du memoire 
compare differentes relations avec deux ensembles de 
valeurs choisies de Columbia. D'apres cette compa
raison, il semble que la relation de Beeker-Persson est 
assez mal adaptee au point de vue de la prevision des 
conditions de calefaction. Cependant, nous avons 
montre dans un memoire (K. M. Becker, rapport a 
paraitre, A. B. Atomenergi, Studsvik, Suede) qui sera 
publie en octobre ou novembre 1964 que cette 
relation permet de prevoir les flux thermiques de 
calefaction dans quelque 3 000 mesures faites en 
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Suede a ± 5% pres dans les intervalles suivants des 
variables: 

2,7 < p < 91 kg/cm2 

100 < G < 3 500 kgfm2 s 

35 < qfA < 600 Wfcm2 

0,05 <X< 1,00 

4 < d < 13 mm 

600 < L < 3 500 mm 

Je crois pouvoir expliquer pourquoi notre relation 
se pn!sente si mal sur la figure 13. La relation, qui est 
basee sur le modele d'ecoulement de Vanderwater
Isbin, contient deux constantes, € et b, qui representent 
les vitesses de diffusion d'entrainement et de goutte
lettes et que I' on doit determiner a partir de donnees 
experimentales. Quand nous avons ecrit le memoire 
sur la correlation, il y a environ dix-huit mois a deux 
ans, les etudes faites en Suede sur la calefaction ne 
recouvraient que des mesures ne depassant pas 
40 kgfcm2 ; et les constantes E et b pour des pressions 
superieures avaient dfi etre determinees a partir de 
donnees de l'etranger. Dans le cas qui nous occupe, 
ou la pression (absolue) est de 1 000 livres par pouce 
carre (69 bars), € et b ont ete determinees au moyen des 
donnees de la CISE (K. M. Becker et P. Persson, 
An Analysis of Burn-out Conditions for Flow of 
Boiling Water in Vertical Round Ducts, ASME paper 
No. 63-WA-51). Pour obtenir ces donnees, on introdui
sait des melanges eau-vapeur a !'admission de la 
section d'essai. Comme nous l'avons fait ressortir dans 
notre memoire, on ne peut en consequence, pour cette 
pression, faire confiance a la correlation lorsqu'elle 
s'applique a la prevision de Ia calefaction dans des 
conduites avec sous-refroidissement aux conditions 
d'admission. 

Le nouveau memoire que je signale contient de 
nouvelles valeurs de E et de b, valables aux pression 
superieures. 

La figure 1 represente la figure 13 du memoire de 
Levy apres introduction des valeurs correctes de E 

et de b dans 1a relation de Beeker-Persson. 
On verra que !'accord entre les valeurs de Columbia 

et notre relation est des lors satisfaisant. Cela est 
illustre de maniere encore plus nette si l'on utilise 
quelques-unes des valeurs presentees a la figure 2 du 
memoire de Levy. La comparaison est faite a la 
figure 2. 

L'augmentation de la dispersion pour de basses 
teneurs en vapeur est a prevoir, vu que la relation est 
basee sur le modele d'ecoulement de film ascendant. 
Mais si l'on rend aussi b fonction de la teneur en 
vapeur, la dispersion repn!sentee ala figure 2 pour de 
basses teneurs en vapeur peut etre beaucoup reduite. 

Enfin, dans la figure 3, notre relation est appliquee 
aux valeurs suedoises et aux valeurs de Columbia pour 
une pression d'environ 50 kgfcm2• 

On observera la encore un excellent accord entre les 
deux ensembles de valeurs et notre correlation. 
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Memoire Pf93 (presente par J. Villeneuve) 

DISCUSSION 
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W. M. CAMPBELL (Canada): Au Canada aussi nous 
avons etudie l'encrassementh, mais nos resultats 
different, en apparence, de ceux presentes dans ce 
memoire. Peut-etre, cependant, n'y a-t-il pas reellement 
desaccord. 

La methode que nous utilisons est la suivante. Le 
refrigerant est soigneusement traite a !'argile Atta
pulgus et filtre pour eliminer toutes les particules 
(organiques et inorganiques); les constituants qui 
causent l'encrassement organique soot essentielle
ment absents. 

Dans ces conditions, nous avons trouve, comme 
l'expose le memoire P/15, que le chlore provoque un 
encrassement ferrugineux avec transfert de masse et 
que l'etat du chlore est tres important. Le trichlor
ethylene, par exemple, agit davantage que le chloro
diphenyle. Nous pensons que le compose chlore, 
apres addition, se dissocie pour former un compose 
chlore actif, non encore identifie. Ainsi, si I' on emploie 
un compose chlore stable dans des essais, on risque de 
tirer des conclusions fausses sur !'influence du chlore. 

Je suggere que, dans le cas etudie au memoire P/93, 
l'effet a ete masque par la concentration assez elevee de 
l'encrassement organique et par la stabilite du compose 
chlore organique que l'on ajoutait. 

Je voudrais aussi attirer !'attention sur l'un de nos 
essais en boucle X-7, qui indiquait un encrassement 
presque nul a la surface d'elements de combus
tible main tenus a 450- 500 °C pendant 82 jours 
(0,1 t-tgfcm2 h). 

J. VILLENEUVE (France): Je conviens que le chlore 
peut avoir des effets differents selon Ia forme sous 
laquelle il se trouve dans le circuit. Dans notre 
boucle, nous utilisions un terphenyle OM2 additionne 
de produits provenant d'un benzene qui avait ete 
craque en presence de chlore par erreur. Le chlore 
etait done sous forme combinee et nous n'avons pas 
vu d'encrassement sur la paroi chauffante. Cependant, 
sous l'effet de la temperature, le chlore combine a 
forme probablement des chlorures ferreux avec le fer 
doux place dans notre boucle, et un encrassement est 
alors apparu par transport moleculaire. 

II semble que, dans les conditions de nos essais, il 
y ait un seuil assez net aux environs de 500 oc. Au
dessus de cette temperature, on voit tres rapidement 
se former une boue adherente, mais assez molle, sur Ia 
paroi chauffante. 

L. S. DzuNG (Suisse): QueUe eta it Ia gam me des 
nombres de Prandtl du milieu refrigerant dans cette 
experience? 

J. VILLENEUVE (France): Le nombre de Prandtl 
variait entre 5 et 12. 

L. S. DzuNG (Suisse): Je remarque que la relation 
utilisee dans ce memoire a la meme forme que Ia 
relation classique proposee en premier lieu par 
Colburn en 1930. Je voudrais sa voir dans queUe mesure 
votre formule ressemble a Ia formule classique. 11 me 
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semble que le processus de transfert thermique depend 
essentiellement des proprietes physiques du milieu, 
qui soot caracterisees par le nombre de Prandtl et par 
le nombre de Reynolds. Les proprietes chimiques 
n'interviennent que peu. La formule de ce memoire 
devrait done s'appliquer aussi a des milieux autres que 
des liquides organiques, a condition que le nombre de 
Prandtl soit dans la gamme convenable. 

J. VILLENEUVE (France): La formule que nous 
trouvons differe des formules classiques, telles que 
celle de Colburn, en particulier par l'exposant du 
nombre de Reynolds, qui est 0,9. Comme on l'a deja 
montre, par exemple dans la reference (1) du memoire, 
l'exposant du nombre de Reynolds augmente avec le 
nombre de Prandtl. En utilisant le calcul semi
theorique de Martinelli pour ce cas, nous retrouvons 
l'exposant 0,9. 

Memoire P/53 (presente par P. Leveque) 

DISCUSSION 

R. F. S. ROBERTSON (Canada): Nous autres, 
Canadiens, sommes tres interesses par le mecanisme 
que propose M. Leveque dans son memoire. Nos 
constatations suggerent qu'un schema fonde sur la 
combinaison d'une radiolyse pure, independante du 
TEL et de la temperature, et d'une pyrolyse indepen
dante du taux d'irradiation, est peut-etre un exces de 
simplification. Dans le cas des irradiations d'ampoules 
faites dans le reacteur NRX - signalees dans notre 
memoire P/15- nous avons trouve que, pour l'ortho 
comme pour le meta-terphenyle, les vitesses en fonction 
de la temperature etaient presque les memes a des taux 
d'irradiation de 0,1 et de 0,3 Wjg. Le mecanisme 
decrit par M. Leveque ne permet pas de prevoir ce 
resultat. Cependant, nous convenons tout a fait que, 
du moins pour le meta-terphenyle, la vitesse de 
pyrolyse d'un materiau radiolyse est sensiblement plus 
grande que celle d'un materiau non irradie. Nos 
resultats montrent que les neutrons rapides causent 
plus de degats que les rayons gamma et que Gn/G1 est 
voisin de 3 aux temperatures inferieures a 375 °C. 

Memoires Pj225 (presente par 0. E. Dwyer) et P/328 
(preserite par V. I. Subbotin) 

(II ete decide que ces deux memoires seraient discutes 
ensemble) 

DISCUSSION 

L. S. DzuNG (Suisse): Tout d'abord, je tiens a 
feliciter les auteurs du • memoire P/225, qui nous 
fournit un resume tout a fait complet des connais
sances en matiere de transfert thermique dans des 
milieux ayant de faibles nombres de Prandtl. 

Ma remarque concerne la figure 1, ou;~ur quelques 
courbes, la diffusivite turbulente EM presente un point 
de rebroussement dans Ia region du canal entre deux 
parois. Ainsi cette region est caracterisee par un 
gradient de vitesse nul, c'est-a-dire que l'ecoulement. 
est localement homogene. Done, pour des raisons de 
physique, la diffusivite turbulente devrait aussi avoir 

un gradient nul, c'est-a-dire · qu'il ne devrait pas y 
avoir de rebroussement. Je me demande si M. Dwyer 
peut commenter quelque peu cette question. 

0. E. DwYER (Etats-Unis d'Amerique): La diffusi
vite turbulente du transfert de quantite de mouvement 
en un point donne perpendiculairement a l'ecoulement 
dans le canal depend d'abord de I' effort de cisaillement 
et de la pente du profil de vitesse en ce point. Puisque, 
au rayon de vitesse maximale, ceux-ci soot nuls, il est 
impossible d'evaluer la diffusivite en ce point. Cepen
dant, Ia fonction EM de (r - rJf(r2 - r1) pour un 
anneau devrait avoir une derivee en chaque point, et 
Ia courbe devrait aussi avoir une pente nulle au rayon 
de vitesse maximale. La courbe (b) de Ia figure 1, 
celle que preferent 1es auteurs, remplit ces conditions. 
L'experience donne de boones raisons de croire que 
le profil (a) de la figure 1 est tres improbable. En outre, 
un profil de vitesses bien unifqrme dans la region 
centrale d'un anneau ne signifie pas que la diffusivite 
turbulente de la quantite de mouvement dans cette 
region doive aussi etre uniforme. 

P. GILLI (Autriche): Je voudrais faire une remarque 
et poser une question sur le memoire de M. Dwyer. Je 
desirerais me reporter specialement aux echanges 
thermiques de metaux liquides en ecoulement trans
versal a travers des faisceaux de tubes, ce qui peut 
representer le cas d'un echangeur de chaleur ou 
celui d'un generateur de vapeur pour une centrale 
nucleaire avec reacteur refroidi par un metal liquide. 

Je voudrais suggerer la possibilite de combiner les 
deux formules citees par l'auteur pour le nombre de 
Nusselt en ecoulement transversal, c'est-a-dire !'equa
tion empirique [eq. (4)] de Rickard, Dwyer et Dropkin 
(reference [25] du memoire) et la formule theorique 
[eq. (5) et (6)] de Hsu*. Chacune de ces formules 
presente des caracteristiques interessantes. Dans 
!'equation (4) figure une constante, 4,03, plus une 
fonction de puissance du nombre de Peclet, ce qui 
manifestement tient compte de la conductance 
moleculaire. Cependant, la formule n'a ete etablie que 
pour une disposition particuliere de tubes. D'autre 
part, les equations (5) et (6)- grace a cpl, la difference 
potentielle de vitesse unitaire entre les points station
naires en avant et en arriere du tube- soot valables 
pour diverses dispositions de tubes, mais ne tiennent 
pas compte de la conductance moleculaire. Ainsi, 
d'apres cette formule, le nombre de Nusselt s'annule 
lorsque le nombre de Peclet s'annule. 

11 ne serait pas difficile de combiner ces deux 
formules. 11 faudrait changer le coefficient 0,958 des 
equations (5) et (6), ou bien ce coefficient et l'exposant 
du nombre de Peclet et celui de cp1/ D, de telle maniere 
que, en ajoutant la constante 4,03, Nu soit ajuste aux 
resultats des essais. Une methode pour y parvenir 
serait de reduire les coefficients d'environ 10 a 20%. 
On pourrait encore, dans !'equation (4), remplacer la 
fonction cp1/ D et trouver un coefficient convenable
ment choisi au lieu du coefficient 0,228. Ainsi, on 

*Int. J. Heat Mass Transfer, Vol. 7, pp. 431-446 (avril1964). 
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arriverait a une formule plus generale et plus satis
faisante pour les ecoulements transversaux de metaux 
liquides a travers des faisceaux de tubes, qui serait 
valable aussi bien pour de faibles nombres de Peclet et 
pour diverses dispositions de tubes. 

Voici maintenant rna question, qui porte sur les 
valeurs de ~1/ D mises en tableau dans le memoire de 
Hsu que j'ai deja cite. Ces valeurs de ~1/ D ne se 
rapportent qu'a des dispositions de tubes paralleles 
en carre ou en triangle equilateral. Des valeurs de 
~1/ D pour des dispositions de tubes plus generales 
ont-elles ete calculees par la methode de Hsu au 
Laboratoire national de Brookhaven ou ailleurs? 

0. E. DwYER (Etats-Unis d'Amerique): L'equa
tion (4) est une equation empirique fondee sur les resul
tats d'essais pour un seul faisceau de barres ayant un 
P/ D de 1 ,38. Elle donne une courbe representant Nu en 
fonction de Pe, dont la pente croit avec Pe. De leur 
cote, les equations (5) et (6), etablies en supposant 
l'ecoulement non visqueux, donnent des droites pour le 
trace de Nu en fonction de Pe. Ainsi les equations (4) 
et (5) donnent des valeurs notablemerit differentes 
dans la gamme des faibles valeurs dePe. C'est pourquoi 
il est evident que les equations (5) et (6) ne s'appliquent 
pas aussi bien que l'equation(4)aux valeurs extremesdu 
nombre de Peclet. Une modification de I' equation (5), 
compatible avec les caracteristiques de !'equation (4), 
telle que la suggere M. Gilli, conviendrait a Ia 
determination des coefficients d'echanges thermiques 
en ecoulement transversal pour des conditions diffe
rentes de celles qui ont servia etablir les equations (4) 
et (5). 

En ce qui concerne les valeurs de ~1/ D, je n'en 
connais pas d'autres que celles publiees dans les 
references [27] et [30]. 

Si je puis maintenant commenter !'autre memoire, 
nous savons aux Etats-Unis que M. Subbotin et ses 
collegues de l'Institut de physique et d'energetique de 
l'URSS ont realise des travaux remarquables et tres 
complets dans le domaine du transfert thermique par 
metaux liquides. Leurs resultats ont largement 
contribue a notre connaissance actuelle du sujet. 11 
etait rassurant pour nous, qui travaillions dans le 
meme domaine aux Etats-Unis, de voir de temps a 
autre qu'il y avait un large accord dans plusieurs 
branches de recherches suivies independamment dans 
les deux pays. 

Pour ameliorer notre connaissance des transferts 
thermiques par metaux liquides, il faut davantage de 
renseignements sur la nature de la contribution des 
turbulences dans le mecanisme complet des transferts 
thermiques; il faut aussi une methode plus precise pour 
calculer Ia diffusivite turbulente du transfert de 
chaleur. De ce point de vue, les travaux decrits par 
M. Subbotin a propos des mesures et des relations des 
fluctuations locales de tempetature dans le courant de 
metal ont une tres grande importance. 

M. Subbotin et ses collaborateurs ont fait une etude 
complete du grand probleme des transferts thermiques 
de grappes de barres, avec assemblage soit ferme soit 
ouvert, dans un ecoulement parallele de metaux 
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liquides. Dans leurs equations (18) et (19), tirees de 
resultats experimentaux pour ces deux cas, le nombre 
de Nusselt est donne par la meme fonction du nombre 
de Peclet dans toute la gamme de ce dernier nombre 
qui a ete etudiee. Cela s'ecarte des resultats obtenus a 
Brookhaven sur des grappes de barreaux en quinconce 
avec du mercure et du NaK (illustre par les resultats 
representes graphiquement a la figure 7 du memoire 
P/225) tant que le contact thermique est bon entre le 
courant de metal et la surface d'echange de chaleur. 

Je pense que, pour les nombres de Peclet du domaine 
de faible turbulence, !'equation (19) du memoire de 
M. Subbotin donnerait sans doute des nombres de 
Nusselt inferieurs a ceux obtenus avec la conduction 
moleculaire seule; cela ne pourrait s'expliquer que par 
un defaut de contact thermique a la surface des 
barreaux dans un tel ecoulement. 

V.I. SUBBOTIN (URSS): Les resultats des experiences 
de M. Dwyer sur les transferts thermiques de grappes 
de barreaux dans un ecoulement longitudinal sont en 
bon accord avec les notres pour Pe > 500. Lorsque 
Pe < 500 il y a des divergences qui croissent a mesure 
que Pe decroit. L'une des raisons de ce desaccord est 
peut-etre la propagation longitudinale de la chaleur, 
dont la valeur augmente lorsque les nombres de 
Peclet diminuent. 

11 est difficile d'expliquer le desaccord par des 
phenomenes de contact. Dans nos essais, la purete 
etait controlee systematiquement et les impuretes ne 
depassaient jamais 1 o-a% en poids. U ne comparaison 
entre nos resultats et ceux de M. Dwyer mene a la 
conclusion que nous avons dfi avoir quelque encrasse
ment sur la paroi chauffante. 

N. I. BULEEV (URSS): Je voudrais soulever une 
question a laquelle on n'a guere prete attention dans 
la litterature sur l'hydraulique et les transferts ther
miques dans des canaux. 

Lorsqu' on compare les resultats de calculs theoriques 
concernant les coefficients de viscosite turbulente et 
de conductivite thermique avec les donnees experi
mentales, on ne compare pas en fait les memes 
choses. 

. aw ar 
Les expressiOns PEM ar et P£u ar , oil 

EM = /12
1 ~; I et Eu = lr2

1 ~; I , qui figurent dans les 

expressions' initiales du mouvement thermique et de 
l'ecoulement, ne sont que les composantes prin
cipales de !'effort turbulent et du flux thermique 
turbulent. En ce sens, les equations theoriques initiales 
sont approchees. 

Par contre, dans le cas des donnees experimentales, 
comme les resultats proviennent des mesures de 
profits de vitesses et de temperatures, ce sont les 
valeurs completes que l'on obtient pour les efforts 
et les flux thermiques turbulents. 

Si, dans les experiences, on met les valeurs obtenues 
pour pr'w' et pr'T' sous la forme PEM*(awjar) et 
PEu *(aTjar), d'ou l'on tire les valeurs EM*• Eu* (par 
definition de ces valeurs) et le ranport £u*/£M*• ces 



230 RECORD OF SESSION I. I 0 COMPTE RENDU DE LA SEANCE I. 10 

valeurs n'auront pas exactement le meme sens que 
EM, EH et EH/EM, et n'en Seront qu'approcheeS- a 
quelques douzaines d'unites pour cent. 

A mon avis, quand on recherche les valeurs EM, 

EH et EH/EM, il est essentiel d'utiliser un seul modele 
theorique pour le moment et le transfert thermique 
turbulent. 

V. I. SuBBOTIN (URSS): Dans les calculs, Ia 
tradition est de prendre Ia valeur du coefficient de 
ViSCOSite turbulente ( Er), pUiS, a partir de la Valeur, 
queUe qu'elle soit, utilisee pour le nombre de Prandtl 
en turbulence (E), de determiner le coefficient de 
conductivite thermique turbulente ( Ea). Cette methode 
se comprenait au temps ou les experiences portaient 
sur les mesures de champs de vitesses et ou il n'y avait 
pas d'experience sure pour la mesure de champs de 
temperature. Aujourd'hui, cependant, il est possible 
de trouver Ea directement et d'introduire sa valeur dans 
les expressions correspondantes. 

0. E. DWYER (Etats-Unis d'Amerique): La plupart 
du temps, les profils de vitesses peuvent se calculer 
avec une precision bien meilleure que les profils de 
temperatures; et comme on peut maintenant trad uire 
avec quelque confiance les valeurs EM en valeurs EH, 

pour l'ecoulement dans un canal, je crois done plus 
souvent preferable le chemin EM--+ EH --+ Nu pour 
evaluer les coefficients de transfert thermique dans la 
plupart des situations nouvelles. 

Memoire P/135 (presente par C. Cunningham) 

DISCUSSION 

J. PELCE (France): Des travaux tout a fait semblables 
ont ete menes dans les laboratoires du CEA, mais, 
pour nous, l'effort a porte sur des elements avec 
ailettes en chevrons. Cependant, le but poursuivi et les 
methodes utilisees sont tout a fait semblables. 

Nous avons eu le souci d'etudier les caracteristiques 
thermiques et les pertes de charges d'un grand nombre 
de dispositions d'ailettes, en vue d'etablir une 
formulation utilisable dans les calculs d'optimisation 
de reacteurs. La documentation sur ces travaux est a 
Ia disposition de tous les interesses. 

Nous avons aussi etudie dans le detaille comporte
ment thermique des gaines choisies pour des reacteurs 
donnes, comme EDF2 et EDF3. Nous avons prete une 
attention particuliere aux singularites thermiques sur 
des trains de gaines simulant au mieux la geometrie 
en pile, en regime nominal (nous avons etudie en 
particulier les decalages angulaires entre elements). 
Nous avons aussi etudie l'inftuence des faibles debits 
en courants gazeux ascendants (EDF3) et descendants 
(EDF4), ainsi que !'influence de deformations d'ailettes. 

Tous ces essais ont ete effectues sur maquette a 
l'echelle reelle ou a une echelle plus grande. Nos 
conclusions sont, dans l'ensemble, conformes a celles 
exposees dans les memoires P/135 et P/136. Bon 

nombre de nos resultats sont donnes dans les rapports 
CEA n°8 2469 et 2470. 

A propos du memoire P/135, je voudrais poser 
deux questions. D'abord, dans les essais a faible 
debit, le courant etait-il ascendant ou descendant, et 
de plus, avec quelle precision estimez-vous connaitre 
vos resultats? Deuxiemement, avez-vous fait les 
memes etudes detaillees sur des gaines a plus de 
quatre secteurs? 

C. CUNNINGHAM (Royaume-Uni): Les resultats des 
essais a faible debit mentionnes dans le memoire sont 
pour un courant ascendant. Il est impossible de bien 
repondre a la question de Ia precision. Dans Ia 
mesure ou l'on peut generaliser, l'ecart type dans nos 
essais de transferts thermiques peut se placer autour 
de 2 %. Pour repondre a votre seconde question, je 
dirai que nous n'avons pas fait d'etude detaillee 
d'eh!ments a chevrons avec plus de quatre secteurs. 

W. L. GRANT (Afrique du Sud): Les figures 1 E et 
2 E montrent les variations du transfert thermique 
avec !'orientation relative des elements. Ces variations 
sont-elles les memes pour les deux dispositions, 
verticale et horizontale, des canaux d'elements 
combustibles? 

C. CuNNINGHAM (Royaume-Uni): Nous n'avons 
fait aucun essai d'orientation dans des canaux 
verticaux. Cependant, dans tous nos autres essais avec 
nombres de Reynolds eleves, nous n'avons pu voir de 
difference due a la hauteur des canaux, ce qui se 
comprend aisement car les effets de poussee sont sans 
importance. 

Memoire P/719 (presente par V. B. Nesterenko) 

DISCUSSION 

Y. EL-MESHAD (Republique arabe unie): Je 
voudrais demander aM. Nesterenko de nous indiquer 
s'il est possible d'utiliser sa methode de moyenne, 
a) en tenant compte du materiau de gainage ou, en 
general, pour des elements combustibles a plusieurs 
couches, et b) en tenant compte de la propagation de la 
chaleur suivant I' axe le long du materiau combustible? 

V. B. NESTERENKO (URSS): Avec des methodes 
d'approximation, on peut tenir compte de la resistance 
thermique de la gaine du combustible dans le coefficient 
de transfert thermique que nous mentionnons. Dans 
cette etude, on n'a pas tenu compte de la propagation 
de la chaleur le long de l'element dans le cas d'un 
gaz, a cause de la faible valeur de la grandeur en 
question. 

Memoire P/552 (presente par R. Negrini) 

DISCUSSION 

Ce memoire n'a pas fait l'objet d'une discussion 
distincte. 
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Ilpeoceaame.tb: n. E. HoeaCKH (nonbwa) 

,lJ.oKnap, P;580 (npep,cTaeHn K. TopHKaH) 

,D.I-1CKYCCI-1S1 
C. C. HYTATEJIA,IJ;3E (CCCP): XoTa npo~eccbi 

IWHBeKTIIBHOrO TellJIOOOMena B TCX peaJ\TO pax, 
KOTOpbie Mbl o6eym~aeM, TeeHO eBH3aHhl ~ame 
B cJiyqae mn~Knx MeTaJI.liOB e rrpo~eecaMu Typ6y
JieHTnoro rrepenoea, ne 6hiJIO pa3pa6oTano mma
Hnx ~OeTaTOlJ.HO TOlJ.HhiX MeTO~OB ~JIH OIIpe~e.Tie

HIIH Hoa<flqm~neHTOB Typ6yJieHTnoro rrepenoea B 
rrpe~eJiax HOHelJ.HhiX queeJI PelmoJib~ca. O~naHo 
rrpe~eTaBJIHJIOeb B03MOmHhiM - II 3TO OlJ.E'Hb nam
HO - IIOJiylJ.IITb ~JIH IIOTOKOB e <<IIelJ.e3aiOm;efi>> 
B.H3HOeThiO (1-t- 0), To eeTb ~JI.H Re- cr;, p.H~ 
aeiiMIITOTHlJ.eeHIIX pellieHitii, eBO.OO~HbiX OT 3MIIII
puqeeKHX HOHeTaHT. HoBble aeiiMIITOTIIlJ.ecHue pe
rnemm MoryT TaKme 6hiTb IIOJiyqenhi ~JI.H pa3JIItlJ.
HhiX naamhlx eJiyqaen TeiiJioo6Mena 11pn Im
rrenMn. 

TaK, ne ronopH yme o MOeM ypannennu ~JIH 
q~<puT rrpn mmenim B 6oJiblliOM o6'heMe, 11pliBe
~ennoM B ~OKJia~e r-Ha Topm·mn, Momno TaHme 
IIOJIYlJ.liTb <flopMyJiy AJI.H OlJ.eHb BhieOHIIX eKopo
CTeii rroToKa mn~KoeTn w0 u T -o:::::: T": 

qHpiiT= 

='P* fi- ~:p*) ~'! rw l; y'y" (1-L C l·Fy~ Cpf'lT\ 
\ 2 0 I '\'' r I ' 

r~e ~:p* - 11a poco~epmanne n6mt3II eTenKn; C f -

Hoa<fl<Pn~nenT Tpemm; r - eKpbiTaH TerrJioTa ·rra
poo6pa3onann.H; C- rroeTo.HnHa.H. OeTaJibHhle o6o-
3naqemtH o6m;e11piiH.HThle. 

Ypannenne (13) B ~o:nJian;e r-na TopnKan 6mmHo 
H aTOMY pernenn10 ,ll,JI.H C/lT )> r. 

liTo KacaeTe.H anaJiornu Memn;y InmenneM n 6ap-
6oTameM, TO H XOTeJI 6hl o6paTIITb BHIIMaHne Ha 
TO, lJ.TO 3Ke11epnMeHTaJibHhle pe3yJihTaThi, IIOJiyqeH
Hhle r-HOM TopnKan, B 11pnn~n11e 110~o6nbl pe-
3YJibTaTaM, rroJiyqeHHhiM naMn B CCCP, a TaHme 
CrroJI~HnroM B Bemmo6pnTamm. 

,IJ,pyrOII 11pOOJieMOH, KOTOpyro eJien;yeT llME'Tb 
B BII~y, .HBJIHeTeH MOJieKyJIHpHhlii Bee ra3a. 

,lJ.oKnap, P/326 (npep,cTaeHn H. 1-1. 5yneee) 

,D.I-1CKYCCI-1S1 
0. E. ~BAMEP (CUL\): H xoTeJI 6hi Bhipa3IITb 

YJI.OB.rreTBO penne o6eTO.HTe.Tl bHhiM J\OK.Tia~oM )1,-pa 
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OcMalJ.Kima. Oeo6enno IIHTepeeno onneanne 
npo~OJibHOfO OoTeKaHII.H mu~KIIMH MeTaJI.TfaMn 
nyqKOB eTepmnelr. Hee:noJihKO JieT na3a,11, n B pyK
xeiineneKoii HaQnonaJibHotr Jia6opaTopun Mhi noJiy
;utJJU anaJinTnqeeKoe pernenne aToii 3a~aqn, n Ko
ropoM Mhl 11pe~IIOJIOmUJIII, lJ.TO paJJ,JiaJibHOe pac
rrpep:eJIE'HHe eKopoeTefi 110 OTHOlliE'HIIIO K )l,aHHOMy 
CTepmHIO 6biJIO TeMme, lJ.TO II BO BHyTpeHHE'll qaCTJ1 
tWJib~eBoro 3a3opa, IIMerom;ero TOT a\e BnyTpen
Hnit pai'Vtye, TOT me pa~uye Mal\CI!MyMa eRopOCTH 
II TY me epe~HIOIO eKopoeTb BO BHyTpenneii 'IaCTJI. 
l1aaaJioeb, liTO aTo 6hiJIO rrpe~rroquTeJibHee, 'IeM 
OCHOBhiBaTb IIpO<flHJib eKOpOeTeii Ha paerrpe~eJie
HHJI cHopoeTeft rrpu Teqenun B Tpy6ax. Ha aToM 
'laee~aHitll H e)l,eJiaJI eorroeTaBJI8HIIe, KOTOpOe IIO
t>il.3biBaeT, liTO pnc. 9 n ~OKJia~e ~-pa OeMa'IKIIHa 
IJ.OllOJihHO xoporno eorJiacyeTC.H e ypannenneM 2 
R ,'J,OKJia~e p /22.), eeJIII IIeiiOJib30BaTb I\OHCTaHTbi 

U3 Ta6JI. 3 aToro p;oRJiap;a u npnH.HTh 'IJ- = 1. Kon
cTaHThl OeHOBaHbi Ha I\OJib~eBOII MO~eJIU. 

11 pn HU3KUX 'IneJiax Pe, Mhl rroJiaraeM, lJ.TO N u 
HOlJ.TII He aaBneuT OT Pe. 11 pu OTnomemm mara 
'' )l,naMeTpy, narrpnMep, 1, 7 Mhl rrpurnJIII H Bhi
Bop;y, liTO rrpn nnme Pe ~ 700 BRJia)l, Typ6yJieHT
noeTu B IIO,TJHYIO T811JIOIIpOBO~HOeT b II pene6pe
il\IIMO MaJI, TaK liTO OeHOBHbiM rrpo~eeCOM OCTaeTeR 
MOJIE'KYJI.HpHaH TeiiJIOilpOBO~HOCTb. 

Bhlme Pe ~ 700 BRJia~ Typ6yJieHTHOcTn eTano
BIITCH Bee 6oJiee BamnhiM, p;ocTnraR rrpn Pe c_~ 104 
3HalJ.eHnH, 6JIII3Koro R e~nnu~e. Ta:nuM o6pa3oM, 
'IE'M Bhlllie liUeJIO IleHJie, TeM e 60Jibllieii TOqnoeTLIO 
na~o o11pe~eJI.HTb vT. 

,lJ.oKnap, P/16 (npep,cTasHn A. ,D.. Jlei1H) 

,D.I-1CKYCCI-1S1 
·.-'\.C. HCBHH (CiliA): fipOBO)l,IIJIII Jill Bhl Ol1bl

Thl, KOTOphle II03BOJIIIJIII Obi BaM Ollpe)l,eJIIITL BJIUH
Hite aRer~eHTpnqeeKOrO paeiiOJIOmeHIIH 3KC1Iepn
MeHTaJibllhiX y'IaCTKOB? 

A. ,IJ,. JIE.MH (Kana~a): HeT. O.r1naKO Mhi na
~eeMeH llpOBeeTJr neeJiep;oBaHitH 110 )l,llCTaH~IlOHII
pOBaHIIIO. 

\. C. JICBIIH (Clll.\): H'orp;a Bhl o~ennnaeTe 
IIepe~aqy TerrJia II3.'1YlJ.eHII8M OT OI\Cll~llpOBaHHbiX 
~HpRaJIOeBhiX IIOKpbiTIIIi, RaKUe 3HalJ.eHHH II3JIY
'IaTeJihHOH erroco6nocTn IIOBepxnoeTefr Bhl ne
rroJib3yeTe? 
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A. ,n;. JIE.tlH (Hana~a): Mhl ne nhlTaJIHCh o~e
HHTh H3Jiy~eHHe OKCH~HpOBaHHhlX ~HpKaJIOeBhlX 

noKphlTHH no ~BYM npH~HHaM. Ilpem,n;e BCero, B 
CJiy~ae, KOr~a npOHCXO)J;HJI H3rH6 aa C~eT TepMH
~eCKHX nanpHmenuii H na6mo~aJiaCh aaMeTHaH 
KoppoaHH, TeMnepaTyphl onpe~eJIHJIHCh no noKa
aaHHHM TepMonap na :meMeHTax H3 nepmaBeiOm;eii 
CTaJIH, noMem;eHHhlX B no~06Hhle YCJIOBHH, a TaKil\e 
nyTeM o6cJie~OBaHHH CTeneHH Kopp03HHnOKphlTHH. 
Bo-BTOphlx, npu nopMaJihHOH pa6oTe TeMnepaTypa 
OKpymeHHH ::mcnepHMeHTaJihHOfO ~aCTKa 6hlJia 
o~HHaKoBa BHYTPH H BHe peaKTopa H neMnoro 
HHil\e TeMnepaTyphl TOIIJIHBHOfO noKphlTHH. 

B. H. GYBBOTHH (CCCP): ¥ MeHH ecTh o~no 
aaM~~anue B CBH3H c aTHM ~OKJia~oM. Ilepemor 
He ttpOHCXO~HT O~HHaKOBhlM o6pa30M npH BhlCO
KHX H npH HH3KHX ~aBJieHHHX. IlpH BhlCOKHX ~aB
JieHHHX He npOHCXO~HT 60JihillOfO yBeJIH~eHHH 
TeMnepaTyphl TenJIOBhl~eJIHIOm;eH CTeHKH IIpH ne
pemore. Mne KameTCH, ~To B pH~e cJiy~aeB aTo 
MOfJIO 6hl 6biTh HCTO~HHKOM OIDH6KH npH aKCIIe
pHMeHTaJihHOM Onpe~eJieHHH qKpHT• 

,lJ.oKnaA P ;224 

,LJ.~CKYCC~fl 

H. M. BEHHEP (IIIBe~uH): Ha puc. 13 ~o
KJia~a noKaaano cpaBnenue paanhlx pac~eTHhlX 

cpopMyJI C ~aHHhlMH, noJiy~eHHhlMH B l\oJiyM6HH
CIWM YHHBepCHTeTe. lf3 8TOrO COIIOCTaBJieHHH 
npe~cTaBJIHeTCH, ~To cpopMyJiaBeKKepa-Ilepccona 
Hey~OBJieTBOpHTeJihHa C TO~KH apeHHH npe~CKa3a
HHH ycJIOBHii Kpuauca TenJioo6Mena. B cTaTbe 
(H. M. BeKKep AB Atomenergi CTy~cBHK, IIIBe
~HH), KOTOpaH ~OJiil\Ha 6hlTh ony6JIHKOBaHa B OK
TH6pe - HOH6pe 1964 r., Mhl noKaaaJIH, ~TO aTa 
cpopMyJia npe~CKa3biBaeT C TO~HOCThiO B -+- 5% 
KpHTH~eCKHe TenJIOBhle nOTOKH ~JIH npH6JIH3H
TeJihHO 3000 aKcnepHMeHTOB no KpH3HCy TenJIO
o6Mena, ocym;ecTBJieHHhlX B IIIBe~HH, npu cJie
~yiOm;ux H3MeHeHHHX na paMeTpOB: 

2,7 < p < 91 r.ajcM2 

100 < G < 3500 r.ajcM 2 
• ce" 

35 < q/A < 600 emjcM2 
0,05 <X< 1,00 
4 < d < 13 MM 

600 < L < 3500 MM 

lloJiaraiO, ~To CMory o61>HCHHTh, no~eMy pac
~eThl no Hameii <JiopMyJie BhlrJIH~HT TaK nJIOXO Ha 
puc. 13. 

Harne paccMOTpenue, ocnoBannoe na MO~eJIH 
Ban~epyoTepa - Hc6una, BKJIJQ~aeT B ce6H ~Be 
KOHCTaHThl 8 H b, KOTOpbie npe~CTaBJIHIOT CKOpOCTH 
nonepe~noro nepeMem,enuH u ~ncpcpyann KaneJih n 
~OJiil\Hhl onpe~eJIHThCH 113 8KCnepHMeHTaJibHhlX 
~aHHhlX. Hor~a nama pa6oTa 6hlJia nanucana 
(oKOJIO ~Byx JieT naaa~). HMeBmiieCH B IHBe-

~HII ~aHHhle no KpHTH~eCKHM HarpyaKaM 6hlJIH no
Jiy~eHbl B onhlTax TOJibKO ~o 40 r.ajcM2, H KOHCTan
Thl e H b 6hlJIU onpe~eJieHhl C HCnOJib30BaHHeM~aH
HhlX CISE (H. M. BeKKep H P. llepccon, AnaJIH3 
KpHTH~eCKIIX TenJIOBhlX HarpyaoK ~JIH nOTOKa KH
nHm;eii BO~hl B BepTHKaJibHhlX KpyrJihlX KaHaJiaX, 
npe,n;cTaBJieH B ASME .M 63-WA-51). ,Il;JIH 
TOrO ~T06hl nOJIY~HTh 8TH ~aHHhle, Ha BXO~ 8KC
nepHMeHTaJibHOrO y~aCTKa no~aBaJiaCb napO-BO
~HHaH cMech. HaK Mhl yme OTMe~aJIH B nameii pa-
6oTe, pac~eTHaH cpopMyJia He MOil\eT C~HTaThCH 

na~emnoii, Kor~a e10 noJihayiOTCH ~JIH onpe~eJie
HIIH yCJIOBIIH Kpi13IICa B KaHaJiaX C He~orpeBOM 
BO~hl Ha BXO~e. 'YnOMHHyTaH MHOH pa6oTa CO~ep
lliHT HOBble 3Ha~eHHH E H b, KOTOphlMII MOil\HO 
nOJib30BaTbCH npH 6oJiee BhlCOKHX ~aBJieHHHX. 

Ha puc. 1 npe~cTaBJieHhl ~annhle ua puc. 13 
~OKJia~a JleBH llOCJie no~CTaHOBKH npaBHJihHhlX 
ana~enuii e H b B cpopMyJiy BeKKepa - llepccona. 

Momno aaMeTHTb, '!TO corJiacne Mem~y ~aHHhlMH 
l\oJiyM6IIiicKoro ynuBepcnTeTa u pac~eToM no na
ID€ii cpopMyJie Teneph BnOJIHe y~oBJieTBOpiiTeJibHOe. 
8TO MOlliHO noKa3aTb em;e 6oJiee HCHO, eCJIH HCnOJib-
30BaTh neKOTOphle ~aHHhle, npe~cTaBJieHHhle na 
puc. 2 B ~oKJia~e JleBII. CpaBneniie ~ano na puc. 2. 
Ha~o omn~aTh noBhlmennoro paa6poca npu Ma

JIOM napoco~epmanuu ua-aa Toro, ~To cpopMyJia 
OCHOBaHa Ha MO~eJIII lliii~KOH nJieHKH, ~BHil\y
m,eHCH no cTenKe KanaJia. EcJIH npe~nOJIOil\HTh, 
~To b aaBHCHT oT napoco~epmanHH, To paa6poc, 
noKaaaHHhlH na puc. 2 npu HII3KOM napoco~ep
manuu, MOllieT 6hlTh aaMeTHO yMeHhmen. 
HaKone~, na puc. 3 nama cpopMyJia cpaBHH

BaeTCH C mBe~CKHMH ~aHHhlMH H ~aHHhlMH l\OJIYM-
6HHCKOrO YHHBepCHTeTa ~JIH ~aBJieHIIH OKOJIO 
50 na/cM- 2

• 

Momno aaMeTIITb, ~To a~ech TaKme na6mo
~aeTcH npeKpacnoe corJiacue Mem~y aKcnepn
MeHTaJihHhlMH ~aHHhlMH H pac~eTaMH no HameH 
cpopMyJie. 

,lJ.oKnaA P/93 (npeAcrasHn }t{. 8HnbHes) 

,lJ,~CKYCCHA 

B. M. H8MTIBEJI.JI (Hana~a): Mhl B Hana~e 
TaKme uay~aJIH o6paaonanue aarpHanenuii Ten
JIOOT~aiOm;nx noBepxnocTeii, no namu peayJihTaThl 
OTJin~aiOTCH OT HaJiomeHHhlX B ~OKJia~e. O~naKo 
na caM oM ~eJie necooTBeTCTBHH neT. Mhl ncnOJih-
3yeM cJie~yiOm;uii npo~ecc. 

TenJionocnTeJih Tm,aTeJihHO o6pa6aThlBaiOT a~
cop6upyiOm,eii rJiunoii Attapulgus n cpumTpyiOT 
~JIH TOrO, ~T06hl y~aJIHTh BCe MeXaHH~eCKHe HpH
MeCH (opraHH~eCKHe H HeopraHH~eCKHe); KOMllO
HeHThl, cnoco6cTByiOm;ne oprann~ecKoMy aarpHa
nenuiO, no cym;ecTBY OTCYTCTBYIOT. 

Ilpn 8THX yCJIOBHHX Mhl HallJIH, KaK aTO H OllH
CaHO B ~OKJia~e P /15, 'ITO Cl cnoco6cTByeT aa
rpHanenHIO TenJioOT~aiOm;ux noBepxnocTeii no
cpe~cTBOM nepenoca npo~yKTOB ero BaauMo~eiicT-
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PHc. 1. CpasHeHHe MeTOAa Koppen.R4HH c A8HHbiMH 
no KpHTHY8CKOMY TennOBOMY nOTOKY B On~THOM 
OTpesKe Tpyl5bl. PacYeTbl BbmonHeHbl An.A noToKa 

PHc. 2. YcnoeH.A KpHTHYecKoro Tennoaoro noToKa 
B onbiTHOM oTpesKe Tpyl5~. BHyTpeHHMH AHaMeTp 
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BHH C meJie30M B KOHType H qTO <flopMa, H 1\0TOpoii 
Cl npncyTCTByeT, oqeHb BamHa. HanpnMep, Tpex
xJiopncTDiii aTHJieH 6oJiee a<fl<fleKTHBHO cnoco6cT
ByeT pa3BHTHIO npou;ecca, qeM XJIOpHCTDIH p;n<fle
HHJI. HaM KameTCH, qTo p;ooaBJIHeMoe coep;nHe
HHe Cl p;oJimHo paaJiaraTbCH, o6paayH <•aKTHBHOe>> 
xJiopncToe coep;nHeHne, p;o cnx nop He onoaHaH
HOe. TaK, ecJIH B onDITax ncnOJioayeTCH CTa6nJib
HOe xJiopncToe coep;nHeHne, o p;eiicTBHH Cl MomeT 
6DITb cp;eJiaH HenpaBHJII>HDiii BDIBO,!J;. 

H noJiaraiO, qTo B cJiyqae, onncaHHOM B p;oKJiap;e 
P /93, peayJioTaT onDITa 6DIJIO Tpyp;Ho BDIHBHTb na
aa HaJinqnH BeCoMa BDICOKoro opraHnqecKoro aa
rpHaHeHHH II Ha-aa CTaOIIJibHOCTII p;o6aBJIHeMoro 
opraHnqecKoro coep;nHeHIIH Cl. 

H xoTeJI oM TaKme o6paTnTo BHIIMaHne Ha op;nH 
If3 HaiiiiiX OllbiTOB, npoBep;eHHbiX Ha peaKTOpHOH 
neTJie X-7, npn KOTopoM He oDIJIO o6HapymeHo 
noqTII. HIIKaKOrO aarpH3HeHIIH Ha nOBepXHOCTHX 
TeiiJIOBDI)J;eJIHIOIIJ;HX :OlJieMeHTOB, paOOTaBIIIIfX npn 
TeMnepaType 450-500° C B TeqeHne 82 p;Heii 
(0,1 M.!/CM 2 • 'l). 

Jl\. BliJibHEB ((DpaHIWH): H corJiaceH, qTo Cl 
OKa3DIBaeT pa3JIUqHOe BJIIIHHIIe B aaBIICHMOCTif OT 
TOrO, B KaKoii: <flopMe OH HaXO,!J;IITCH B KOHType. 
B HaiiieM KOHType MDI ucnoJib30Bamr Tep<fleHnJI
OM2, noJiyqeHHDiii B peayJibTaTe noJinMepnaau;nu 
oeHaoJia, xJiopnpoBaHHoro no OIIInoKe. TaKnM 
o6paaoM, ncnOJibaoBaBIIIeecH Bem;ecTBO cop;epmaJio 
CBHaaHHDiii Cl, KOTOpDii'l He BJIJIHeT Ha o6paaoBa
Hne aarpHaHeHnii. Op;HaKo qepea HeKoTopoe BpeMH 
):t;oJimHo nocJiep;oBaTb ero coep;nHeHue c Fe B KOH
Type n aarpHaHeHne nocpep;cTBOM nepeHoca. B 
HaiiiHX 3KCnepiiMeHTaX MDI BCerp;a HaXO,!J;IIJIII HpKO 
BDipameHHDiii nopor npn 500° C, BDIIIIe aToi'r TeM
nepaTypDI nponcxop;nT MeCTHDIH nupoJina, B pe
ayJioTaTe KOTOpOrO OOpaayeTCH nJieHKa, COCTOH
m;aH na MHrKoro Bem;ecTBa, yp;epmnBaiOm;erocH 
Ha HarpeBaeMoii cTeHKe. 

JI. C. ,I(3¥Hr (IIlBeiiu;apnH): B KaKoM p;narra
aoHe Haxop;nJIHCb qncJia ITpaHp;TJIH )J;JIH oxJiam
p;aiOiljHX cpep; B 3TOM 3KCIIepnMeHTe? 

Jfl'. BHJibHEB (<DpaHn;nH): qncJio IIpaHp;TJIH 
H3MeHHJIOCb OT J ,!J;O 12. 

JI. C. ,I(3YHr (lliBei'ru;apnH): H Bnmy, qTo <flop
MyJia, npnBep;eHHaH B 3TOM p;oKJiap;e, HMeeT TY me 
CTPYKTYPY, qTo n KJiaccuqecKoe cooTHOIIIeHne, 
BnepBhle npep;JiomeHHOe KoJI6opHOM B 1930 rop;y. 
MHe ODIJIO oM HHTepecHo yaHaTb, qeM B caMOM p;eJie 
Baiiia <flopMyJia orJinqaeTCH OT KJiaccnqec«oii. MHe 
KaiReTCH, qTO MexaHII3M TeiTJIOITepep;aqn 3aBHCHT 
rJiaBHbiM o6pa30M OT <flnanqeCKHX CBOHCTB cpep;hl, 
KOTOphle xapaKTepiiayiOTCH qncJiaMn IIpaHp;TJIH n 
PeiiHOJibp;ca. XnMnqecKIIe CBOflCTBa He nrpaiOT 
oOJibiiiOii poJin. TioaToMy <flopMyJia B p;oKJiap;e 
)J;OJiiRHa 6b1Tb npnMeHHMOH K cpep;aM, OTJIHqHDIM 
OT OpraHIIqeCKHX iRH,!J;KOCTefi, eCJIH TOJibKO qnCJIO 
IIpaHp;TJIH JiemnT B cooTBeTCTByiOm;nx npep;eJiax. 

lfl'. BHJibHEB (<DpaHn;nH): Haiip;eHHaH HaMH 
<flopMyJia OTJIIIqaeTCH OT KJiaCCUqeCKHX, HallpHMep 
OT <flopMyJIDI I\oJioopHa, TeM, qTo noKaaaTeJib cTe-

COMPTE RENDU DE LA SEANCE I. 10 

neHn: npn qncJie PeiiHOJiop;ca paBeH 0,9. HaK yme 
OTMeqaJIOCb (eM. CCDIJIKY 1 B ,!J;OKJiap;e), ITOKa3a• 
TeJio CTeneHn npn qucJie PeiiHOJiop;ca yBeJinqii
BaeTCH npn yBeJinqemm qncJia IT paHp;TJIH. Boc
IIOJib30BaBIIIIICb noJiyTeopeTnqeCKHM pacqeTOM 
MapTnHeJIJIII p;JIH Haiiiero cJiyqafl, MDI noJiyqnJin 
)J;JIH no«aaaTeJIH cTeneHn aHaqeHIIe 0,9. 

,lJ.oKnaA P ;53 (npeAcTaeHn n. JleeeK) 

,lJ.VICKYCCVIfl 

P. <D. C. POBEPTCOH (KaHap;a): MDI B Ra
Hap;e oqeHo HHTepecyeMcH MexaHII3MOM, npep;Jio
meHHDIM JleBeKOM B 3TOM )J;OKJiap;e. Y HaC eCTb 
OCHOBaHHH noJiaraTb, qTO npep;cTaBJieHHH, OCHO
BaHHble Ha KoM6nHau;nn qncToro pap;IIOJIIIaa, He 
aaBIICHin;ero oT JII13, TeMnepaTypDI, nnpo.unaa n 
OT MOID;HOCTII p;oaDI, MomeT 6DITh npHI\tHTHBHhiM 
ynpom;eHneM. B CJiyqae ooJiyqeHIIH KancyJI, npo
Bep;eHHOro na JleaKTOpe NPX (ynoMHHYTOM B Ha
meM p;OKJiap;e P/15), Mhl HaiiiJIH KaK p;JIH opTo-, 
TaK H )J;JIH MeTaTep<fleHHJia, qTO BbiXO,!J;bl peaRIJ;Hii: 
KaK <flyHKIJ;HH TeMnepaTypDI noqTJI O,!J;HHaKOBbl )J;JIH 
MOIIJ;HOCTeii p;oa 0,1 n 0,3 em/2. MexaHnaM, npep;
JiomeHHDiii p;-poM JleBeKoM, He CMor 6DI npep;cKa
aaTb TaKoii peayJII>TaT. Op;HaKo MDI corJiaCHDI, qTo 
no «paii:Heii Mepe B cJiyqae MeTaTep<fleHIIJia, nop;
BeprHyToro pap;HOJIJI3Y, CKOpOCTb IIHpOJIH3a 
3HaqnTeJibHO BDIIIIe CKOpOCTH llHpOJIH3a oea 
ooJiyqennH. Haiiin peayJihTaTDI y«aaDIBaiOT, qTo 
oDICTpDie HeiiTpoHhl ooJiap;aiOT ooJiee cnJibHOH 
paapyiiiaiOm;eii CllOCOOHOCTbiO, qeM y-qaCTHIJ;hl H 
Gn/G1 paBHO npnMepHo 3 npn TeMnepaTypax 
Hnme 375° C. 

,lJ.oKnaAbl P ;225 (npeAcTaeHn 0. E. ,lJ.eaAep) 
11 P/328 (npeAcTaeHn B. VI. Cy66oTHH) 

(3TH ,!J;OKJiap;hl o6cymp;aJIHCb coBMecTHo) 

,lJ,VICKYCCVIfl 

JI. C. ,I1;3YHr (lliBeiiu;apnH): Bo-nepBDIX, H 

xoqy noap;paBHTb aBTopoB p;oKJiap;a P/225, Han-
6oJiee nOJIHO nOp;BO,!J;HIIJ;ero HTOr BCeM CBep;eHIIHM, 
KaCaiOIIJ;IIMCH TenJIOOTp;aqii K iRH,!J;KOCTHM C HH3-
KHM qnCJIOM IIpanp;TJIH. 

Moe aaMeqaHIIe OTHOCHTCH K pnc. 1, Ha KOTO
pOM )J;JIH HeKOTOpbiX KpHBbiX rpa<fJHK TypoyJieHT
HOH BH3KOCTII 81\I HMeeT BDirno Ha yqaCTKe Memp;y 

,!J;BYMH CTeHKaMH. IlOCKOJibKY 3TOT yqaCTOK xapaK
TepnayeTCH HyJieBDIM rpap;IIeHTOM CKOpOCTII, TO 
ITOTOK JIOKaJibHO O,!J;HOpop;eH. TaKIIM oopaaoM, 
<flnaiiqeCKII Typ6yJieHTHaH BH3l\OCTb TaKme ,!J;OJiiRHa 
IIMeTb na 3TOM yqaCTKe npOII3BO,!J;HYIO, paBHYIO 
nyJIIO, TO ecTb He p;oJimHo 6DITb HnKaKoro BDirnoa Ha 
rpa<flnKe. HHTepecno yaHaTb MHeHne r-Ha ,lJ;Baiiepa 
no 3TOMY llOBOp;y. 
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0. E. ABAfiEP (CiliA): TypoyJieHTHaH BH3-
KocTb B 3a,!l;aHHOII TO'lKe IIOIIepeqHOrO ceqeHIIH 

KaHaJia 3aBHCUT rJiaBHbiM Oopa30M OT IIO.lJHOrO 

KacaTeJILHoro HanpHmemui n oT KPYTII3Hbi npo

<fJnJIH CKopocTn B :noii TO'lKe. TaR KaK p;JIH pa

p;uyca, rp;e CKOpOCTb MaKCHMaJibHa, 3Tif BeJIU'lliHhl 

paBHbi HyJIIO, HeJih3H OIIpep;eJIIITh TypoyJieHTHYJO 

BH3ROCTh B :nof1 TO'lRe. Op;HaRo RpnBaH 3aBircu

MOCTM 8.M OT (r - r 1 jr2 - r 1) )J;JIH KOJibi.J;eBOrO 

3aaopa p;oJimHa 6biTh p;n<fJ<fJepeHIJ,npyeMa BO Bcex 

TO'lRaX II )J;OJI/RHa HMeTh nepByiO npOI13BOp;HyiO, 

paBHYIO HYJIIO, )J;JIH pap;nyca, rp;e CKOpOCTh MaKCli

MaJibHa. KpnBaH b Ha puc. 1, c ROTopoii aBTOpbi 

npep;IIO'lUTaiOT paoOTaTh, yp;OBJieTBOpHeT 3THM 

TpeooBaHIIHM. IlMeeTCH ,!J;OCTaTO'lHO :mcnepnMeH

TaJibHbiX )J;OKaaaTeJibCTB, yRa3biBaiOIIJ,UX Ha TO, 'lTO 

npo<fJnJih a Ha puc. 1 oqeHh MaJioBepoHTeH. l\poMe 

TOrO, ynpoiiJ,eHHbiii npo<fJUJih CKOpOCTM B IJ,8HT
paJihHOll qacTu ROJihiJ,eBoro 3a3opa He oaHaqaeT, 

'lTO TypoyJieHTHaH BH3ROCTb B aTOll OoJiaCTJI TaRme 

)J;OJI/RHa CJiaoo 113M8HHTbCH. 

II. fHJIJIII (ABcTpnH): H xoTeJI obi cp;eJiaTh 

3aMe'laHue II 3ap;aTh Bonpoc no p;oRJiap;y r-Ha ABaii

epa. H xoTeJI obi oco6eHHO ocTaHoBHThCH Ha Ten

JIOoTp;aqe R miip;HUM MeTaJIJiaM npn nonepe'lHOM 

OoTeKaHim IIY'lHOB Tpyo, 'lTO MO/ReT COOTBeTCTBO

BaTb T8nJIOOOM8HHIIKY l!Jili na poreHepaTopy )J;JIH 

aTOMHOi[ 3JI8HTpOCTaHIJ,UII ·c peaHTOpOM, OXJiam

,!l;aeMbiM /RII)J;RIIM MeTaJIJIOM. 1\fHe HallieTCH B03-

MO/RHbiM OO'hep;nHllTL 008 <fJopMyJihl, IIpiiBe,!l;8HHbi8 

aBTopoM ,!l;JIH qucJia HycceJILTa B cJiyqae nonepeq

Horo OOTeKaHIIH, a IIMeHHO 3Mlll1pii'leCHOe ypaBHe

Hne [ypaBHeHne (4)] Pmmap,!l;a, ,I~Baiiepa n Apon

J..:IIHa ( CChlJIKa 20 B ,!J;OKJia,!J;e) II TeopeTU'leCRYIO 

<fJopMyJiy (ypaBHeHilH (.J) 11 (o)], npiiBO,!J;IIMYIO 

Xc10 *. ¥ Ham,!l;Ofi na aTnx <fJopMyJI ecTL 

IIHTepeCHhle OCOOeHHOCTIL ¥ paBHeHIIe ( 4) IIC

IIOJih3YeT IIOCTOHHHOe 'liiCJIO 4,03 B ,!l;OoaBJieHJie 

K cTeneanofi <fJynRIJ,IUI OT qucJia II eRJie u, TaKnM 

oopaaoM, oqeBn,!J;HO, yquTbiBaeT MOJieKyJIHPHYIO 

TenJionpoBO,!l;HOCTh. O,!J;naKo aTa <fJopMyJia OhiJia 
IIOJiyqeHa TOJibKO ,!l;JIH O,!l;HOrO ROHKpeTHOrO pac

IIOJIO/ReHIIH Tpy6. C ,!J;pyrofi CTOpOHhi, 113-3a BBe

,!l;eHIIH (J) 1 jD pa3HOCTII IIOTeHIJ,IIaJIOB CKOpOCTeii 

Melli,!l;Y TO'lRaMn HaoeraHHH II 3aCTOH ypaBHeHUH 

(.J) n (0) cnpaBe,!l;JIIIBhl ,!J;JIH paaHhiX paenoJiome

Hnii Tpyo, HO He Y'lllTh!BaiOT MOJieRyJIHpHyiO Teii

JIOIIpOBO,!J;HOCTb, TaK, qncJio HycceJILTa, corJiacao 

aToii <fJopMyJie, o6paiiJ,aeTCH B HYJIL npu ayJieBoM 

3Ha'leHHU 'lllCJia IJeKJie. 

HeTpy,!J;HO oo'hep;nHIITh ooe <fJopMyJILI. llpu

IIIJIOCL Obi 3aMeHIITh Roa<fJ<fJuu,neHT 0,!:!38 B ypaBHe

HIUIX (3) II (o) JIJill me 3TOT 1\0a<fJ<fJniJ,IIeHT II noRa-

3aTeJIL CTenenn qucJia IleKJie n $ 1;D TaKuM oopa-

30M, 'lTOOhi npn ,!J;06aBJieHuu HOHCTaHThi 4,03 Nu 
COrJiaCOBbiBaJICH C peayJihTaTaMII 3KCnepnMeHTOB. 

0,!l;HIIM na cnocoooB ocvruecTB.TJeHIH! ~Toro ohlJIO Ohi 

* ITo coo6~emno fmwa, AORJiaA Xc10 oh!JI ony6mr
JWBaH B mypuaJie Int. J. Heat Mass Transfer 7 N 0 • 4 
431-446 (1964). ' ' ' 
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~HnmeHne Roa<iJ<Pnu.neHTa npuMepHo Ha 10-20%. 
~pyriiM B03MOil\HbiM cnocoooM oLIJia 6hl IIO,!J;

cTaBKa B ypaBHeHUe (4) <fJyHKIJ,IIII $ 1,'D II nO,!l;XO

,!l;HIIJ,IIM Oopa30M BbiopaHHOrO KOa<fJ<fJU:U,IIeHTa BMe

CTO Roa<fJ<fJnu,neHTa 0,228. TaKIIM o6pa30M, OhlJia 

6bl noJiyqena 6oJiee o6IIJ,aH n 6oJiee y,!l;OBJieTBO

puTeJILHaH <fJopMyJia ,!J;JIH CJiyqaH nonepeqHoro oo

TeRaHMH if\II)J;KMMM MeTaJIJiaMn uyqKoB Tpy6, 1\0-

TopaH TaKme ObiJia obi cnpaBe,!l;JIIIBOfi ,!l;JIH MaJihlX 

quceJI IleHJie u ,!l;JIJI pa3JIH'lHoro pacno.TJomeHnH 

Tpy6. 

Tenepb no noBop;y Moero Bonpoca, OTHOCHIIJ,e

rocH K 3Ha'leHIIHM $ 1 jD, Bhl'liiCJieHHhlM B ,!1;01\Jia,!l;e 

Xc10, Ha ROTOphlii H yme CChlJiaJicH. 8Tn 3Ha'leHnH 

$ 1/ D OTHOCHTCH TOJihKO 1\ CJiyqaHM pacnOJIO

meHIIJI Tpyo B Y3Jiax HBa,!J;paTnoii n TpeyroJIL

Hoii pemeTOK. BhlJIM JIII B BpyKxefmeHcKoii uau.no

uaJILHofr JiaoopaTopnii nJin r,!l;e-mr6o eiiJ,e Bhl'liiC

JieHhl no MeTO,!J;Y Xc10 3Ha'leHHH $ 1 jD )J;JIH ,!J;pyrnx 
pemeToK? 

0. E. ~BAMEP (CWAJ: YpaBHeHne (4) npep;

cTaBJIHeT coooif :mnnpuqecRoe cooTHOIIIenue, oc

HOBaHHoe Ha pe3yJILTaTaX 31\CIIepnMeHTOB C 0):1;

HHM ny'lKOM Tpy6, a UMeHHO xapaKTepH3YIOIIJ,IIMCH 

BeJIII'liiHoii PjD, paBHoii 1,38. 0Ho ,!J;aeT KpBBYIO 
3aBIICIIMOCTII N u OT Pe, y KOTOpofr uanJIOH B03-

pacTaeT c Pe. O,!J;HaKo, nocROJILKY ypaBHeHIIH (5) 
U (6) OCHOBhlBaiOTCH Ha npe,!J;nOJIOfl\eHUII 0 HeBH3-

KOM nOTOKe, OHM ,!l;aiOT 1IpHMYIO JIIIHIIIO Ha rpa

<fJuKe 3aBnCHMOCTII Nu OT Pe. TaKIIM o6paaoM, 

ypaBHeHIIH (4) II (3) ,!J;aiOT pa3Hble pe3yJILTaThl 

B o6Jiacnr HII3KIIX Pe. 11oaToMy oqeBIIgHo, 'lTO 

ypaBHeHHJI ( 5) M (o) He MOryT IIpUMeHHTbCH npii 

RpafiHUX 3HaqeHIIHX fleR.TJe, B OTJIII'liie OT ypaBHe

HIIH (4). BM,!l;Ol13MeHeHHOe ypaBHemre (3), corJia

cyiOIIJ,eecJI c xa paKTepncnmaMn ypaBueHnH ( 4), 
MOrJIO 6hl, 1\al\ npe,!l;JiaraeT ,!1;-p rumm, OhiTh 

IICnOJibaOBaHO ,!J;JIH onpe,!l;eJieHIIH Koa<fJ<fJniJ,IIeHTOB 

TenJioiiepe,!l;a'ln npn nonepe'lHOM Te'leHHn B yeJio

BIIHX, OTJIII'laJOIIJ,IIXCJI OT yCJIOBIIll, ,!J;JIJI KOTOpbiX 

6hlJIII noJiy'leHhi ypaBHeHIIH (4) li (5). "lJTO KacaeTCH 

cyiiJ,eCTBOBaHnH 3HaqeHnii. $ 1/ D, H 3HaiO TOJibKO 
Te, 'lTo obiJIII onyommoBaHhl B paooTax ~ 7 . 30 . 

1ho HacaeTCH ,!l;pyroro ,!J;OKJia,!J;a, To cJiep,yeT 

3al\IeTIITh, 'lTO Mhl B CIIL\ 3HaeM, 'ITO ,!1;-p Cyo6o

TnH n ero coTpy,!l;HIIKII B CDnanRo-auepreTn'leCROM 

IIHCTnTyTe B CCCP npoBeJiu B nocJie,!J;HIIe ro,!J;hl o6-

mnpHyiO II Ka'leCTB8HHYIO paOOTY B OOJiaCTII Tell
JIOOT,!J;aqu K rKif,!J;KIIM MeTaJIJiaM. l1oJiylJeHHhie IIMU 

peayJILTaThl HBUJIIICb IJ,CHHhlM BKJia,!l;OM B HaJIIH 

COBpeMeHHhle 3HaHIIH no 3TOMY BOnpocy. 

AJIH nac, pa6oTaiOIIJ,IIX B Toii: me o6JiacTn B 

CiliA, ObiJIO BamHo OTMe'laTL BpeMH oT BpeMenu, 

'ITO CyiiJ,eCTByeT 3HaquTeJibHOe COI'JiaCIIe B IICCJie
,!J;OBaHUHX, npOBO,!J;IIBJIIIIXCH B 060IIX CTpaHaX He-

3aBIICIIMO ,!l;pyr OT ,!J;pyra. 

J(JIH TOrO lJTOOhl yr.TJy6nTb Haiiiii 3HaHIIH 0 Ten

JIOOTp;aqe B fKII,!J;Knx MeTaJIJiax, Ha,!J;o nMeTh 6oJILIIIe 

cBe,!J;eHnii. o npupo,!l;e TypoyJieHTHoro nepenoca n 
ero BI\Jiap,a B cyMMapHhiii: MexannaM TenJIOOT,!J;aqn, 

TaHme nymen 6oJiee TO'lHhrii cnocoo pacqeTa Typ
oy.TJeHTuoii: BH3KOCTII. II oaTOMY O'ICHT, Ba/RHOii: 
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HBJIJieTcH pa6oTa, onncaaaaJI ,n;-poM Cy66oTJIHhlM 
UO li3MepeHHHM ROppeJIJI~HH lPJIYRTya~n:ii JIO
RaJibHOH TeMnepaTyphl B nOTORe mnp;I<OfO MeTaJIJia. 

,IJ;-p Cy66oTnH n ero coTpy,n;HnRn rJiy6oRo nay
'IJIJin BamHyro npo6JieMy nepe,n;a'ln TenJia OT nyq
ROB Tpy6 R noTORY mnp;RHX MeTaJIJIOB npn npo
,ll;OJibHOM 06TeRaHJIH RaR nJIOTHhlX, TaR Jl pa3,ll;BJI
HYThlX ny'IROB. B nx ypaBHeHHHX (18) n (19), 
OCHOBhlBaiO~HXCJI Ha peayJibTaTaX ~mcnepnMeH

TOB COOTBeTCTBeHHO ,ll;JIJI 3THX ,ll;BYX CJiyqaeB, noRa
aaHO, 'ITO 'IJICJIO HycceJibTa o,n;nHaROBO aaB.ncnT 
OT lJJICJia fieRJie BO BCeM JICCJiep;oBaHHOM ,n;na
naaOHe IleRJie. 8To He corJiacyeTCH c peayJibTa
TaMn, noJiy'leHHhlMJI B BpyRxeiiBeHe ,n;JIH ny'IROB 
Tpy6, ·~pacnoJiomeHHhlX B maxMaTHOM nopH,n;Re 
RaR p;JIH pryTn, TaR n ,ll;JIH N aK {liTO nu,n;Ho na 
peayJibTaToB, npnBe,n;eHHhlX Ha pnc. 7 ,n;oRJia,n;a 
P /225), ecJin TOJibRO cym;ecTByeT xopomn:ii Ten
JIOBO:ii ROHTaRT Mem,n;y TeRy~HM MeTaJIJIOM Jl Ten
JIOOT,lJ;aiOII\eH nonepXHOCTbiO. 

.H p;yMaiO, 'ITO ,ll;JIH 'IHCeJI fieRJie, COOTBeTCTBYIO
lll;HX CJia6o:ii Typ6yJieHTHOCTH, ypaBHeHne (19) B 
,n;oRJia,n;e ,n;-pa Cy66oTnHa, BOaMomHo, ,n;acT 'IJICJia 
HycceJibTa MeHhmne, 'IeM npn y'leTe TOJibRO MoJie
RYJIHpHoii TenJionpoBo,n;HocTn; npn TaRnx ycJio
BHHX noToRa aTo MomeT 6hlTb o6'bHCHeHo TOJibRO 
OTCYTCTBlleM xopomero TenJIOBOfO ROHTaKTa Ha 
noBepXHOCTH CTepmHeH. 

B. 11. GYBBOTHH (CCCP): PeayJibTaThl aRc
nepnMeHTOB r-Ha ,Il;Baiiepa no TenJionepe,n;aqe npn 
npO,ll;OJibHOM o6TeRaHIIH ny'II<OB CTepmHe:ii HaXO• 
,n;HTCH B xopomeM corJiacnn c HamnMn npn Pe > > 500. Ilpn Pe < 300 BH,lJ;Hhl pacxom,n;eHnH, RO

TOphle yBeJIH'liiBaiOTCH c yMeHbmeHneM qnceJI Pe. 
O,n;Hof1 II3 npH'IHH ,n;JIH 3Toro pacxom,n;emm MoryT 
6hlTb aRcnaJibHhle nepeTel!KII TenJia, ROTOphle yBe
JIII'IHBaiOTCH c yMeHbmeHneM qnceJI Pe. 

Tpy,n;Ho OO'bHCHHTb pacxom,n;eHne nJioxnM Ten
JIOBhlM KOHTaRTOM. B Ham11x aKcrrep11MeHTax 'III
CTOTa CI1CTeMaTII'leCI\H llpOBepHJiaCb J1 aarpH3He• 
HIIH HI1Ror,n;a He rrpeBhlrnaJII1 10-3 Bee. %. CpaBHe
Hne Hamux 3RCrrep11MeHTOB c orrhrTaMn r-Ha ,IJ;na:ii
epa rroaBOJIHeT nee me c,n;eJiaTh aaRJIIO'IeHI1e o TOM, 
'ITO, ,n;oJimHo 6hlTh, y Hac OhiJIII aarpHaHeHI1H Ha 
TenJIOBhl,lJ;eJIJIIOIIJ,eii CTeHRe. 

H. 11. B¥JIEEB (CCCP): .H xoTeJI Ohl aaTpoHyTb 
BOllpOC, ROTOpOMY ,ll;O CIIX nop yp;eJIHJIOCb MaJIO 
BHUMaHI1JI B JIHTepaType, IIO rn,n;paBJIIIKe H T8IIJIO
llepep;a'le B RaHaJiax. 

Hor,n;a Mhl cpaBHMBaeM peayJibTaThl TeopeTH'le
CRnx Bbl'liiCJieHIIH, OTHOCJI~IIXCJI R R03lPlPM~HeH
TaM Typ6yJieHTHOII BH3KOCTH II TeMrrepaTyponpo
BO,lJ;HOCTU, C 31\CllepnMeHTaJibHbiMH p;aHHhlMII, Mhl 
B p,eiiCTBUT8JihHOCT1I He cpaBHimaeM O,lJ;IIHaROBhle 

ow oT 
IIOHJITIIJI. BhlpameHllH peM fJr ..II peH or' r,n;e 

l .,1ow l"jaw ""' eM= ; fin II eH = ron, ROTOphle 't'uryp11pyroT 

B HalJ:aJILHhlX BhlpameHIIHX ,ll;JIH rrepeHOCa TerrJia 
l1 I<OJIII'leCTBa p;B11meHI1H, HBJIHIOTCH TOJibRO rJiaB
HbiMli COCTaBJIHIOlll;IIMII Typ6yJieHTHOf0 HarrpHme
HIIJI II TynoyJieHTHOfO IIOTORa TeiiJia. B aTOM CMhl-
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CJie JICXO,ll;Hhle TeopeTI1'l8CRJie ypaBHeHJIJI JIBJIJIIOTCJI 
npH6JII1meHHhlMH. O,n;naRo B cJiyqae aRcnepnMeH
TaJibHhlX p;aHHhlX, ROrp;a peayJibTaThl OCHOBaHhl 
Ha l13MepeHHhlX pacrrpe,n;eJieHHJIX CROpOCTH l1 TeM
nepaTyphl, ,n;JIH Typ6yJienTHhlX nanpHmenn:ii n 
TellJIOBhlX llOTOROB llOJiy'laiOTCJI nOJIHhle 3Ha
lJeHMH. 

EcJII1 B aRcnepnMenTaJibHOii pa6oTe Mhl npe,n;
cTaBJIHeM 3HalJeHMH, noJiylJeHHhle ,ll;JIJI BeJIH'lHH 
-- --- • ow • oT 
pw' (i)

1 
l1 pw' T'' B <flop Me peM or l1 peH or II aaTeM 

Haxop;nM aHalJeHnJie~, e~ (<PopMaJibHhle aHa'!eHnH) 

HOTHOilleHne e~/e~, TOrp;a 3TH BeJII1'll1Hhl He 6y,n;yT 

HMeTbTO'lHO TO me aHa'!eHne, 'ITOH eM, eH l1 eH/e M 

l1 1\WfYT OTJIH'laTbCJI OT HHX Ha 6oJiee 
'!eM 10°/0 • IIo-MoeMy, Kor,n;a Mhl nccJie,n;yeM 
aHa'!eHnH eM, eH n eH/eM, O'leHb namno noJihao

naTbCH RaRoii-rr116y,n;b o,n;rro:ii TeopeTuqecRoii MO
,n;eJibiO ,n;JIH Typ6yJieHTHoro nepeHoca nMnyJibca n 
TeJIJia • 

B. M. C¥BBOTMH (CCCP): 06hl'IHO Ha npaK
TnRe rrp11 Bhl'lHCJieHnJix 6epyT ana'IeHne Roa<P<Pn
~11eHTa Typ6yJieHTHOH BJI3ROCTH (er) 11 aaTeM, Ha 
OCHOBe Ram,n;oro ROHRpeTHOfO aHa'leHHH Typ6y
JieHTHOfO 'lHCJia IIpan,n;TJIH (e), naxo,n;HT Roa<P~Pn~l1-
enT Typ6yJieHTnoii TenJionpono,n;nocTI1 (ea). TaRoii 
nop;xop; 6hlJI nOHHTeH B Te ,ll;HH, ROrp;a B Onhl
Tax II3MepHJIHCb nOJIJI CROpOCTe:ii l1 He 6hlJIO Ha
,n;emHhlX 3RCrrep11MeHTOB JIO l13MepeHI110 liOJie:ii 
TeMnepaTyp. O,n;HaRo B HacToHm;ee npeMJI MomHo 
Haxop;IITb Henocpe)l:CTBeHHO ea 11 nop;cTaBJIHTb aTy 
B8JI11lJI1HY B COOTBeTCTBYIOID;IIe BhlpameHIIH. 

0. E. ,IJ;BAMEP (CiliA): B 6oJibiDHHCTBe cJiy
'!aen pacrrpe,n;eJieHI1JI CROpOCTe:ii MOfYT 6hlTb rrpe,n;
CRaaaHhl CO 3Ha'li1TeJibHO 6oJibilleH TO'IHOCTbiO, '!eM 
pacnpe,n;eJieHI1H TeMIIepaTyp, H, TaR RaR MOmHO 
,n;oBOJibHO ynepenno nepenecrnana'IeHI1H eM B ana-

'leHIIH eH, H II03TOMY ,n;yMaiO, 'ITO nOCJiep;OBaTeJib

HOCTb eM- eH- Nu 6oJiee no,n;xo.n;11T p;JIH onpe

,n;eJieHnH R03tPtPI1~118HTOB TenJIOOT,lJ;a'lH B 60JibillHH
CTBe BHOBb BCTpel!aiOID;HXCJI CJiy'!aeB. 

,D,oKnaA P ;135 (npeACTaeHn K. KaHHHHraM) 

,D,J.-1CKYCCJ.-1fl 

JR. IIEJIC (<DpaH~nH): Qqenb rroxomaH pa6oTa 
nponop;11TCH B Jia6opaTopnax HoMnccapnaTa IIO 
aTOMHOii aHeprnn <DpaH~11n, HO B HameM cJiy'lae 
OCHOBHOe BHHMaHI1e yp;eJIJIJIOCb 3JieMeHTaM C ope6-
peHI18M B ~PopMe mnrroB. Mhl CTapaJII1Cb paape
IDI1Tb Te me npo6JieMhl n ncnoJib30BaJin Te me Me
TO,ll;hl. Mhl MHoro pa6oTaJII1 Ha,n; nayqeHneM Ten
JIOBhlX xapaitTep11CTHR n nepena,n;oB ,n;anJieHI1H ,ll;JIH 

CaMhlX pa3JII1lJHhlX B11;r:J;OB ope6peHHJI, CTapaHCb 
nOJiylJHTb tPOPMYJihl, npnrO,ll;Hhle ,ll;JIJI HCIIOJib30-
BaHHH B paC'!eTaX no OJITHMI13aii,Hl1 peaRTOpOB. 
EcJin KTO-Hn6y,n;h aannTepecyeTca ,n;eraJibHhlM orrn
caHI1eM 3TOH pa60Thl, OH CMOmeT ero nOJIY'II1Tb, 
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MLI TaRme npo.oeJIH no~po6HLie onLITLI no nayqe
HHIO TenJIOBLIX xapaRTepHCTHR o60JIOqeR, BLI6paH
HLIX ~JIJI ROHRpeTHLIX peaRTOpOB, TaRHX RaR 
EDF-2 H EDF-3. 

I1CKJIIOqHTeJibHOe BHHMaHHe y~eJIJIJIOCb OC06eH
HOCTJIM TenJIOBLIX CBOHCTB nOJIHLIX c6opOR, paa
Mem;eHHLIX B TOM me nopH~Ke, qTo H B peaKTOpe 
npH pa6oTe Ha HOMHHaJibHLIX napaMeTpax (npH
qeM, oco6eHHO TID;aTeJibHO nayqaJiaCb npo6JieMa 
yrJio.ooro CMem;emm ::meMeHTOB). MLI TaRme nay
qaJin BJIHJIHHe MaJILIX CKOpOCTeH nOTOROB ~JIJI 
CJiyqaeB C BOCXO~JIID;HM (ED F-3) H HHCXO~JIID;HM 
(EDF-4) noTOKaMH raaa, a TaRme cJiopMLI ~ecJiop
MHpOBaHHLIX 060JIOqeK. 

Bee 3TH OnLITLI npOBO~HJIHCb Ha MO~eJIJIX B Ha
TypaJibHYIO BeJinqnHy HJIH yBeJinqeHHLIX MO~eJIJIX. 
Hamn BLIBO~LI B aHaqnreJibHOH creneHn corJia
cyiOTCJI C BLIBO~aMH, npHBe~eHHLIMH B ~ORJia~aX 
P /135 H P /136. C.oe~eHHJI o Hamnx peayJinTa
Tax co~epmaTcJI B ~oRJia~ax P/2469 n P/2470 Ro
MnccapnaTa no aTOMHOH aHeprnn <DpaH~HH. 

B CBJian c ~ORJia~oM P /135 11 xoqy aa~aTn ~.oa 
Bonpoca. Bo-nepBLIX, B onncaHHLIX onLITax raa 
~BnraJICJI BBepx HJIH BHHa? A TaRme He MorJIH 6LI 
BLI yRaaaTn HaM npnMepHyiO ToqHOCTb Bamnx 
peayJinTaToB? Bo-BTOpLix, npo.oo~HJIH JIH BLI no~
po6HLie HCCJie~OBaHHJI C 060JIOqKaMH, HMeiOID;HMH 
6oJiee qeM qeTLipe ceRTopa? 

R. RAHHI1Hr8M (Coe~nHeHHoe RopoJieB
cT.oo): PeayJinTaTLI onLITOB C HH3RHMH nOTOKaMH, 
OnHCaHHhle B ~ORJia~e, OTHOCJITCJI R BOCXO~JIID;eMy 

noToRy. ToqHLIH OTBeT Ha .oonpoc o TOqHOCTH ~aTb 
HeJibaJI. B Toil: CTeneHn, B RaRoii: MOmHo ~aTb ~a
Ron OTBeT, ncxo~JI na o6m;nx paccym~eHnii:, cpe~
Hee RBa,n;paTHqHOe OTRJIOHeHHe B HaillHX OnLITaX 
no nepe,n;aqe TenJia MomeT 6LITb on;eHeHo npnMepHo 
B 2%. qTo RacaercJI Bamero BToporo .oonpoca, 
TO MLI He npOBO,li;HJIH no~p06HLIX HCCJie,li;OBaHHH 
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::meMeHTOB c ope6peHneM .o BHAe mnno.o, nMeiOID;HMH 
6oJiee qeM qeTLipe ceRropa. 

B. JI. rPAHT (IOAP): Pnc. 1E H 2E noKaaLI
BaiOT H3MeHeHHe TenJIOnepe,n;aqn B aaBHCHMOCTH OT 
OTHOCHTeJibHOH opneHTan;HH aJieMeHTa. HBJIHeTCJI 
JIH 3TO H3MeHeHHe O,li;HHaROBLIM RaK ,li;JIJI BepTH
RaJibHOrO, TaR H ,li;JIJI rOpH30HTaJibHOrO KaHaJia? 

R. RAHHI1Hf8M (Coe,n;nHeHHoe RopoJieBcT.oo): 
MLI He npo.oo~HJIH HHKaRHX onLITOB no opneHTa
~HH aJieMeHTOB B .oepTHRaJibHhlx RaHaJiax. O.n;
aaKo BO .ocex .n;pyrnx aamnx onLITax np11 BLICOKHX 
qncJiax Peii:HOJin,n;ca MLI He cMorJIH aaMeTHTb paa
JIHqliJI Ha-aa paaJinqaoro noJiomeRHJI no BLicore 
RaHaJia. aTO JierRO llOHJITb, 1160 BJIHJIHHe llJiaBy
qeCTH Hecym;eCTBeHHO. 

,&oKnaA P/719 (npeACTaBHn B. 5. HecTepeHKO) 

,&~CKYCC~fl 

11. 8Jlb-MECXA,[t;: r-H HecTepeHKO, He MOrJIH 
6LI BLI paccKaaaTb HaM o .ooaMomHOCTH ncnoJinao
BaHHJI .oamero cnoco6a ycpe,n;HeHHH: a) npn yqeTe 
060JIOqRH HJIH B o6m;eM ~JIJI MHOrOCJIOHHLIX TBaJIOB 
H 6) npll yqeTe aKCHaJibHOrO nOTORa TeTIJia no 
TOllJIHBy? 

B. B. HECTEPEHRO (CCCP): I1cnoJib3YH npli-
6JinmeHHLie MeTO,li;LI, MOJRHO BHeCTH nonpaBRY Ha 
TepMnqecRoe conpoTHBJieHHe o6oJioqRH TBaJia B 
npn.oe,n;eHHLIH HaMn Roacpcpnn;neHT TenJionepe,n;aqn, 
B aToM nccJie~oBaHHH npliMeHHTeJinHO R TeqeHHIO 
raaa noTOK TenJia B~OJib aJieMeHTa He yqnThl
BaJICJI H3-3a ero MaJIOCTH. 

,&oKnaA P/552 (npeAcTaBHn P. HerpHHH) 

aTOT AORJia~ OT~eJibHO He o6cym~aJICJI. 
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Acta de Ia Sesion I. 10 

Transmision de calor 

Presidente: P. J. Nowacki (Polonia) 

Documento Pj580 (presentado por K. Torikai) 

DISCUSI6N 

S. S. KUTATELADZE (URSS): Aun cuando los 
procesos de transmision de calor por conveccion, en 
el tipo de reactor que estamos discutiendo, est<in 
muy relacionados, incluso en el caso de los metales 
liquidos, con los fenomenos de transferencia turbu
lenta, no se ha desarrollado ningun metodo sufi
cientemente preciso para determinar los coeficientes 
de transmision de calor en regimen turbulento, en 
el intervalo de valores finitos del numero de Reynolds. 
Sin embargo (y esto tiene importancia) se ha podido 
obtener, para flujos de viscosidad «decreciente» 
(fl-+ 0), es decir, para Re-+ oo, una serie de soluciones 
asintoticas en las que no intervienen constantes 
empiricas. Se pueden obtener tambien otras soluciones 
asintoticas para diversos casos importantes de trans
mision de calor con ebullicion. 

De esta manera, ademas de mi ecuacion para qB 0 

en regimen de ebullicion y conveccion libre, citada en 
Ia memoria del Sr. Torikai, tambien se puede obtener 
una formula para el caso de flujo de liquidos a 
velocidades muy grandes w 0 y T < T": 

..f..*( I ..f..*) Cr . 1-,-;;( Jr" Cp !::..T) 
qBo = 'I' - 'I' 2 rw0 v y y I + C y' -,-

donde rp* = fraccion de vapor de Ia region adyacente 
a Ia pared 

Cr = coeficiente de rozamiento 
r = calor latente de ebullicion 

C = constante 
Los demas simbolos son los adoptados normal

mente. 
La formula (13) de Ia memoria de Torikai es 

parecida a esta solucion cuando C r !::..T » r. 
Me gustaria tambien llamar Ia atencion sobre el 

hecho de que, en lo que se refiere a Ia analogia entre 
Ia ebullicion y el burbujeo, los resultados experi
mentales de Torikai son, en principia, semejantes a 
los resultados que hemds obtenido nosotros en Ia 
URSS y tambien a los obtenidos por Spalding en 
Inglaterra. 

Otra cuestion que hay que tener en cuenta es el 
peso molecular del gas. 

Documento P/326 (presentado por N. I. Buleev) 

DISCUS16N 

0. E. DwYER (Estados Unidos de America): 
Querria felicitar al Dr. Osmachkin por esta memoria 

tan informativa. Me ha interesado particularmente su 
tratamiento del caso de flujo lineal de metales liquidos 
por haces de barras sin deflectores. Hace unos aiios 
obtuvimos una solucion analitica de este problema, en 
el Laboratorio Nacional de Brookhaven, para Ia cual 
suponiamos que Ia distribucion radial de velocidades 
respecto a una barra determinada, era Ia misma que en 
Ia parte interior de una region de seccion anular que 
tuviese el mismo radio interior, el mismo radio de 
velocidad maxima y Ia misma velocidad media para 
toda Ia parte interior. Parecia que esto era preferiple 
a tomar como base de Ia distribucion de velocidades 
Ia correspondiente al flujo en tuberias. He hecho una 
comprobacion que indica que Ia figura 9 de Ia memoria 
del Dr. Osmachkin concuerda bastante bien con Ia 
ec. (2) del documento P/225 si se utilizan las cons
tantes de Ia tabla 3 de dicha memoria y se supone 
ip = 1. Las constantes estan basadas en el modelo 
anular. 

Creemos que, para numeros de Peclet pequeiios, 
Nu casi no depende de Pe. Para un valor del cociente 
paso/diametro de 1,7, p. ej., hemos llegado a Ia 
conclusion de que, por debajo de Pe ~ 700, Ia 
contribucion de Ia turbulencia a Ia transmision total 
de calor es despreciable, quedando la conduccion 
molecular como el mecanismo preponderante. 

Por encima de Pe ~ 700, Ia contribucion de Ia 
conduccion turbulenta va siendo cada vez mas 
importante, hasta que para Pe ~ 104 es proxima a la 
unidad. Asi, cuanto mayor es el numero de Peclet, 
tanto mayor es Ia precision con que es necesario 
determinar vT. 

Documento Pj 16 (presentado por A. D. Lane) 

DISCUSI6N 

H. S. lsBIN (Estados Unidos de America): ;, Han 
realizado Vds. un numero de ensayos suficiente para 
permitirles resumir los efectos de la situacion excen
trica de las secciones de ensayo? 

A. D. LANE (Canada): No. Sin embargo, esperamos 
efectuar algunos ensayos sobre el espaciado. 

H. S. lsBIN (Estados Unidos de America): Cuando 
Vds. evaluan Ia transmision de calor por radiacion de 
Ia vaina de zircaloy oxidada, ;, que valores util.izan 
para Ia emisividad de las superficies? 

A. D. LANE (Canada): No hemos intentado evaluar 
Ia radiacion de calor de las vainas de zircaloy oxidado 
durante Ia irradiacion, por dos razones. En primer 
Iugar, en el caso en que, a causa de Ia temperatura, se 
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producia arqueamiento que daba Iugar a una corrosion 
apreciable, se estimaban las temperaturas mediante 
termopares colocados en elementos de acero inoxi
dable sometidos a unas condiciones semejantes, y 
tambien mediante el examen de la magnitud de la 
corrosion de las vainas. En segundo Iugar, en fun
cionamiento normal, la temperatura de las proximi
dades, es decir, de la seccion de ensayo, era igual 
dentr9 y fuera del reactor y, en general, muy poco 
inferior a la temperatura de la vaina del combustible. 

V. I. SUBBOTIN (URSS): V oy a hacer un comentario 
en relacion con esta memoria. El quemado destruc
tivo no se produce de la misma manera a presiones 
altas que a presiones bajas; a presiones altas no hay 
gran aumento de temperatura de la pared productora 
de calor cuando se produce dicho quemado. Me 
parece que, en algunos casos, esto podria ser una 
causa de error en la determinacion experimental 
de qBO· 

Documento P/224 
DISCUSI6N 

K. M. BECKER (Suecia): La figura 13 de la memoria 
presenta una comparacion de diferentes correlaciones 
con dos conjuntos seleccionados de los datos de 
Columbia. A juzgar por esta comparacion, parece que 
la correlacion de Beeker-Persson es poco adecuada 
para la prediccion de las condiciones de quemado 
destructivo. Sin embargo, hemos mostrado en una 
memoria (K. M. Becker, Report in progress, AB 
Atomenergi, Studsvik, Suecia) que se va a publicar 
en octubre o noviembre de 1964, que con esta 
correlacion se determinan los flujos termicos de 
quemado destructivo correspondientes a unas 3 000 me
diciones suecas, con un error comprendido entre 
±5 por ciento, dentro de los siguientes intervalos de 
variacion: 

2,7 < p < 91 kg/cm2 

100 < G < 3 500 kg/m2 s 
35 < qfA < 600 Wfcm2 

0,05 <X< 1,00 
4<d<13mm 
600 < L < 3 500 rom 

Creo que puedo explicar por que nuestra correla
cion parece tan mala en la figura 13. La correlacion, 
que esta basada en el modelo de flujo de Vanderwater
Isbin, contiene dos constantes, E y b, que representan 
las velocidades de arrastre y de difusion de las gotitas, 
y que han de determinarse a partir de datos experi
mentales. Cuando escribimos nuestra memoria sobre 
dicha correlacion, hace aiio y medio o dos aiios, los 
estudios sobre quemado destructivo en Suecia abarca
ban mediciones basta 40 kgfcm2 solamente, y habia 
que determinar las constantes E y b para presiones 
mas elevadas a partir de datos extranjeros. En el 
caso que estamos tratando, en el cual la presion es 
70 kgfcm2, se utilizaron los datos de CISE para deter
minar E y b (K. M. Becker y P. Persson, An Analysis 
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of Burn-out Conditions for Flow of Boiling Water in 
Vertical Round Ducts, ASME paper No. 63-WA-51). 
Para obtener dichos datos se introdujeron mezclas 
agua-vapor por la entrada de la seccion de ensayo. 
Como indicab11mos en nuestra memoria, por esta 
razon no se puede considerar la correlacion como 
fidedigna, a esta presion, si se aplica para predecir el 
quemado destructivo en conductos con Ia entrada en 
condiciones de subenfriamiento. 

La nueva memoria que he mencionado contiene 
nuevos valores de E y b que pueden utilizarse a 
presiones mas altas. 

La figura 1 muestra la figura 13 de la memoria de 
Levy despues de introducir los valores de E y b 
correctos en la correlacion de Beeker-Persson. 

Se observara que la concordancia entre los datos 
de Columbia y nuestra correlacion es ahora satis
factoria. Se puede aclarar este hecho aim mas 
utilizando algunos de los datos presentados en la 
figura 2 de la memoria de Levy. Se presenta una 
comparacion en la figura 2. 

El aumento de la dispersion para bajas calidades 
del vapor es de esperar, dado que la correlacion esta 
basada en el modelo de flujo de pelicula ascendente. 
Sin embargo, si se considera que b es tambien funcion 
de la calidad del vapor, la dispersion que muestra la 
figura 2 para bajos titulos del vapor puede reducirse 
apreciablemente. 

Por ultimo, en la figura 3 se aplica nuestra correla
cion a los datos suecos y a los de Columbia para una 
presion de unos 50 kgfcm2

• 

Se observara que tambien en este caso es excelente 
la concordancia entre los dos conjuntos de datos y 
nuestra correlacion. 

Documento P/93 (presentado por J. Villeneuve) 

DISCUSI6N 

W. M. CAMPBELL (Canada): En el Canada tam bien 
hemos estado estudiando el percudimiento, pero 
nuestros resultados, al parecer, son diferentes de los 
presentados en esta memoria, aunque podria no 
haber una verdadera discordancia. 

El procedimiento que utilizamos es el siguiente: 
se trata el refrigerante cuidadosamente con arcilla de 
Attapulgus y se filtra para eliminar todas las particulas 
(organicas e inorganicas); los componentes que 
promueven el percudimiento organico estan esencial
mente ausentes. 

En estas condiciones, hemos encontrado que, 
como se describe en el documento P/15, el cloro 
promueve el percudimiento con hierro por transporte 
de materia, y que Ia forma en que se encuentra el 
cloro es muy importante. Por ej., el tricloroetileno es 
mas eficaz, como promotor, que el clorodifenilo. 
Tenemos la impresion de que el compuesto de cloro 
que se aiiade tiene que descomponerse para formar un 
compuesto dorado «activo», basta ahora no identi
ficado. Por consiguiente, si se emplea en los ensayos 
un compuesto de cloro estable, se podria deducir una 
conclusion erronea en relacion con el efecto del cloro. 
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Opino que, en el caso descrito en el documento 
P/93, e1 efecto ha sido enmascarado por el notable 
percudimiento organico y por la estabilidad del 
compuesto organico de cloro afiadido. 

Tambien me gustaria que se prestase atencion a 
uno de nuestros ensayos en el circuito X-7, que casi 
no mostraba percudimiento en la superficie de los 
elementos combustibles mantenidos a 450- 500 oc 
durante 82 dias (0, 1 pgfcm2 h). 

J. VILLENEUVE (Francia): Estoy de acuerdo en que 
el cloro produce distintos efectos segun la forma en 
que se encuentre en el circuito. En nuestro circuito 
hemos usado trifenilo OM2 producido por polimeri
zacion de un benceno que se habia dorado por 
equivocacion. La sustancia utilizada era, por tanto, 
un cloro combinado que no produce efecto ninguno 
sobre el percudimiento. Sin embargo, con el tiempo 
debe haberse combinado con el hierro del circuito y 
ahora se ha producido percudimiento por transferencia. 

En nuestros experimentos hemos observado siempre 
que hay un umbra! claramente definido, a 500 °C. 
Por encima de esta temperatura se observa pirolisis 
local que produce una pelicula formada por un 
producto blando que se adhiere ala pared caliente. 

L. S. DzuNG (Suiza): 1., Que intervalo de numeros 
de Prandtl de los refrigerantes han utilizado en este 
experimento ? 

J. VILLENEUVE (Francia): El numero de Prandtl 
variaba entre 5 y 12. 

L. S. DzuNG (Suiza): Observo que la correlacion 
utilizada en esta memoria tiene la misma estructura 
que la correlacion chisica propuesta originalmente por 
Colburn en 1930. Me interesaria saber en que difiere 
su ecuacion de la clasica. Me parece que el mecanismo 
de transmision de calor depende principalmente de 
las propiedades fisicas del medio, que estan caracteri
zadas por el numero de Prandtl y el numero de 
Reynolds. Las propiedades quimicas no influyen 
mucho. Por tanto, la ecuacion de la memoria deberia 
ser aplicable a otros medios, ademas de los liquidos 
organicos, siempre que el numero de Prandtl este 
dentro del intervalo apropiado. 

J. VILLENEUVE (Francia): La correlacion que hemos 
obtenido difiere de la clasica, es decir, lade Colburn, 
en que el exponente del numero de Reynolds es 0,9. 
Como se ha indicado ya, p. ej., en la referenda [1] 
de la memoria, el exponente del numero de Reynolds 
aumenta con el numero de Prandtl. Aplicando a 
nuestro caso el metodo de calculo semiteorico de 
Martinelli obtenemos el valor 0,9 para el exponente. 

Documento P/53 (presentado por P. Leveque) 

DJSCUSI6N 

R. F. S. ROBERTSON (Canada): En el Canada nos 
interesa mucho el mecanismo propuesto por Leveque 
en esta memoria. Nuestros resultados experimentales 
indican que un concepto basado en la combinaci6n 
de una radiolisis pura, que es independiente de LET 
y de la temperatura, y una pirolisis que es indepen-
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diente de la intensidad de la dosis puede ser una 
simplificacion excesiva. En el caso de las irradiaciones 
en capsula realizadas en el reactor NRX (mencionadas 
en nuestro documento P/15) hemos encontrado que, 
tanto si se trata del orto como del meta-trifenilo, la 
descomposicion en funcion de la temperatura es casi 
la misma para dosis de 0,1 y 0,3 Wfg. El mecanismo 
del Dr. Leveque no permitiria prever este resultado. 
Sin embargo, estamos de acuerdo en que, al menos en 
el caso del meta-trifenilo, la velocidad de la pirolisis 
del material que ha experimentado la radiolisis es 
significativamente mayor que la correspondiente al 
material sin irradiar. Nuestros resultados indican que 
los neutrones rapidos producen mas deterioro que los 
rayos y y que Gn/G1 es aproximadamente 3 para 
temperaturas inferiores a 375 °C. 

Documentos P/225 (presentado por 0. E. Dwyer) y 
P/328 (presentado por V. I. Subbotin) 

(Se habia decidido que ambos documentos se discu
tieran a Ia vez) 

DISCUSI6N 

L. S. DzuNG (Suiza): En primer lugar, deseo 
felicitar a los autores del documento P/225, que nos 
proporciona un resumen muy completo de la infor
macion disponible sobre la transmision de calor con 
medios de numero de Prandtl pequefio. 

Mi comentario se refiere a la figura 1, en la cual, 
en algunas de las curvas, la difusividad turbulenta EM 

tiene un maximo en la porcion del canal comprendido 
entre dos paredes. Esta porcion se caracteriza por ser 
cero el gradiente de velocidad, es decir, el flujo es 
localmente homogeneo. Por tanto, fisicamente, la 
difusividad turbulenta deberia tener tambien gra
diente nulo, es decir, no deberia haber ningun maximo. 
i., Querria el Dr. Dwyer hacer algun comentario sobre 
esta cuestion ? 

0. E. DwYER (Estados Unidos de America): La 
difusividad turbulenta de la transferencia de la cantidad 
de movimiento en un punto dado de una seccion 
transversal del canal depende primordialmente de la 
tension tangencial y de la pendiente del p(':rfil de 
velocidad en ese punto. Puesto que, para el radio 
correspondiente a la velocidad maxima, ambos son 
nulos, es imposible evaluar la difusividad en dicho 
punto. Sin embargo, la curva de EM en funcion de 
(r - r1)/(r2 - r1) para un conducto de secci6n anular, 
debe ser diferenciable en todos sus puntos y tener una 
pendiente nula en el radio correspondiente a la 
velocidad maxima. La curva (b) de la figura 1, que es 
la que prefieren los autores, satisface estos requisitos. 
Hay resultados experimentales adecuados que indican 
que el perfil (a) de la figura 1 es muy poco probable. 
Ademas, un perfil de velocidad bastante uniforme en 
la porci6n central del conducto anular no significa 
que la difusividad turbulenta de la cantidad de 
movimiento en dicha region haya de ser tambien 
uniforme. 

P. GILLI (Austria): Me gustaria hacer un comentario 
y una pregunta sobre la memoria del Sr. Dwyer. Me 
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refiero particularmente a la transmision de calor de 
metales liquidos, en corrientes cruzadas, a haces de 
tubos, que podria representar el caso de un cambiador 
de calor o de un generador de vapor de una central 
nuclear con un reactor refrigerado por metalliquido. 

Sugiero que es posible combinar las dos formulas 
citadas por el autor, relativas al numero de Nusselt 
en corrientes cruzadas, es decir, la ecuacion empirica 
(ec. (4)] de Rickard, Dwyer y Dropkin (ref. [25] de la 
memoria) y la formula teorica [ecs. (5) y (6)] de 
Hsu *. Cada una de estas formulas tiene sus particu
laridades interesantes. La ec. (4) muestra una cantidad 
constante (4,03) ademas de la funcion exponencial del 
numero de Peclet, con lo que, evidentemente, tiene en 
cuenta la conduccion molecular. Sin embargo, la 
formula se refiere unicamente a una disposicion 
particular de los tubos. Por otra parte, las ecs. (5) 
y (6) (gracias a 4>~> la diferencia de potencial, para la 
velocidad unitaria, entre los puntos de remanso 
anterior y posterior del tubo) son validas para 
diferentes distribuciones de los tubos pero no tienen 
en cuenta la conduccion molecular. Por tanto, el 
numero de Nusselt, segun esta formula, es nulo para 
un numero de Peclet igual a cero. 

No seria dificil combinar las dos formulas. Habria 
que cambiar el coeficiente 0,958 de las ecs. (5) y (6), 
o si no, este coeficiente y el exponente del numero 
de Peclet y de cp1/ D, de forma que, sumando la 
constante 4,03, Nu estuviese de acuerdo con los 
resultados experimentales. Un modo de conseguir 
esto seria reducir el coeficiente en un 10 a un 20 por 
ciento. Tambien seria posible sustituir, en la ec. (4), 
el coeficiente 0,228 por la funcion c/>1/ D y un coefi
ciente adecuado. De esta forma se obtendria una 
formula mas general y mas satisfactoria para el 
flujo cruzado de metales liquidos por haces de tubos, 
que tambien seria valida para valores pequefios del 
numero de Peclet y para diversas disposiciones de los 
tubos. 

En cuanto a mi pregunta, se refiere a los valores de 
c/>1/ D tabulados en la memoria de Hsu a la que ya he 
hecho referenda. Estos valores de c/>1/ D se refieren 
a distribuciones de tubos en cuadro y en triangulo 
equilatero solamente. l, Se han calculado valores de 
c/>1/ D para distribuciones mas generales de tubos, por 
el metodo de Hsu, en el Laboratorio Nacional de 
Brookhaven o en algun otro sitio? 

0. E. DwYER (Estados Unidos de America): La 
ec. ( 4) es una ecuacion empirica basada en resultados 
experimentales para un solo haz de tubos, que tiene 
P/D = 1,38. Da una curva de Nu en funcion de Pe 
cuya pendiente crece con Pe. Sin embargo, las 
ecs. (5) y (6), que se basan en la hipotesis de flujo no 
viscoso, dan lineas rectas al representar Nu en 
funcion de Pe. Asi pues, las ecs. (4) y (5) se desvian 
para valores pequefios de Pe. Por lo tanto, es evidente 
que las ecs. (5) y (6) no son tan buenas para valores 
extremos de Pe como la ec. (4). Una modificacion de 

*Int. J. Heat Mass Transfer, vol. 7, pags. 431-446 (abril 
1964). 

Ia ec. (5), de conformidad con las caracteristicas de la 
ec. (4), como sugiere el Dr. Gilli, seria apropiada para 
calcular coeficientes de transmision de calor en 
corrientes cruzadas en condiciones distintas de las 
que sirvieron de base para las ecs. (4) y (5). 

En cuanto a la existencia de valores de c/>1/ D, no 
conozco mas que los publicados en las referencias [27] 
y [30]. 

Ahora desearia hacer un comentario sobre la otra 
memoria. En los Estados Unidos sabemos que el 
Dr. Subbotin y sus colegas del Instituto de Fisica y 
Energia han realizado en la URSS un trabajo muy 
extenso y magnifico, durante estos ultimos afios, en 
el campo de la transmision de calor en metales 
liquidos. Sus resultados han contribuido mucho a 
nuestro conocimiento actual de este tema. Ha sido 
muy tranquilizador para los que trabajamos en el 
mismo campo, en los Estados Unidos, elver, de vez 
en cuando, que habia una concordancia sustancial 
en varias zonas de investigaci6n independiente en 
ambos paises. 

Para mejorar nuestro conocimiento de la trans
mision de calor en metales liquidos, se necesita mas 
informacion sobre Ia naturaleza de la contribucion 
turbulenta al mecanismo de transmision de calor en su 
con junto; tam bien se necesita un medio mas preciso 
para calcular la difusividad turbulenta de Ia trans
mision de calor. En este senti do, el trabajo descrito 
por el Dr. Subbotin, relativo a la medicion y a la 
correlaci6n de las fluctuaciones de las temperaturas 
locales en la corriente metalica, es muy significativo. 

El Dr. Subbotin y sus colaboradores han estudiado 
ampliamente el importante problema de la trans
mision de calor de haces de tubos, tanto con haces 
muy juntos como espaciados, a metales liquidos con 
flujo lineal. En sus ecs. (18) y (19), que se basan en 
resultados experimentales para estos dos casos, 
respectivamente, se muestra que el numero de Nusselt 
depende de la misma manera del numero de Peclet 
en todo el intervalo de este que se ha estudiado. Esto 
difiere de los resultados obtenidos en Brookhaven con 
haces de barras en triangulo equilatero, tanto con 
mercurio como con NaK (como indican los resultados 
presentados en la figura 7 del documento P /225), 
mientras exista un buen contacto termico entre el 
metal que fluye y la superficie de transmision de 
calor. 

Creo que, para numeros de Peclet correspondientes 
al intervalo de poca turbulencia, la ec. (19) de la 
memoria del Dr. Subbotin, probablemente dara 
numeros de Nusselt menores que los correspondientes 
a Ia conduccion molecular unicamente; esto solo 
puede explicarse por no haber buen contacto termico 
en la superficie de las barras en estas condiciones de 
flujo. 

V. I. SUBBOTIN (URSS): Los resultados de los 
experimentos del Sr. Dwyer sobre transmision de 
calor de haces de barras con flujo lineal concuerdan 
bien con los nuestros para Pe > 500. Para Pe < 500 
hay desviaciones que aumentan a medida que dis-
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minuye Pe. Una de las razones de dicha desviaci6n 
puede ser el flujo de calor axil, cuyo valor aumenta al 
disminuir el numero de Peclet. 

Es dificil explicar dicha diferencia mediante 
fenomenos de contacto. En nuestros experimentos se 
controlaba la pureza sistematicamente; las impurezas 
nunca fueron superiores a I0-3 por ciento en peso. 
La comparaci6n de nuestros experimentos con los 
del Sr. Dwyer da como conclusion que se nos ha 
debido percudir algo la pared caliente. 

N. I. BuLEEV (URSS): Desearia plantear una 
cuesti6n ala que se ha prestado poca atenci6n en las 
publicaciones sobre hidraulica y transmisi6n de calor 
en tuberias. 

Si comparamos con los datos experimentales los 
resultados de calculos teoricos relativos a Ia viscosidad 
turbulenta y a Ia conductividad termica, en realidad 
no estamos comparando dos conceptos identicos. 

ow or 
Las expresiones PEM or y PEH or , en las cuales 

2l ow I 2l ow I EM = h On Y EH = /r On , que aparecen en }as 

expresiones iniciales de paso del calor y flujo, son 
solo los componentes principales del esfuerzo tur
bulento y del flujo termico turbulento. En este sentido, 
las ecuaciones teoricas iniciales son aproximadas. 

En el caso de los datos experimentales, en cambio, 
cuando los resultados se basan en las medidas de los 
perfiles de velocidad y temperatura, se obtienen los 
valores totales de los esfuerzos y de los flujos termicos 
turbulentos. 

Si en el trabajo experimental representamos los 
valores obtenidos para pn'w' y pn'T' en Ia forma 
PEM*(owfoT) y PEH*(oTfor), y encontramos los 
valores EM*• EH* (valores formales) y Ia razon 
Eu*/EM* estos valores no tendran exactamente el 
mismo significado que Er.J> Eu y EH/EM y pueden 
diferir de estos en mas del 10 por ciento. 

En mi opinion, cuando investigamos los valores 
EM, EH y EH/EM es esencial utilizar algun modelo 
teorico unico para Ia transferencia turbulenta de 
cantidad de movimiento y de calor. 

V. I. SUBBOTIN (URSS): La forma tradicional de 
realizar el calculo es tomar el valor del coeficiente de 
viscosidad turbulenta ( Er) y despues, basandose en 
el valor que se utilice para el numero de Prandtl 
turbulento (E), hallar el coeficiente de conductividad 
termica turbulenta ( Ea). Este procedimiento era 
comprensible en los tiempos en que se realizaban 
experimentos para la medici on de campos de velocidad 
y no habia experimentos fidedignos para Ia medicion 
de campos de temperatura. En cambio actualmente 
es posible determinar Ea directamente y sustituirlo en 
las expresiones correspondientes. 

0. E. DWYER (Estados Unidos de America): En Ia 
mayoria de los casos se pueden determinar teorica
mente los perfiles de velocidad con una precision 
considerablemente mayor que los de temperatura, y 
puesto que ahora se pueden transformar los valores de 
E:~r en valores de En, para el ftujo en tuberias, con 
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cierta confianza, creo que el camino E:~r -> Eu ~ Nu 
se prefiere con mas frecuencia para estimar coeficientes 
de transmision de calor en Ia mayoria de las situaciones 
nuevas. 
Documento P/135 (presentado por C. Cunningham) 

DISCUSI6N 

J. PELCE (Francia): Se han desarrollado un trabajo 
muy similar en los laboratorios del CEA, pero, en 
nuestro caso, se ha prestado mayor atenci6n a los 
elementos con aletas en espig6n. Hemos intentado 
resolver los mismos problemas y hemos utilizado los 
mismos metodos. 

Hemos trabajado bastante sobre las caracteristicas 
termicas y las caidas de presion correspondientes a una 
gran variedad de disposiciones de las aletas, con miras 
a Ia obtencion de formulas adecuadas para los 
calculos de optimizacion de reactores. Los detalles de 
este trabajo estan a Ia disposicion de quien este 
interesado en ellos. 

Tambien hemos estudiado con detalle el comporta
miento termico de las vainas elegidas para reactores 
concretos, como EDF2 y EDF3. Se ha prestado 
particular atencion a las peculiaridades termicas de 
con juntos completos de vainas, dispuestas de modo que 
simulasen Ia geometria real del reactor, en las con
diciones nominates de funcionamiento (dando especial 
importancia al problema del desplazamiento angular 
entre elementos). Hemos estudiado tambien Ia 
inftuencia de ftujos pequefios en casos de corrientes 
gaseosas en sentido ascendente (EDF3) y descendente· 
(EDF4), asi como de las geometrias de vainas de
formadas. 

Todos estos ensayos fueron realizados con modelos 
de tamafio natural o mayor. Las conclusiones a que 
hemos llegado estan, en gran parte, de acuerdo con las 
expuestas en los documentos P f 135 y P /136. Los 
informes CEA 2469 y 2470 contienen informacion 
sobre nuestros resultados. 

En relacion con el documento P/135, deseo hacer 
dos preguntas. Primera: en los experimentos descritos, 
i el ftujo gaseoso era ascendente o descendente? y 
i podria Vd. darnos una idea de Ia precision de sus 
resultados? Segunda: i ha realizado Vd. investi
gaciones detalladas con vainas que tuviesen mas de 
cuatro sectores ? 

C. CUNNINGHAM (Reino Unido): Los resultados de 
los ensayos de pequefios caudales descritos en Ia 
memoria se refieren a ftujo ascendente. Es imposible 
dar una respuesta precisa a Ia pregunta sobre Ia 
precision. Hasta donde es posible generalizar, puede 
decirse que Ia desviacion tipica de nuestros ensayos de 
transmision de calor es aproximadamente 2 por 
ciento. En cuanto a su segunda pregunta, no hemos 
realizado investigaciones detalladas con elementos de 
aletas en espig6n que tengan mas de cuatro sectores. 

W. L. GRANT (Sudafrica): Las figuras IE y 2E 
indican Ia variacion de transmision de calor en 
funcion de Ia orientacion relativa de los elementos. 
i Es esta variacion igual en los canales de elementos 
combustibles horizontales y verticales ? 
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C. CUNNINGHAM (Reino Unido): No hemos 
realizado ningun ensayo de orientaci6n en canales 
verticales. Sin embargo, en todos los demas ensayos 
con numero de Reynolds elevado, no hemos podido 
detectar diferencias debidas a la altura del canal; 
lo que es facilmente comprensible porque los efectos 
de empuje ascensional son insignificantes. 

Documento PJ719 (presentado por V. B. Nesterenko) 

DISCUSI6N 

Y. EL-MESHAD (Republica Arabe-Unida): Sr. Ne
sterenko, i, podria Vd. hablarnos de la posibilidad 
de usar su tecnica de promediar: a) cuando se tiene 

en cuenta el material de la vaina o, en general, cuando 
los elementos constan de varias capas, .y b) cuando se 
tiene en cuenta el flujo de calor axil a lo largo del 
material combustible? 

V. B. NESTERENKO (URSS): Utilizando metodos 
aproximados, es posible tener en cuenta la resistencia 
termica de la vaina del combustible en el coeficiente 
de transmisi6n de calor que hemos citado. En 
nuestra investigaci6rt no se tuvo en cuenta el flujo de 
calor a lo largo del elemento en el caso del gas, a 
causa de la pequefiez de la cantidad de que se trata. 

Documento P/552 (presentado por R. Negrini) 

No hubo discusi6n de esta memoria. 
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P/55 France 

Quelques aspects fondamentaux de l'ebullition dans les 
reacteurs nucleaires 

par H. Mondin, P. Lavigne, et R. Semeria* 

La connaissance des phenomenes lies a !'ebullition 
est indispensable pour les projets de tous les reacteurs 
refroidis par liquide. 

Si !'ebullition est prevue en regime de fonctionne
ment normal, il est necessaire de connaitre les pertes 
de charge en double phase et le taux volumique de 
vapeur. 

Dans tous les cas, il faut pouvoir evaluer la marge 
de securite entre Ie regime a puissance maxima1e 
permise et Ie niveau d'apparition de phenomenes 
critiques pouvant resulter d'accidents divers: augmen
tation de la puissance, diminution du debit ou de Ia 
pression. L'importance economique de ces problemes 
est considerable, car une meilleure determination du 
niveau de puissance dangereux entrainera une reduc
tion des coefficients de securite et, du meme coup, un 
abaissement important du prix de l'electricite d'origine 
nucleaire ou une augmentation de I'efficacite des 
reacteurs de recherche. 

Ces phenomenes critiques sont: Ia cal6faction 
(burn-out), Ia redistribution de debit, et Ies instabilites 
hydrodynamiques. Les deux derniers phenomenes 
peuvent entrainer Ia calefaction. 

Toutes ces questions ont ete l'objet de tres nom
breuses etudes, particulierement aux Etats-Unis, mais 
pendant plusieurs annees Ies resultats obtenus par 
des methodes empiriques ont ete extremement 
disperses et parfois incoherents, ce qui montre 
!'extreme complexite des problemes etudies. Tous les 
chercheurs dans le domaine de !'ebullition en ont 
conclu qu'il etait necessaire, pour y voir clair, d'entre
prendre des etudes fondamentales des mecanismes 
elementaires, locaux ou globaux, qui etaient la cause 
des manifestations observees. 

Au Service des transferts thermiques du Centre 
d'etudes nucleaires de Grenoble, ces etudes ont 
commence en I959. Elles peuvent se diviser en 
etudes d'observations de !'ebullition par cinemato
graphie ultra-rapide et strioscopie, et en etudes des 
phenomenes globaux: perte de pression, calefaction, 
oscillations de debit. 

Le present memoire se borne a indiquer seulement 
quelques aspects nouveaux qui mettent en evidence 
des mecanismes elementaires. Ces aspects sont tres 
divers. Parfois il s'agit de phenomenes directement 

"Commissariat a l'energie atomique. Avec Ia collaboration 
de S. Fabrega et P. Vernier. 
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observes, parfois de modeles inedits en accord 
raisonnable avec !'experience et qui, par leur commo
dite, facilitent la comprehension d'aspects plus 
complexes dans lesquels on les inclut. 

OBSERVATION DE L'EBULLITION 

La structure d'un ecoulement diphase est carac
terisee par sa granulometrie, dont un parametre 
essentiel dans un canal chauffant est la granulo
metrie parietale. Dans le cas de !'ebullition nucleee, 
ceci conduit a l'etude des populations de germes 
generateurs de bulles, puis a celle des dimensions des 
bulles soit isolees, soit agglomerees en coalescences, 
en fonction de parametres tels que le flux calorifique 
( ou la temperature de paroi), la pression, la tempera
ture et la vitesse d'ecoulement du fluide. 

Population de germes generateurs de bulles 

Les experiences anterieures avaient permis de 
preciser !'influence du flux calorifique, ainsi que 
d'indiquer le role de la nature du metal, de I'etat de Ia 
surface et de son vieillissement. 

L'influence de Ia pression n'avait ete etudiee que 
jusqu'a 5 atmospheres environ, par Kutade1adze et 
Zisina-Molozhen. 

Le denombrement des colonnes de bulles issues de 
la surface chauffee permet d'acceder a la population 
de germes a condition d'eviter leur agglomeration; 
pour cela, on utilise un fil chauffant d'autant plus fin 
que la pression est plus elevee (de 0,3 mm a Ia pression 
atmospherique jusqu'a O,OI mm a IOO atmospheres). 
Dans de l'eau a la temperature de saturation on 
obtient sur des fils de platine les formules empiriques 
suivantes [I]: 

NjA = (1,2/I00)4»2 x p 1 I < p < IOO atm 

I:!.Tsat = 10 X 4»0
•
25 X p-0•

23 4» < IOO W/cm2 

Le tableau I explicite les symboles utilises. 
On en deduit qu'a une pression donnee, N/A 

varie comme !J.T8
8at· Si on considere le rayon critique 

minimal Rc pour qu'un germe s'amorce 

2aTsat (_!_ - _!._) 
R _ Pv P1 

c - C X IJ.Tsat 

on deduit que N/A varie comme Re-s a pression 
constante. 
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Tableau I. Symboles utilises 

Cp 

D 
g 

G 
1: 

N/A 

p 
R 
T 
v 
X 

y 
A.P 
ATsat 

AT, ATsub 
p 
a 
'T 

p 
sat 
v 

chaleur specifique (heat capacity) 
diametre 
acceleration de la pesanteur (acceleration of 

gravity) 
vitesse massique (mass velocity) 
chaleur de vaporisation (latent heat of vaporiz

ation) 
population de germes actifs par em• (population 

of active sites) 
pression (pressure) 
rayon (radius) 
temperature 
vitesse (velocity) 
qualite: rapport du debit masse vapeur au debit 

masse total (quality) 
glissement (slip ratio) 
chute de pression (pressure drop) 
surchauffe de paroi (wall super heat)= 

Tp- Tsat 
sous-saturation (subcooling) = Tsat - T1 

masse specifique (density) 
tension superficielle (surface tension} 
qualite thermodynamique deduite du bilan 

thermique 
densite de flux calorifique (heat flux) 
taux volumique de vapeur (void fraction) 

Indices 
liquide 
paroi (wall) 
saturation (saturation} 
vapeur 

Pour un Rc mtmmum donne, N/A varie comme 
p-5.16 , ce qui montre que !'augmentation de la pression 
rend inactifs les germes de grande dimension. 

Granulometrie des bulles isolees 
On a etudie le diametre de decrochage d'une bulle 

quittant la paroi chauffante en fonction de la pression 
[2] (fig. 1). Sur la meme figure est portee la courbe 
donnee par la formule de Fritz et Ende avec un angle 
de contact de 45°. Cette formule, qui est satisfaisante 
pour des bulles en equilibre et que nous avons 

1 0, 11---t---+-"WM<-t-t--+-+-

0 

5 10 50 100 
P (kg/cm2 ) 

• Bull• d'ebullitlon - D d 
• Bulle de coalescence- D d 1> eleve 

figure I. Diametre de decrochage des bulles en fonction de Ia 
pression 
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verifiee jusqu'a 50 kgfcm2, ne predit pas le diametre 
de depart des bulles d'ebuilition isolees, pour lesquelles 
les forces de gravite (p1 - pv )gv, v etant le volume de 
la bulle, restent petites devant les forces de tension 
superficielle. On est alors conduit a supposer que ces 
dernieres sont faibles on nulles dans la premiere 
phase de croissance (0,01 s environ) et que la force 
qui maintient la bulle sur la paroi est une force 
d'inertie, dont le terme preponderant F' est ici de la 
forme (dM'fdt)(dRfdt), M' etant la masse virtuelle. 

D'ou 

F' = -kpv(3/R)(dRfdt)2 k;;;:: 0,5 

Nous avons verifie que par l'egalite: 

F' = (p1 - pv)gv 

soit, pratiquement, (dR/dt)2(1/R) = cte, il est possible 
d'expliquer Ia rapide diminution du diametre de 
depart de la bulle avec la pression. 

Dans un canal, la force d'entrainement de l'ecoule
ment fait d'abord glisser la bulle le long de la paroi, 
mais on a observe jusqu'a 140 kgfcm2 que la dimen
sion des bulles isolees sur la paroi restait du meme 
ordre que celle mesuree en vase. 

Le domaine de ces bulles isolees est cependant tres 
limite. L'experience montre qu'en vase et a la satura
tion, le pbenomene d'agglomeration devient nettement 
observable au-dessus de flux calorifiques de 15 Wfcm2 

et ceci quel/e que soit Ia pression (p < 140 kgfcm2). 

En canal, la limite de coalescence est fonction de la 
sous-saturation, de Ia vitesse et de la geometrie du 
canal; elle peut, aux faibles vitesses et faibles so us
saturations, etre inferieure a celle observee en vase 
pour la meme sous-saturation. 

Coalescence des bulles 

Le domaine des bulles isolees est limite pratique
ment au debut de !'ebullition aussi bien en vase qu'en 
canal. On observe que le regime le plus etendu est 
celui des coalescences qui se forment aux depens des 
bulles precedentes. 

En vase, a la saturation et a haute pression (50 a 
140 kgfcm2), les bulles isolees imposent leur granulo
metrie jusqu'a 15 Wfcm2 environ. Entre 15 et 70 
Wfcm2, bulles isolees et coalescences donnent une 
courbe granulometrique a deux maxima, puis, 
au-dela de 70 Wfcm2, on n'observe plus de bulles 
isolees au-dessus de la paroi: les coalescences imposent 
definitivement leur granulometrie. En vase, la dimen
sion des coalescences diminue avec la pression (fig. 1) 
et augmente lentement avec le flux calorifique [2]. 

En convection forcee a haute pression, on a observe 
!'ebullition en sous-saturation sur une plaque chauff
ante placee dans l'axe d'un canal rectangulaire 
transparent (V < 4 mfs, AT sub < 50 °C, p = 80 kg/ 
cm2): les bulles isolees ne sont observables que dans 
un tres petit domaine en debut d'ebullition, puis les 
coalescences forment une couche double phase atteig
nant plusieurs millimetres d'epaisseur. 
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..-y~·b·--· 
Film Thermlque 

Figure 2. Detachement d'une bulle 
(Fil chauffant 0,3 mm horizontal) a: Naissance de Ia bulle; b: 

Entrainement apres decrochage 

Perturbation du film thermique par !'ebullition 
(bulles isolees) 

On observe le film thermique par une methode 
strioscopique (Schlierenphotography) et en cinemato
graphie ultra-rapide [3]. 

Les mecanismes observes sur des tubes, des fils et 
des rubans verticaux ou horizontaux places dans un 
vase sont tres divers selon les conditions de I' ebullition 
[4-5]. 
Ebullition en vase a Ia saturation: 

L'examen des films montre nettement deux mecan
ismes: 

a) Mecanisme de Forster-Greif: Ia bulle, en 
explosant sur Ia paroi, souleve le film thermique en 
une calotte Ia coiffant (fig. 2), et elle l'emporte dans son 
mouvement ascensionnel. 

b) Mecanisme d'entrainement (drift): Ia bulle, se 
detachant de Ia paroi, entraine derriere elle du fluide en 
partie preleve au film thermique. Cet effet a ete 
etudie par Sir Darwin et Lighthill en fluide parfait 
infini, mais Ia presence du plan a pour effet d'elargir 
Ia perturbation due au mouvement de Ia bulle. Ce 
mecanisme facilite Ia reconstitution du film thermique 
et permet d'expliquer des «temps de contact» (temps 
separant le depart d'une bulle de Ia naissance de Ia 
suivante) quasi nuls. 
Ebullition efl vase avec sous-saturation 

a) Aux faibles sous-saturations, Ia bulle se detache 
et se condense pendant son ascension; les deux 
mecanismes precedents subsistent, mais il faut tenir 
compte d'un effet d'acceleration de Ia bulle du a sa 
condensation et lie a Ia variation de Ia masse apparente 
M' avec (dR/dt); on a mesure [6) Ia vitesse ascension
neUe de bulles de vapeur injectees dans de l'eau 
faiblement sous-saturee (2 oc environ) et mesure des 
accelerations depassant 20 g previsibles par Ia theorie 
(fig. 3). 

La bulle ayant disparu, le fluide chaud accelere 
forme un panache turbulent s'epanouissant dans le 
fluide. La formation d'un jet fluide a partir de Ia 
disparition d'une bulle en mouvement est signalee par 
Birkhof. 

b) Aux fortes sous-saturations, les bulles ne se 
detachent pas de Ia paroi dans Ia phase visible de Ia 
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- Courbes experlmentales 
--·Courbe theorlque sans effet de 

condensation et sans frattement 

I 

~~ &Toub\C I~ 

AT sub=1,6•C 
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t(ms) 

Figure 3. Vitesse ascensionnelle de bulles se condensant 
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condensation; Ia perturbation du film thermique a 
essentiellement lieu a pres Ia disparition de Ia bulle; du 
point de condensation est expulsee une bouffee 
d'eau chaude prel(fvee au film thermique; projetee 
dans le fluide froid, elle peut soit rester sous forme 
d'une spherule diffusant lentement, soit plus generale
ment former un champignon turbulent s'epanouissant 
rapidement a quelques diametres de bulle de la paroi 
(fig. 4). 
Pre-ebullition 

Lorsque Ia temperature de paroi atteint Ia tempera
ture de saturation, on peut observer sur certains 
points de Ia surface, avant Ia formation visible de 
bulles de vapeur, des jets d'eau chaude perpendicul
aires a la paroi, soit quasi continus, soit pulses a 
grande frequence: Ia vibration des germes a Ia 
limite de leur stabilite permet d'expliquer Ia presence 
de ces jets. 

En conclusion, l'etude strioscopique montre !'ex
treme variete des mecanismes mis en jeu, Ia seule 
notion commune restelapopulation de germes,qui doit 
done Stre le parametre prepondant dans Ies formules 
d'echange thermique en ebullition. L'exploitation des 
resultats obtenus est en cours et I' etude se poursuit en 
regime de convection forcee. 

PERTE DE PRESSION EN 
DOUBLE PHASE 

Passage de Ia simple phase a Ia double phase dans un 
canal chauffant 

Le calcul des pertes de pression par acceleration, 
elevation et frottement dans un ecoulement eau
vapeur exige en toute rigueur Ia connaissance complete 

Figure 4. Evanouissement d'une bulle a Ia paroi 
a: Naissance; b: Panache a pres condensation 
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Figure 5. Evolution des parametres hydrothermiques dans un 
canal chauffant 

de Ia repartition des deux phases en chaque section 
(qualite et taux volumique en particulier). Dans un 
canal chauffant, on peut, en supposant l'equilibre 
thermodynamique realise en chaque section, calculer 
une qualite thermodynamique l!: cette hypothese 
d'une diffusivite transversale infinie s'est averee 
satisfaisante pour les qualites elevees ou les faibles 
puissances de chauffage. Par contre, elle est insuffis
ante dans Ia zone d'apparition de !'ebullition (ebulli
tion en sous-saturation ou a faible qualite) car elle 
ne rend pas compte de Ia presence d'une quantite 
importante de vapeur pres de Ia paroi chauffante, 
done d'une qualite reelle X plus elevee que T. En 
consequence, on a utilise un modele simple [7] per
mettant de calculer X depuis le debut d'ebullition L 
defini par Ia cote prise comme origine (z = 0) oil 
Tp = Tsat, et se raccordant pratiquement pour les 
qualites elevees a Ia courbe r(z) (fig. 5). On en deduit 
le taux volumique reel (f. en supposant ici le glissement 
egal a 1. Le modele consiste a comparer en chaque 
section la vitesse de condensation a Ia vitesse de 
formation de Ia vapeur. 

La vitesse de condensation dm/dt de Ia masse de 
vapeur m est proportionnelle a m et a Ia sous
saturation moyenne dans Ia section z: L\ T. = Tsat - T. 

dmfdt = Km L\T., K sera le seul parametre du 
modele a determiner experimentalement en fonction 
de Ia geometrie et de Ia pression. 

La masse de vapeur dn fournie par une longueur 
dz de canal pendant !'unite de temps est: 

dn = [ 1 - ~~:] cp/f. + dz, avec L\TL = Tsat - T0 

A partir de ces deux equations et du bilan thermique, 
on o btient Ia relation entre X et T: 

oil 

dX/dr = 1 - (A + BX)(X- T) avec X= 0 
pour r = 1/A au point L 

A= f./(Cp L\T1J et B = (Kp1 X Sf.2)/(:fcpCp) 

avec :f = perimetre chauffant. 

Cette equation de Ricatti generalisee, dont Ia 
solution est obtenue analytiquement ou numerique
ment, a permis de correler de fat;on satisfaisante les 
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Figure 6. Courbes en S a basse pression 

pertes de pression par frottement dans un canal 
rectangulaire a haute pression [8], ceci sans singularite 
particuliere au debut F de !'ebullition franche ( r = 0). 

Perte de pression globale. Courbes en S 

Afin de prevoir le debit de refroidissement de 
canaux de reacteur, et en particulier le phenomene de 
«redistribution de debit>), on a coutume de tracer les 
courbes dites «en S)), donnant Ia perte de pression 
totale L\p entre les extremites du canal chaud en 
fonction du debit specifique G. Nous voulons attirer 
!'attention sur deux particularites de ces courbes, 
rencontrees pour des reacteurs a basse pression 
(fig. 6) [9]. 

Pour des canaux larges, !'ebullition peut, a son 
debut, alleger la colonne ftuide sans beaucoup 
accroitre le frottement, done diminuer L\P par rapport 
a l'ecoulement sans ebullition (courbe a). A pression 
d'entree donnee, Ia pression aval diminue rapidement 
lorsque Ia vitesse augmente. On peut alors observer 
une vaporisation du liquide dans toute sa masse 
(flash boiling) (courbe b). Le fonctionnement sans 
vaporisation peut etre impossible (courbe c), par 
exemple dans le cas de canaux longs et etroits. 

ECHAUFFEMENT CRITIQUE (burn-out) 

Pour contribuer aux efforts qui sont faits dans le 
domaine de Ia thermique des reacteurs pour com
prendre ce phenomene tres complexe, nous apportons 
quatre remarques: 

a) Influence de Ia longueur totale 

Pendant plusieurs annees, on a cherche !'influence 
de Ia longueur du canal chauffant. Or, on peut demont
rer [10] que, lorsque l'eau est en simple phase a 
!'entree du canal, on peut toujours ajuster la sous
saturation en fonction de Ia longueur, de maniere a 
obtenir des etats physiques identiques aux memes 
distances de Ia sortie de plusieurs canaux de longueurs 
differentes. On en deduit que Ia longueur n'intervient 
pas dans une correlation utilisant les parametres de 
sortie. Les resultats experimentaux obtenus par de 
nombreuses equipes montrent que cette propriete 
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Figure 7. Photographie des frontieres de taches seches formees 
dans les conditions critiques 

peut etre generalisee pourvu que l'enthalpie d'entree 
reste inferieure a l'enthalpie de saturation. 

b) Comparaison du burn-out en regime etabli et du 
burn-out induit par des oscillations de debit 

Dans beaucoup de cas, l'echauffement critique est 
Ia consequence du declenchement d'oscillations de 
debit. Dans ce cas, Ia qualite de vapeur a Ia sortie est 
dephasee par rapport au debit massique specifique a 
Ia sortie, et il est indispensable de faire le calcul de ce 
dephasage pour comparer les conditions critiques 
dans ce cas avec celles obtenues en regime etabli. 

Le caicul montre que, en regime de debit oscillant, 
le burn-out en chauffage uniforme se produit pour des 
flux nettement inferieurs a ceux que l'on obtiendrait 
avec les memes combinaisons de qualite et de vitesse 
massique a Ia sortie les plus defavorables en regime 
etabli. On en deduit que le film liquide a Ia paroi, qui 
caracterise les ecoulements a qualite elevee, est moins 
stable en regime transitoire. 

c) Forme des taches seches 

Sur des canaux rectangulaires et a haute pression 
(80 et 140 atm), pour des qualites de sortie elevees, on 
a decouvert que les taches seches caracterisant le 
burn-out laissent sur Ia paroi du canal des traces de 
forme parabolique (fig. 7), ce qui permet de verifier 
certaines theories sur Ia formation de ces taches seches. 

d) Echauffement critique en regime transitoire 
a faible pression et en sous-saturation 

Dans le domaine des reacteurs de type piscine a 
hautes performances, le burn-out est a craindre lors 
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Figure 8. Boucle d'etude des conditions critiques pendant une 
inversion de debit (schema) 

d'une inversion de debit dans un canal, par arret des 
pompes en particulier. La boucle hors pile d'etude de 
ce phenomene (fig. 8) permet de determiner le flux 
critique pour differents canaux. 

Le regime d'essai en transitoire consiste a ouvrir Ia 
vanne V au-dessus du canal et simultanement a 
appliquer le flux ¢>. On estime qu'il y a flux critique c/>c 
Jorsque Ia temperature augmente dangereusement. 

On observe des phenomenes tres complexes: 
l'ecoulement est pulse a une periode de l'ordre de Ia 
seconde avec expulsion et injection de liquide aux deux 
extremites (chugging). L'influence du diametre interieur 
du tube Di et du metal en fonction de Ia sous-satura
tion inferieure est montree en fig. 9 et en fig. 10. On 
y compare ce type de burn-out avec celui correspondant 
au regime permanent: vanne ouverte, le flux est 
augmente progressivement, ce qui permet d'obtenir 
une convection naturelle en double phase favorisee 

60f Rt:GIME TRANSITOIRE 
N~ 50 
e 

' 40~- DIAM~TRES: 
~ 30 ~- · -~--Di : 10 mm 
1020 - Di- 8mm 

eo • -D. = 6 mm 
10 ' 

o 20 40 60 8'o ' 
.:\ T sub (OC) 

• Tubes circulaires alu 
• Tubes circulaires inox 

Figure 9. Influence du diametre et du metal 
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Figure 10. Influence du regime et de Ia sous-saturation 
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par Ia cheminee (riser) surmontant le canal, l'ecoule
ment restant pulse. 

En transitoire, leburn-out apparait avant l'extremite 
superieure du tube chauffant, car de l'eau plus ~r?ide 
est aspiree de la cheminee vers le canal; le flux cnttque 
augmente alors avec Ia sous-saturation de l'eau 
surmontant le canal, consequence logique de l'ecoule
ment fortement pulse. 

OSCILLATION DE DEBIT DANS 
UN CANAL BOUILLANT 

Une etude effectuee sous contrat EURATOM [9] 
avait pour but de determiner les frontieres d'apparition 
et Ia forme des oscillations de debit dans un canal 
bouillant de section circulaire, chauffe uniformement 
et fonctionnant a pression modere (1 et 8 atm abs.), 
avec une perte de pression imposee constante entre les 
extremites. La convection naturelle est egalement 
possible. 

Voici quelques resultats de cette etude: 
a) Le seuil d'apparition des oscillations est le meme 

que celui de leur disparition et est independant du 
choix du parametre que l'on fait varier pour franchir 
la frontiere; 

b) On a montre par le calcul et verifie.experimentale
ment que les oscillations en convection naturelle 
etaient un cas particulier d'oscillations a convection 
forcee correspondant a une perte de pression imposee 
egale au poids d'eau. II y a done continuite parfaite 
entre Ies seuils et les periodes dans les deux types de 
convection ; 

c) La periode au voisinage de seuil est approxi
mativement independante du freinage a !'entree du 
canal et de la longueur de Ia cheminee (riser). Elle 
varie comme !'inverse de Ia vitesse moyenne du 
liquide dans la zone bouillante; 

d) On a des seuils d'oscillation aussi bien pour des 
qualites de sortie legerement negatives ( ebullitio.n 
locale) que pour des qualites de sortie elevees; 

e) La forme des oscillations au voisinage du seuil se 
presente so us deux aspects principaux: 

I. Type de relaxation (fig. 11): !'amplitude atteint sa 
valeur de regime des la premiere oscillation et chaque 
perturbation a une duree constante; 

2. Type progressif (fig. 12): !'amplitude atteint 
..... 
• 2 
't .!.o 
> 

Figure II. Oscillation de debit du type a relaxation dans un 
canal bouillant 
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Figure 12. Oscillation de debit du type progressif dans un canal 
bouillant 

lentement sa valeur de regime apres un grand nombre 
d' oscillations regulieres. 

L'etude generale des systemes oscillants montre que 
l'on peut passer du premier type au second par 
augmentation des termes «dissipatifs», c'est-a-dire ici 
de Ia perte de pression par frottement, ce qui est 
conforme auX. resultats experimentaux. 

CONCLUSION 

Les quelques aspects nouveaux de !'ebullition et des 
phenomenes connexes qui ont ete exposes constituent 
une contribution qui peut paraitre petite en compa
raison de !'extreme complexite des problemes qui se 
posent aux projeteurs de reacteurs refroidis par liquide. 

Mais si on rassemble tous les resultats analogues 
obtenus dans le domaine de I' ebullition depuis cinq ans, 
on constate que des progres considerables ont ete 
realises, qui justifient !'orientation vers les etudes 
fondamentales prise par les chercheurs pendant cette 
periode. Malgre Ia simplicite et le faible prix des 
moyens experimentaux mis en reuvre, !'effort de 
reflexion entrepris, valorise par une excellente colla
boration internationale, s'est avere extremement 
fructueux. 
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A/55 France 

Some fundamental aspects of boiling in 
nuclear reactors 

By H. Mondin et at. 

The main results obtained at Grenoble during the 
last four years in the field of boiling mechanisms and 
related phenomena in nuclear reactors are reported. ' 
Observation of boiling 

By the use of photography and high-speed cine
matography (8 000 frames per second maximum), 
boiling in a vessel or a tube was observed up to 
140 kgfcm2• The populations of bubble-generating 
seeds (sites) were counted, and a correlation giving 
their number per unit of surface area as a function of 
the thermal flux and the pressure was established. The 
diameter of the bubbles breaking off from the wall 
was studied up to 140 kg/cm2 ; three types of bubble 
have been shown to exist: 

(a) Those in equilibrium, their diameter following 
the formula of Fritz and Ende; 

(b) Bubbles formed by boiling, the diameters of 
which decrease rapidly with the pressure (1/100 mm 
to 100 kgfcm2); 

(c) The coa1escences which appear in saturated 
liquid above 15 Wfcm2, their proportions being 
independent of the pressure. 

Photographic observations were made of the 
movements of the thermal film associated with the 
generation of the seeds, at the initiation and con
densation of the bubbles; the mechanisms responsible 
for the highly efficient heat transfer could thus be 
defined. 
Pressure losses in two-phase flow 

A physical model of the continuous variation of the 
free space content in a boiling channel has been 
proposed by means of which the pressure losses can 
be calculated without invoking a break in the coeffi
cient of friction when free boiling begins. Agreement 
between theory and experiment is satisfactory. The 
various forms which total pressure loss in a boiling 
tube may present as a function of flowrate have been 
studied. Special features are observed at very low and 
very high speeds. 
Burn-out 

Under steady operating conditions, it is shown that 
in a uniformly heated channel the burn-out flux as a 
function of output rate is generally independent of the 
length. When burn-out is a result of output oscillation, 
the conditions of burn-out are compared with those 
obtained under steady conditions. The burn-out flux 
follo~ing uniform "no-flow" heating has been studied 
in a channel containing still water. The flux reaches a 
maximum' at conditions below saturation. 
Output oscillations 

Using a low pressure (8 atm) loop, the influence of 
various parameters on the periods of output oscilla-

tions in a boiling channel on the thresholds at which 
they appear, was studied. Some new aspects of this 
complex phenomena were observed and are reported. 

A/55 UJpaHL\Hfl 

HeKoropble IJJYHAaMeHranbHble acneK
T~ KHneHHH 8 HAepH~X peaKTOpaX 

X. MOHAHH et at. 

fipHBO,IVITCH OCHOBHLie peayJibTaTLI, IIOJiyqeH
HLie B fpeHooJie aa qeTLipe roAa B peayJibTaTe 
HayqeHHH MeXaHH3MOB KHIICHHH H CMCa\HbiX HB
JICHHH B HAepHLIX peaKTopax. 

Ha6n10AeHHe 3a KHneHHeM 

C IIOMO~biO lf!oTOrpalf>uu H CBepXCKOpOCTHOH 
KHHeMaTorpalf>HH (MaKCHMYM 8000 CHHMKOB B ce
KYHAY) IIpOBOAHJIOCb HaOJIIOACHHe aa KHIICHHCM 
B cocyAe HJIH KaHaJie rrpu AaBJieHHHX AO 
140 N,Z/CM2• 

BLIJIO IIOACqHTaHO qucJIO ~eHTpoB {MeeT) oopa
aoBaHHH rryaLipbKOB J1 IIOJiyqeHO COOTHOlliCHHe, 
ycTaHaBJIHBaiO~ee HX KOJIJiqeCTBO Ha C,IIHHH~Y TIO
BCpXHOCTH B 3UBHCHMOCTH OT TCIIJIOBOfO IIOTOKa 
H ,IIaBJICHHH. 

,lJ;uaMeTp OT,IICJIHIO~JIXCH OT CTCHKH rryaLipbKOB 
uayqaJICH rrpu ,IIaBJICHHHX ,110 140 ,.elcM2• BLIHBJie
HLI TPH Tuna rryaLipbKOB: 

- nyaLipbKH B COCTOHHHH paBHOBCCH.R, KOr,IIa 
HX ,IIHaMeTp COOTBCTCTBYCT <f>opMyJie <IJpn
~a H oH,IIe; 

- rryaLipbKH TipH KJIIICHHH, KOr,IIa HX ,IIHaMeTp 
oLICTpo yMeHLmaeTCH c yBeJinqeuueu ,IIaBJie
HHH (0,01 MM ,110 100 N,Z{CM2); 

- CJIHHHHC nyahlpbKOB B a\H,IIKOCTH IIpH IIO
BCpXHOCTHOM TCIIJIOBhl,IICJICHIIH CBepx 
15 8T/CM2, KOr,IIa HX paaMepbi He 3aBUCHT OT 
,IIaBJICHIIH. 

BLIJin rrpoBe,IIeHLI cTpnocKorrnqecKne uaoJIIO,IIe
HHH aa ,IIBH»'\CHIIHMII TCIIJIOBOH IIJICHKII, CBH3aii
HOH c aapom,IIeHneM ~eHTpoB o6paaoBaHna rry
ShlpbKOB B uaqaJie rrpo~ecca n KOH,IIeuca~neii,
TaKnM nyTeM y,IIaJIOCb yToquuTL MexaunaMLJ, 
peryJinpyro~ne nepeHoc TerrJia. 

noTepH AaBneHHfl B ABYX£fla3HOM noTOKe 

Coa,IIaHa Mo,IIeJib rrocToHHHoro naMeHeHnH Koalf>
lf>n~neHTa IIYCTOTHOCTH B KHIIH~eM KanaJie, II03-
BOJIHIO~aH paccquTLIBaTb TIOTCpll ,IIaBJICHIIH OC3 
paapLIBa Koalf>lf>n~nenTa TpeHnH B HaqaJie CBOOO,II
Horo KnrrennH. CorJiacne Teopnn c aKcrrepnMeH
TOM Y,IIOBJICTBOpiiTCJibHOC. 

BLIJIH nayqeHLI alfllfleKTLI IIOJIHOro na,IICHUH ,IIaB
JieHnH rrpn KIIIICHHII B KaHaJie B aaBHCJIMOCTH OT 
pemnMa. Oco6euuocTn HaoJIIO,IIaJIHCb rrpn oqeub 
:waJILIX H oqeHL ooJILmnx cKopocTHX. 
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KpH3HC HHneHHR 

0TMe'faeTCfl, 'fTO npH yCT3HOBHBIIIeMCfl peiKHMe 

B KaHaJie C paBHOMepHbiM HarpeBOM KpHTH'feCKHli 

TeTIJIOBOH TIOTOK K3K <f>yHK~HJI MO~HOCTH He 33-

BHCHT OT ]l;JlllHbl 3TOI'O KaHaJia. 

Horf~a KpH3HC HBJIHeTcJI CJie]l;CTBHeM KOJie6amm 

MO~HOCTH, TO YCJIOBRfl KpH3HC3 cpaBHHBaiOTCfl C 

ycJioBHSIMH, noJiy'feHHbiMH Ha ycTaHoBHBIIIeMCH 

jJCiKHMC. 

lf3yqaeTCH KpHTH'fCCKHii TCTIJIOBOH TIOTOK, llOJiy

'laCMbii( B pC3YJibT3TC paBHOMepHoro HarpeBa B 

I\3H3JIC C HCIIO]l;BHiKHOif BO]l;Oii. flaTOK KaK <f>yHI\

I(HSI HCf_\OrpeBa IIMCCT MaKCHMyM. l1CCJJC]l;YCTCH 

llJHIHIUH' fCOMCTpHH II npHpO]J;bl MCT3JlJJ3. 

Kone6aHHR MO~HOCTH 

Ha JWHType c HII3KHM .o;aBJJeHIICM (8 ar) Bbl

HCHHJIOCh BJIHfiHIIC pa3JIHlfHbiX napaMCTpOB Ha 

HCpt!O]J;bl KOJie6amrii MO~HOCTII B KIIHH~CM KaHa

,'1(' ll Ha rroporH HX IIOHBJICHHH. 

HeKoTopbre HOBbie acneKTbi :J'I'oro CJIOiKHoro· 

HH,Til'liTIH Hil0.11IO]l;3JlUCh II OIIHC3Hbl H ;J,OKJia]J;e. 

A/55 Francia 

Algunos aspectos fundamentales de Ia 
ebullici6n en los reactores nucleares 

por H. Mondin eta/. 

Se indican los principales resultados que desde hace 
cuatro afios se vienen obteniendo en Grenoble en 
materia de mecanismos de ebullicion y de fenomenos 
conexos en los reactores nucleares. 
Obsercaci6n de Ia ebullici6n 

Se ha observado, por fotograffa y cinematografia 
ultrarn1pidas (maximo de 8 000 imagenes por segundo), 
la ebullicion en recipientes o en canales hasta 140 
kgfcm2

• 

Se han contado las poblaciones de germenes 
(puntos) generadores de burbujas y se ha establecido 
una correlacion que expresa su numero por unidad de 
superficie en funcion del flujo termico y de la presion. 

Se ha estudiado hasta 140 kgfcm2 el diametro de las 

H. MONDIN et a/. 

burbujas que se desprenden de las paredes; se han 
observado tres tipos de burbujas: 

a) Las burbujas en equilibria, cuyo diametro 
satisface Ia formula de Fritz y En de; 

b) Las burbujas de ebullicion, cuyo diametro 
disminuye rapidamente con la presion (0,01 mm a 
140 kg/cm2

); 

c) Las coalescencias que aparecen en liquido 
saturado por encima de 15 W fcm2 y cuya proporcion 
es independiente de la presion. 

Por visualizacion estrioscopica se observan los 
movimientos de la pelicula termica asociadas al 
comienzo de Ia formacion de los germenes, al iniciarse 
y al condensarse las burbujas. De este modo se han 
podido aclarar los mecanismos determinantes de Ia 
excelente transmision de calor. 
Perdidas de presion en circulaci6n bifasica 

Se ha preparado un modelo de variacion continua 
del indice de vacio en un canal de ebullicion, que 
permite calcular las perdidas de presion sin disconti
nuidad del coeficiente de rozamiento al principia de Ia 
ebullicion franca. La comparacion con los resultados 
experimentales es satisfactoria. 

Se han estudiado las diversas formas que puede 
presentar Ia perdida total de presion en un canal de 
ebullicion, en funcion del caudal. Se observan parti
cularidades a velocidades muy bajas y muy elevadas. 
Calefacci6n 

En regimen estable, se demuestra que en un canal 
uniformemente calentado, el flujo de calefaccion en 
funcion del titulo de salida es en general independiente 
de la longitud. · 

Cuando la calefaccion es consecuencia de la 
oscilacion del caudal, se comparan las condiciones de 
calefaccion con las obtenidas en regimen estable. 

Se ha estudiado el flujo de calefaccion a raiz de un 
calentamiento uniforme "en escalon" en un canal que 
contenia agua estancada. El flujo presenta un maximo 
en funcion del grado de no saturacion. Se ha exam
inado la influencia de la geometria y de la naturaleza 
del metal. 
Oscilaciones de caudal 

En un circuito de baja presion (8 atm) se ha invest
igado la influencia de diversos parametros sabre el 
periodo de las oscilaciones de caudal en un canal en 
ebullicion y sabre los umbrales a que estas aparecen. 

Se han observado algunos aspectos nuevas de este 
complejo fenomeno. 
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La technique des ecoulements diphases tourbillonnaires 
d I ' ' ans es reacteu rs a eau 

par C. Foure, C. Moussez et D. Eidelman* 

INTRODUCTION 

Si on superpose au mouvement de translation du 
fluide qui s'ecoule le long d'une paroi un mouvement 
de rotation, le champ de forces centrifuges provoque 
une modification de la repartition des temperatures et 
vitesses qui doit etre, en principe, favorable a l'echange 
de chaleur. 

Des experiences de base [I] ont montre qu'il en 
etait bien ainsi en ecoulement a phase unique et les 
gaines polyzonales ou a chevrons, d'un emploi quasi 
generalise dans les reacteurs a gaz, font application 
de ce procede en provoquant les ecoulements de 
rotation secondaires par les ailettes attachees a la 
gaine [2, 3]. On peut egalement provoquer ces rotations 
par des jets auxiliaires repartis [4]. Lorsqu'il s'agit d'un 
liquide susceptible de passer au moins momentanement 
en phase vapeur, les resultats sont quelquefois 
spectaculaires en ce qui concerne le flux critique, pour 
peu que l'on consente a une perte de charge elevee [5]. 

L'objet des travaux entrepris par notre societe 
depuis 1960 dans le cadre de contrats EURATOM
USAEC est de definir une technique faisant appel a 
des ecoulements helico!daux accoles, adaptables aux 
types de geometrie et aux conditions de fonctionne
ment en usage dans les reacteurs nucleaires refroidis 
par eau bouillante, d'assembler les donnees necessaires 
pour aborder un avant-projet, particulierement sur les 
pertes de charge, fractions de vide et flux critique et 
atteindre en meme temps une comprehension suffisante 
des phenomenes mis en cause. 

L'interet s'est concentre sur le type de reacteur 
nucleaire refroidi par eau bouillante le plus courant qui 
utilise le meme fluide pour le ralentissement des neu
trons et dont le creur est generalement constitue de 
faisceaux de barreaux combustibles cylindriques verti
caux assembles en maille carree, entre lesquels circule, 
de bas en haut, le melange eau-vapeur. II etait done 
important de montrer l'efficacite d'un tourbillon 
engendre dans le canal unitaire delimite par quatre 
barreaux et la compatibilite d'un ensemble d'ecoule
ments tourbillonnaires unitaires associes. Le melange 
est mis en rotation par des bandes vrillees in1roduites 
dans chaque canal unitaire, occupant ou non Ia totalite 
de sa section droite. 

* Division atomique de Ia Societe nationale d'etude et de 
construction de moteurs d'aviation. 
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Dans des essais preliminaires sur des geometries 
simples (canaux cylindriques circulaires, annulaires et 
rectangulaires), on constate, par visualisation d'un 
melange eau-air, le rassemblement de la phase 
Iegere dans l'axe des vrilles et la compatibilite d'exis
tence des tourbillons unitaires associes (fig. 1). 

Parallelement aux essais thermiques de determi
nation du flux critique, ont ete etudiees les chutes de 
pression du melange a deux phases centrifuge ainsi que 
la «fraction de vide» ou fraction de volume total de 
melange occupe par la vapeur. La connaissance de 
cette derniere grandeur dans les canaux du reacteur est 
importante puisqu'elle definit Ia capacite moderatrice 
du melange. 

Types d'experimentations 

Les essais ont porte sur la comparaison entre les 
ecoulements droits et tourbillonnaires, et les trois 
grandeurs principales pour lesquelles des correlations 
ont ete recherchees sont, comme on l'a deja expose, 
la fraction de vide, la chute de pression et le flux 
critique. Les installations permettant d'effectuer ces 
experiences sont de deux types: a) une installation non 
thermique a cycle semi-ouvert, et b) des installations 
thermiques, boucle en circuit ferme. 

Configuration du canal 

La section d'essais se compose de quatre barreaux 
if> 14 mm (chauffants dans les essais thermiques) 
centres aux sommets d'un carre de 19 mm de cote 
introduits dans un canal dont les limites toujours 
inertes thermiquement simulent. la presence des 
barreaux adjacents aux barreaux centraux (fig. 2a). 
L'ensemble represente une portion interne d'un 
assemblage de barreaux combustibles et delimite neuf 
canaux unitaires de forme cruciforme dans lesquels 
les bandes vrillees sont introduites. D'un canal unitaire 
a ceux qui l'entourent, le sens de rotat\on des tour
billons est inverse. 

Cette geometrie a ete etudiee hydrodynamiquement 
sans et avec vrilles « circulaires » et « cruciformes » et 
thermiquement sans et avec vrilles « cruciformes » 
seulement. Les bandes vrillees sont definies par leur 
demi-pas reduit y, longueur necessaire pour une 
rotation de 180 o exprimee en multiple de la largeur de 
Ia ban de. Cette derniere est dite « circulaire » lorsque sa 
largeur est constante; elle est alors inscrite a l'interieur 
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Figure I. Visualisation de l'tkoulement montrant le rassemblement de Ia phase gazeuse au voisinage 
des axes des vrilles 

a: Tube circulaire (1 bande vrillee); b: Canal rectangulaire (4 bandes vrillees); c: Canal annulaire 
(6 bandes vrillees autour d'un barreau axial) 

2 

a 

Figure 2. Vrilles 
a: Vrille cruciforme (1), vrille circulaire (2); b: Vue en bout d'un assemblage de vrilles cruciformes; 
c: Vue laterale du meme assemblage 

c 
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d'un canal unitaire et tangente aux barreaux par .. v 
points. 

Les vrilles dites « cruciformes » ont une largeur 
evolutive comprise entre le pas de Ia maille et Ia distance 
entre deux barreaux situee sur une diagonale. C'est 
Ia premiere cote qui est prise comme largeur de 
reference. La vrille est tangente aux barreaux sur 
toute sa developpee et vue en bout, elle occupe Ia 
totalite du canal unitaire (fig. 2b et 2c). 

Apres quelques essais preliminaires, un demi-pas 
ega! a 3 a etc choisi pour tous les travaux. Ce demi
pas correspond environ a Ia limite technologique 
d'obtention de vrilles d'epaisseur comprise entre 
0,4 et 0, 7 mm. 

ESSAIS HYDRODYNAMIQUES 

Les conditions d'experimentation portent sur le 
melange air-eau a des pressions comprises entre 1 et 
5 bars. On recherche Ia chute de pression en ecoule
ment a deux phases et Ia fraction de vide pour des 
vitesses caracteristiques de l'eau comprises entre 
0,25 et 4 mfs et des titres en masse de 0 a 30%. 

Mesures 

Les chutes de pression sont mesurees a Ia paroi. 
La fraction de vide moyenne est obtenue par deux 

methodes: 
a) La premiere, qui a etc mise au point pour ces 

essais, consiste a mesurer Ia vitesse moyenne du 
liquide en y incorporant une breve injection d'un 
traceur electrolytique (eau + sel) [6]. Le passage du 
traceur est detecte dans deux plans, run a !'entree, 
!'autre a Ia sortie de Ia section d'essais, par deux 
electrodes isolees rune de !'autre et mises sous tension. 
Au passage du sel on constate un defaut d'isolement, 
signal rec;u par un oscillographe electro-optique avec 
enregistrement sur bande photograph1que. La con
naissance de Ia vitesse de Ia phase liquide seule, jointe 
a celle des debits-masses respectifs de l'eau et de !'air, 
permet de determiner Ia fraction de vide. 

b) Dans le but de recouper les resultat!> de Ia methode 
de Ia bouffee conductrice. Ia fraction de vide a ete 
egalement mesuree par absorption des rayons gamma. 
La fraction de vide globale s'obtient a partie d'en
registrements (fig. 3) realises section d'essais vide, 
remplie d'.eau ou parcourue par le melange eau-air. 

Resultats 

En general, les resultats sont en assez bon accord 
avec les courbes de Martinelli [7, 8] correspondant a Ia 
pression atmospherique et ceci pour toutes les 
configurations. L'accord para it d'ailleurs substantielle
ment meilleur lorsqu'on s'interesse a des ecoulement!> 
giratoires induits par des vrilles. La figure 4a illustre 
les resultats de chute!> de pression portes dans le 
diagramme (~. X). 

On constate: 
a) Sans vrilles: un ecart maximum par rapport a Ia 

courbe de Martinelli de 30 ~ ~ et un effet de Ia vitesse 
debitante; 

K 

A 

88 
B 

Figure 3. Enregistrement gammametrique 
I: Air; 2: Melange a1r-cau; 3: Eau 

b) Avec vrilles: un ecart inferieur a I 0% sans effet de 
vitesse. 

La figure 4b donne les resultats correspondants pour 
Ia fraction de vide x. Les ecarts avec Ia courbe de 
Martinelli, sans et avec vrilles, sont alor!> respcctive
ment de 20 et 10%. 

La comparaison des resultats obtenus par le~ deux 
methodes est generalement bonne. La moyenne 
quadratique des ecarL> dans les deux experiences, avec 
et sans vrilles, est de l'ordre de 6%. En fait. les ecarts 
maximaux varient de 14 a -12~~. valeur~ obtenues 
dans le cas d'essais a tres faibles ou tres forte~ fraction~ 
de vide, c'est-a-dire aux faibles titre!> pour Ia methode 
du traceur et aux titres cleves pour Ia methode 
gammametrique ou Ia sensiblite des methodes n'e~t pas 
satisfaisante. 

Signalons que pour chaque mesure Ia disper,ion 
intrinseque est inferieure a 5%. On peut trouver unc 
relation simple [9] entre ~ et x de Ia forme 

~ = K(l- xtP 

avec p = 0,91 et K = 1,1 sans vrilles, K = 0.95 avec 
vrilles pour y = 3. Dans cette repre~entation Ia 
dispersion constatee est de ± 15%. 

ESSAIS THERMIQUES 

On recherche le flux critique d'ebuiiJtion en faisant 
croitre Ia puissance fournie par effet Joule aux quatre 
barreaux de Ia section d'essa1s pour des conditions 
d'entree de l'ecoulement definies (debit, titre). Les 
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Figure 4. Chute de pression et fraction de vide. Comparaison des n!sultats SNECMA avec les courbes 
de Martinelli et Nelson (repen!es M et N) 

Melange eau-air a Ia pression atmospherique, titre x ~ 29%; Vitesse de l'eau seule comprise entre 
0,25 et 4 mjs; I: sans vrilles, II: avec vrilles; a: Facteur de frottement; b: Fraction de vide 

installations utilisees comprenaient deux boucles a 
circulation forcee, l'une fonctionnant au voisinage de 
la pression atmospherique, !'autre a 70 bars repro
duisant les conditions de fonctionnement d'un 
reacteur nucleaire. 

U n detecteur de crise a ete mis au point afin 
d'eviter la destruction systematique des tubes chauf
fants a chaque point de mesure. L'element sensible est 
constitue par un tube en pyrex sur lequel est enroule 
un fil de constantan de 8/100 de mm, a raison de deux 
spires par mm. En cuivrant, sur toute la longueur de 
l'enroulement, des zones limitees par des generatrices 
du cylindre, on realise huit rangees de couples ther
moelectriques cuivre-constantan. Une sur deux des 
generatrices est isolee par un revetement de ciment 
refractaire, l'autre-dite sensible-est en regard de la 
surface chauffante a preserver. 

Une augmentation de temperature, assez rapide, de 
la surface de chauffe agit par rayonnement sur les 
couples nus sans influer les couples proteges thermi
quement. Ces derniers jouent le role de soudures 
froides pour I' ensemble du systeme. La multiplicite des 
couples en serie permet de detecter' rapportees a 
chaque couple, des variations de temperature tres 
faibles. Pour proteger les elements chauffants de la 
section a quatre barreaux, un detecteur est introduit 

dans chaque tube generateur de puissance. Le signal 
obtenu permet, par l'intermediaire d'un montage 
electronique, de couper !'alimentation electrique de Ia 
section d'essais. 

Resultats 
A Ia pression atmospherique 

Conditions experimentales: titres d'entree variant 
de -3 a + 2%; vitesses de 0,25 a I ,5 mfs; flux 
critiques inferieurs a 2 500 kW/m2

• 

L'evolution du flux critique en fonction du debit 
surfacique est representee sur la figure Sa pour une 
section d'essais avec et sans vrilles. On remarquera 
qu'a debit donne !'introduction des bandes vrillees 
permet d'atteindre des flux 35 a 50% superieurs aux 
flux realises en !'absence de tout dispositif de 
centrifugation. De plus, la crise, pour un flux donne, 
apparait a un debit nettement plus faible pour les 
ecoulements giratoires. Le rapport entre le debit avec 
ecoulement droit et celui avec ecoulements tour
billonnaires atteint 2. 

A 70 bars 

Conditions experimentales: titres d'entree variant 
de -6 a 15%; vitesse de 0,25 a I ,5 mfs; flux critiques 
inferieurs a 2 500 kW/m2• 
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Figure 5. Flux critique en fonction du debit surfacique 
Entree a Ia saturation, sans vrilles: 1, avec vrilles cruciformes: 
2, a: Resultats a 1 bar; b: Resultats a 70 bars; c: Effets de Ia 
rugosite a 70 bars; 0: Tubes du commerce; +: Tubes polis; 
~ : Tubes grenailles 

La figure 5b montre que !'augmentation du flux 
critique par introduction des vrilles est moindre. Sur 
cette figure, par souci de clarte, n'ont ete traces que les 
resultats correspondant aux ecoulements pour lesquels 
la saturation est atteinte a l'entree de la section 
d'essais. 

Aux deux niveaux de pression consideres, il a pu 
etre constate une stabilite accrue de l'ecoulement 
diphase lorsque les sections d'essais sont equipees de 
vrilles. 

11 est apparu qu'aussi bien sans vrilles qu'avec 
vrilles les' flux critiques obtenus evoluaient d'une 
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premiere limite a une limite supeneure de 50% 
environ apres un certain temps de fonctionnement de 
la boucle a 70 bars. 11 a ete constate que dans le meme 
temps un mince depot se formait sur les barreaux 
chauffants en inconel a partir, semble-t-il, des pieces en 
alliage Ieger simulant les barreaux avoisinants. 

Apres nickelage de ces pieces, afin d'eviter ce 
ph6nomene, les essais furent repris avec des barreaux 
presentant les etats de surface suivants: 

Barreau commercial: CLA 0,75 ft 
Barreau poli: CLA 0,2 ft 

Barreau grenaille: CLA 4,7 ft 
La figure 5c represente les flux critiques obtenus 

avec vrilles en fonction du debit surfacique avec 
entree a saturation et pour les trois types de rugosite. 
On voit que par rapport au barreau commerical les 
barreaux polis font perdre environ 20% et les barreaux 
grenailles font gagner 20 %. 

D'autres travaux ont ete publies ou sont en cours sur 
ce sujet [10-12]. 11 est possible que la rugosite ne 
joue un role favorable que tant que son echelle n'est 
pas trop grande par rapport a l'epaisseur du film 
liquide. 

APPLICATION A UN REACTEUR 
BOUILLANT 

Un ensemble d'etudes devant permettre la definition 
d'un avant-projet de reacteur bouillant adapte a 
!'utilisation rationnelle des avantages thermiques 
alloues par I' ecoulement tourbillonnaire a ete entrepris. 

L'influence de l'introduction des vrilles sur le 
facteur de multiplication infini koo d'un reseau de 
reacteur bouillant type a d'abord ete determinee. Le 
reacteur type choisi est celui de la SENN. Les courbes 
de la figure 6 montrent !'evolution du koo en fonction 
de l'enrichissement en 235U pour diverses epaisseurs de 
vrilles en Zircaloy et suivant que le reacteur est chaud 
ou froid. Un calcul analogue a ete fait pour des 
vrilles en acier inoxydable. On voit que l'enrichisse
ment initial supplementaire necessaire pour retrouver 
le meme koo a chaud est faible. Pour un enrichissement 
initial ot = 2, I %. les valeurs de ot necessaires sont les 
suivantes: 

e (em) 
IX(%) 

0,04 
2,135 

Z~rcaloy 

0,06 
2,15 

0,08 
2,17 

0,04 
2,32 

Acier inoxydabJe 

0,06 
2,45 

0,08 
2,57 

On a vu que }'introduction de vrilles dans un reseau 
augmente le flux critique calorifique. Le reseau d'un 
reacteur a ecoulement tourbillonnaire pourra etre 
constitue avec des barreaux combustibles de diametre 
inferieur. Considerons les caracteristiques du reseau a 
koo maximal de deux reseaux isotropes indefinis 
(sans boitiers ni barres de controle): 

Rayon du Pas de Puissance Puissance 
barrcau rCseau volumtqu.c masstque 

(em} (em) kW/1 (kW/kg de 
koo uo1> 

Sans vrilles ... 1,394 0,626 2,~1 2~,9 12,4 
Avec vrilles en 
Zircaloy (0,4 
mm d'epaisseur) 1,361 0,464 1,93 42,8 22,5 
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Figure 6. koc en fonction de l'enrichissement oc pour d1fferentes 
epaisseurs de vrilles en Zircaloy·2 

Pour une puissance totale a extraire donnee, on 
obtiendra un creur beaucoup plus compact par 

C. FOURE et a/. 

!'utilisation des vrilles sans avoir a augmenter la 
longueur totale de barreaux combustibles. Aussi 
l'investissement initial en combustible sera plus 
faible. Cependant cela signifie que pour un taux de 
combustion admissible donne, la rotation des barreaux 
combustibles devra etre acceleree. Une etude econo
mique tenant compte du coiit de cette rotation et de 
!'introduction de vrilles d'une part, du gain sur le 
combustible immobilise ainsi que sur le prix de 
premiere installation par diminution de Ia taille 
d'autre part, devrait fournir des indications precises 
sur !'interet des ecoulements tourbillonnaires par 
vrilles dans les reacteurs bouillants. 

Soulignons que les valeurs des rayons determinees 
sont des valeurs minimales compatibles avec !'extrac
tion d'un flux de chaleur surfacique donne. 

La figure 7 montre deux configurations de creur a 
vrilles envisagees: un reacteur a vrilles derive du type 
a boitiers et un reacteur a vrilles dans lequel on a 
supprime les boitiers. 

Pour un reacteur fournissant 450 MW(th), on est 
conduit a un creur de 120 assemblages de 100 barreaux 
chacun et une hauteur active de 2,36 m. Le diametre du 
creur, suivant la solution, serait compris entre 2,10 m 
et 2,50 m. 

Dans le premier cas, le boitier est constitue par une 
enveloppe ondulee fixee sur le paquet de vrilles 
constituant !'element structural de !'ensemble. L'ondu
lation des toles permet !'existence des vrilles, meme 
aux frontieres du boitier, done le refroidissement par 
tourbillon des barreaux de rive. La barre de controle 
de forme cruciforme est constituee par !'assemblage 
rigide des tubes contenant le poison et de diametre 
exterieur voisin de celui des barreaux combustibles 
(fig. 7a). 

... + 
... + 
1- + 
.. +-

~ ... 

+-+-
+ + 
... i-

+ 

b 

• ~ +.. ~ 

i- +-

Figure 7. Detail du reseau a vrilles 
a: Avec boitiers onduh!s; b: Sans boitiers 
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Pour un reseau sans boitiers, les vrilles formeraient 
toujours !'element structural de !'assemblage com
bustible. Les barres de controle seraient constituees 
de barreaux cylindriques fixes a un poussoir cruciforme, 
les barreaux coulissant dans des tubes guides places a 
demeure dans le reacteur et de diametre exterieur 
identique a celui des barreaux combustibles (fig. 7b). 

L 'application de cette technique n'est pas limitee 
aux n!acteurs nucleaires refroidis et moderes par eau 
bouillante. On peut l'envisager pour tousles reacteurs 
refroidis par liquides bouillants ou brouillards, qu'ils 
soient thermiques heterogenes a moderateur eau 
lourde ou graphite, ou homogenes avec melange ou 
alliage hydrure metallique-combustible metallique ou 
qu'ils soient a spectre de neutrons rapides. On notera 
egalement que cette technique prend un interet 
particulier si le reacteur doit operer dans un champ de 
gravite d'orientation variable (navire) ou nul (vaisseau 
spatial). 
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ABSTRACT -RESUME-AHHOTAWVJ..R-RESUMEN 

A/95 France 

Technique for vortex type two-phase flow 
in water reactors 

By C. Foure et a/. 

This report is based on work which has been carried 
out for the most part under a contract with the 
EURATOM/USA Joint Committee. 

In the first place it has been shown that the longi
tudinal vortices which are contiguous and coherent can 
be produced and preserved in channels having 
different cross sections, in particular those occurring in 
boiling water nuclear reactors where the fuel elements 
are placed at the nodes of a square lattice. Each 
elementary vortex is produced by a spiral metallic 
strip placed in the channel. 

The pressure drop and the proportion of voids 
during two-phase flow have been determined as a 
function of the main parameters which can apparently 
be regrouped in the form proposed by Martinelli and 
his co-workers. 

By means of these twisted strips it has been possible 
to increase the heat transferred to a boiling water flow 
by 25 to 40 per cent for the same pumping power, 
depending on whether one operates at 70 bars or at 
atmospheric pressure. Apart from their role of flow 
guides, these strips joined together can become part of 
the core structure. 

The calculation of Koo for a typical boiling-water 
reactor fitted with spiral vanes shows that the extra 
enrichment required to compensate for the presence 
of the material of the strip is very small (below 0.1% 
for Zircaloy strips 0.4 mm thick). 

A boiling-reactor core designed to make best use of 
the spiral strips could operate at a power per unit 
volume greater (by at least 50%) than that of a 
reactor without these spirals. An economic study will 
show the advantages of this type of modification. 

A/95 OlpaH4HR 

TexHHKa ABYX~aaH~x BHxpes~x no
TOKOB B BOAH~X peaKTOpax 

K. Olype et al. 

(hoT P,<lliJia,l.l; UCHOBbJBaeTCH Ha pa6on~, IWTOpaH 

6oJibllleii lfaCTbiO 6Lma npoBep,cHa no ROHTpaRTY 

c EBpaToMoM H 06'he~vmeHHhiM ROMHTeTOM CiliA. 
BHalfaJie noRa3aHo, 'ITo npop,OJihHhie, pacnono

meHHhle pH,ll;OM RorepeHTHhle BHXpH MOryT 6biTh 

co3p,aHbl H coxpaHeHhl B I>aHanax c nepeMeHHhiM 

IIOIIepelfHhiM Ce'ICHHCM H, B 'laCTHOCTll, B Ce'leHH

HX, ROTOpble HMCIOTCH B H,ll;CpHbiX RIIIIHIIJ;IIX peaR

TOpax, r,u;e TCllJIOBhl,ll;CJIHIOIIJ;liC 3JieMCHTbl paCIIO

JlO:iRCHhl B rHe3p;ax pelllCTRll C RBap;paTJIOH H'leti

lWH. Ha:mp,hiii 3JieMeHTapHhlii: BHxph Bhi3hiBaeTCH 

nnTofi MeTaJIJill'leCRoii neHTofi, 3aRperrJieHHofi u 
COOTBCTCTBYIOIIJ;CM llO,ll;RaHaJie. 

llap;eHUe ,ll;aBJICHHH II IIYCTOTHblH R03<flqnu~HCHT 
Hpll ,ll;Byx<fla3HOM llOTORe OIIpC,ll;CJIHJIIICh B 3aBUCH

MOCTll OT OCHOBHhiX napaMeTpOB, lWTOphle, Bll,ll;H

MO, MomHo crpyrrrrnpoBaTh no <flopMyne, rrpe.n;no

meHHOH MapTnHeJIJIU H ero coTpy.n;nnRaMn. 

C ycTaHOBJICHIICM BliTbiX JICHT IIO,ll;OrpeB RIIIIH

n~ero BO,ll;HHOro IIOTORa MO:iRCT 6b1Tb YBCJIH'ICH Ha 
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25-40% npH TOH :me MOIIl;HOCTH rrpoKa'IKH, ecJIH 

pa6oTa ne~eTCH IIpH ~aBJieHHH OKOJIO 70 6ap HJIU 

oKoJio aTMocijlepHoro ~anJieHHH. 3TH coe,IJ;HHeHHhle 

Me:m~y C06oif JieHTbl TIOMHMO CBOeH ijlyHKIJ;HH pac

npe~eJIHTeJIH TIOTOKa MoryT BhlTIOJIHHTb KOHCTpyK

:IJ;HOHHble ijlyHKIJ;HH. 

Pac'leT k 00 ~JIH KHnHru;ero peaKTopa c BUThiMH 

JieHTaMH TIOKa3hlBaeT, 'ITO ,I:(OIIOJIHHTeJibHOe o6o

raru;eHHe, Heo6xo~HMOe ~JIH KoMneHcau;HH norJio

ru;eHHH HeifTpOHOB MaTepHaJIOM BHTKOB, ~OJI:lKHO 
6LITb O'leHh He60JibiiiHM ( HH:lKe 0, f% ,I:(JIH BIITKOB 

113 Il;llpKaJIOH TOJIIIl;HHOH 0,4 .lt.lt). 
AKTHBHaH aoHa KllnHru;ero peaKTopa, B KoTopoif 

HCIIOJIL3YIOTCH BliThle JieHTbi H CIIpoeKTHpOBaHHaH 

naHJIY'IIIIHM o6paaoM, MorJia 6M pa6oTaTL Ha 6o

Jtee BbiCOKOH IIJIOTHOCTH :meprOBhl,I:(eJieHHH (ITO 

KpaiiHeii Mepe Ha 50% Bhlme), 'I eM peaKTop 6ea 

IIHTKOB. 

3KOHOMH'IeCKOe HCCJie~OBaHHe BhlHBHT BLlrO~
HLle ycJioBHH npHHeHeHHH :.lToro MeTo.na. 

A/95 Francia 

La tecnica de Ia circulaci6n bifasica turbulenta 
en los reactores de agua 

por C. Foure eta/. 

Esta memoria se basa en trabajos realizados en su 
mayor parte bajo contrato del Comite Conjunto 
EURATOM/USA. 

Se trata preferentemente de demostrar que se 
pueden establecer y mantener torbellinos longitudi-
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nales apareados y coherentes en canales de distintas 
secciones, en especial en las de los reactores nucleares 
de agua en ebullici6n, donde los elementos combusti
bles est{m situados en los nudos de un enrejado de 
malla cuadrada. Cada torbellino elemental esta 
producido por una cinta metalica enroscada dentro 
del subcanal de que se trate. 

Se han determinado la caida de presion y la pro
porci6n de vacios en regimen de circulaci6n bifascia, 
en funci6n de parametros principales que parecen 
poder reagruparse en Ia forma dada por Martinelli y 
sus colaboradores. 

Por medio del artificio de las cintas enroscadas, 
pueden aumentarse los flujos de calor aplicables a una 
corriente de agua en ebullici6n de un 25 a un 40%, 
a la misma potencia de bombeo, segun se trabaje en 
las proximidades de los 70 bares o de Ia presion 
atmosferica. Aparte su funci6n como parrilla de 
circulaci6n, estas cintas acopladas entre si, pueden 
jugar un papel en la estructura del nucleo. 

El calculo de koo en un reactor de agua hirviendo 
dotado de estas cintas en espiral demuestra que el 
enriquecimiento adicional necesario para compensar 
la presencia de los materiales absorbentes de las 
cintas es muy reducido (inferior al 0,1 % en el caso de 
cintas en Zircaloy de 0,4 mm de espesor). 

Un nucleo de reactor de agua en ebullici6n con
cebido para utilizar al maximo las cintas enroscadas 
podria funcionar a una potencia global superior, al 
menos en un 50%, a Ia de un reactor sin estas cintas 
y del mismo volumen. 

Un estudio econ6mico decidira la importanica del 
interes de los reactores que hagan aplicaci6n de esta 
tecnica. 
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Fluid dynamics, stability and vapor-liquid slip 
in boiling reactor systems 

By P. A. Lottes,* W. H. Cook,** K. F. Neusen,*** R. W. Wright,**** 
S. M. Zivi,**** and N. Zuber***** 

This paper presents a few of the highlights of two
phase flow research relative to boiling reactors in the 
United States. Recent studies in two-phase flow have 
been summarized by members of the United States 
and the Euratom community [1]. Work at Oak Ridge 
National Laboratory, while not directed at boiling 
power plants, is very important. Their studies covering 
low pressure high power density research reactor 
systems are discussed in the Euratom report. Similarly, 
some of the latest General Electric efforts relative to 
boiling power plants are given in the same report. A 
recent summary [2] covers approximately the last 
fifteen years of the literature and lists 2 843 abstracts 
in the field of two-phase flow and heat transfer. 

EXAMPLES OF GENERAL FLUID 
DYNAMIC STUDIES 

The work at ANL is closely related to some of the 
university efforts through the recently formed Asso
ciation of Midwest Universities (AMU). This organ
ization in co-operation with ANL has sponsored 
two-phase flow research relative to boiling reactor sys
tems at the graduate student and post-doctorate level. 
The work prior to the ANL-AMU joint program was 
restricted to the steady state flow of boiling water in 
natural circulation systems at pressures up to 600 psia 
(41 atm) [3, 4]. 

Slip ratio studies have been made in both vertical 
and horizontal systems. Vertical air-water systems were 
previously reported [5]. Richardson [6] studied flow 
patterns, pressure drop, and slip ratio in horizontal 
systems. He concluded: (a) that the frictional pressure 
drop could be correlated in terms of local liquid 
velocity; (b) slip is strongly related to quality or weight 
flow fraction of gas, with no observable effect of mass 
flow rate; (c) an apparent negative loss coefficient 
exists, based on contraction losses, which would seem 
to indicate that the reduction in liquid flow area at the 
contraction was less than the reduction in gas flow 
area. A later study by Voigt [8] on a vertical air-water 

*Argonne National Laboratory, Argonne, Illinois. 
**General Electric Company, San Jose, California. 
*** Allis-Chalmers Manufacturing Company, Milwaukee, 

Wisconsin. 
****Space Technology Laboratories, Inc., Redondo Beach, 

California. 
*****General Electric Company, Schenectady, New York. 
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system contains a more complete coverage of losses 
resulting from a change in area. 

Fohrman [7] studied the effect of viscosit)! on slip 
ratio in horizontal systems using glycerine in 'water to 
vary the viscosity. An increase in viscosity by a factor 
of 500 produced an apparent increase in the slip ratio 
by a factor of about 6.5, a result contrary to expecta
tions. The results can be rationalized by using the slip 
model proposed by Bankoff [9], who proposed that the 
apparent slip ratio based on an over-all mass balance 
may be greater than unity, even though the local value 
of slip ratio at any point in the stream may be equal to 
unity. Fohrman's work confirms Bankoff's model 
since an increase in viscosity could alter the shape of 
the velocity and density profiles in the direction that 
would indicate an apparent increase in slip. If a larger 
percentage of the bubbles were forced to flow at a 
higher local velocity (in the center of the channel), the 
over-all effect would be an apparent increase in slip. 

Measurements of density and liquid velocity profiles 
have been attempted by Neal [10] to confirm this be
havior. He used a movable probe in a flowing stream of 
mercury and nitrogen. Whenever the probe pierced a 
bubble, the current flow through the probe was 
interrupted. By examining the traces recorded during 
the experiment, Neal was able to determine local 
density distributions. Attempts to measure local liquid 
velocity distributions were only partially successful. 
Nassos has extended Neal's work to an air-water 
system [11 ]. 

Smissaert [12] studied slip in air-water, nitrogen
Freon 113, and nitrogen-mercury systems in natural 
circulation at atmospheric pressure and low liquid 
velocity (0 to 1 ft/s or 0 to 0.3 mjs). Generally slip 
ratios were directly proportional to the liquid surface 
tension and inversely proportional to the dynamic 
viscosity. The viscosity effect was opposite to the 
observation of Fohrman. Fohrman, however, was 
using much higher liquid velocities (4.5 to 19 ft/s or 
1.4 to 5.8 m/s). 

Vogrin [13] studied the flow of air~water mixtures 
through a horizontal converging-diverging nozzle. He 
concluded: (a) the pressure decreased past the nozzle 
throat for compressible type flow and remained 
constant for incompressible type flow; (b) the exit 
water velocities were constant and exit slip ratio 
increased as the gas flow rate was increased at a fixed 
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liquid flow rate, and (c) the slip ratio approached unity 
at the high qualities (I 0 to 15 %). 

Petrick [14] studied vapor carryunder in both air
water 5ystems and in EBWR. Data (Fig. 1) taken on an 
atmospheric pressure air-water loop covered a range of 
quality from 0.2 x I0-3 to 2.0 x IQ-3 and downcomer 
velocities of 1 to 2.5 ft/s (0.3 to 0. 76 m/s); included for 
comparison are a few test points from EBWR. 
Petrick also extensively studied bubble size distri
bution, bubble size versus bubble velocity relationships, 
phase distributions perpendicular to the flow direction, 
and down-flow slip ratios [14]. 

The present AN L-AM U projects include studies in 
the propagation of waves and pressure pulses in an 
air-waterflow system, power-to-void transfer functions, 
forced convection boiling heat transfer for fluids 
through their critical property states, forced con
vection instability near the critical point, and the 
response of a boiling channel to power modulation. 

There are many opinions concerning the choice of 
parameters when correlating slip data. Reactor 
designers at Argonne presently are using a graphical 
correlation developed by Marchaterre and Hoglund 
[15]. as 5hown in Fig. 2. The curves are considered 
adequate for engineering use provided that the 
superficial velocities are greater than 0.8 ft/s (0.24 mfs ). 
Data from a number of systems were compared and the 
re~ulting curves represented a best fit of the data. 

THERMAL HYDRAULIC OSCILLATIONS 

During the past five years, the stability of two
phase flow systems with heat addition has been studied 
extensively. A critical review of the effort and results 
preceding this period is reported in [16]. In-pile 
[17-21] and numerous out-of-pile experiments have 
been carried out with water [22-30] and other liquids 
[31, 32] at pressures from atmospheric up to the 
thermodynamic critical point [33]. There has been a 
significant analytical effort to elucidate the phenom
enon [21, 22, 23, 30, 31, 33-44]. 

In-pile experiments (GEAP) 

An extensive series of power stability tests have been 
conducted in the VBWR to predict the transient 
response and stability of power producing BWR's [21]. 
Both natural and forced circulation coolant flow were 
studied over a wide range of flows and power outputs: 

Power 
Flow . 
Pump head 

Forced circulation 
.1, 15, 20, 26 MW(th) 
. 2 600 to 20 000 gpm 
.0 to 290ft 

Core bypass leakage 
%core flow ... .0 to 400 

Natural circulation 

Power . . . . . . . . . . 9 to 20 MW(th) 

Theoretical analyses of the dynamic responses were 
used to guide the experimental parametric study. An 
average parameter control system analysis technique 
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was used that included the reactor kinetics, the fuel 
thermal response, the thermal-hydraulic response, and 
the void reactivity response. 

The results of this investigation can be summarized 
as follows: 

(a) Reactor stability theory [21] predicts the stability 
characteristics of the VBWR well for the natural 
circulation operation of the plant (Fig. 3). Forced 
circulation operation conditions are predicted equally 
well for systems whose flow velocities in the two-phase 
region are not too far removed from natural circula
tion. This theory is believed adequate for any boiling 
water reactor having characteristics similar to the 
VBWR. 

(b) The most significant parameters affecting the 
absolute stability of the VBWR reactor are the void 
coefficient of reactivity, and the condition of system 
hydraulics. Other parameters, such as pressure and 
fuel time response, can have sizeable effects in some 
reactor systems. 

(c) A system analysis, as described in [21], is much 
more reliable than intuitive treatment for high flow 
forced circulation systems. 

(d) Operational noise cannot be used as a measure 
of absolute stability. 

(e) Rod oscillator tests have provided significant 
and quantitative absolute stability data; steady state 
noise and transient response have not. Rod oscillator 
tests should be conducted on every boiling water 
reactor which has significant design differences from 
those for which there is absolute stability data. 

Hydraulic stability loop experiments 

Out-of-pile experiments have been conducted at 
different system pressures with water (and other 
liquids) flowing through various geometries [22-30]. 

Experiments [18, 20, 28] have been conducted in a 
natural circulation loop to investigate the steady
state response, the power impulse response and power 
oscillation response.of various parameters. For two
phase flow transients in channels, it was concluded 
that (a) undamped and (self-excited) oscillatory 
responses are easily obtained by parametric changes 
and small disturbances; (b) the pressure in the heater 
rises in response to power oscillations without a 
change in pressure difference across the channel (the 
fluid in the heater acts as a capacitance under these 
circumstances); (c) intermediate subcooling operation 
showed flow responses which were less stable than 
higher or lower subcooling runs, and (d) the frequency 
dependent theory is not, at present, in a form well 
suited to prediction of transients. 

Other experiments show the effect of system geo
metry and loop characteristics, nucleating character
istics of the heating surface, mass flow rate, two-phase 
pressure drop, system pressure, power, flow and 
pressure oscillations, subcooling, and parallel ducts 
[22-33]. 

Figure 4 illustrates the effect of subcooling and of 
mass flow rate on the frequency and amplitude of 
oscillations at constant heat flux, system geometry and 
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condenser pressure [32]. These results (and others like 
these) are important because they definitively indicate 
that no fiat statement concerning the effect of a single 
parameter can be made. Statements like increasing the 
subcooling induces instability and similar ones have 
often been made in the literature. Figure 4 indicates 
that such statements are, at best, only partially correct 
and generally misleading because the effect of a 
parameter can be evaluated only if the region and 
mode of variation is specified. Whether the region of 
oscillation is open (as indicated in Fig. 4) or closed has 
not been determined. Some results indicate that it may 
be closed [38]. 

Analytical investigations 
Analytical investigations have been conducted by 

formulating appropriate models or by considering the 
conservation laws for the mixture. 

Sev~ral mechanisms leading to an oscillatory 
behaviOr of a loop have been identified and have 
been verified by subsequent experiments performed 
with pentane [31 ]. 

The time dependent equations describing the con
servation of mass, momentum and energy for the 
two-phase mixture and of energy for the metal have 
been programmed on computers together with 
boundary conditions at the metal-fluid interface 
[23, 33, 34, 38-44]. The analyses differ from each other 
in the assumptions made with respect to the two-phase 
flow pressure drop, void fraction, and boundary 
conditions in the low quality and subcooled boiling 
region. Values predicted by these analyses agree well 
with experimental data on a particular system obtained 
over a restricted range of parameters. Two results 
appear of special interest. One analysis [41] demon
strates a distinct progression of enthalpy waves 
through the mixture whereas another [42-44] shows 
that at least one mode of instability, which depends on 
the heat flux density, is generated in the low quality 
and the subcooled boiling region. This analytical 
result, which seems supported by some experimental 
data, suggests that non-uniform heating along the test 
section could be used as a means of increasing the 
total power output of the system while still maintaining 
stable operation. 

The transient response of an adiabatic two-phase 
(bubbling) system which makes use of kinematic waves 
has been analyzed [45]. The comparison of predicted 
values with experimental data shows that changes in 
void concentrations are propagated through the two
phase mixture by means of kinematic waves [45]. The 
propagation of these waves and, therefore, the 
transient response of the two-phase mixture depends 
on the two-phase flow regime. The application of the 
kinematic wave theory to a study of diffusion in two
phase media is also discussed [45]. 

Conclusions 
The experimental and analytical investigations have 

identified several mechanisms that may lead to 
an oscillatory behavior of a two-phase flow loop. 
The oscillation and instabilities are generated by 
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phenomena in the boiling section only or originate as 
a c~nsequence of an interaction between the boiling 
sectiOn and the rest of the system. 

Well-instrumented experiments coupled with ana
lytical investigations are being performed at several 
laboratories to establish the mechanism, domain, and 
characteristics of oscillations. These investigations 
should permit prediction of the onset of oscillations 
for various liquids (water, liquid metals and cryogenic 
fluids) as functions of system geometry, pressure, and 
operating characteristics. 

SPERT 1A REACTOR STUDIES (STL) 

Stability studies 

Boiling water reactor stability studies at TRW Space 
Technology Laboratories (STL) have attempted to 
explain the power oscillations observed in the SPER T 
lA reactor [46]; therefore, most of the loop experiments 
on steam-void dynamics at STL have utilized the 
geometry of a SPERT lA moderator-coolant channel 
at atmospheric pressure. A single rectangular coolant 
channel was formed between two electrically heated 
aluminum walls and two unheated edge strips [47]. 
The rectangular channel was mounted in a loop which 
could be operated either with convection or with the 
flow fixed at a constant magnitude by a discharge
throttled centrifugal pump. The void fraction exhibited 
large local fluctuations, even under nominally steady
state conditions. During power input modulation the 
detection of the small amplitude coherent respon~e of 
the void fraction, required cross-correlating the void 
signal with the imposed power. Detailed results have 
been presented in previous publications [47, 49, 50, 
51, 52]. 

The hydrodynamics of the SPERT lA reactor were 
simulated for divergent power oscillations with the 
tank water at saturation at the free surface by operating 
the laboratory loop under natural circulation with 
100 oc (212 °F) water temperature at the test-section 
inlet and 120 em (3.94 ft) of hydrostatic head above 
the inlet. 

Figure 5 illustrates two void fraction responses, one 
for natural circulation and one for forced circulation 
both with the same steady-state flow V = 44.5 emf~ 
(1.45 ft/s). The position of the void fraction response 
measurement was approximately midway along the 
boiling length, where the steady-state void fraction was 
about 50 per cent. The phase lag of the void fraction 
resp.onse was reported in [51], with 180 o lag being 
attamed at 1 cyclefs in the natural circulation case, 
and at 0.8 cyclefs in the forced circulation case. The 
peak in the void response is attributed to the response 
of the void fraction to the inlet flow variation. The flow 
response itself is approximately proportional to the 
time derivative of the total void volume response to 
power modulation [51]. Thus, a feedback interaction 
between the void volume and the flow produces the 
difference between the natural circulation and the 
forced flow-power-void transfer function. 
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The void fraction response measurements for 
natural circulation have been combined with the 
known zero-power reactor kinetics transfer function 
and the measured void coefficient of reactivity of the 
SPERT lA reactor to compute the stability of the 
reactor under the conditions where power oscillations 
occurred [53]. These calculations for 500 W in the 
laboratory channel, and 500 kW in the reactor, show 
a feedback-loop phase-shift of 180 oat a frequency of 
0.95 cps, where the feedback loop gain is about 1.7. 
Thus by the Nyquist criterion of feedback loop 
stability, the reactor should be decidedly unstable as a 
result of reactivity feedback at 500 kW power, with an 
oscillation frequency of 0.95 cps. The threshold of 
reactivity-feedback instability would be expected to 
occur at a power level somewhat below 500 kW. This 
result is in agreement with the observed spontaneous 
power oscillations in the reactor [46], which arose at a 
power level of about 400 kW and with a frequency of 
1 cps. The natural circulation flow and void fraction 
were quite stable in the laboratory channel at 500 W 
power, indicating that a hydrodynamic instability was 
not the cause of the reactor power oscillations. 

As the steady-state power level is increased in the 
laboratory experiment, the peak in the natural 
circulation void fraction response to power modulation 
becomes very pronounced, and its frequency increases 
as illustrated in Fig. 6. The void fraction responses for 
both natural and forced circulation are shown, along 
with the response at 500 W natural circulation. As the 
steady-state power level is increased to 1 000 W 
without modulation, undamped coherent hydro
dynamic oscillations occur at a frequency of 1 cps. 
The resonance peak in the natural circulation void 
fraction response is the result of the void-flow feedback 
interaction, and the threshold of hydrodynamic 
oscillations appears to correspond to the operating 
conditions for which the feedback loop becomes 
unstable [51, 52]. 

Pressure pulse studies 

R. W. Wright [54, 55] has conducted experiments 
at STL related to the generation of pressure pulses in 
rapid power excursions in water-moderated metal 
plate reactors. The BORAX 1 reactor was destroyed 
in a power excursion with an initial period of 2.5 ftS 

which produced a pressure pulse in excess of 6 000 psi 
(410 atm) [56]. The 3.2 ftS destructive excursion in the 
SPERT 1D reactor produced a pressure pulse between 
3 000 psi (204 atm) and 4 000 psi (272 atm) with a rise 
time of less than 0.5 ftS, but delayed about 15 ftS 

after peak power [57]. In the laboratory experiment 
for the production of pressure pulses by the rapid 
heating of a surface in contact with water, a nominal 
700 °C (1 260 °F) temperature rise was produced in 
the stainless steel heated element in 150 ftS by electrical 
resistance heating. The ratio of heat transfer surface to 
pipe cross sectional area was about 30, as compared 
with a ratio of heat transfer surface to pressure relief 
area of about 20 for BORAX 1, assuming that pressure 
relief occurred radially outward in the reactor. The 
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ratio of heated surface to adjacent water volume was 
about the same in the laboratory experiment as in the 
reactor. The rate of temperature rise was about ten 
times as great as in the BORAX 1 destructive excursion. 

In the experiment, heating transients with a 700 °C 
(1 260 °F) rise produced peak pressures of about 
800 psi (54.5 atm). These results show that multi
thousand psi pressure pulses cannot be generated 
thermally in geometries similar to the unmolten 
BORAX 1 and SPERT 1 cores. At the time of the 
pressure pulse in each of the reactor destructive tran
sients, large portions of the aluminum alloy reactor fuel 
plates were molten; whereas, in the laboratory 
experiment, the stainless steel heated surface remained 
solid. If the surface area of the reactor fuel were 
augmented as a consequence of melting, greater heat 
transfer surface would be required in the laboratory 
experiment, and high pressures would be expected. 

Following the initial high pressure pulse, the 
pressure fell through ambient to a vacuum of about 
10 psig (0. 7 atm). After about 20 ftS, a sharp 150 psi 
(10 atm) pressure pulse occurred followed again by 
vacuum and a continued series of pulses. The vacuum 
is considered to be the effect of vapor blanketing of 
the heated element after the initial pressure pulse. 
The blanketing insulated the heated element from the 
virtually unheated bulk water, and vapor condensation 
on the cold water interface produced the vacuum. 
This process gave the inertial water column about 10 g 
downward acceleration to re-contact the heated 
surface. The magnitudes of the impact pressure pulses 
and the periods between them were consistent with 
this interpretation. 

VAPOR-LIQUID SLIP IN BOILING REACTOR 
SYSTEMS (EXAMPLES FROM ALLIS-CHALMERS) 

Void fractions in a round unheated duct 

A basic study of void fractions in a large unheated 
duct is being conducted at Allis-Chalmers under the 
Euratom program. The study Investigation of Vapor 
Volume Fraction and Slip Velocity is providing a good 
basis for understanding the two-phase flow parameters 
associated with varying flow patterns that occur over 
a wide range of velocity and average void fraction. 
Superficial liquid velocities from (and including) zero 
to 20 ft/s (6.1 m/s) and average void fractions ranging 
from 0.10 to 0.90 are being studied. 

Void fraction profiles are being obtained for each 
of the flow conditions tested [58]. A sample profile 
is given in Fig. 7 for 600 psig (42 atm) and 2.5 ft/s 
(0.76 m/s) superficial liquid velocity. A characteristic 
of the gamma attenuation technique is that individual 
points in the profile represent the average void fraction 
along the beam path, which means an average along a 
chord for a circular duct. 

The relatively simple geometry of this study provides 
an opportunity to check on models that describe the 
void fraction distribution. Chordal void fraction 
profiles were calculated for the exponential model 
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suggested by Bankoff [9]. The curve labeled E = 0.4 
in Fig. 7 was calculated from: 

rl = rlmax[ 1 - ~JE 
In this example E = 0.4 seemed to give the best fit of 
the data points. 

Steam volume fraction in a bubbling 
two-phase mixture 

Experiments were performed in an 18-in-diam 
vertical channel to determine the steam volume 
fraction as a function of superficial steam velocity for a 
mixture with no liquid flow [59]. Volume fraction 
values were determined from differential pressure 
measurements. The range of test variables was: 
system pressure 800-2000 psig (54--137 atm) and 
superficial steam velocity 0.30-4.2 ftjs (9.1 to 128 cmfs). 

Multi-rod pressure drop and void fraction study 
With the ever increasing application of parallel rod 

arrays in reactor fuel elements, the importance of 
extending the two-phase flow technology to that 
geometry becomes apparent. Established correlations 
and theories have relied heavily on round tube or· 
rectangular channel studies for their experimental 
basis. Additional supporting evidence on rod bundles 
is needed to determine whether or not these correla
tions apply to the multi-rod case. Pressure drop and 
void fraction investigations have been made for a 
heated 16 rod array (4 x 4) duplicating the design of 
the Pathfinder reactor [60, 61]. 

Friction factors, loss coefficients and vapor volume 
fractions were measured. 

Following a check of the rod bundle pressure drop 
during single-phase flow, boiling pressure drop data 
were taken over a wide range of power and flow 
conditions. 

Values of cfLo2 the two-phase friction multiplier are 
plotted in Fig. 8 as a function of steam quality x and 
mass velocity G. 

For comparison purposes, curves depicting the 
modified Martinelli correlation [5, 62] are also 
plotted in Fig. 8. Agreement of the data with the 
correlation predictions is generally within ±25 %. The 
original Martinelli-Nelson correlation [63] allowed for 
no flow effects and would correspond to a value of 
G = 1.25 x 106 lbfhr-ft2 (170gfscm2).Whileagreement 
with this value is about ±25 %, some effect of flow is 
evident. Either the original or modified forms of the 
Martinelli correlation using the equivalent diameter 
will predict the boiling friction losses on rod bundles 
over the range of qualities tested. 

Local void fractions in the 16-rod array were 
determined at the flow condition and axial location of 
interest. The results of the void fraction traverses 
indicate that the void profile within a rod bundle is 
definitely not flat as is often assumed in making 
neutron flux calculations. A typical plot of local void 
fraction versus horizontal position is shown in Fig. 9. 
The circular symbols are all data points and the 
dashed line is an average arrived at by superimposing 
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all the data from symmetrical positions on one plot. 
The void fraction goes to zero at the unheated wall 
which encloses the bundle. More interesting is the 
apparent tendency for the vapor to collect in the spaces 
between rods. This result is in agreement with earlier 
air-water results in a 4 x 9 rod array [64]. Another 
noteworthy effect is the lower void fractions on the 
rods adjacent to the wall. This would indicate that the 
effect of the wall extends into the bundle even though 
the rods were uniformly heated. 

SUMMARY 

Fundamental studies in fluid dynamics, stability, 
and vapor-liquid slip in boiling reactor systems are 
continuing in the United States at an increasing rate. 

Sufficient information is available to estimate 
boiling reactor performance. Final operating limits 
of boiling reactor power plants, however, are still 
based upon full scale tests. 

University studies are generally very fundamental, 
with emphasis on studying the mechanisms of two
phase flow. Industrial studies are engineering rather 
than fundamental, and usually refer to a specific 
reactor design. 

Steady state experiments have provided much useful 
design information. The transient studies which include 
such tests as flow instability, transfer function experi
ments, etc., have likewise provided useful information. 
Flow oscillations in boiling systems, however, are not 
completely understood. Much more theoretical and 
experimental work is required on the general problem 
of flow stability in order to optimize and increase 
power density of boiling systems. 
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A/230 Etats-Unis d'Amckique 

Dynamique des fluides, stabilite et glissement 
liquide-vapeur dans les reacteurs a eau bouil
lante 
par P. A. Lottes eta/. 

Le memoire passe en revue Ies progres recents dans 
l'etude de l'ecoulement a deux phases, realises dans 
les laboratoires nationaux, Ies universites et l'industrie. 

Au Laboratoire national d' Argonne, on a etudie Ia 
perte de charge et le rapport de glissement dans 
l'ecoulement a deux phases dans des tuyeres, les 
rapports de glissement dans les ecoulements horizon
taux et verticaux, l'effet de la viscosite du liquide sur 
lerapport de glissement, le glissement dans les systemes 
a deux composantes et aux faibles debits, les problemes 
de l'entrainement de la vapeur et quelques methodes 
instrumentales choisies pour Ia mesure des coefficients 
de vide. 

La General Electric Company a etudie Ia prevision 
des vides dans des systemes a bouillonnement, 
!'ebullition en ecoulement horizontal, Ies reponses en 
regimes stationnaire et transitoire des systemes 
comprenant des vides, la propagation des ondes 
cim\matiques dans les melanges a deux phases, la 

stabilite d'ecoulement des systemes bouillants et Ia 
separation de la vapeur. 

En ce qui concerne Ia stabilite des systemes bouil
lants, on passe en revue les experiences de stabilite 
d'ecoulement en circulation naturelle, effectuees 
dans l'industrie et dans diverses universites. On tire 
deux conclusions de cet examen: a) les instabilites 
d'ecoulement peuvent avoir pour origine soit Ia 
partie bouillante du systeme, so it les parties exterieures, 
soit encore Ies interactions entre Ia partie bouillante 
et Ie reste du systeme; b) on .ne peut parler du debut 
de I'instabilite d'ecoulement sans preciser avec soin 
Ia region de fonctionnement du systeme, et sans 
definir la direction d'evolution des variables du 
systeme. 

Les deux principaux domaines etudies par Allis
Chalmers, pour l'hydraulique du creur de reacteur, 
sont Ia perte de charge et Ia fraction de volume de 
vapeur (coefficient de vide). Les etudes de perte de 
charge faites a 600 psi ( 42 kgfcm2

) dans le cadre du 
projet du reacteur Pathfinder ont montre que Ia 
geometric a barreaux paralleles pouvait ~tre traitee 
au moyen des relations de perte de charge a deux 
phases telles qu'elles ont ete etablies. Une etude 
etendue des coefficients de vide dans des conditions 
d'ecoulement semblables a celles que l'on trouve dans 
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les conduites verticales est poursuivie au titre du 
programme de l'EURATOM. Une etude limitee des 
coefficients de vide dans la geometrie a barreaux 
paralleles a ete faite pour Pathfinder. En relation avec 
le programme de separation de vapeur, des mesures du 
coefficient de vide ont aussi ete faites sur des melanges 
a deux phases degageant des bulles. Ces donnees 
portent sur des pressions allant de 300 a 2 000 psi 
(21 a 140 kgfcm2) et avec des diametres de cuve de 
4 a 36 pouces (10 a 90 em). 

Les etudes des laboratoires de technologie spatiale 
sur la stabilite des reacteurs a eau bouillante ont porte 
notamment sur la mesure en laboratoire de la fonction 
de transfert puissance-vide dans un canal simule 
refroidi a l'eau du SPERT lA. Ces mesures de 
fonction de transfert avec circulation naturelle ont 
montre que !'oscillation de puissance divergente 
observee dans le reacteur SPERT lA a 97 °C peut 
s'expliquer par une instabilite de contre-reaction de 
reactivite, et non par une instabilite purement hydro
dynamique. Quand la puissance de ce canal augmente 
et s'approche du seuil d'instabilite hydrodynamique, 
un pic de resonance se produit dans la fonction de 
transfert a 1 Hz, frequence a laquelle une oscillation 
hydrodynamique finit par se produire. La resonance 
montre que la variation du vide en fonction de la 
modulation de puissance est dominee par une inter
action entre l'ecoulement a !'entree et le vide de 
vapeur, et que lorsque cette interaction de contre
reaction devient instable il se produit une oscillation 
hydrodynamique spontanee. 

On a essaye de reproduire au laboratoire les 
impulsions de pression destructrices qui se sont 
produites dans les excursions des reacteurs SPER T 1 
et BORAX 1. Un chauffage electrique transitoire 
produisait des elevations de la temperature de surface 
de 700 °C en 150 ftS pour un element en acier inoxy
dable chauffe dans une geometrie qui reproduisait 
les creurs metalliques non fondus de SPERT 1 et 
BORAX 1. L'ordre de grandeur des impulsions de 
pression produites par transfert de la chaleur a l'eau 
etait d'environ 800 psi (56 kgfcm2), tres inferieur 
a ce qui avait ete observe dans les excursions des 
reacteurs. Des lectures negatives de pression (vide) 
suivent !'apparition de vapeur dans ces transitoires 
thermiques. 

A/230 CWA 

rHAPOAHHaMHKa, CTa6HnbHOCTb H na
po-mHAKOCTHOe CKOnbmeHHe B KHnfi
~HX peaKTOpH~X CHCTeMaX 

n. A. none et al. 

PaccwaTpHBaiOTCH HoneumHe AOCTHmeHHH npa

BHTeJILCTBeHHbiX Jia6opaTOpHu, YHHBepCHTeTOB H 

'18CTHbiX npeAIIPHJITHH B HayqeHHH lJ,Byx<flaaHoro 

noroKa. B AproHHCKou Ha~HoHaJILHoii Jia6oparo

pHH HCCJieAOBaJIHCh nepenaA AaBJieHHJI H Koa<fl!flH-
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~HeHThl CKOJiha<eHHJI ABYX<flaaHoro IIOTOKa CKB03h 

COIIJia, a TaKme B rOpH30HTaJihHhlX H BepTHKaJih

HhiX IIOTOKaX, BJIHJIHHe BJI3KOCTH a<HAKOCTH Ha 

Koa<fl<flH~HeHT CKOJiha<eHHJI, CKOJiha<eHHe B )J,By

KOMIIOHeHTHhiX CHCTeMaX, CKOJiha<eHHe B IIOTOKaX 

C MaJIOH BeCOBOH CKOpOCThiO, rrpo6JieMhl BhiHOCa 

rrapa H HeKOTOphie MeTO/],hl H IIpH60phi /),JIJI H3Me

peHHH IJ,OJIH rraponoro npocTpaHCTBa. 

Ha <fl»pMe «.ll:meHepaJI aJieKTpHK>> BeJIHCh pa6o

Thl IIO TaKHM BOIIpOCaM, KaK pac'leT rrapOBOrO 

rrpOCTpaHCTBa B 6ap6oTaa<HMX CHCTeMaX, KHIIeHHe 

B ropH30HTaJihHhiX IIOTOKaX, CTa~HOHapHOe CO

CTOJIHHe H rrepeXO/],Hhie xapaKTepHCTHKH CHCTeM 

napoBoro npocTpaHCTBa, pacnpocTpaHeHHe KHHe

waTH'IeCKHX BOJIH B ABYX<flaaHhlX CMeCJIX, CTa-

6HJihHOCTh IIOTOKOB B KHIIJIID;HX CHCTeMaX H H3Y

qeHHe rrpo6JieMhi cenapa~HH napa. 

B CBJI3H c nayqeHHeM CTa6HJihHOCTH KHIIHID;HX 

CHCTeM B /],OKJia/),e paccMaTpHBaiOTCJI AOCTHmeHHJI 

KaK B rrpoMMlliJieHHOCTH, TaK H B pa3HhlX YHH

BepCHTeTaX IIO CTa6HJihHOCTH KHlleHHH B YCJIOBH

HX ecTeCTBeHHOH KOHBeK~HH. IlpH 3TOM 6hiJIO 

C/),eJiaHO /),Ba BhiBO/],a: a) HeCTa6HJihHOCTh IIOTOKa 

MomeT B03HHKaTh JIH6o H3-3a HCIIapHTeJihHhiX yqa

CTKOB CHCTeMhl, JIH60 H3-3a BHelliHHX ee 'laCTeH, 

JIH60 B peayJihTaTe B3aHMO/),eHCTBHJI Mea<IJ,y HClla

pHTeJihH.biM yqaCTKOM H OCTaJihHhlMH yqaCTKaMH 

CHCTeMhl; b) HeB03MOa<HO TO'IHO orrpe11,eJIHTh MO

MeHT HaCTYIIJieHHJI HeyCTOH'IHBOCTH llOTOKa, AO 

Tex nop noKa He 6y11,eT TID;aTeJI.bHO onpe11,eJieHa 

o6JiaCT.b pa60T.bl CHCTeMhl, a TaKme HanpaBJieHHe 

H3MeHeHHJI nepeMeHHhiX napaMeTpOB CHCTeMhl. 

;IT,Ba OCHOBHLIX BOIIpoca, H3y'leHHhle !flHpMOH 

tAJIJIHC-qaJIMepC» B CBJ13H C rHApaBJIHKOH aKTHB

HOH aoHM peaKTopa, BKJIIO'IaJIH: norepH Hanopa 

H AOJIIO napoaoro o6'heMa, TO ecT.b o6'.beMa napoao

ro rrpocTpaHCTBa. 11ccJieAoBaHHe norepH Hanopa 

IIpH AaBJieHHH 42,2 r;,e{CM2 B CBJI3H C npoeKTOM 

IIac<flaiiHIJ,epcKoro peaKropa noKaaaJio, 'ITO rHA

paBJIH'IecKoe COllpOTHBJieHHe npH npOAOJI.bHOM 

OMhiBaHHH IIY'IKa CTepmHeH MOa<HO paCC'IHTLIBaTI.. 

no H3BecT11hiM aaBHCHMOCTJIM AJIJI noTepn Hanopa 

B IJ,Byx<flaaHOM llOTOKe. Y CHJieHHOe H3y'leHHe /],OJIH. 

o6'heMa naponoro npocTpaHCTBa B ycJioBHHX, no

A06Hblx BCTpe'laiOID;HMCJI B IIOTOKaX B llO/],'.beMHhiX 

CTOJIKax, Be/),eTCJI B paMKax nporpaMMhl EnpaTo

Ma. OrpaHH'IeHHMe HCCJie/],oBaHHJI IJ,OJIH o6'heMa 

napoBOrO IIpOCTpaHCTBa B YCJIOBHJIX OMhlBaHHK 

ny'IKOB napaJIJieJihHhlx crepmHeii 6hiJIH npoBeiJ,e

Hhl TaKme B cnsaH c npoeKTOM IIac<flaiiHIJ,epcKoro 

peaKTopa. IIpH HCCJieiJ,oBaHHH cenapa:QHH rrapa 

6MJIH npoBeAeHbi HaMepeHHJI AOJIH o6'heMa napo

noro npocTpaHCTBa B ABYX!flaaHhiX 6ap6oTHpyiO

m;»x CMeCJIX. 8TH /),aHHbie OXBaTbiBaiOT /),HaJia30H 

/),aBJieHHH OT 21 11,0 140 r;,e/cM2 H eMKOCTH /),HaMeT

pOM OT 10 AO 91,4 CM. 
lfay'leHHe CTa6HJibHOCTH BO/),HHhiX KHIIHID;HX pe

aKTOpOB <flHpMOH «Cneiic TeXHOJIO/),a<H JI36opaTo

pH3» IIpOBO/],HJIOCb nyTeM Jia6opaTOpHbiX H3Mepe

HHH <PYHK~HH rrepeHoca :meprHJI - rrpocrpaHCTBo 

B TeXHOJIOrH'IeCKOM KaHaJie C BO/],JIHhlM TellJIOHO

CHTeJieM MOAeJIH SPERT-IA. 8TH HaMepeHHH 

!flyHK~HH rrepeHOCa IIpH ecTeCTBeHHOH KOHBeK:QHH 
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IIOKa3aJIH, 'ITO 3HeprenrqeCKHe KOJie6aHHH, Ha-

6JIIO,[IaBIIIHeCH B peaKTOpe IIpH TeMnepaType-

970 C, MOryT 6hiTh 06'hHCHeHbl CKOpee HeCTa6HJib

HOCThiO o6paTHOH CBH3H IIO peaKTHBHOCTH, '!eM 

lJHCTO rH,l.lpO,l.IHHaMH'IeCKOH HeCTa6HJihHOCThiO. 

H'or,1.1a :mepreTH'!eCKHH yponeHh aToro KaHaJia no

BhiiiiaJICH ,1.10 nopora rH,l.lpO,l.IHHaMH'IeCKOH Heyc

TOH'IHBOCTH, peaoHaHCHhiH MaKCHMYM B lf>yHK~HH 
nepeuoca paanunaJICH npu qacToTe 1 elf. llpu aToii: 

lJ3CTOTe IIOHBJIHIOTCH rH,l.lpO,l.IHHaMH'!eCKHe KOJie6a

HHH. ilOHBJieHHe pe30H3HCa YK33hiBaeT Ha TO, 'ITO 

OTBeTHaH peaK~HH napOBOrO IIpOCTpaHCTBa Ha H3-

MeHeHHH qaCTOThl 3HepreTHlJeCKOrO ypOBHH IIO

,[IaBJIHeTCH B3aHMO,[IeHCTBHeM BXO,l.IHI~ero IIOTOKa 

C napOBhiM IIpOCTpaHCTBOM H 'ITO, KOr,[la BJIHHHHe 

3TOH o6paTHOH CBH3H CTaHOBHTCH HeycTOH'IHBbiM, 

Ha'IHHaeTCH CaMOIIpOH3BOJibHOe rH,l.lpO,l.IHHaMH'Ie

CKOe KOJie6aHHe. 

C,l.leJiaHa IIOIIhiTKa HMHTHponaTh B Jia6opaTopuu 

paapyiiiHTeJihHhle HMIIYJihCbl ,[laBJieHHH, KOTOphie 

B03HHI\aJIH IIpH KOJie6aHHH pemHMa pa60Tbl peaK

TOpHbiX ycTaHoBoK SPERT-1 H BORAX-1. BhlcT

pblii: 3JieKTpH'IeCKHH HarpeB Bhl3hiBaJI aa 

150 M~>,Ce~>, IIO,[I'beM TeMnepaTyphi IIOBepXHOCTH 

uarpenaTeJihHoro aJieMeHTa H3 uepmanero~eii cTa

JIH ,1.10 700~ C, reoMeTpHH KoToporo MO,l.leJiupyeT 

HepaCIIJiaBJieHHhie MeTaJIJIH'IeCKHe aKTHBHble 30-

Hhl SPERT-1 H BORAX-1. BeJIH'IHHa HMIIYJihCOB 

,[laBJieHHH, C03,[13HHhiX TeiiJIOOT,l.l3'1eH K BO,l:(e, CO

CT3BJIHJia 56,2 ne/c.M2, 'ITO H3MHOrO HHH\e HM

IIYJihCOB ,[laBJieHHH, Ha6JIIO,[IaeMhiX B peaKTope no 

npeMH KoJie6auuii: pa6oqero pemuMa. 0Tpu~aTeJih
noe MaHOMeTpH'IeCKOe ,!.13BJieHHe (T. e. BaKyyM) 

IIOJiyqaeTCH BCJie,[ICTBHe HBJieHHH IIapOBOrO o6BO

JI3KHBaHHH BO BpeMH T3KHX rrepeXO,[IHhiX TeiiJIO

BbiX npo~eccon. 

A/230, Estados Unidos de America 

Dimimica de fluidos, estabilidad y desliza
miento liquido-vapor en los reactores de agua 
en ebullici6n 

por P. A. Lottes eta/. 

Se revisan los ultimos progresos de los estudios de 
flujo en dos fases efectuados en los laboratorios del 
Gobierno, universidades e industria. 

Los estudios efectuados en Argonne National 
Laboratory abarcan la perdida de carga y relaci6n 
de deslizamiento en el flujo de dos fases a traves de 
boquillas, relaci6n de deslizamiento en flujos hori
zontales y verticales, efecto de la viscosidad del 
liquido sobre la relaci6n de deslizamiento, desliza
miento en sistemas de dos componentes, desliza
miento a bajas velocidades masicas, problemas de 
arrastre de nieblas y varias tecnicas de instrumen
taci6n seleccionadas para la medida de las fracciones 
de huecos. 

El trabajo presentado por la General Electric 
Company trata de problemas tales como la predicci6n 
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de huecos en sistemas con burbujas, ebullici6n en 
flujo horizontal, respuesta de los sistemas con huecos 
en regimen estacionario y transitorio, propagacion de 
ondas cineticas en mezclas de dos fases, estabilidad 
del flujo de sistemas en ebullicion y estudios de 
separaci6n vapor-agua. 

Por lo que se refiere a la estabilidad de los sistemas de 
ebullicion, se presenta una revision de los experimentos 
sobre la estabilidad de flujo con circulaci6n natural, 
efectuados en las industrias y en varias universidades. 
Dos conclusiones se deducen de esta revision: a) las 
inestabilidades del flujo pueden surgir de las secciones 
en ebullici6n, de los componentes externos del sistema, 
o de una interacci6n entre la seccion de ebullici6n 
y el resto del sistema; b) no se pueden establecer 
afirmaciones definitivas relativas al comienzo de la 
inestabilidad del flujo a menos que se especifique 
cuidadosamente la zona de funcionamiento del 
sistema y se detalle tambien el sentido de cambio de 
las variables del mismo. 

Los dos campos principales investigados por 
Allis-Chalmers con vistas ala hidraulica de nucleos de 
reactores son la caida de presion y la fracci6n en 
volumen de vapor de agua (fracci6n de huecos). Los 
estudios sobre caidas de presion realizados a 600 
Iibras por pulgada cuadrada, para el reactor Path
finder, mostraron que la geometria de barras paralelas 
podia tratarse con las correlaciones establecidas para 
la caida de presion en dos fases. Se esta efectuando un 
amplio estudio, comprendido en el programa de 
EURATOM, sabre las fracciones de huecos en condi
ciones de flujo analogas a las que se encuentran en las 
«chimeneas ». Se ha efectuado para el Pathfinder un 
estudio parcial de fracciones de huecos en geometrias 
de barras paralelas. En relaci6n con el programa de 
separaci6n de vapor, se tomaron tambien medidas de 
la fracci6n de huecos en mezclas de dos fases con 
burbujas. Estos datos cubrieron un intervalo de 
presiones desde 300 hasta 2 000 Iibras por pulgada 
cuadrada y diametros de vasija desde 4 hasta 36 
pulgadas. 

Los estudios efectuados en el. Space Technology 
Laboratories sobre la estabilidad de reactores de agua 
en ebullici6n han incluido medidas de laboratorio de 
la funci6n de transferencia potencia-huecos, en un 
canal simulado del SPERT lA con agua como 
refrigerante. Estas medidas de la funci6n de trans
ferenda con circulacion natural mostraron que las 
oscilaciones de potencia divergentes observadas en el 
reactor SPERT lA a 97 °C se pueden explicar como 
una inestabilidad por realimentaci6n de reactividad, 
no como una inestabilidad puramente hidrodinamica. 
Cuando se incrementa en este canal el nivel de 
potencia aproximandose al umbral de la inestabilidad 
hidrodinamica, se desarrolla un pico de resonancia 
en la funci6n de transferencia a 1 cfs, frecuencia a la 
cual llegaria a ocurrir una oscilaci6n hidrodinamica. 
La resonancia indica que la respuesta de los huecos a 
la modulaci6n de potencia llega a quedar dominada 
por la interacci6n entre el flujo de entrada y los huecos 
del vapor, y cuando esta interacci6n de realimentaci6n 
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llega a ser inestable ocurre una oscilacion hidrodimi
mica espontanea. 

Se intento reproducir en ellaboratorio los impulsos 
de presion destructivos que se presentaron en los 
ensayos de divergencia de los reactores SPERT 1 y 
BORAX I. Mediante calentamiento electrico transi
torio se ocasionaron, en 150 microsegundos, incre
mentos de temperatura en la superficie de 700 ac 
en un elemento de acero inoxidable con una geo-
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metria que reproducia los nucleos metalicos no 
fundidos de los reactores SPERT 1 y BORAX 1. 
La magnitud de los impulsos de presion producidos 
por el calor transmitido al agua fueron de cerca de 
800 libras por pulgada cuadrada, lo cual es mucho 
menos que lo que se habia observado en los ensayos 
de divergencia del reactor. En estos estados termicos 
transitorios, al recubrimiento de vapor sigue una 
presion negativa (vacio). 



P/231 United States of America 

Helical, forced-flow heat transfer and fluid dynamics 
in single and two-phase systems* 

By H. F. Poppendiek** and W. R. Gambill*** 

This paper investigates the influence of superposed, 
rotational motion on forced-flow heat transfer and 
fluid dynamics in single and two-phase systems. 
Helical flow may be developed by forcing a fluid 
through a tube that contains a continuous twisted 
divider, a helical guide vane located only at the tube 
wall, or tangential entrance ducts. Heat transfer and 
fluid friction data available for single and two-phase 
systems are presented and analytical interpretations 
are discussed which assist in explaining the heat and 
momentum transport characteristics. 

A number of studies reported in the literature have 
shown that heat transfer in single and two-phase 
forced-flow systems can be significantly improved by 
superposing a rotational velocity component on the 
axial flow [1, 2, 3]. Generally the consequences of the 
superposed rotational flow are (a) to increase the eddy 
diffusivities of the circulating fluids, (b) to generate 
free convection currents in single phase systems under 
conditions of wall heat addition, (c) to redistribute 
the phases in two-phase systems as a result of the 
centrifugal forces, and (d) to increase fluid friction. 
The effectiveness of a helical-flow system depends on 
specific temperature and flow rate limitations which 
define a given cooling task. 

Several applications of helical-flow cooling in nu
clear reactor and heat exchange systems can be 
envisioned. Poor convective heat transfer to gases 
can be improved without changing the system 
geometry or coolant axial flow rate by superposing a 
strong rotational velocity component on the axial 
flow. Another application relates to forced-flow 
boiling heat transfer. In linear or nonhelical flow, 
boiling heat transfer conductances are often low in the 
exit region of a boiler tube where fog flow exists. The 
conductances may be low even in the initial region of 
the boiler tube if vapor films develop at the tube wall. 
Helical flow, however, forces liquid layers against the 
tube wall in the low quality region, thereby yielding 
more effective heat transfer. Similarly, in the high 
vapor quality fog flow region, centrifugal forces 
increase the number of liquid droplets in the vapor 
layers near the tube wall, thus increasing the evapor
ative heat transfer. 

• With contributions by N.D. Greene.•• 
• • Geoscience Ltd., Solana Beach, California. 
••• Oak Ridge National Laboratory, Oak Ridge, Tenn. 
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An additional and specific example of how super
posed rotational flow can improve heat transfer 
relates to a heterogenous, circulating fuel reactor. 
Consider a reactor system in which fluid fuel flows 
through one or more tubes in the core. A representative 
radial volumetric heat flux distribution in the fuel for 
this system is a modified Bessel function (maximum 
flux value at the tube wall and a minimum value at the 
tube centre). Under these circumstances, large radial 
fuel temperature differences (high wall temperatures) 
result unless external wall cooling is employed [4]. 
Such high wall temperatures can be reduced without 
external wall cooling by superposing an appropriate 
rotational velocity component on the axial flow. This 
flow pattern creates an axial velocity profile whose 
shape approximates the Bessel function volumetric 
heat source distribution in the fuel. Under these 
conditions, a desirable, nearly uniform radial fuel 
temperature distribution results [5]. 

ANALYTICAL INTERPRETATIONS OF HEAT 
TRANSFER AND FLUID FRICTION 

Single-phase systems 

The increased heat transfer in single-phase helical
flow systems results primarily from increased fluid 
turbulence and free convection (under conditions of 
wall heat addition). Exact analytical descriptions of the 
heat and momentum transfer in helical flow systems are 
difficult to obtain because of the complex geometries 
and fluid flow patterns involved. It is possible, how
ever, to examine the relative importance of some of 
the transport mechanisms and develop idealized 
mathematical models which can be used to characterize 
single-phase helical flow systems. 

Momentum transfer 
A number of fluid dynamics analyses applicable to 

helical or rotational flow can be found in the literature. 
An interesting study has been reported by Smithberg 
and Landis [6] for single-phase flow in a tube with a 
twisted divider. An approximate pressure drop 
expression is derived which accounts for axial and 
tangential flow and vortex mixing. The predicted 
results are in good agreement with several sets of 
experimental data. Flow instability in curvilinear flow 
systems and superposed natural convection processes 
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further complicate the transport processes in helical 
flow. For example, the early work of Wattendorf [7] 
demonstrated that the turbulence level in fluid layers 
contiguous to the concave wall of a curved channel 
system was significantly greater than that for linear 
flow; this increase was explained on the basis of 
Rayleigh's flow instability criterion. The classical 
analysis of Schmidt and Beckman [8] defines the free 
convection process in a vertical heated plate system. 
Fluids having high volumetric expansion coefficients 
and low kinematic viscosities with large wall heat 
addition develop free convection patterns under helical 
flow conditions, thereby increasing the fluid friction. 

A simplified expression for the isothermal friction 
factor in the turbulent flow regime can be derived by 
considering only gross flow features. A large fraction 

. of a fluid flowing in a tube exists in an annular region 
near the wall. If the fluid flows helically through the 
tube the effective flow length has been increased by 
the ratio of the helical path at the tube wall per unit of 
axial distance (1 + ( 7T Djp)2) 112• Similarly the resultant 
fluid velocity [20] in the annular region near the wall 
has increased approximately by the same ratio. If 
these quantities are substituted into the pressure drop 
equation, a group of terms results which is defined as 
the friction factor for helical flow; this function is 
based on the flow length, equivalent diameter, and 
mean fluid velocity for an axial flow system and is 
given by the relation 

-- 1+- -. ~h _ [ ( 7T )
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This equation is compared to experimental adiabatic 
helical flow friction data in a subsequent section. 

Heat transfer 
Several heat transfer analyses applicable to helical 

or rotational flow can be found in the literature. For 
example, Kreith [9] used the Wattendorf data to 
calculate heat transfer conductances in curved 
channels. Smithberg and Landis [6] derive an expres
sion for convective heat transfer in a tube with a 
twisted divider; the effect of free convection on the 
over-all heat transfer was not included. 

An expression for the turbulent Nusselt modulus 
for helical flow (excluding free convection) can be 
derived on the same bases given for the friction factor 
relation, Eq. {1). The ratio of helical to linear flow 
Nusselt moduli for ordinary liquids and gases is 

Free convection heat transfer expressions for idealized 
natural convection cells in a horizontal fluid layer 
under unstable temperature gradient conditions have 
been derived. Typical power law Grashof-Prandtl 
modulus equations result that are similar to the 
experimental expressions for turbulent free convection 
from horizontal cylinders. The relative importance of 
free convection to forced convection in turbulent 

helical flow with wall heat addition can be estimated 
by the expression, 
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Eq. (3) is based on a one-third power Grashof
Prandtl relation and is valid only for ordinary liquids 
and gases. The acceleration field in the Grashof 
modulus is given by the ratio of the square of the 
tangential fluid velocity in the boundary layer to the 
tube radius. Also, the ratio of the tangential to linear 
velocity has been expressed in terms of the pitch to 
diameter ratio. The comparison made in Eq. (3) 
implies that free convection can be superposed in a 
forced convection system. It is clear that the compli
cated simultaneous processes are only approximately 
additive. The sum of Eqs. (2) and (3), NuhjNu1. is 
compared to experimental helical flow data in a 
subsequent section. 

Two-phase systems 
The increased heat transfer in two-phase helical 

flow systems results primarily because of the favorable 
distribution of the two phases in the boiler tube. In the 
initial, low vapor quality region of the tube, the liquid 
layers are forced against the heat transfer wall. In the 
exit, high vapor quality region of the tube, the liquid 
droplets are similarly held by the centrifugal forces in 
an annular region contiguous to the heat transfer wall. 

Momentum transfer 
A number of fluid dynamics models have been 

developed which aid in the description of two-phase, 
helical-flow phenomena [10]. One frictional pressure 
drop relation has been derived for flow in a tube with 
a circular cross section and for both phases. in the 
viscous flow regime. The flow cross section of the fluid 
contiguous to the wall is an annulus and the cross 
section of the inner fluid is circular. The frictional 
pressure drop solution has been evaluated for (a) a 
gaseous annulus with a liquid core (linear flow film 
boiling) and {b) a liquid annulus with a gaseous core 
(wetted-wall linear flow or helical flow boiling). 
Similar annular flow analyses were made for viscous
turbulent and turbulent-turbulent flow regimes. A 
typical frictional pressure drop graph for the viscous
turbulent case for small ratios of annulus to core mass 
flow rates is shown in Fig. 1. Some preliminary 
comparisons have been made of this model with 
experimental helical-flow water-air pressure drop data; 
for low annulus to core mass flow rate ratios, the 
calculated curve was found to have a magnitude and 
distribution similar to that of the experimental curve. 
Another analysis dealt with two-phase flow in curved 
channels (idealized rectangular cross section). Viscous
viscous flow was considered first. The force balance 
and viscous shear stress equations for curvilinear flow 
were utilized in the derivation. It is of practical 
interest to evaluate the fluid dynamics in boiling 
systems in which the helical flow was created only by 
tangential entrance ducts rather than by a twisted 
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divider. Consequently, the velocity decay of thin, 
unconstrained, rotating liquid layers separated from a 
stationary tube wall by a gas film has been studied [11]. 
A transient flow analysis of the two-phase system was 
made by equating tangential shear and friction forces. 
The thickness of the gas layer was postulated to be 
small in comparison to the liquid layer. A set of four 
simultaneous equations was solved for viscous-viscous 
and turbulent-viscous flow regimes. The results for the 
case of a turbulent liquid layer and a viscous gas film 
are shown in Fig. 2. 

Heat transfer 
Several heat transfer models have been developed 

which aid in the description of forced, helical flow 
boiling. One analysis hypothesizes that a liquid film 
exists adjacent to the boiler tube wall [11]. Heat 
transfer through the superheated liquid layer occurs 
by conduction or eddy transfer and vaporization takes 
place at the liquid-vapor interface. The momentum 
transfer equations for annular flow referenced in the 
previous section are used with the liquid film heat 
transfer equation for either uniform wall-heat-flux or 
uniform wall-temperature boiler tube conditions. The 
simultaneous solution of these equations by numerical 
methods yield local information on the vapor qualities, 
wall temperatures, or heat fluxes as well as frictional 
and acceleration pressure drops. 

A number of researchers have studied heat transfer 
to drops and in fog flow [11, 12, 13, 14, 35]. Consider 
the vaporization of a stationary, saturated liquid 
droplet on a hot horizontal surface at a uniform 
temperature [11 ]. The drop is suspended above the hot 
surface by an issuing vapor film beneath the drop. 
The latent heat transfer during vaporization is equated 
to heat conduction from the hot surface through the 
vapor film to the drop. The weight of the drop is 
equated to an integrated vapor film pressure force; 
the pressure distribution includes a variable vapor 
velocity with radius as a result of mass addition with 
radius. The vapor film thickness and weight flow rate 
can be obtained from a simultaneous solution of the 
heat transfer and force equations. The droplet lifetime 
can be obtained by integrating an equation that relates 
the vapor flow rate to the derivative of the droplet 
weight with respect to time. For disk-shaped drops 
whose height and width are equal, the resulting 
vaporization lifetime equation for fully established 
film boiling is, 

30,1/5 yf15£315r~(~ 

fh = 7(160)1/5 y~5(tw - fs)3f5k~5a1/5. (4) 

Computed results for water are shown in Fig. 3. As 
the gravitational field increases, both the film thickness 
and drop lifetime decrease, thereby increasing the heat 
transfer to the drop. As the gravitational field increases, 
the droplet population increases at the wall and the 
total heat transfer is further increased. Studies have 
indicated that the results for stationary droplets are 
equally applicable to droplets in motion in practical 
systems. Thus it is clear that a radial gravitational 

field is advantageous in increasing the heat flux in the 
high quality region of a boiler tube. 

Some researchers have suggested that as a drop 
collides with the heat transfer surface in a boiler tube, 
the drop is completely vaporized and this process is 
the prime heat transfer mechanism. Experimental 
evidence indicates, however, that total vaporization on 
impact is not completely dominant. It seems probable 
that droplet vaporization takes place at all radial 
positions in the vapor; there is no doubt, however, 
that evaporation is greater near the wall than in the 
con: region of the tube. Therefore, heat transfer in fog 
flow can be thought of as forced convection with a 
volume heat sink. The equations that define the model 
are, 

u- = - (a + E)r- - --, ot o [ ot] Sr 
ox or or YvCp,v 

(5) 

where 
3yvcp,v E(t - fs) 

S = ro2(~)s('o- ~) 
ro Td rc 

(6) 

The heat sink, S, is defined by a number of postulates. 
A droplet is surrounded by a region of influence 
called a cell. Within the cell, heat is transferred from 
superheated gas at the outer region of the cell to the 
saturated liquid drop; heat is transferred by an eddy 
transport process when the cell is located in the 
turbulent core of the pipe and by conduction when the 
cell is located near the heat transfer wall. Simultaneous 
with the heat transfer process, mass is transferred 
from the droplet surface to the outer regions of the 
cell by diffusion. A heat transfer analysis of this ideal
ized energy transfer process yields an expression for 
the heat sink given by Eq. (6). The heat sink is propor
tional to an eddy diffusivity and the local superheat 
and inversely proportional to the cube of the ratio of 
cell radius to pipe radius and the first power of the 
ratio of the pipe radius to the drop radius. Figure 4 
shows calculated wall and centerline temperature dif
ferences as a function of quality for specific conditions 
shown in the graph; a uniform wall heat flux and vol
ume heat sink with radius was postulated. Note the 
rapid increase in the radial temperature difference as 
the quality increases from 0.8 to 1.0 where the value for 
gaseous convection is reached. The droplet radii used 
in these calculations are uniquely determined by the 
relation between quality and the liquid-vapor fraction. 
Some available linear flow water boiling data show 
features similar to the calculated curve in Fig. 4. 

EXPERIMENTAL HEAT TRANSFER AND 
FLUID FRICTION DATA AND SOME 

PREDICTED RESULTS 

Single-phase systems 

Momentum transfer 
Available helical flow friction factor data have been 

converted to a common basis and plotted in Fig. 5. 
The mean experimental curves shown were generally 
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Figure 5. Helical flow friction factor versus Reynolds modulus 

obtained under adiabatic conditions. Accurate ORNL 
friction data [16] were obtained with multiple, axially 
spaced pressure taps machined by an electrical dis
charge method through the tube wall at circumferential 
locations midway between opposing divider edges. 
The surface roughness conditions and pitch to 
diameter ratios are also shown in Fig. 5. The insert 
used in the tube of [15] was composed of polished 
aluminum with an anodized surface. Experimental 
adiabatic helical to linear friction factor ratios as a 
function of pitch to diameter ratio for 104 < Rei < 105 

are shown in Fig. 6 together with the adiabatic 
prediction Eq. (1). Definitive nonadiabatic friction 
data are not available. However, it is clear that they 
would fall substantially above the adiabatic values. 
Flow decay experiments were conducted in a long, 
empty, transparent, plastic tube in which thin liquid 
layers were allowed to flow in vortex fashion [10]. 
The vectorial directions of the flow layers were 
measured as a function of axial distance down the tube. 
From these studies experimental velocity decay data 
were obtained. The results were in good agreement 
with values predicted by the velocity decay model 
described. 

Heat transfer 
Helical-flow forced convection data obtained for 

heating water, air, and ethylene glycol are plotted in 
Fig. 7. The free convection effect can be observed by 
comparing the wall cooling data (E') with correspond
ing wall heating measurements (D). Quantitative 
measurements of surface condition were not generally 
reported, but it was indicated that some tubes were 
hydraulically smooth [18, 19, 22], and, the others were 
slightly rough. When electrical wall heating was used, 
heat generation in the swirl generators was negligible 
( < 1 %). The insert of [15] consisted of a spiral flight 
wrapped around a small-diameter rod coincident with 
the tube axis, which allowed use of very tight twist 
ratios. Additional heat-transfer data are reported by 
Fleming [23], Stonecypher [24], and Tatom [25]. 
Data for heating isopropylated Santowax in swirl flow 
have been obtained by Judd [26], and Koch [19] also 
used spaced-propeller swirl generators in air heating 
experiments. Four USSR helical-flow references were 
noted [27, 28, 29, 30]. Experimental helical to linear 
Nusselt modulus ratios as a function of pitch to diam
eter ratio for 104 < Re1 < 106 are shown in Fig. 8 
together with an analytical prediction, Eqs. (2) and (3). 
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Two-phase flow 

Momentum transfer 
Local boiling [20, 25] and saturation boiling [12, 31] 

pressure drop measurements are available. Saturation 
boiling pressure drop measurements for mercury flow 
in a vertical tube with a twisted divider were also 
obtained [32]. The results are shown in dimensionless 
form in Fig. 9 together with experimental and pre
dicted linear flow data; the predicted curve was based 
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modulus 

on a simple slug flow model [11]. Helical flow pre
dictions are currently being evaluated. 

Evans [33] found in air-water tests with no heat 
addition that coiled wires were not as efficient in 
rotating the core flow and in keeping bubbles from the 
wall as were twisted dividers. 

Heat transfer 
Figure 10 shows the performance improvement 

resulting from the swirl motion of saturated Freon [34 ]. 
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Figure 9. Helical and linear flow frictional pressure 
drop data versus mercury vapor quality 
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The fractional vaporization at a given temperature 
difference is larger for the helical flow. Tatom [25] 
found that helical flow local boiling conductances 
were greater than axial flow values with water for a 
given heat flux. At a given pressure loss or pumping 
power, however, the helical flow and axial flow heat 
transfer conductances were approximately equal. 
Blatt and Adt [31], as well as Gido and Koestel [12], 
found that the effect of helical flow was more pro
nounced in film boiling than in nucleate boiling. 
With Freon 11 at a wall-bulk temperature difference 
of 300 °F, the helical flow film boiling conductance 
was approximately three times larger than that for 
axial flow. In the nucleate-boiling region, Blatt and Adt 
concluded that high coefficients were obtained under 
all conditions with Freon 11 when swirl flow was 
imposed, but that with water this was true only under 
subcooled conditions or at low vapor qualities. 

A recent comparison was made [21] of both water 
and ethylene glycol pool and forced-convection 
boiling data (axial and swirl flow) with Kutateladze's 
proposed boiling correlation [35]. The data generally 
fall ,_,50% above the average line suggested by 
Kutateladze, after a one-eighth power gravity ratio is 
empirically introduced to bring the swirl data into 
better agreement with the pool and axial-flow boiling 
data. Water burn-out heat fluxes as large as 54.8 x 106 

Btu/h ft2 have been attained with tangential entrance 
ducts [1] and 37.4 x 106 Btu/h ft2 with full-length 
twisted dividers [20]. Figure 11 shows a graph of 
six sets of helical flow burn-out data for water; the 
fluxes are as much as 2.6-fold larger than the corre
sponding values for axial flow. This increase is a 
function of pumping power dissipation per unit 
surface area or centrifugal intensity. Kutateladze's 
equation for the burn-out heat flux under saturated 
pool-boiling conditions [35] indicates that the pool 
boiling burn-out flux should vary with the fourth root 
of the local acceleration. This variation, which is of 
considerable importance in space-vehicle nuclear 

4r-~~--,--T--~~----------------, 
FREON 114 AT 110 PSIA 
NATL. CIRCULATION IN °/4 "ID 
a 3' LG. TUBE. REF 34 

/EMPTY TUBE 

40 60 

Figure 10. Liquid-to-vapor weight ratio versus wall-bulk tem
perature difference for boiling Freon in a vertical tube 

reactors operating in a reduced-gravity environment, 
has been substantially confirmed experimentally by 
Costello and Adams [36], Ivey [37], and Morozkin 
et al. [38] in rotating pool experiments. Foure et a/. 
[39] extended previous studies made with water to the 
two-phase condition and to annular geometries at low 
pressures and velocities. Again the heat transfer was 
improved. Further, it was noted that the helical flow 
significantly improved the boiling flow stability, 
probably because the slug-flow regime was suppressed. 

An apparatus was constructed and used to measure 
vaporization lifetimes of water and mercury droplets 
on a horizontal hot surface [11]. The experimental 
water data fell approximately 25% above values 
predicted with Eq. (4). Experimental mercury data 
fall approximately 10% below the predicted values 
(see Fig. 12). 

Boiling mercury heat transfer data obtained in 
linear and helical flow were reported by Gido and 
Koestel [12]. A small diameter wire helix having a 
pitch to diameter ratio of 3.9 was inserted in contact 
with the inner wall of a heated tube. The swirl wire 
increased the heat transfer conductance in the film 
boiling region by a factor of about 2.5, but an attempt 
to correlate the data with vapor qualities was not 
successful. Boiling sodium heat transfer measurements 
in a tube with a twisted divider having a pitch to diam
eter ratio of 9.45 were obtained by the General Elec
tric Co. [42]. In general, the conductances increased 
several fold between zero and about 20% vapor 
quality and then decreased to a value (at 50% vapor 
quality) that was an order of magnitude lower than 
the entrance conductance. It is believed that the 
increasing conductance variation in the initial region 
of the boiler tube supports the liquid annulus heat 
transfer model described in the previous section. Heat 
transfer conductances increase as liquid layer thick
nesses decrease. 

Boiling mercury heat transfer measurements in a 
tube with twisted dividers having various pitch to 
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Figure 12. Measured and predicted mercury droplet lifetimes 

diameter ratios have also been obtained [11, 32]. 
Figure 13 compares experimental helical flow data for 
a pitch to diameter ratio of 4.23 with experimental 
linear flow measurements and predicted functions. 
Note that the experimental and predicted data for 
linear flow are in general agreement; comparisons for 
helical flow have only been made at 0% and 100% 
vapor qualities. Some of the interesting conductance 
variations in the low and high vapor quality regions 
for helical flow can be explained with the aid of liquid 
annulus and fog flow models discussed previously. 
Note that helical flow heat transfer is again superior 
to that for linear flow over the entire quality range. 
The helical flow data are about two orders of magni-
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tude above the linear flow values in the low quality 
region for the conditions shown.* 

CONCLUSIONS 

In the helical flow of liquids or gases, the heat 
transfer conductances and pressure drops were found 
to increase with the magnitude of the rotational 
fluid flow component. The results also depend on the 
specific fluid velocity profiles and wall heat addition. 
The heat transfer conductances and pressure drops 
in two-phase flow systems were also found to increase 
with the rotational fluid flow component. However, 
the functional variation was found to be more compli
cated because of the various ways in which the two 
phases can distribute themselves. 

Heat and momentum transfer in helical single-phase 
flow can be predicted by accounting for free and forced 
convection mechanisms. Free convection is controlled 
by the acceleration field produced by the velocity 
field of the rotating fluid and the magnitude of the 
wall heat addition. Forced convection is normally 
increased by the relatively larger vectorial fluid 
velocities. In two-phase or boiling systems, the 
acceleration forces in helical flow control the spacial 
distribution of liquid films and droplets in boiler 
tubes; the corresponding heat transfer and fluid 
friction can be estimated with idealized transport 
models. 

From the experimental heat and momentum trans
fer data, it can be shown that the ratio of Stanton 
modulus to the friction factor for helical single and 
two-phase flow is not a unique function as in the case 
of linear single-phase flow. Generally, for single 

* The Pratt and Whitney Aircraft Div. and the AiResearch 
Co. have also conducted helical flow boiling liquid metal 
experiments; the results have not been compared in detail but 
are in general agreement with the Geoscience data. 
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phase systems the Stanton-friction factor ratio for 
helical flow is less than the corresponding ratio for 
linear flow. A wide range of ratios are believed possible, 
with the ratios depending on the character of the 
velocity structure, phase distribution, turbulence 
promotion, and wall heat addition. 

The heat transfer per unit pumping power (effective
ness) of helical flow depends on a number of system 
conditions. In single phase flow for a constant geom
etry, radial flmd temperature difference and axial 
flow rate, helical flow effectiveness is generally inferior 
to linear flow. In single phase flow for a constant 
geometry and radial temperature difference but 
variable axial flow rate, helical flow effectiveness can 
be superior to linear flow. If the geometry and 
difference between the maximum wall temperature 
and coolant inlet temperature are held fixed, either 
linear or helical flow could be more effective. In 
two-phase flow, the effectiveness of helical flow is 
generally superior to that for linear flow; thus, exces
sive wall superheat temperatures can be reduced and 
exit vapor qualities increased in helical flow. 

NOMENCLATURE 

a: acceleration of gravity or thermal diffusivity 
of vapor 

cp,v: heat capacity of vapor 
dq. 

dA . heat flux 

D: inner tube diameter 
De: equivalent diameter 

Dh, D 1: equivalent diameter for helical and linear 
flow systems, respectively 

D 1: equivalent diameter for tangential flow in a 
tube 

kv: thermal conductivity of vapor 
L: latent heat of vaporization 
p: helix pitch (based on 360 degrees) 
r: radial distance 

rc: cell radius 
rrt: droplet radius 

r u..o: initial droplet radius 
r 0 : inside radius of boiler tube 
S: droplet heat sink 
t: local vapor temperature 

tb: bulk temperature 
fs: saturation temperature 
t w: wall temperature 
u: local vapor velocity 
x: axial distance 
f3: volumetric expansion coefficient of the 

coolant 
!::..t: wall-fluid temperature difference 
': Weisbach friction factor 'h· ,,: Weisbach friction factors for helical and 

linear flow systems, respectively 
E: eddy diffusivity of vapor and surface 

roughness 
fh: droplet evaporation lifetime 

y" Yv: liquid and vapor weight densities, respec
tively 

Nurorceu.: forced convection Nusselt modulus for 
helical flow system 

Nurree: free convection Nusselt modulus for helical 
flow system 

Nuh: Nusselt modulus for a helical flow system 
Nu,: forced convection Nusselt modulus for 

linear flow system 
Pr: Prandtl modulus 

Re1: Reynolds modulus for linear flow system 
Rei: Reynolds modulus based on inside tube 

diameter and linear or axial coolant flow 
rate 
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A/231 Etats-Unis d'Amerique 

Transfert de chaleur helico.idal en circulation 
forcee et dynamique des fluides des systemes 
a une et deux phases 

par H. F. Poppendiek et W. R. Gambill 

Le memoire etudie !'influence d'un mouvement de 
rotation superpose sur le transfert de chaleur en 
circulation forcee et sur Ia dynamique des fluides 
dans les systemes a une et deux phases. On peut 
creer un ecoulement helicoidal en faisant passer le 
fluide dans un tube contenant une separation continue 
courbee ou un guide helicoidal place uniquement le 
long de Ia paroi du tube. Dans ces conditions l'ecoule
ment est completement ou partiellement dirige par 
les guides. On peut egalement creer un ecoulement 
helicoidal dans un tube en introduisant le fluide par 
des orifices d'entree tangentiels. L'ecoulement resul
tant est un ecoulement rotationnel en decroissance, 
non commande, superpose a un ecoulement axial 
constant. 

De nombreux chercheurs ont mesure les carac
teristiques de transfed de chaleur et de frottement de 
fluide pour des gaz et des liquides en ecoulement 
helicoidal dans des tubes. En general, les conductances 
de transfert de chaleur et les coefficients de frottement 
ou les pertes de charges croissent en meme temps que 
la composante d'ecoulement rotationnel. Les profils 
de vitesse specifique du fluide et !'importance de 
!'apport de chaleur de Ia paroi influencent egalement 
les resultats experimentaux. On a egalement des 
mesures de transfert de chaleur a deux phases ou a 
!'ebullition et des mesures de frottement de liquide 
pour des metaux liquides et des liquides ordinaires en 
ecoulement helicoidal dans des tubes. De nouveau, 
on a observe que les conductances de transfert de 
chaleur et les coefficients de frottement ou les pertes 
de charge augmentent avec !'importance de Ia com
posante d'ecoulement rotationnel comme dans le cas 
de I' ecoulement a une phase; cependant, Ia fonction de 

variation est plus compliquee en raison des differentes 
possibilites de distribution des deux phases dans le 
tube. 

On peut predire les transferts de chaleur et de quan
tite de mouvement dans l'ecoulement helicoidal a 
une phase en tenant compte des mecanismes de con
vection libre et forcee qui existent dans l'ecoulement 
courbe. Le terme de convection libre dans un fluide 
donne est sous Ia dependance du champ d'acceleration 
produit par le champ de vitesses du fluide en rotation 
et de !'importance de !'apport de chaleur a Ia paroi. 
Le terme de convection forcee en ecoulement helicoidal 
pour un fluide donne est defini par le niveau de 
turbulence, generalement eleve a cause des vitesses 
vectorielles du fluide relativement grandes et de 
!'incitation geometrique a Ia turbulence. Dans les 
systemes a deux phases ou en ebullition, les forces 
d'acceleration dans l'ecoulement helicoidal deter
minent la distribution spatiale des films liquides et 
des gouttelettes dans Ies tubes bouilleurs, ainsi que le 
transfert de chaleur correspondant et le frottement de 
fluide. Dans Ia region de vapeur de basse qualite 
d'une chaudiere, les forces centrifuges dans l'ecoule
ment rotationnel obligent le liquide a rester au contact 
de la paroi des tubes, ce qui conduit a un echange "de 
chaleur plus efficace. Dans Ia zone d'ecoulement en 
brouillard de vapeur de haute qualite, les forces 
centrifuges augmentent Ia densite des gouttelettes 
liquides dans les couches de vapeur contigues a la 
paroi des tubes, augmentant ainsi de far;on marquee 
l'echange de chaleur assurant !'evaporation dans 
cette zone importante. On peut estimer Ia perte de 
charge due au frottement dans un tube avec ecoule
ment a deux phases a l'aide de modeles mathematiques 
simplifies si les phases soot distribuees selon des 
conformations simples. On a pu analyser la dynamique 
des fluides pour des ecoulements helicoi:daux forces 
et non forces dans des tubes. Les modeles mathe
matiques de transfert de chaleur et de dynamique des 
fluides ont servi a prevoir les performances de 
systemes d'ecoulement helicoidal a une et deux phases. 
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Ces resultats sont en bon accord avec le comportement 
experimental. 

On a montre experimentalement que le rapport du 
module de Stanton au coefficient de frottement pour 
un ecoulement helicoidal a une et deux phases n'etait 
pas une fonction unique comme dans le cas d'un 
ecoulement lineaire a une seule phase. On pense qu'une 
gamme etendue de rapports peut exister en fonction du 
caractere de Ia distribution des vitesses de l'ecoulement 
rotationnel, de la distribution des phases, de !'im
portance de Ia turbulence et de !'apport de chaleur de 
Ia paroi. Quelques aspects de Ia variation du rapport 
entre le transfert de chaleur et la puissance de porn page 
peuvent etre expliques analytiquement. 

A/231 CWA 

Tennoo6MeH s ycnosHHX BbiHY}f{AeH
Horo ABH}f{eHHH CnHpaflbHOrO nOTOKa 

H fHAPOAHHaMHKa OAHO- H ABYX£tla3HbiX 
CHCTeM 

X. OJ. nonneHAHH, B. r. raM6HJ1Jl 

H uacTOHI~eM ~OIOia;J.P uccJie.n:yeTcH BJiunuue 

)'OJIOJIHHTeJibHOfO BpaiiWTCJibHOfO ,[I:BHiiH'HMH Ha 

TPUJI006MCH II fiiJWO;J.liHaMJII\y B BbiHYif\J~CHH0!\1 
IIOTOKP O~HO- II ~Byx<flaauoii CMCTeM. CnMpaJILHhTii 
IIOTOK MOif\eT 6LITI> ocy~eCTBJieH TiyTeM TIO~a'lll 
mlf~KOCTH 'lepea Tpy6Ky co BcTpoennoii: nenpepLIB

noii: CllHpaJibHO 3aBIITOii: BCTaBI\Oii IIJIJI C BliiiTO

oopa3HbiM naupaBJIJIIOII~MM pe6poM, paCTIOJIOif\CH

IIbiM TOJILKO y cTeHKII Tpy61>I. B :nux ycJIOBHHX 

t{lOpMa TIOTOKa BCC~eJIO :UJIM 'laCTII'IHO onpe~eJI.f.IeT
CH <popMoii uanpaBJIHIO~IIx. CmrpaJILHhlH noToK B 

Tpy6e MOif\CT 6LITb TaKme JIOJIY'IeH HpiiHY~MTCJib
liOii JIO~aqeii IIOTOKa qepe3 TaHreH~MaJibHbie BXO~

IILIP naTpy6Rn. B peayJILTaTe coa.n:aeTCH noToR c 

YMPHblUaiO~HMCH JJO Mepe TP'ICilliH Bpa~aTeJib

llbiM ;:(Bllif\CHIICM, Ha:ImaJibiBaiO~IIMCH Ha IIOCTOHH

HYIO oCeByiO COCTaBJIHIO~yiO JIOTOKa. 

PJI~ :nccJiep;oBaTeJieii II3MepJIJIII IIHTeHCIIBHOCTh 

TPTIJI006Mena li fll):(paBJIII 1leCKOe COIIpOTIIBJICHIIC 

11pn CTIIIpaJibHOM /];BIJif\CHJIII ra30B II if\II/];KOCTeii: B 

Tpy6ax. B o6~eM 6Lmo ycTanonJieno, 'ITO unTen

<'HBHoCTb TCITJI006MeHa II 1\0a<fl<flii~IICHTbl TpeHIIH 

IIJIJI IIOTCpH nanopa YBCJIII'ITIBUIOTCJI C pOCTOM Bpa

IUaTC,'lbHOii COCTaBJIHIO~eii /];BlllliY~CfOCH IIOTOKa. 

fl po<flUJIII CJWpOCTeH IIOTOKa Bbi6paHHOll if\IIJWO

('TJf, Bf'JIIP:lltHa TCIIJIOBOii JI06aBl\H, BHOCIIMOll CTCH

Hoii, TaKif\P BJIIIHIOT Ha 3KCnepiiMCHTaJibHblC pe

:ryJihTaThl. J1MeiOTCJI TaRme JiaHHble ITO TCIIJI006-

MPHY npn HaJIJI'IUU ~Byx<fla3IIOfO IIOTOKa IIJIII B 

c.'lyqae KJIJieHnJI, a TaKme JlaHHhie no rn,n;paBmt

'ICCIWMY COIIpOTUBJICHIIIO il\IIJIKIIX MeTaJIJIOB II 

oohn<Honennhlx mnp;RoCTeii npii IIX cnupaJihHOM 

ABIImeHIIII B Tpy6Rax. 0KaaaJioCL, 'ITO Roa<fJ<PII~II
eHThl TCllJIOOTp;a'III II liOTepii nanopa yBeJIII'IIIBa

IOTCH C pOCTOM Bpan~aTeJibHOll COCTUBJIJIIO~e:ll IIO

TOKa, RaK :no 6MJIO B cJiy'lae op;Ho<flaanoro noTo

Ra. 0JIHaKO <flynK~IIOHaJihHaJI 3aBIICIIMOCTb 6oJiee 

cJiomna BBHAY B03MomnoeTII paaJIU'IHoro pacnpe

p;eJieHHH o6eHx <flaa B Tpy6e. 

IJepeHOC TeiiJia II KOJIII'ICCTBa ,[I:BIIif\eHIIH B CIIJI

paJibHOM O)l;HO<fla3HOM IlOTOKC MOif\eT 6LITb npep;o

rrpep;eJieH B CJiy'lae Y'ICTa MeXaHII3MOB eCTCCTBCH

HOH II BbiHym,rJ:eHHOll KOHBeK~IIH, KOTOpbiC cy

~CCTBYIOT B KpiiBOJIIIHPllHhiX llOTOKaX. 1lJieH 

CCTeCTBCHHOH KOHBCK~IIH ~JIJI JlaHHOH if\II~KOCTH 
3aBIICIIT OT IIOJIJI. YCKOpCHIIH, C03/];aHHOfO IIOJieM 

CKOpOCTII Bpan~aiO~eiiCH if\II/];1\0CTH, II OT KOJIU'IC

CTBa TeiiJia, IIpUHUMaeMoro OT CTeHKII. qJieH BhJ
Hymp;eHHOH KOHBeK~HII B cmrpaJihHOM llOTOKC ,[I:Jlfl 

)l;UHHOH il\II)l;KOCTII OIIpc;~eJIHCTCJI ypOBHCM Typ-

6yJieHTHOCTII, KOTOJlbiH 06bi'IHO ~OBOJlbHO BbiCOK 

BCJIC,[I:CTBHe CpaBHUTeJibHO BbiCOKHX BeKTOpHI>IX 

CIWpOCTell if\U/];KOCTeii: II reOMCTpii'ICCI\OfO YBCJIII-

11f'HJHI ryp6yJieHTHOCTII. B .n:nyx<fla3HhlX IIJIII KII

IrH~nx CIICTeMax CIIJILI ycKopennJI cniipaJILHoro 

IIOTORa onpep;eJIJIIOT pacnpep;eJieHIIe if\IIAIWCTHbiX 

IIJICHOK If KUIICJlb B IICIIapiiTCJibHbiX Tpy6KaX, a 

'l'aRme COOTBf'TCTBYIO~IIir TeiiJI006MeH II fH,TJ;paR

Jlii'IPCKO(' conpoTIJBJIPnne. B aone nnaRoRa'IecT-

Bcunoro napa KOTJia ~eHTpo6emHhie CIIJihi Bpa-

Jl(UIOJ~eroeH IIOTOKa HCII3MeHHO IIpiiHymp;aiOT 

if\II,[I:KOCTb npnJieraTb 6oJiee IIJIOTHO K CTeHKUM 

Tpyum\, 'ITO npnBop;nT K 6oJiee a<fl<fleRTIIBHOMY 
TPIIJIOo6Meuy. B aone nachl~ennoro napa-TyMa

ua ~eHTpo6emHhie CIIJibl yneJIH'IUBUIOT IIJIOTHOCTh 

iiOf,[I:I\IIX KaTieJII, B CJIOHX napa, HpiiMbll\aiO~IIX K 

CTCHKC Tpy6LI, TeM CaMbiM 3Ha'IIITeJibHO yBeJIII'III

D3H TenJioo6Men npii IICnapeHIIII n aToll: namnoii 

:Jone. floTepii nanopa, Bhl3BaHHLie TpeniieM B 

1'py6Re C p;Byx<flaaHhiM IIOTOKOM, MOfYT 6hlTb O~e
HPHbl l10Cpep;CTBOM np;eaJUI31IpOBaHHbiX MaTeMa

TII'ICCKIIX MO,rJ:eJieii:, ecJIII pacnpe~eJieHIIe <flaa ne

CJIOii\Ho. Cp;eJian anam1a rii~pop;IIHaMIIKII ~JIJI or
paniiqennoro II neorpaHII'Ieunoro cniipaJihnoro 

11ormm B TpyoKax. Heno.'lb30BaJJnch TaKIIe MaTe

MaTI.PWCKne MO,rJ:eJIII 11Ppenoca renJia II rii.n:pop;n

HaMnKn, I<OTOJlhlC Il03BOJIIIJIII IIpPJIOIIpeJieJIIITb xa

paHTCpHCTlfl\11 CIIIIJlUJlbHblX 0/];HO- II p;Byx<fla3HbiX 

liOTOKOB. 8TJt peayJILTHThl H 06II\CM COfJiacyiOTCJI 

(' :mcnepiiMCHTaJibHblMII ~aHHhiMif. 

8KCIIepiiMf'HTaJibHO YCTaHOBJIPHo, 'ITO OTHOlUC

liHC 'IIICJia CTaHToua K Iwa<P<Pn~nenTy TpennH 

11pl1 CIIIIpaJibHOM O,[I:HO- II p;ByXtpa3HOM IIOTOKe He 
HBJJHCTCH 0/];H03Ha'IHOM <flyHIH~IIeH, KaK B CJiy'lae 

npHMoJinHeii:noro o~uo<flaanoro noToRa. Tipep;no
.lfaraiOT, 'ITO B03MOif\eH IIIIIJlOKIIii p;uana30H 3TIIX 

OTHOIIIeHIIH B 3aBIICUMOCTII OT xapaRTepa CTpyK

rypbl CRopocTeii cniipaJILHoro noToRa, pacrrpe.n:e

.lfPHIIH <fla3, YCIIJICHIIJI Typ6yJieHTHOCTII II nepexo

J(a TCHJia OT CTCHKU. HeKOTOJlbie BII/];bl II3MeHeHIIH 

BPJJII'IIIHbl OTHOliiCHIIJI IIHTCHCIIBHOCTII TCIIJI006-

MCHa K MO~HOCTII Ha nepeRaqKy MOfYT 6hlTb 

o6'hHCHeHbl anaJIIITII'IeCKH. 
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A/231 Estados Unidos de America 

lntercambio de calor en un flujo forzado 
helicoidal y dimimica de fluidos en sistemas de 
una y dos fases 

por H. F. Poppendlek y W. R. Gambill 

Este trabajo investiga la inftuencia del movimiento 
rotatorio provocado en el intercambio de calor por 
ftujo forzado y la dinamica del ftuido en sistemas de 
una y dos fases. Un ftujo helicoidal puede provocarse 
forzando un ftuido a traves de un tubo que contenga 
un tabique continuo retorcido o un alabe guia en 
Mlice colocado solamente en la pared del tubo. 
En estas circunstancias las configuraciones del ftujo 
estim coartadas completa o parcialmente por las 
guias del ftujo. Tambien puede producirse ftujo 
helicoidal en un tubo forzando la entrada del ftuido 
por conductos tangenciales. El regimen de ftujo que 
resulta no esta coartado y se presenta un ftujo 
rotatorio discretamente superpuesto a una componente 
axil constante. 

Varios investigadores han medido el intercambio 
calorifico y las caracteristicas de rozamiento de gases y 
liquidos sometidos a un ftujo helicoidal en tubos. 
En general se encontro que las conductancias para el 
intercambio calorifico y los coeficientes de rozamiento 
o caidas de presion aumentaban con Ia magnitud de 
Ia componente rotatoria del ftujo ftuido. Tambien 
inftuian en los resultados experimentales las distri
buciones de velocidades especificas del ftuido y las 
cantidades de calor aportadas por las paredes. Se 
dispone tambien de medidas de intercambio calorifico 
y rozamiento ftuido para sistemas de dos fases o en 
ebullicion en metales liquidos y liquidos ordinarios 
sometidos a ftujo helicoidal en tubos. Asimismo se 
hallo que las conductancias de intercambio calorifico 
y los coeficientes de rozamiento o caidas de presion 
aumentaban con la magnitud de la componente 
rotatoria del ftujo ftuido, como pasaba con el ftujo de 
una sola fase; no obstante, la funcion de variacion es 
mas complicada debido a las distintas formas en que 
las dos fases pueden distribuirse en el tubo. 

Teniendo en cuenta los mecanismos de conveccion 
libre y forzada que existen en las configuraciones 
curvilineas del ftujo se puede predecir el intercambio 

de calor y de impulso en el ftujo helicoidal en fase 
simple. Para un ftuido dado el termino de conveccion 
libre se rige por el campo de aceleracion producido por 
el campo de velocidad del ftuido rotatorio y por el 
valor del aporte calorifico de la pared. El termino de 
convecci6n forzada, para un ftuido dado, en ftujo 
helicoidal lo define el nivel de turbulencia que nor
malmente es grande debido a que las velocidades 
vectoriales del ftuido son relativamente grandes y a 
que provoca turbulencia geometrica. En sistemas en 
ebullicion o de dos fases, las fuerzas de aceleracion 
en el ftujo helicoidal rigen la distribucion espacial de 
las peliculas liquidas y de las gotitas en los tubos de 
las calderas y sus correspondientes intercambios 
calorifico y rozamiento del fluido. En Ia region de 
baja calidad de vapor de una caldera, las fuerzas 
centrifugas del ftujo rotatorio obligan al liquido a 
acercarse a la pared del tubo con lo que se mejora el 
intercambio calorifico. En la region en que el ftujo es 
humedo, de alta calidad de vapor, las fuerzas centri
fugas aumentan Ia densidad de las gotas liquidas en las 
capas de vapor proximas ala pared del tubo, con lo que 
aumenta sensiblemente el intercambio calorifico por 
evaporacion en esta importante region. La caida de 
presion por rozamiento en un tubo por el que ftuyen 
dos fases se puede estimar con ayuda de modelos 
matematicos ideales si las fases se distribuyen en 
figuras sencillas. Se han hecho analisis dinamicos del 
ftuido para ftujo helicoidal, coartado o no coartado, 
en tubos. Los modelos matematicos de intercambio 
calorifico y dinamica de ftuidos se han usado para 
predecir el funcionamiento de sistemas de ftujo 
helicoidal de una y dos fases. En general estos resul
tados concuerdan con el comportamiento experi
mental. 

Se encontr6 experimentalmente que, Ia razon del 
modulo de Stanton al coeficiente de rozamiento para 
ftujo helicoidal de una o dos fases no era funcion 
univoca, como en el caso del ftujo lineal de una sola 
fase. Parece ser que puede haber una amplia gama de 
razones segun sean Ia estructura de velocidades del 
ftujo rotatorio, la distribucion de las fases, la pro
mocion de turbulencia y el aporte de calor de la 
pared. Algunos aspectos de la variacion de Ia razon 
entre intercambio de calor y potencia de bombeo 
pueden explicarse analiticamente. 
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Critical flow phenomena in two-phase mixtures 
and their relationships to nuclear safety 
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Containment systems are provided for nuclear 
safety to protect the public and local area from fission 
product releases. In addition to the fuel cladding, 
items which also function as fission product barriers 
are the primary cooling system piping and vessels, 
and the reactor containment. The integrity of the 
barriers is further safeguarded through additional 
devices such as the core spray systems, neutron poison 
injection systems, emergency condensers, reactor 
enclosure cooling systems, and systems for closing 
valves in containment penetration lines such as 
coolant piping and ventilation ducts. In the event of a 
break in the primary coolant system with loss of 
coolant, pressures and temperatures throughout the 
reactor and containment will change, and the barriers 
and emergency cooling systems must operate as 
intended. This paper is concerned with the status of 
the art on the estimation of the liquid coolant loss rate 
in postulated failures. Although coolant loss rate has 
little effect on maximum pressure build-up for dry 
capsule containment, it is important in pressure 
suppression and pressure relief type containment. 
The rate of coolant loss will determine the time in 
which emergency cooling systems must start to 
operate to prevent fuel melting, poison injection and 
the rapidity with which isolation valves must close. 

The purpose of this paper is to focus attention on 
the current status of the available analyses and 
experimental programs which relate to the evaluation 
of the rate of coolant flow through apertures, including 
orifices and tubes. For a given aperture and state of 
the fluid, correlations and predictive methods are 
sought for the discharge rates. The release of liquid 
coolants, with accelerating flows through breaks, to 
lower pressure regions introduces the complexities of 
metastability producing superheated liquids which may 
or may not undergo extensive nucleation and vaporiza
tion. Models, experimental verifications and ap
plications are presented for critical two-phase flow. 
Conditions for two-phase critical flow are readily 
achieved by flows from pipes. The more general 
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problems of two-phase flow through apertures, in
cluding orifices, nozzles and short tubes, are noted 
and references are made to models that attempt to take 
into account the non-equilibrium conditions of the 
liquid and vapor flows. Also included are brief 
descriptions and current results from experimental 
programs designed to present scaled versions of reactor 
installation as well as experiments designed to learn 
more about the two-phase flow phenomena. 

CRITICAL TWO-PHASE FLOW 

With single-phase flow, the maximum mass flow 
rate of a fluid discharging from an opening into an 
enlarged downstream section is no longer dependent 
upon the downstream pressure. The fluid velocity at 
the opening is just large enough to prevent the 
propagation of pressure impulses from the down
stream side to the upstream side. The single-phase 
maximum flow rate is called the critical or sonic flow 
and various conditions may be used to derive the 
appropriate analytical definitions. Gas-liquid, two
phase flows also exhibit maximum discharges, almost 
independent of the downstream pressure [1]. Although 
the individual phase velocities may be considerably 
smaller than the corresponding sonic velocities [2], 
the two-phase flow must accommodate itself in such a 
way as to minimize the influence of the much lower 
downstream pressure effects. Excellent s).lmmaries of 
the experimental investigation on two-phase critical 
flow are available [2, 3, 4, 5], and in this section we 
examine and compare models and data for the 
critical discharge of steam-water mixtures from pipes. 
The models serve to define the maximum discharge 
rate with the critical conditions of pressure and 
quality at the opening or end of pipe. The difficulties 
in calculating the pressure drops in the piping leading 
to the opening are discussed in references [4, 6, 7], 
and trial-and-error evaluations are usually required 
for relating the critical flow rates with the upstream 
conditions. 

Models 

In all models considered in this section, the follow
ing assumptions are made: (a) the two-phase discharge 
is from a constant-area duct or has been expanded in 
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an ideal nozzle such that both phases are at the same 
static pressure and is local equilibrium; (b) the 
velocity of each phase is uniform at the exit, and the 
flow is steady. 

Although the assumptions neglect departure from 
phase equilibrium and neglect entrainment, the 
models, nevertheless, do represent practical limits for 
predicting the critical flows. 

Homogeneous flow. Two-phase flow with each 
phase at the same velocity leads to the homogeneous 
(or equilibrium) model. The mixture specific volume is 
given by 

V = Vr + XVcg· (1) 

· The momentum and continuity equations with the 
restraint that the change in mass flow rate with 
respect to pressure is. zero at constant entropy define 
the critical mass flow rate as 

(2) 

The form of the equation is identical to that for the 
single-phase criterion. 

Annular-flow models. The annular-flow model 
utilizes a two-phase flow pattern with the vapor 
flowing in the core and the liquid flowing in the 
annulus at the wall. Again, the continuity and mo
mentum equations may be combined to yield Eq. (2) 
for the critical mass rate with the following definition 
for the mixture specific volume: 

(3) 

where IX represents the "void" fraction, or fraction of 
the cross-sectional area for flow occupied by the vapor. 

A variety of methods has been used to estimate the 
void fraction. Existing two-phase void correlations 
involving the Martinelli data and Armand data [3] 
have been modified to provide the values of IX to be 
used with Eq. (2). Experimental data on void fractions 
appropriate for critical flows have not yet been 
determined, and there is good evidence to indicate 
that data and correlations obtained at lower flow 
rates are not adequate [2]. The most thoroughly 
tested method for estimating the void fraction for 
critical flows is the Fauske method [2]. A second 
and recent innovation is due to Levy [8]. Other 
approaches which utilize the energy balance are 
noted in later sections. 

In the methods noted, the partial derivative (apfav) 
is evaluated at constant entropy and the references 
noted should be consulted for the procedural details. 
Comparisons may also be made by carrying out the 
evaluation at constant enthalpy (Fauske method). 
The differences are generally not significant. Qualities 
usually used for the presentation of predicted flow rates 
with critical pressure and quality are the values ob
tained from an energy balance with the kinetic energy 
terms being well approximated by the homogeneous 
model. 
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Fauske method. In addition to the assumptions 
noted at the start of this section, the following 
requirement is made a part of the model: (c) the 
pressure gradient attains a finite, maximum value for 
a given flow rate and quality: 

l
dpl . 
dl a,x ={Maximum }finite (4) 

The critical flow is attained when the flow rate no 
longer increases with decreasing static pressure, 
(dG/dp) = 0. At the critical condition, the maximiza
tion of the flow is achieved by varying the void 
fraction. 

~[{Rate of momentum}] = 0 ( 5) 
OIX gain by convection · 

The resulting slip ratio is K = ug/ur = (Vg/vr)~. and 
the void fraction is 

[ 
1 - X(l'f)t] -l 

IX= 1+---
X Ve: 

(6) 

Levy method [8]. The momentum and continuity 
equations for the two-phase flow, neglecting the head 
and frictional losses, may be used to determine a 
specific relationship between quality and void fraction. 
Starting with an initial condition of x = 0, IX = 0, the 
following equation is obtained: 

a(l- 2a) +a v {(1-2ot)2 +ot[(2pr/ pg){l-ot)2 +a(l- 2a)]} 
x-
. - (2pr/ pg)(l-a)2+a(l-2a) 

(7) 

No additional assumptions are needed to determine 
the critical flow rate using Eqs. (2) and (3). 

Minimum kinetic energy model. Starting with a 
simplified energy balance and relating the two-phase 
flow to an upstream stagnation condition, h0 and s0 : 

ho = hr + xhrg + EK (8) 

EK = 2~:] [K(l - x)v1 + Xt'gJ2( X+ 
1 

-;2 X) 
G2 

= 2gcl cp(K, x, p) (9) 

For isentropic flow, x = (s0 - sr)/srg, and thus 
cp(K, x, p) and in turn, G, become functions of only 
K and p. Minimizing the specific kinetic energy, 
(aEKfaK) = 0, leads to the slip ratio K = h/vr)l [9]. 
The concept of minimum kinetic energy flow has also 
been presented by Zivi [10]. Other investigators, 
including Ryley in 1952 [11], have independently 
suggested that K = (Pg/l'r)l. A detailed comparison of 
models and data is given by Moody [9], and for 
convenience, reference will be made to the Moody 
model. 

Applications 

Steam- Water. The predictions of the Fauske, Levy, 
and Moody models for steam-water flows are presented 
in Figs. 1, 2, and 3. Detailed comparisons of experi
mental data for critical steam-water flows are given 
in references [2, 3, 8, 9]. The differences between 
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Figure I. Predictions of critical steam-water flow rates with the Fauske model 
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Figure 2. Predictions of critical steam-water flow rates with the 
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models are surprisingly small and all three methods 
appear to correlate well the experimental data, with 
the Fauske model exhibiting the best comparisons. 
The Moody model yields mass flow values which are 
consistently higher than the Fauske results except for 
low qualities. In regions of low and decreasing quality, 
the Levy and Moody models yield maximum flow 
rates, whereas the Fauske model leads to increasing 
flow rates. Experimental data at the low qualities are 
not available for distinguishing these effects. The 
predicted critical mass flow is particularly sensitive to 

~ 

N:: 20 
~ 

~ 
.......... 

E 
~ 

"'Q 

~ 
g 
IL 

II: 
11.1 ... 
~ 
:i c 
11.1 ... 
(/) 

x c 
:I 0 4 8 12 16 20 24 28 

LOCAL STATIC PRESSURE, 102 
psi a 

Figure 3. Predictions of critical steam.water flow rates with the 
Moody model [9] 

changes in slip ratio or void fraction at the low 
qualities. 

The experimental values for the critical flows for 
steam-water mixtures from pipes exceed the values 
predicted by the homogeneous model. As the quality 
is decreased, the deviations from the homogeneous 
model become more pronounced. For exa!llple, the 
experimental values are far greater than the predicted 
values at low qualities and low pressures. The homo
geneous model predictions for critical steam-water 
flows are presented in Fig. 4. Detailed comparisons 
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Figure 4. Predictions of critical steam-water flow rates with the 
homogeneous model 

of the homogeneous model with experimental data 
and with other models are given in references [1, 2, 3]. 

Liquid metals. The Fauske method has been applied 
for estimating the two-phase critical flow of mercury, 
caesium, rubidium, potassium, sodium, and lithium 
[9]. Experimental data for comparing the predictions 
of the Fauske method or other models are not 
available. 

Cryogenic fluids. The use of models to obtain upper 
and lower limits is necessary for situations in which 
insufficient data are available for guidance. Smith [4] 
has prepared a detailed literature survey on critical 
two-phase flow with special applications of models 
for hydrogen, nitrogen, oxygen, and several refriger
ants. 

TWO-PHASE FLOW THROUGH APERTURES 

A variety of phenomena occurs for the flow of 
fluids through apertures with initial starting conditions 
of saturated or nearly saturated liquids [4, 12, 13, 
14, 15]. For example, it is well recognized that flows of 
saturated liquids through sharp-edged orifices behave 
as single-phase fluids and no flashing occurs at the 
orifice opening. As the physical size of the aperture is 
increased permitting longer contact times in traversing 
the opening, nucleation and vaporization increase. 
The breaking up of the metastable liquid jet in the 
aperture has not been studied sufficiently to provide 
adequate guidance for the development of models 
predicting critical flows. Apertures include nozzles 
and short tubes. For sufficiently long tubes, the 
assumption that the phases are in close approach to 
equilibrium appears to be adequate and the critical 
flow models discussed in the previous section may be 
applied. 

Although some success has been achieved in 
characterizing the metastable flow conditions for 
specific geometries, analyses without resort to experi
mental data do not yet appear possible. Table 1 
illustrates approaches which have been used: 
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Table I 

Conditions Comment 

Flow of superheated water in short tubes. 
One-dimensional, nonequilibrium, 

homogeneous, two-phase flow theory. 
Experimental parameters required to 
fit growth rates for the vapor nuclei 
sites. 

Reservoir of saturated water, 
sharp-edged orifice in tank 
wall as the aperture. 

(a) Solutions for the flow of two
phase equilibrium, compressible, ho
mogeneous fluids; (b) solutions for 
metastable flow; (c) two-phase, grow
ing bubble, homogeneous flow. 

Solutions (b) and (c) each introduce 
a single parameter to characterize the 
model. 

Flow of flashing water through 
short tubes (including orifices 
of various lengths) and nozzles. 

(a) Surface tension models devel
oped by Burnell, and Kinderman and 
Wales; (b) Surface evaporation model 
by Bailey and Pasqua. 

Empirical constants are required for 
all models. 
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Reference 

Simpson and 
Silver (1962) 
[14] 

lsbin and 
Gavalas 
(1962) [16] 

For current re
·view, see 
Zaloudek 
(1963) [15] 
and Smith 
(1963) [4] 

EXPERIMENTAL PROGRAMS 

Most of the investigations on the flow of flashing 
fluids through apertures, as summarized in references 
[4, 13], were motivated by the needs of industrial 
applications involving steam-power plants, refrigera
tion, and in a variety of chemical processing plants. 
A series of recent and current experimental programs 
has evolved to study more specifically the designs for 
nuclear reactor containment. A brief account of the 
programs is given in Chapter 12 of the Reactor 
Containment Handbook, ORNL (1964). Large scale 
engineering safety tests are noted in reference [17]. 

MSA Research Corporation blowdown tests [18] 
Apertures used were orifices having a 1.5-in dia

meter and lengths of0.5, 1.5, and 12 in. The blowdown 
rate of water was measured from a 518 gallon vessel 
with water at the orifice inlet subcooled approxi
mately 100 °F. The observed flow rates were somewhat 
lower than the predictions based upon the Burnell 
correlation, and also lower than the predictions of the 
orifice equation using the saturation pressure as the 
pressure in the throat of the orifice. 

Pacific Gas and Electric Co. tests for Humboldt 
and Bodega Bay 

Tests have been run by the Pacific Gas and Electric 
Company which simulate loss of reactor coolant due 
to pipe breaks for the Humboldt Bay and Bodega 
Bay nuclear plants. The Humboldt test facility 
consisted basically of a pressure vessel with a nozzle 
at the bottom connected to an air-filled tank simulating 
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the pressure suppression system dry well; the dry well 
was then connected by piping to the suppression 
chamber pool. In testing, the pressure vessel was 
first partially filled with water and heated to a pressure 
of 1 250 psig. Instrumentation measured the initial 
volume of water in the reactor vessel and transient 
pressures in various parts of the system simulating the 
dry well and suppression chamber. The pressure 
vessel had a total volume of 55.8 ft3 and the nozzle 
at the bottom of the pressure vessel leading to the 
orifice was 6 in in diameter and 9 in long. Calculations 
indicate that the point of critical flow was the orifice. 
The diameters of the sharp-edged orifices ranged from 
0.30 to 3.28 in. 

The tests in support of the Bodega Bay pressure 
suppression containment were similar to the Hum
boldt tests with the simulated reactor vessel having a 
volume of 80 ft3 with an inside diameter of 27 in. 
Tests were run with flow nozzles as well as with 
sharp-edged orifices. Diameters ranged from 0.906 to 
5.12 in. 

In all tests performed, the average and not the 
instantaneous discharge rates were measured. Data 
for Humboldt and Bodega tests are available in 
references [19, 20, 21]. Evaluation of the Humboldt 
and Bodega results yields some interesting indications 
and conclusions: 

(a) The average flow rate was about the same 
through sharp-edged orifices and the two nozzle 
shapes used, indicating that critical flow in the aperture 
is controlling. 

(b) The size of the orifice or nozzle relative to the 
pressure vessel diameter has an important effect on 
the average flow rate. Figure 5 is a plot of average 
mass flow rate (lb/s-ft2 of break) vs the ratio of break 
diameter to vessel diameter. Mass flow rates are high 
with small openings and lower with large openings, 
and this phenomenon may be related to the entrap
ment and sweeping out of the steam bubbles produced 
in the vessel with outflows through the larger openings. 

(c) The blowdown behavior of the Humboldt and 
Bodega vessels was very similar although one was 
about 50% bigger in diameter and volume than the 
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other. This tends to indicate that reduced scale tests 
can be used to predict loss of coolant from large 
reactor vessels, provided the information indicated in 
item (b) is available for a sufficient range of condi
tions, including effects of initial pressure. 

(d) Average vessel discharge rate was not affected 
significantly if the water in the vessel was subcooled 
initially by not more than about 30-40 °F. Beyond this 
amount of subcooling the average discharge rate 
increased as the initial subcooling was increased. 

General Electric HAPO tests 

Choking can occur at the entrance of a pipe with 
the flow of subcooled water depressurizing to the 
saturation pressure. Experiments [15] were performed 
to study the flashing of initially compressed (sub
cooled) water through short lengths of pipe with 
length/diameter ratios of up to 20, and upstream 
pressures from 115 to l 800 psia. Flow rates associated 
with upstream choking were accurately predictable by 
conventional nozzle equations using single-phase 
contraction coefficients and assuming the lower 
pressure to be the saturation value. 

For very short pipes (L/ D < 6) with abrupt 
entrances, the flow patterns and critical flow rates 
were influenced by either a free or submerged dis
charge condition. With a submerged discharge, such 
pipes were observed to be subject only to the upstream 
choking mentioned above, and the downstream 
pressure would be equal to or greater than the 
saturation pressure. With a free discharge, the hot 
water was observed to separate from the wall of the 
pipe at the entrance and flow detached from the walls 
in a metastable stream. With such flow patterns, 
choking occurred at the exit of the pipe when the 
downstream pressure was low enough to cause 
sufficient vaporization in the nonequilibrium stream. 
Critical flow rates under these circumstances were in 
fair agreement with the semi-empirical correlations 
of Burnell [22], Kinderman and Wales [23], and 
Bailey [24]. 

Programs are under way to extend the available 
steam-water critical discharge data to higher tempera
tures and pressures than presently available in 
literature. In preliminary phases of this investigation 
[25], experiments have been performed to determine 
the maximum discharge rates from a 1 000-gallon, 
2 500-psi pressure vessel through one-half in diameter 
flow passages with water temperatures up to 550 °F. 
Correspondence of the observed critical mass velocity 
with values predicted by the Fauske theory has been 
observed at critical pressures as high as 600 psia. In 
this program, experiments are to be performed to 
determine the critical discharge characteristics of pipe 
sizes up to 4 in and to investigate critical flow in 
various valves, elbows, and tees discharging directly 
to atmosphere. 

University of Minnesota tests 

Whereas a variety of blowdown and transient tests 
has been made to study specific design applications, 
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there is need to study in a more detailed fashion the 
two-phase flows through apertures. The University 
of Minnesota facility provides measurements of the 
instantaneous flow rates and thrusts for the discharge 
of saturated water through apertures. Measurements 
of the static pressure profiles in the immediate vicinity 
of the opening as well as in the aperture provide 
additional guides for analysis. The pressure vessel 
(16 in id) is suspended by a load cell and flexible 
fittings are provided for piping connections. A second 
load cell is mounted diametrically opposite the aper
ture and serves to record the thrusts produced by the 
discharge. Saturated water up to 250 psig is prepared 
by boiling the water and venting steam prior to each 
run. 

Measurements of the static pressure within the 
aperture (short orifices with uniform and tapered 
lengths) indicate an almost uniform pressure, at least 
over half the length. Use of this back pressure with 
the usual orifice equation for single phase liquid 
flow accurately predicts the mass flow rate. As yet no 
tests have been made to simulate any reactor core 
structure in the vicinity of the aperture, and the 
conclusion to date is that no flashing occurs within the 
vessel. The extent of the flashing within the aperture 
itself is under investigation. Models are being exam
ined which might adequately account for the pressures 
within the aperture, mass flow rates, thrusts, postulated 
conditions of the metastable liquid jets, and influence 
of aperture geometry. The critical flow phenomenon 
within the short-length apertures differs from that 
observed for flows from pipes in which phase equilib
rium conditions are closely approximated. 

AMU-ANL containment tests 

The Argonne National Laboratory (ANL) and the 
Associated Midwest Universities (AMU) have co-
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STAGNATION PREsSuRE, 102 psig 

Figure 6. AMU-ANL maximum discharge rates vs stagnation 
pressure for 0.25 in id tube 
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operated in carrying out advanced research programs 
involving nuclear reactor heat transfer and fluid flow. 
The AMU-ANL containment test facility is capable 
of handling the discharge of saturated water at 
pressures up to 2 000 psia. The pressure vessel has a 
volume of 35 ft3 and is instrumented with pressure and 
differential pressure transducers (to provide the flow 
measurement rates), thermocouples, and electronic 
recorders such that both steady state and transient 
measurements can be made. 

The results of preliminary tests with a 0.25 in id 
tube are presented in Figs. 6 and 7. Discharge rates vs 
initial pressure P0, for saturated water in the vessel, 
are presented in Fig. 6 with length of test section to 
diameter (Lf D) ratio as the parameter. Pressure 
profiles were measured and extrapolated to the exit 
of the tube so as to obtain the critical exit pressure, Pc. 
In Fig. 7, the ratio Pc/P0 is plotted vs length to 
diameter ratio, and a single curve is adequate to 
represent the results. The critical pressure ratio 
remains constant for L/D = 15 to L/D = 40, de
creases slowly between L/D = 15 and L/D = 8, 
decreases more rapidly as L/ D ratio approaches zero. 
Effects of diameter have not yet been investigated. 
For a tube with L/ D ~ 0, or a sharp-edged orifice, 
the mass flow rate for an initially saturated liquid can 
be evaluated using the incompressible flow equation 
for the orifice: 

G = 0.61y(2gc(P0 - Pb)(144)/v) (10) 

where Pb is the downstream ambient pressure. 
For short tubes, L/D < 3, Eq. (10) is used withPb 

being replaced by the exit critical pressure, Pc. The 
metastable flow for short tubes is similar to that 
found in the Freon tests [26]. In region II of Fig. 7, 
the flow rates are smaller than would be predicted 
by use of !J.p = P0 - Pc, indicating that the use of 
the orifice equation would require a pressure higher 
than the exit critical pressure. The violent breakup of 
the metastable liquid jet probably accounts for the 
high pressure fluctuations (±50 psi) observed in the 
test sections. With increasing L/ D ratios, region III 
of Fig. 7, pressure profiles are stable, and it is believed 
that the degree of metastability is rapidly decreasing 
as L/D approaches 15. This is also indicated by 
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smaller reductions in the flow rates for increasing L/ D 
ratio compared to region II. The boundary between 
region II and III is not well defined at present and 
more detailed analysis of the data may show that the 
two regions are not separable. In region IV, L/ D = 16 
to 40, the critical pressure ratio attains a constant 
value of 0.55. The discharge rates measured for 
L/ D = 12 to 40 can be evaluated closely by the 
Fauske method and similar models using the measured 
critical pressure and calculated quality. These results 
provide an indication of the required L/ D value 
necessary to approach the conditions of phase 
equilibrium and the applicability of the annular flow 
models. 

The tests in progress, including measurements of 
void fractions at the tube exit, are designed to explore 
more fully the two-phase critical flow structure, and 
to extend the correlations and models. 

Cryogenic Engineering Laboratory (NBS, Boulder, 
Colorado) 

One of the USA-NASA projects for space vehicle 
engines is NER VA, which proposes to use a reactor 
as the energy source and hydrogen as the working 
fluid. Two-phase, critical mass flows of hydrogen will 
be investigated. 

SUMMARY 

Reactor containment and emergency cooling sys
tems are designed to cope with the transient and 
maximum pressure buildups arising from loss of 
coolant accidents. The expulsion of the coolant from 
pipe and vessel breaks in high pressure water systems 
will involve metastable and two-phase flow phenomena, 
including what is called the maximum, critical, or 
choking two-phase flow rate. This paper has focused 
attention on the model studies and empirical evalua
tions of the critical coolant loss rates through apertures 
such as orifices, nozzles, and tubes. 

The model studies have served to bracket upper and 
lower limits for the critical discharge of steam-water 
mixtures from pipes. The lower limit is provided by 
the homogeneous model. The deviations of the 
homogeneous model from the experimental results 
have been well verified. Three different models, 
Fauske, Levy, and Moody, yield critical mass flow 
rates in good agreement with the experimental 
results. Further work needs to be done to ascertain 
the differences in the predictions at low qualities, and 
measurements of the void fractions at critical flow 
will provide a discerning test for the models. 

The discharge of saturated water through short 
length apertures involves metastable liquid jets and 
the breakup of the jets. Adequate predictive models 
have npt yet been developed. The critical discharge 
through short tubes and nozzles can be predicted on 
the basis of the orifice equation for single-phase 
liquid flows, provided the pressure drop is related to 
the pressure within the aperture. Current experimental 
studies are attempting to characterize the important 
parameters. 
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Summary results are presented for blowdown tests 
of specific reactor designs, including some insight on 
methods for scaling tests. The current status of the 
coolant discharge studies for reactor containment 
programs is briefly described. 

NOMENCLATURE 

EK: kinetic energy of two-phase flow per unit 
mass 

G: mass flow rate 
gc: Newton's constant 
h: specific enthalpy; h0 , hr, hrg; stagnation, 

!iquid, liquid to vapor 
J: mechanical equivalent of heat 
K: slip ratio, ugfur; K: (vgfvr)t Fauske method; 

KM(vgfvr)t Moody method 
/: length in flow direction 

p: pressure; Pc: critical pressure: P 0 : pressure 
in vessel: Pb : downstream pressure 

L/ D: ratio of length of test section to diameter 
s: specific entropy: s0, sr. srg: stagnation, 

liquid, liquid to vapor 
u: velocity; Ug, ur: gas, liquid 
v: mixture specific volume; vr, Vg, Vrg: 

saturated liquid, vapor, liquid to vapor 
x: quality, mass fraction vapor in flow 

mixture 
IX: "void fraction," fraction of cross-sectional 

area for flow occupied by vapor 
cp(K, x,p): [K(l - x)vr + xvg] 2[x + (1 - x)/K2], 

function of K, x, p 
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ABSTRACT -RESUME-AHHOTA!41!1.R-RESUMEN 

A/232 Etats-Unis d'Amerique 

Les phenomenes d'ecoulement critique dans 
les melanges a deux phases et leur influence 
sur Ia surete nucleaire 

H. S. lsbin et a/. 

L'expulsion du refrigerant lors d'une rupture de 
canalisation ou de cuve d'un systeme a eau sous 
pression elevee entraine des phenomenes d'ecoulement 
metastable et a deux phases y compris les ecoulements 
critiques ou les etranglements. Les enveloppes de 
securite et les systemes de refroidissement de secours 
doivent etre prevus pour faire face aux elevations de 
pression transitoires et maximales et a la vitesse de 
perte du refrigerant. 

Les debits calcules pour !'expulsion du refrigerant 
sans vaporisation du liquide sont nettement superieurs 
a ceux calcules pour un ecoulement homogene a 
deux phases. On a pu etablir un certain nombre de 
modeles analytiques pour prevoir l'ecoulement critique 
a deux phases dans des ouvertures comprenant des 
orifices, des tuyeres et des canalisations. On sait 
egalement que la nature et !'emplacement de la 
rupture ont une influence sur le type d'ecoulement du 
refrigerant et, par consequent, sur le choix du modele. 
On indique les debits critiques predits par les divers 
modeles pour des refrigerants tels que l'eau, les 
fluides cryogenes et les metaux liquides. 

La litterature traitant des phenomenes d'ecoulement 
a deux phases represente un aspect important des 
connaissances necessaires pour evaluer les problemes 
en question; cependant, seules des experiences relative
ment recentes apportent les donnees necessaires a 
l'etude de cas concrets. Les resultats experimentaux 
disponibles pour les ecoulements critiques a deux 
phases dans des canalisations sont exposes et compares 
avec les predictions des modeles analytiques. La 
discussion comprend des conclusions sur les merites 
et les possibilites d'utilisation des modeles. Des 
essais d'expulsion de refrigerant ont ete effectues afin 
d'etablir des criteres pour la prediction des ecou!e
ments a deux phases; ces resultats sont egalement 
discutes et compares avec les predictions. 

Un expose de l'etat actuel des programmes relatifs 
a la surete des reacteurs nucleaires comprend une 
breve description des etudes sur les pertes de refrige
rant actuellement en cours aux Etats-Unis. Les 

resultats preliminaires se rapportent a l'etude de 
l'etat du fluide a l'interieur de la cuve (mesures de 
pression et de vide), ala distribution des pressions dans 
les sections et dans des ouvertures des canalisations, 
aux variations des rapports Lf D pour les sections de 
sortie, et ala mesure des vides ala position critique de 
sortie. Presque tous les essais en cours utilisent l'eau 
comme fluide avec des pressions allant jusqu'a 
2 000 psig (140 kgfcm2). La suite des programmes 
d'essai avec utilisation de fluides cryogenes permettra 
d'obtenir des renseignements sur les phenomenes 
d'ecoulement critique a deux phases interessant les 
applications nucleaires spatiales. L'utilisation de 
freon donne des resultats visuels et quantitatifs. 

Pour chaque ensemble de conditions decrivant un 
accident par perte de refrigerant, on indique les 
problemes qui restent a resoudre pour predire les 
vitesses d'ecoulement et on estime approximativement 
les limites d'erreur. On decrit un programme destine a 
mettre en evidence les effets integres d'un accident par 
perte de refrigerant. 

KpHTH'-leCKHe noTOKH 
CMeCeH H HX BllHfiHHe 
HOCTb peaKTOpa 

r. C. !-1c6HH et a/. 

A/232 CWA 

AByxcfJaaHbiX 
Ha 6eaonac-

Bbi6poc TeiiJIOHOCIITCJI.H qepea pa3pbiBhi Tpy6 

UJIII IWpnyca B peaRTOpax C BO):VIHbiM OXJiaiK/WHII

eM ITO)]; BhiCORIIM p;aBJICHUCM MOii\CT Bbl3BaTh Me

TaCTa6IIJibHhiC II )l;Byxq>a3HbiC IIOTORII, BRJIIoqaH 

l{piiTIIqecRIIe ITOTORII. ,IJ;JI.H TOfO, qTo6hi CIIpaBIITb

C.H C pe3RIIM RpaTROBpeMeHHbiM ITO)l;'bCMOM p;aBJie

HIIH H 6hiCTpOH IIOTepeii TCITJIOHOCIITCJI.H, npep;yc

MOTpeHhl CIICIJ,IIaJihHbiC ROHTCHHCpbl II OXJia)l;II

TCJlbHbiC ycTpOHCTBa Ha CJiyqaii TaROH aBapiiii. 

flo pacqeTaM, CROpOCTb Bhi6paChlBaeMOfO Te

IIJIOHOCIITCJI.H 6e3 IICITapeHII.H ii\II)l;ROCTII 3Haqii

TCJlbHO BbiiiiC pacqeTIIOH CROpOCTII )l;JIH P,Byx<f>aa

HOfO roMoreHHoro noToRa. BcJiep;CTBIIe aToro 

6hiJIII pa3pa6oTaHbl pa3JIIIqHbJC aHaJIIITIIqecRHC 

MO)l;CJIII, qTo6bi npep;onpe)l;CJIHTb pa3MCpbl RpHTH

qeCROfO )l;Byx<f>a3HOfO IJOTORa qepe3 JII06hie OTBCp

CTII.H, BRJIIOqa.H )l;blphl, COIJJia H Tpy6hi. Y CTaHOB-
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JieHO, 'ITO XapaRTep H MeCTOIIOJIOmeHHe npophlBa 

llJIHHeT Ha THII yTe'!RH TeiiJIOHOCHTeJIH H, CJiep,o

BaTeJihHO, Ha Bhi6op MOP,eJIH. ,ll;JIH Tai\HX Teii.JIOHO

CHTeJieH, RaN Bop,a, KpuoreHHhle 1KHP,ROCTH H pac

HJiaBJieHHhle MeTaJIJihi, npHBOP,HTCH RpHTH'!eCRHE' 

CROpOCTH IIOTORa, ycTaHOBJieHHbiC pa3HhlMH MO

p,eJIHMH. 

JIHTepaTypa 0 JIBJieHHJIX, CBH3aHHhiX C P,BYX

Ifla3HhiMH IIOTOI\aMH, cop,epmHT Baii\Hhle p,aHHhH', 

Heo6XOP,HMhle P,JIJI IIOHHM3HHJI H OIJeHRH 3THX 

npo6JieM, OP,H31\0 TOJlhl\0 cpaBHHTeJihHO Hep,aBHHe 

OIIhiThl IIOJIHOCThiO BhiJICHHJIH IIOHHTHJI, He06Xo

P,HMhie ,[IJIJI aHaJIH3a npaRTH'ICCRHX CJiy'!aeB. 

IIpep,cTanJieHhi uMeiOIIJuecJI aRcnepuMeHTaJihHhie 

p,aHHhie OTHOCHTeJihHO KpHTH<IeCROrO P,BYXW33HO

ro IIOTOI\a B Tpy6ax, 3TH ,[13HHhle cpaBHeHhl C pac

'ICTHhiMH Ha OCHOBaHHH TeopeTH'IeCRHX MOP,eJieii. 

06cym,[ICHHC BRJIIO'IaeT BhiBOP,hi OTHOCHTeJihHO 

P,OCTOHHCTB u npuMeHHMOCTH aTHX MO,[IeJieii. IIpo

nep,eHhi OIIhiThl C Bhi6paChiB3HHCM TCIIJIOHOCHTE'

Jl11, C TeM 'IT06hl YCT3HOBHTh RpHTCpliH 1\0HCTpyR

IJHH P,JIJI npep,ynpem,[leHHJI P,BYXW33HhiX IIOTOI\OB; 

JIOJIY'IeHHhle peayJihTaThi o6cym,1.1eHhi u cpaBHeHhl 

C paC'!eTHhlMH. 

B paap,eJie 0 COBpeMeHHOM COCTOHHHH npo6JieM 

Hp,epnoii: 6eaonacHoCTH B CiliA RpaTRo onuchlna

IOTCH uccJiep,oBaHHJI yTe'IRH TeiiJIOHOCHTeJIJI. II pe ;:t:

HapnTeJihHhle peayJihT3Thl BI\JIIO'IaiOT HCCJiep,oBa

HHe COCTOHHHJI 1KH,[IROCTH BHyTpH Ropnyca peaK

TOpa (uaMepeHue ,[lanJieHuJI u naponoro npocT

paHCTBa), pacnpe,I.ICJICHHe ,[13BJICHJIJI B OTBepCTliJI, 

J! B y'laCTI\aX Tpy6, ROJie6aHH1I IIOI\333HHH Teqe

HCRaTI:lJIJI B y'IaCTRaX, rp,e npoHCXO,[IJIT Bhi6paChl

BaHH1I, u H3MepeHHe uaponoro npocTpaHCTBa B 

COCTOHHJIH RpliTHqecROH yTeqRJI. flo'ITH BO BCE'X 

OIIhiT3X H Ra'JeCTBe pa6oqeif cpe,I.Ihi HCIIOJih30Ba

J!3Ch BO,[Ia IIpll ,[13BJIE'HJIJI B CHCTeMe 140,6 Ki!/CM2• 

,ll;aJihHeii:rnee .npone,[leHue ucnhlTaHuii c ncnoJih3o

nanueM RpHoreHHhiX 1KH,[IROCTeH ,[laCT CBE',[IeHHH 0 

HpHTH'IeCRHX JIBJieHHJIX P,Byxlflaanoro IIOTOI\a B 

CBH3H c npuMenenueM JI,I.Iepnoii: aneprnu B KOCMH

'!E'CROM npocTpancTne. IIpnMeHenue lflpeona IIoa

BOJIJieT IIOJIY<JIITh Kal\ BH3yaJihllhiC, TaR H 1\0JIII<Je

CTBeHHhle peayJihT3Thl. 

IIpn JII06oM co<IeTanuu ycJionuii:, onnchlnaiOrnux 

anapuii:nyiO noTepiO TenJionocnTeJIH, nepaapernen

HhiMH OCT310TCJI BOIIpOChl onpe,I.IeJieHHJI CROpOCTll 

yTe<JHH, HO ,[IOKJial-( ,[leJiaeT HCROTopyiO OlleHRy Be

pOJITHOrO npel-(eJia norpernHoCTH. Onucana npo

rpaMMa, HME'IOIIJ31I IJeJihiO IIOI\333Th COBOKYHHOCTb 

pe3yJihT3TOB anapun, UpHBO)J,HIIJeH K IIOTepe TC

J IJIOHOCJITE'JIH. 

A/232 Estados Unidos de America 

Fen6menos de flujo crftico en las mezclas de 
dos fases y sus relaciones con Ia seguridad 
nuclear 
por H. S. lsbin et a/. 

La expulsion del refrigerante por roturas de tuberias 
o de depositos en los sistemas de agua a alta presion 

H. S. ISBIN et a/. 

lleva consigo fenomenos de flujo metastable y de dos 
fases, incluso flujos criticos. Los sistemas de conten
cion y de refrigeracion de emergencia deben proyec
tarse para hacer frente a Ia evolucion dinamica y al 
maximo alcanzado por Ia presion, y a Ia velocidad de 
perdida del refrigerante. 

Los caudales calculados para Ia expulsion del refri
gerante sin que ocurra vaporizacion del liquido son 
mucho mayores que los correspondientes a un flujo 
homogeneo con dos fases. Por lo tanto se ha estable
cido una serie de modelos analiticos para predecir 
flujos criticos con dos fases a traves de aberturas tales 
como orificios, toberas y tuberias. Se reconoce 
tambien que Ia naturaleza y Ia posicion de Ia rotura 
tiene influencia sobre el tipo de flujo y, por tanto, sobre 
Ia eleccion del modelo adecuado. Se indican los cau
dales criticos predichos mediante el uso de varios 
modelos para refrigerantes tales como agua, liquidos 
criogenicos y metales liquidos. 

La bibliografia que existe sobre los fenomenos de 
flujo en dos fases constituye un aspecto importante de 
los conocimientos necesarios para Ia evaluacion de los 
problemas implicados. Sin embargo, solo despues de 
experimentos relativamente recientes, se cuenta con los 
fundamentos necesarios para Ia evaluacion de casos 
practicos. Se presentan los resultados experimentales 
de que se dispone para flujo critico en dos fases en 
tuberias y se comparan con las predicciones de los 
modelos analiticos. La discusion incluye una critica 
de los meritos y aplicabilidad de cada uno. Se han 
hecho ensayos de expulsion de refrigerante (blowdown) 
para establecer criterios validos para Ia prediccion de 
los caudales de dos fases. Tambien se discuten estos 
resultados y se comparan con las predicciones. 

AI presentar el estado actual de los programas de 
seguridad de reactores nucleares se describen breve
mente los estudios de descarga de refrigerante que se 
estan efectuando en los Estados Unidos. Los resultados 
preliminares comprenden investigaciones del estado 
del fluido dentro del recipiente (medidas de Ia presion 
y de Ia fraccion de huecos), distribucion de Ia presion 
en Ia abertura y en secciones de Ia tuberia, variaciones 
de Ia relacion L/ D para las secciones de descarga y 
medidas de Ia fraccion de huecos en el punto de 
descarga critica. Casi todos los ensayos en curso de 
ejecucion emplean agua a presiones de hasta 
2 000 Iibras por pulgada cuadrada (140 atmosferas). La 
ampliacion posterior de los programas experiinentales 
con liquidos criogenicos proporciona informacion 
sobre los fenomenos de flujo critico para aplica
ciones espaciales. El uso de freon proporciona resul
tados visuales y cuantitativos. 

Para unas condiciones dadas, que definan un 
accidente de perdida de refrigerante, se indican algunos 
problemas, todavia no resueltos, que existen para 
predecir las velocidades de descarga, con una cierta 
idea de los margenes de error. Se describe un programa 
elaborado para mostrar los efectos globales de un 
accidente de perdida de refrigerante. 
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KpMTM~ecKMe Tennoa~e noTOKM 

npM BbiHy)I(AeHHOM Te"'eHMM BOAbl 

r. B. AneKceea, 6. A. 3eHKeBM'f, 

H. A· Cepreea, B. lA. Cy66oTMH 

0. 11. necKOB, 0. B. PeMM30B, 

K HacToHm;eMy BpeMeHu uMeeTcH aHaquTeJinHoe 

KOJIUqecTBO pa6oT, nOCBHDJ;eHHhlX uayqeHUIO KpU-

3UCa KUneHUH npu BhlHYllill;eHHOM TeqeHUU He

,D;OrpeTOH BO,D;hl U napOBO,D;HHOH CMeCH B KpyrJihlX 

Tpy6ax U KaHaJiaX UHOH reoMeTpHH. 

O,n;HaKo aHaJIH3 Bcex :nux pa6oT He .n;aeT Boa

MomHocTeii: COCTaBUTb ,D;OCTaToqHo qeTKOe npe,n;

CTaBJieHue 06 OCHOBHhlX 3aKOHOMepHOCTHX, KOTO

phlM no,n;quHHeTCH KpU3UC KUneHUH. 

CucTeMaTuaaiJ,HH UMerom;erocH MaTepuaJia aa

Tpy,n;HeHa TeM, qTo UCCJie,D;OBaHUH, npoBe,D;eHHhle 

npu BhlHym,D;eHHOM TeqeHUU BO,D;hl B Tpy6ax, He

CMOTpH Ha 60JibillOe KOJiuqecTBO pa6oT, He OXBaThl

BaiOT pemUMHhlX napaMeTpOB B ,D;OCTaToqHOM 

KoJiuqecTBe ux coqeTaHuii:. IIoaTOMY HeJinaH npo

CJie,n;uTn U3MeHeHue CTeneHU BJIUHHUH Kam,n;oro 

U3 napaMeTpOB Ha KpUTuqecKUH TenJIOBOH noTOK 

qRp no Mepe uaMeHeHuH .n;pyrux napaMeTpoB. 

A pa6oT, npoBe,n;eHHhlX Ha KaHaJiax OTJiutiHoii: oT 

Tpy6 reoMeTpuu, Kpaii:He MaJio. 

HacToHm;uii: ,n;oKJia,n; nocBHm;eH aHaJiuay onhlT

HhlX ,n;aHHhlX no KpH3UCy KuneHUH npu BhlHym

,D;eHHOM TeqeHUU He,n;orpeTOH BO,D;hl U napOBO,D;H

HOH cMecu B Tpy6ax B conocTaBJieHuu c ,n;aHHhlMU, 

noJiyqeHHhlMU ,D;JIH BHemHero 06TeKaHUH O,D;UHOq

HOH Tpy6hl B CHMMeTpuqHOM KOJibiJ,eBOM aaaope 

Tpy6hl, pacnoJiomeHHoii: no ocu Koa.n;paTHoro KaHa

Jia U BHemHeM npo,D;OJibHOM OMhlBaHHU nyqKOB 

Tpy6. 

AHamm onhlTHhlX ,n;aHHhlX 6aaupyeTcH Ha 

peayJinTaTaX MHOrOJieTHUX CUCTeMaTuqeCKUX UC

CJie,D;oBaHHH, npoBe,D;eHHhlX aBTOpaMU. ¥ CTaHOBKH 

,D;JIH npoBe,D;eHHH OnhlTOB U HX MeTO,D;UKa HUqeM 

He OTJiuqaJIHCb OT o6m;enpUHHThlX U 3,D;eCb He 

onuchlBaiOTCH. OnucaHue ux npuBO,D;HJIOCb, 

HanpHMep, B pa6oTax 1-3. 

KPH3HC KHnEHHA 8 TPY6AX 
OcHOBHble aaKOHOMepHOCTH 

IJpHBO,D;UMhle HHme peayJinTaThl qacTuqHO UC

nOJib30BaJIHCb 8 paHee ony6JIHKOBaHHhlX pa6o

TaX 1• 4• 8
• O,n;HaKo ,D;JIH HacToHm;ero ,n;oKJia,n;a 

OHH cym;eCTBeHHO ,D;OllOJIHeHhl, YTOqHeHhl H pac

mHpeHLI no napaMeTpaM. HaH6oJiee oamHLIM 

H HHTepeCHLIM HBJIHeTCH Bonpoc o6 OCHOBHLIX 

3aKOHOMepHOCTHX, KOTOphlM no,n;qHHHeTCH Kpll3HC 

KuneHnH. Bonpoc aToT B cym;HOCTH cBo,n;uTcH 

K nayqeHHIO BJIHHHHH Ha qRp pemHMHhlX napa

MeTpoB: ,D;aBJieHHH, CKOpOCTH TeqeHHH H <lHTaJib

nHH JRH,rl;KOCTH B 30He KpU3UCa. 

Ha pnc. 1 npHBe,n;eHhl rpaqmqecKHe aaBHCHMO

CTU KpHTHqecKoro TenJIOBOrO nOTOKa OT Maceo

DOH CKOpOCTli BO,D;hl W2 C napaMeTpaMn ee &a 

JIHHHH HaCLIDJ;eHHH B 30He Kpli3HCa. 0TKJIOHeHHH 

OT napaMeTpOB, COOTBeTCTBYIODJ;HX JIHHllli HaChl

m;eHHH, COCTaBJIHJIH B OT,D;eJibHhlX OllhlTaX He 

6oJiee 1 + 1,5° C B CTOpOHY He,n;orpeBa U 0,5 Bee.% 

B cTopoHy napoco.n;epmaHHH (no pacqeTaM TenJio

ooro 6aJiaHca). 

AHaJiua KpiiBhlX no ,n;aBJieHHHM * noKaaLIBaeT, 

qTo qRp HaXO,D;HTCH B o6paTHOH aaBHCHMOCTU OT 

,n;aBJieHHH BO BCeM UHTepBaJie, npii <JTOM C yBeJIH

qeHUeM MaCCOBOH CKOpOCTH nOTOKa BOlJ;hl aaBH

CHMOCTb OT ,D;aBJieHHH yMeHnmaeTCH. fpacpHKU 

TaKme noKa3LIBaiOT, qTo BJIHHHUe CKOpOCTH Ha qRp 

HeO,D;H03HaqHO U 3aBHCHT OT ,D;aBJieHHH H BeJIHqHHhl 

caMOH CKOpOCTU. 
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BJIHHHHe aHTaJinnHH BO,D;hl Ha qRp IIJIJIIOCTpH

pyeTcH rpacpHKaMH Ha puc. 2. Ha <JTHX rpacpH

Kax BH,D;HO, qTo 3HaqeHUH qRp HaXO,D;HTCH B o6paT

HOH aaBHCHMOCTH OT <lHTaJibllHli BO,D;LI (B 30He 

KpH3HCa) H ITpH <JTOM BJIHHHHe <lHTaJibnUU BO,D;hl 

yBeJIHqHBaeTCH C BOapacTaHHeM CKOpOCTH BO,rJ;LI. 

IJpH O,D;HOH H TOH me OTHOCUTeJibHOH <lHTaJibnHU 

xapaKTep KpHBLIX MeHHeTCH C U3MeHeHHeM ,n;aB

JieHHH, a npu nOCTOHHHOM ,D;aBJieHHU XapaKTep 

KpHBLIX aaBHCHT oT aHTaJinnHH BO,D;LI. Heo,n;Ho

anaqHoCTb BJIHHHHH CKOpOCTH TeqeHUH BO,D;hl Ha 

qRp npu ,D;aBJieHHHX 196 U 392 H/C.M2 UMeeT MeCTO 

H B o6JiaCTH He,n;orpeTOH BO,D;hl. 

TaKHM o6paaoM, o6HapymeHHoe BnepBLie aBTO

paMu B 1956 r. HeO,D;H03HaqHoe BJiliHHUe CKOpOCTU 

BO,D;LI Ha qRp B o6JiaCTU napOBO,D;HHOH CMeCH 5 HMe

eT MeCTO B 6oJiee mHpOKOM UHTCpBaJie napaMeT

pOB. 

PearoMupyH aHaJina rpacpnqecKHX aaBHCHMO

CTeii:, MOmHo c,n;eJiaTn cJie,n;yrom;ee aaKJIJOqeHne: 

CTeneHb BJIUHHHH Kam,n;oro U3 pemHMHhlX napa

MeTpOB B OT,D;eJibHOCTH 3aBHCUT OT coqeTaHHH 

• BciOfiY yKaaaHo a6cOJIIOTHoe .r~auJieHne. 
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PHc. 1. qKp Ha nHHHH HaCbii.J..IeHHR p.nR Tpy6: 

1, 2, 3, 4, 5, 6, 7 -COOTB6TCTByiOT ):laBJI6HHJIM 196; 294; 392; 784; 981; 1373; 1962 nfc.M2 

c ,11;pyrnMH napaMeTpaMH. TaK, HanpnMep, BJIHHHHe 

CKOpOCTH Te'IeHH.II BO,ll;hl Ha qKp aaBHCHT OT 3Ha

'IeHHH 4JHKCHpOBaHHhiX npH aTOM ,ll;aBJieHH.II H aH

TaJibiTHH. 

BnHfiHHe nooOLIHbiX ¢aKTOPOB 

IIpe,ll;cTaBJIHeT HHTepec BJIHHHHe Ha Kpnanc 

n nooo'IHhiX 4JaKTopoB, TaKHX KaK, HanpnMep, 

OOOrpeBaeMOH ,ll;JIHHhl H ,ll;JiaMeTpa Tpyohl, a TaR

me HepaBHOMepHOCTH KOH~eHTpa~HH TeiTJIOBOrO 

ITOTOKa ITO BHyTpeHHeii ITOBepXHOCTH Tpyohl. 

OnhiTHhle ,ll;aHHhle, KoTophiMH HJIJIIOcTpHpoBaJIHCL 

OCHOBHhle aaKOHOMepHOCTH KpH3HCa KHITeHH.II B Ha

CTO.II~eM ,ll;OKJia,ll;e, ITOJiy'IeHhl Ha Tpyoax C BHYT

peHHJIM ,ll;RaMeTpOM 8-9 .M.M H OOOrpeBaeMOH 

,ll;JIHHOH OT 100 ,11;0 2100 .M.M. 

AHaJina onhiTHhiX ,ll;aHHhiX B conocTaBJieHHH 

C JIHTepaTypHhiMH ,ll;aHHhiMH ITOKa3hiBaeT, 'ITO 

BJIH.IIHHe OOOrpeBaeMOH ,ll;JIHHhl Tpyohl Ha qKp 

B yKaaaHHhiX npe,ll;eJiax He nMeeT MecTa B ooJiaCTH 

He,ll;orpeTOH BO,ll;hl, a npH ,ll;JIHHe l:;;,.. 200 .M.M 

n B ooJiacTH napoBO,ll;HHoii cMecn. CJie,ll;yeT aaMe

TRTL, 'ITO )1;0 CBX ITOp BMeJIBCb B BB,ll;Y OIThiTHhle 

,ll;aHHhle, noJiy'IeHHhle Ha aKcnepuMeHTaJILHoii 

ycTaHOBKe, B ~HpKyJIH~BOHHOM KOHType KOTO

poii OTCYTCTBOBaJIB ITYJILCa~HH ITOTOKa BO,ll;hl, BOa

HJIKaiO~Be B cJiy11ae HaJIB'IH.II reHepaTopa nyJIL

ca~nii (KoH,ll;eHcaTop n ,n;p.). O,n;Ha&o B paooTe 7 

OTMe'laeTC.II CBJibHOe BJIB.IIHHe OOOrpeBaeMOH )l;JIH

Hhl Ha qKP ITpH HaJIH'IHH ITYJILCa~BH B KOHType. 
IIpH aTHX YCJIOBH.IIX 'leM OOJibiiie ooorpeBaeMa.ll 

,ll;JIHHa Tpyohl, TeM MeHLIIIe qHp· BJIHHHHe aTo 

B HeKOTOphiX CJiy'la.IIX o~eHBBaeTC.II COTH.IIMB 

npo~eHTOB. 

ABTOpaMB 1 OhiJIO OOHapymeHo, 'ITO ,ll;JI.II 

BHTepBaJia ,ll;aBJieHBH 1373 -;--1962 ~t/c.M2 B ooJia

CTB He,n;orpeTOH BO,Il;hl BHyTpeHHHH ,ll;BaMeTp Tpy

Ohl (dBH =4 -;--12 .M.M) Ha qHp He BJIU.ReT. IIocJie,ll;

Hee OhiJIO no,ll;TBepm,ll;eHo onhiTaMH A. II. OpHaT

cKoro 8 Ha He,ll;orpeToii BO,ll;e npn P = 245 H/c.M2, 

KOTOphle ITOKaaaJIH 3Ha'IHTeJibHOe yBeJIH'IeHHe qHp 

npH yMeHhiiieHHH dBH C 4 ,11;0 1 ..!(..It, HO TaKme 

H OTCYTCTBHe BJIH.IIHH.II B HHTepBaJie dBH = 
=4 +- 6 .M.M. 

O,n;HaKo B onhiTax B. E.,Il;opo~yKa H <I>.II. JlaH

~MaH 9 npB p = 490 -;--1665 H/c.M2 OOHapymeHO 
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BJIHHHHe daH Ha q 11 p BO BCeM HHTepBaJie daH = 
= 3-;- 8 MM, RaR B ooJiacTH He~orperoii BO~hl, 

TaR H em;e ooJiee B ooJiacTH napoBo~HHoii cMecH. 

CHJII>Hoe BJIHHHHe daH Ha q11 p ~JIH napoBo~H
Hoii cMecH ooHapymeHo H P. A. PDIOHHDIM 10 

npH P=981 H/cM2, Wg=(3-;-20)·10 6 ne/M2 ·tt, 
BeCOBhlX napOCO~epmaHHHX X .QO 0,35 B HHTep

BaJie daH = 2 7 10 MM. 

OnDITI>I aBropoB ~oRJia~a no~TBep~HJIH HaJIHqHe 

BJIHHHHH daH Ha q 11 p B ooJiacTH napoBo~HHoii 
cMecH npH P = 981 H 1373 H/cM2, Wg = 6 ·10 6 

H 10·106 ne/M2·tt, X=0 + 0,4 B HHTepBaJie 

daH = 4,8 --;--12 .ltM. 

9 
0 -1 0 oe 
•-2 

.. OQ) ~ 7 
~-3 6. • ~-4-4 ~ 

~ 6,A ~ ~ .. 

r. B. AnEKCEEB et al. 

O~HaRo Bonpoc o BJIHHHHH daH Ha q ~<P Tpeoy

er ~OITOJIHHTeJII>HOI'O ITO~pOOHOI'O H3yqeHHH. 

Beci>Ma BaiKHDIM H HHTepecHDIM HBJIHeTcH H3y

qeHHe BJIHHHHH Ha RpH3HC RHITeHHH HepaBHO

MepHOCTH ROH~eHTpa~HH TeiTJIOBOI'O ITOTORa ITO no

BepXHOCTH renJIOBDI~eJieHHH. HepaBHoMepHOCTI> 

ROH~eHTpa~HH TenJIOBOI'O noTORa, HanpHMep, B TBa

JiaX aRTHBHOll 30Hhl H~epHOl'O peaRTOpa MOiKeT 

HMeTb MeCTO no RpaiiHeii Mepe B ~BYX CJiyqaJix: 

a) HepaBHOMepHOCTH ROH~eHTpa~HH ~eJI.HIIJ;ero
CH MaTepHaJia no oo'beMy TBaJia; 

6) B TBaJiaX CJIOiKHOH ROH<}mrypa~HH npH HaJIH

qHH peoep, ROTOphle TaR me, RaR H TeJIO TBaJia, 
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PHc. 3. BnHRHHe HepasHoMepHOCTH KOHI.\eHrpai.\HH rennosoro noroKa Ha qRp B KpyrnbiX rpy()ax: 

1, 2, 3, 4-coorBercrByror aHa'lemtRM q~~"cfq~~ 1; 1,12; 1,28; 1,50. I, II, 111-coorBercTBYIDT 

!li 
.QaBJieHHHM 588; 981; 1765,8 n/c.M2. Bee aaBHCHMOCTH q 11p= f (W) .QaHhl AJIHr =0, a aaBHCH-

MOCTH JI.JIH MaCCOBOH CKOpOCTH 7,2·106 Kej.M2•'l 
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aanOJIHeHhl aKTHBHhlM MaTepHaJIOM. IJpH 3TOM 

pe6pa B Mecrax conpnmeHHH c reJioM TBaJia, 

KaK npaBHJIO, HMeiOT aaKpyrJieHHH, B KOTOpbiX 

II B03HHKaiOT KOH~eHTpa~Hll TenJIOBOTO nOTOKa. 

EcJIH o~eHHBaTI> creneHI> uepaBHoMepuocrn KOH

~eurpa~HH TenJIOBOTO noTOKa no renJIOOT,ll;aiO~eii 

noBepxuocrn OTHoiiieHHeM q~~Hc I q~~. r.n;e q~~ -
cpe,ll;HHH KpHTH'leCKBH TenJIOBOJI nOTOK no BCeii 

noBepXHOCTH TenJIOBhl,ll;eJieHHH, a q~gHc - MaK

CBMaJibHhlH JIOKaJibHhlH KpBTH'leCKHH TenJIOBOH 

nOTOK, TO B nepBOM CJiytJ:ae OHO npaKTHlJ:eCKH 

MOmeT 6hlTb HeBeJIIIKO II BpH,ll; Jill 6y.n;eT rrpeBbi

IIIaTb C YtJ:eTOM pacTe'leK TerrJia 1 • 2; BO BTOpOM 

CJiyqae 3TO OTHOIIIeHHe aaBHCHT OT pa.n;Hyca aa

KpyrJieHHH Mem.n;y pe6pOM II TeJIOM TB3Jia H MO

meT .n;ocTnraTb 2 -7- 3. B nocJie.n;aeM cJiyqae 

Ha 3HalJ:eHHe qHp MomeT OKa3aTb BJIHHHHe TH,ll;

pO,ll;HHaMHKa noTOKa BO,ll;bl npH aaJIHlJ:Hll pe6ep 

ua TBaJie. 

,il;JIH H3ylJ:eHHH BJIHHHHH HepaBHOMepHOCTH KOH

~eHTpa~HH TenJIOBOTO nOTOKa Ha qHp B lJ:HCTOM 

BH,ll;e 6biJIH npoBe,ll;eHhl OnhlThl Ha KpyrJihlX rpy-

6ax C daH = 10 .M.M ,ll;JIHHOH 400 .M.M II C 31\C~eH
TpHCHTeTOM (TpH auaqeunn) Mem.n;y uapymuoii 

II BHyTpeHHefi noBepXHOCT.IIMH. ,il;JIH Tpex 3Ha-

lleHHH aKc~eurpHCHTeTa OTHOIIIeaHe q;~~>c I q~~. 
uaii.n;euuoe no aniOpaM renJioBoro noToKa *, coc

TaBJIHJIO 1,12; 1,28 H 1,50. 
Ha pHc. 3 npe.n;craBJieHhl onhlTHhle .n;auuhle, 

noKa3hlBaiO~He BJIIIHHHe HepaBHOMepHOCTH KOH

~eHTpa~Hll TenJIOBOTO nOTOKa Ha qHp B cpaB

HeHHH C OnbiTaMH Ha paBHOMepHO o6orpeBaeMOH 

rpy6e. Ma rpatj>nKoB BH,ll;Ho, llTO qeM 6oJII>IIIe 

q~gHc I q~~. reM unme cpe.n;uHii KpHTH'lecKnii ren

JioBoi1: noTOK. IJpn 3TOM JIOKaJibHbJH MaKCHMaJib

HhlH KpiiTHlJ:eCKHH TeiiJIOBOH IIOTOK, KaK MOmHO 

3aKJIIOlJ:HTb no OnhlTHhlM .n;aHHbiM Ha puc. 3, 
B o6JiaCTH 6oJILIIIHX ue.n;orpeBoB rrpHMepuo pa

BeH qHp ,ll;JIH paBHOMepHO o6orpeBaeMOH Tpy6hl, 

a no Mepe yMeHI>IIIeHHH ue.n;orpeBa n nepexo.n;a 

K napoBO,ll;HHOH CMeCH q~~Hc CTaHOBHTCH 60Jib

IIIe q 11 p ,ll;JIH paBHOMepuo o6orpeBaeMoii rpy6hl. 

H.poMe TOTO, BJiliHHHe KOH~eHTpa~liH 3aBHCHT 

OT pem.IIMHhlX napaMeTpOB IIOTOKa BO,ll;hl, a liMeH

HO: B o6Jiacrn ue.n;orperoii BO,ll;hl BJIHHHHe 6oJih

IIIe, B o6JiaCTli napOBO,ll;HHOH CMeCH - MeHbiiie. 

C nOBhliiieHHeM ,ll;aBJieHHH BJIIIHHHe HepaBHOMep

HOCTH KOH~eHTpa~HH TeiiJIOBOTO IIOTOKa na.n;aeT, 

TaR me KaK, BII,ll;HMO, H C yBeJIH'leHHeM CKOpOCTH 

noTOKa BO,!J;hl. 

CJie.n;yer oTMeTHTb, qro B pa6ore 11 onhlThl npH 

,ll;aBJieHH.IIX 255; 981 II 1765,8 H/c.M2 B 06JiaCTH 

He.n;orperoii BO,ll;hlll napoBO,ll;.IIHOH CMeCH noKaaaJIH, 

qro npH q;~Hc I q~~ = 1 ,8 q~~ rrpHMepuo paBHO 

,ll;JIH paBHOMepuo o6orpeBaeMoii rpy6hl. 

EcJIH uepaBaoMepuocrb KOH~eurpa~HH renJio

Boro IIOTOKa no noBepXHOCTH TenJIOBhl,!J;eJieHHH 

o6yCJIOBJieHa HepaBHOMepHOCTbiO KOH~eHTpa~Hll 
aKTHBHoro MarepHaJia no o6'heMy TBaJia ( <<ropn-

* 8mophl TeiiJIOBOfO IIOTOKa IIOCTpOeHhi ITO peayJihTaTaM 
paC'IeTa 'IHCJieHHhiM MeTO,ll;OM C y'IeTOM paeTe'IeK TerrJia. 
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lJ:He nHTHa>>), TO IIpH npaKTH'leCKH B03MOmHhlX 

B aToM cJiyqae aualleHHHX q~~Hc I q~~ BJIHHHHeM 

aroro tj>aKropa Momuo npeue6pellb, HMen B BII,ll;y, 

lJ:TO MaKCHMaJibHblH pa60llHH TenJIOBOH nOTOK 

B peaKrope Bhl6Hpaercn c aanacoM OTHOCHTeJih

Ho q111, KaK npaBHJIO, ue Meuee 2. ToJibKO 

npH auaqeHHHX q~gHc I q~~ > 1,2 (aaKpyrJieHHH 

y OCHOBaHHH pe6ep) C 3THM tj>aKTOpOM Heo6XO,!J;H

MO ClJ:HTaTbCH. 
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P11c. 4. qKp Ha 1111HI111 HaCbl~eHHR AJJR HOJlbl.leeoro 

aaaopa: 
], 2, 3, 4, 5- COOTBeTCTBYIOT ,ll;aBJieHHHM 392; 784; 

981; 1274; 1962 Hjc.M2 

KPH3HC KHnEHHfJ nPH BHEWHEM 
nPO,ltOnbHOM 05TEKAHHH TPY5 

ABropbl npoBO,ll;HJIH HCCJie.n;oBaHHH no KpH3HCY 

KHITeHHH npH BHeiiiHeM o6TeKaHHH BO,ll;OH O,ll;H

HOlJ:HOH Tpy6bi B CHMMeTpllllHOM KOJib~eBOM 3a30-

pe. OnhlThl 6hlJIH npoBe.n;eHhl npH IIIHpHue KOJib

~eBoro aaaopa 1,5 .M.M ua rpy6e-uarpeBareJie 

c d = 12 .M.~; o6orpeBaeMan ,!J;JIHHa 200 .M.M. 

Ha puc. 4 Hao6pameHhl cKopocTHhle aaBHCHMO

CTH q11p= I (Wg) ,ll;JIH uurepBaJia .n;aBJieuuii 392 + 
+ 1962 H/c.M2 C napaMeTpaMU BO,ll;hl Ha JIHHHH 

HaChl~eHHH B 30He KpH3HCa. 

H.aK Bllfi.HO, CTeiTeHb BJIIIHHHH CKOpOCTH BO,ll;hl 

Ha KpliTHlJ:eCKHe TenJIOBhle ITOTOKII li3MeH.HeTCH 

OT IIOJIOmHTeJibHOTO 3HalJ:eHHH ,!1;0 HyJieBOTO (npH-

6JIH3HTeJibHO). CKopocTHhle aaBUCHMOCTH .n;Jin 

He,ll;orpeTOH BO)l,bl II napOBO,ll;HHOH CMeCH npH 

,ll;aBJieHHHX 392; 784 II 981 H/c.M 2 CJie.n;yeT TOMY 

me aaKoHy (pHc. 5). 
Ha pHc. 6 npe.n;craBJieHhl onLITHhle .n;aHHhle B BH

.n;e aaBHCHMocreii qRP =I (Wg) ,ll;JIH CJiyqan BHeiii

uero o6reKaHHH rpy6hl, pacnoJiomeuuoii no ocH 
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KBa,n;paTHoro KaHaJia, a Ha puc. 7 npn BHemHeM 

npO,D;OJihHOM OMhlBaHHH rryqKOB Tpy6. 

Ma cpaBHeHHJI aaBHCHMOCTeii: qHp= f (Wg) cJie

.n;yeT, 'ITO ,D;JIJI TeX HHTepBaJIOB napaMeTpOB, rj~e 

,IJ;JIJI Tpy6 C BHyTpeHHHM OXJiam,n;eHHeM BJIHJIHHe 

CKOpOCTH ITOTOKa Ha qHp HeO,IJ;H03Ha'IHO, ,IJ;JIJI 

Tpy6 C BHeiDHHM OXJiam,n;eHHeM OTpH~aTeJibHOe 
BJIHJIHHe CKOpOCTH He HMeeT MeCTa. 

C TO'IKH apeHHJI ony6JIHKOBaHHhlX K HaCTOJI

~eMy BpeMeHH Teopnii: KpHaiica KnrreHIIJI rrpii 

BhlHym,n;eHHOM Te'leHHII lliii,D;KOCTH 12-1 4 TaKaJI 

rrpHHIJ;niiHaJibHaJI pa3HHIJ;a B aaKOHOMepHOCTJIX 

BJIHJIHHH CKOpOCTH Te'leHIIJI Ha qHp ,D;JIJI CJiy'laeB 

BHyTpeHHero II BHemHero oxJiam,n;eHIIJI Tpy6 co

BepmeHHO He o6'bJICHIIMa. BIIAHMO, B ~IITnpoBaH
HhlX TeopeTII'IeCKIIX pa6oTax Han6oJiee cy~e
CTBeHHhle 'lepThl JIBJieHIIJI Kpii3HCa He HaiDJIII 

OTpameHIIJI. 

EcTh e~e o,n;Ho OTJIH'IIIe aaKoHOMepHocTeii: 

Kpiianca KIIITeHIIJI npii BHyTpeHHeM II BHemHeM 

oxJiam,n;eHnii Tpy6. KaK OTMe'laJioch Bhlme, o6o

rpeBaeMaJI ,D;JIIIHa rrpii BHyTpeHHeM oxJiam,n;eHHH 

He BJIHJieT Ha qHP• no Kpaii:Heii: Mepe rrpii l > 
> 200 .u.u II d8 " = 8-9 .u.u. O,n;HaKo onhlThl 

rrpll BHemHeM OXJiam,n;eHHH O,D;HHO'IHOH Tpy6hl 

B KOJib~eBOM aaaope llOKaaaJIII, 'ITO BJIHJIHHe 

,D;JIIIHhl KaHaJia llpOHBJIJieTCJI BITOJIHe OT'IeTJIIIBO 

(puc. 8). 
ABTopaMH rrpoBe,n;eHo nccJie,n;oBaHne KpHTH'Ie

CKIIX TeiTJIOBhlX ITOTOKOB ITpii HaJIH'IIIII TeiTJIOBhl

,n;eJieHHJI Ha o6enx rroBepxHOCTJIX, o6paayro~nx 
KOJih~eBoii: KaHaJI. KpnTn'lecKnii: pemnM coa.n;a

BaJicH, KaK npaBHJIO, Ha o,n;Hoii: TerrJiooT,n;aro~eii: 
ITOBepXHOCTH, B TO BpeMJI KaK C ,D;pyroii: ITOBepX

HOCTH HarpeBa ITO,D;BO,D;HJICJI ,D;OITOJIHHTeJibHhlH TeiT

JIOBOH.ITOTOK orrpe,n;eJieHHoii: BeJIH'IHHhl. B 'laCTH 

OIThlTOB KpH3HC KHITeHHJI Ha6JIIO,D;aJICJI Ha o6eHX 

ITOBepXHOCTJIX O,D;HOBpeMeHHO. "YcTaHOBJieHO, 'ITO 

rrpn ,n;aBJieHHJIX 981 ---;- 1472 H/c.-.t2 n aaKperrJieH

HhlX napaMeTpaX Ha BhlXO,IJ;e H3 KaHaJia KpHTH

'IeCKHe TeiiJIOBhle ITOTOKH B KOJih~eBOM KaHaJie 

C ,D;BYXCTOpOHHHM ITO,D;BO,D;OM TeiTJia Bhlme, 'I eM 

B cJiy'lae o,n;HocToponHero o6orpeBa, rrpn'leM Kpn

TH'IeCKHe TeiTJIOBble ITOTOKH Ha O,D;HOll TeiTJIOOT

,n;aro~eii: ITOBepXHOCTH B03pacTaiOT C yBeJIH'Ie

HHeM ,D;OITOJIHHTeJibHOrO TeiTJIOBOrO ITOTOKa OT ,n;py

roii: ITOBepXHOCTH. 8TO MOlliHO 06'hJICHIITh TeM, 

'ITO ITpH O,D;HHaKOBhiX ycJIOBHJIX Ha BhiXO,D;e H3 Ka

HaJia 3HTaJihiTHJI 'laCTH ITOTOKa TeiTJIOHOCHTeJIJI, 

BJIHJIIO~aJI Ha MOMeHT B03HHKHOBeHHJI KpH3HCa 

Ha O,D;HOH TeiTJIOOT,D;aiO~eii: ITOBepXHOCTH, 6y,n;eT 

MeHbiDe, '!eM cpe,D;HJIJI 3HTaJihiTHJI Ha BbiXO,D;e 

H3 KaHaJia aa C'leT ,D;OITOJIHHTeJihHOTO ITO,D;BO,D;a 

TeiTJia OT ,n;pyroii: ITOBepXHOCTH. 

3Ha'lenne aHTaJihrrnn B aoHe Kpnanca MOJRHO 

orrpe,n;eJIHTh na ypaBHeHHJI TenJioBoro 6aJiaHca 

,D;JIJI KOJih~eBoro KaHa.rxa, Bhi'IHTaJI na o6~ero 
rrpnpa~eHnH aHTaJihiTHH Ha Bhlxo.n;e ee rrpnpa

~eHne aa C'leT ,D;OITOJIHHTeJihHOrO ITO,D;BO;:J;a TeiTJia. 

B aToM cJiyqae cpaBHeHne orrhiTHhiX lWHHhiX ,D;JIJI 

KOJib~eBbiX KaHaJIOB C O,D;HOCTOpOHHHM H ,D;ByX

CTOpOHHHM ITO,D;BO,D;OM TenJia rrpHBO,IJ;HT K COB

na,n;aiO~HM peayJihTaTaM. 

r. B. AnEHCEEB et al. 

PAC4ETHbJE PEKOMEH,LJ,AI..V1J.1 

HeAorpera.A BOAa B rpy6ax 

Bo MHornx orry6JIHKOBaHHhiX pa6oTax npe.n;

JiararoTcJI peKoMeH,n;a~HH AJIH Bhi'IHCJiennH qHP 
npn ne.n;orpeToii: Bo,n;e. 8TH peKoMeH.n;a~nn noJiy

'leHhl Ha OCHOBaHHH o6pa6oTKH paap03HeHHhiX 

OIThiTHhiX ,D;aHHhiX, 3aHMCTBOBaHHhiX H3 JIHTe

paTypHbiX HCTO'IHHKOB. IIoaToMy ne 6biJIO rrpo

Be,n;eHo ,n;eTaJibHOTO aHaJIH3a 'laCTHhiX 3aBHCHMO

CTeii:, a nMeHHO TaKoii: aHaJina JIBJIJieTcH nerrpe

M.eHHhiM YCJIOBHeM Ha,n;emHOCTH paC'IeTHhiX pe

KOMeH,n;a~HH. BcJie,D;CTBne aToro rrpn o~eHKe BJIHJI

HHJI CKOpOCTH Te'leHHJI BO,D;hl Ha qHp He MOrJia 

6b1Th Y'ITeHa neo.n;noana'IHOCTh BJIHHHHJI cKopo

CTH. BJIHJIHHe cKopocTH o~eHeHo, xoTJI H rrepeMeH

noii:, HO ITOJIOJRHTeJihHOH CTeiTeHbiO. 

CorrocTaBJienne 3THX pac'leTHhiX peKoMen.n;a~nii: 
C OIThiTHhlMH aaBHCHMOCTJIMH B IDHpOKOM ,D;Hana-

30He napaMeTpoB noKaaaJio nx rroJIHYIO nenpn

ro,n;HoCTh rrpn Tex co'leTaHnJix pemnMHhiX napa

M:eTpoB, Kor,n;a BJIHJIHHe CKOpOCTH Te'leHHJI BO,D;bl 

Ha qHP oTpn~aTeJihHO. B pa6oTe 5 Heo,n;HoaHa'IHoe 

BJilfHHne cKopocTn BO,IJ;hl qHP 6b1JIO yqTeHo no

cpe,n;cTBOM rrepeMeHHOH CTerreHII, KOTOpaJI JIB

JIJieTCJI cpyHK~Heii: ,D;aBJieHIIJI H 3HTaJibiTHH BO,D;hl 

B aoHe Kpnanca. ABTOphl peKoMeH,n;yroT ,D;JIJI 

Bhi'IHCJieHnJI qHP o.n;Hy na Mo,n;ncpnKa~nii: aToro 
ypaBHeHHJI: 

K = K~· 65 (110-240K2) [1 + 0,75 X 

X 105/(7,4·103 W)1,!+2Kt-0,3K2]·10-5, 

q .. / v '\'" L\i 
K= ~P V oWg; Kt='\',; K2=--,:-. 

Ilpe,n;eJihl rrpnMeHeHnii: ypaBHeHnJI: P = 294 ---;
---;- 2060 H/c.u2; Wg = 1 ---;- 15 .u/ce~>; .1tH = 2 ---;-
---;- 200°; dBH = 8 ---;- 10 .U.U; l > 100 ,U,U, 

napOBOAF!Ha.A CMeCb B rpy6ax 

,lJ;JIJI Bhi'IHCJieHHJI qHp llpH BhiHym,D;eHHOM Te'le

HHH napOBO,D;JIHOH CMeCH B Tpy6ax C yqeTOM BJIHJI

HIIJI BHyTpeHHero .n;naMeTpa Tpy6hl rrpe,n;JiaraeTcH 

cJie,n;yro~aJI aMnnpuqecKaJI cpopMyJia: 

qHp=46,5 W/'(1-x)m(~: ) 2
'
2 x 

( 
8·109) 2,71 2 

X 1 + W k • do,4s Bm/.u ' 
g BH 

r.n;e 

n=0,56-0,0189'\':; m=0,7"~-0,40; 
'\' '\' 

v" K=1,13+3,6, -0,45x. 
'\' 

IIpe,n;eJihl rrpnMeHeHnJI cpopMyJihl: P = 981 . 
---;- 1962 H!c.u2; Wg = (4 ---;- 18) ·106 ,;e/.M2• 'l; x = 
= 0 --;-- 0,4; d8 H = 4 ---;- 12 .M.M; l > 200 .M.M. 
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PHc. 5. q
8

P npH paanH"'HbiX SHTanbnHRX AnR KOnb

u,eaoro aaaopa: 
!J.i 

1-ue):lorpeu 40°; 2--=0,1. I, II, III, IV, V
r 

COOTBeTCTBYIOT ):laBJieHHH!Il 392; 784; 981; 1470; 
1765,8 H/CM2 

r;~ I 

0 

I 

-s-
.,_. 0 1 

• 2 

0 2 4 sw* x10~Kr/M2"1 

PHC. 7. q npH npOAOnbHOM OMbiBaHHH ny"'KOB H3 Kp 
7 Tpy<5 5x0,25 ""'""'' TpeyronbHaR peweTKa c wa

roM 6,5 ""'""': 
!J.i 

1-P=981 njcM21 r =0,2 
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(/K ,M6mfM2 
8~~----~---------r---------r--------, 

2 4 

• 1 
0 2 

PHc. 6. qKp npH BHewHeM ··ot5TeKaHHH Tpyt5bl 1 pac

nonomeHHOH no ocH KBaAPaTHoro KaHana paaMe
poM 1,6X16,6 MM1 d

88
=12 MM, l=200MM; 

1-P=294 njcM2, !J.t8 =10°; 2-P=981 njcM2, !J.t8 =5° 

'KP I "' 
, ,. 8 

II 

• _I • 
~ • • 

2 /;. .£ 
4 

-,_,.,-
/;. I~ 

9' 

,V 
0 

• 113 

ll 
0 2 4 8 8 10 

PH~ a q Ha nHHHH HaC~~eHHR npH BH8WH8M 
Kp v t5 oxnamAeHHH OAHHO"'HOH TPY bl a KOnbu,eaoM aaao-

pe AnR paanH"'HOH ot5orpeaaeMOH AnHHbl, P = 
=981 n/cM2: 

1, 2, 3 - COOTBeTCTBYIOT o6orpeuae!IIOH ,liJIHRe 100; 200 
H 400 MM 
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,I(JIH HeBLICOKHX ~aBJieHHH B IIOCJie~Hee BpeMH 

aBTOpaMH IIOJiyqeHa CJie~yrom;aH 9M11HpHqecKaH 

cl>opMyJia: 

qKP = [1,46-10-4 r1,72 (1-xf'-

-0,116Wg] ~~:,! emjM2, 
Bn 

r~e m = 3,48- 0,54 (r/4,18·106). 

Ilpe~eJILI llpHMeHeHHH cl>opMyJILI: p = 392 -7-
-7- 981 H/cM2; Wg = (2 -7- 18) ·106 Ke!M2 . <t; x = 
= 0 + 0,4; dan = 4 + 12 MM; l > 200 MM. 

BHewHee otheKaHHe OAHHOYHOH rpyobl 
8 CHMMeTpHYHOM KOnb~eBOM aaaope 

R HacToHm;eMy BpeMeHH HMeeTcH em;e He~o
cTaToqHo OIILITHLIX ~aHHLIX 110 qKp ~JIH KOJibiJ;e

BLIX aaaopOB, OCo6eHHO 110 HayqeHHIO BJIHHHHH 

llo6oqHLIX cl>aKTOpOB ( o6orpeBaeMaH ~JIHHa, ~Ha
MeTp Tpy6LI, IIIHpHHa KOJibiJ;eBoro aaaopa), llo

aToMy llpem~eBpeMeHHo 6LIJIO 6LI 11pe~JiaraTL pac

qeTHLie peKOMeH~aiJ;HH ~JIH IDHpOKOfO HHTepBaJia 

rrapaMeTpOB C yqeTOM BJIHHHHH II06oqHLIX cl>aKTO

poB. BcJie~CTBHe aToro aHme 11pHBO~HTCH TOJILKo 

9M11HpHqecKaH cl>opMyJia ~JIH BhlqHCJieHHH qKp 

~JIH BO~hl C llapaMeTpaMH Ha JIHHHH HaCLIIIJ;eHHH 

qKp = 5,14·10-3ry' 0,25:wem!M2. 

Ilpe~eJILI 11pHMeHeHHH cl>opMyJILI: p = 392 + 
+ 1962 ll/cM2; W = 2 -7- 7 M/CeK; l = 200 MM. 

IIIHpJma KOJibiJ;eBoro aaaopa 1 ,5 MM IIPH ~Ha
MeTpe Tpy6LI-HarpeBaTeJIH 12 MM. 

0603HA4EHHH 
qKJl• Bm/M2-KpHTHqeCKHJI TeUJIOBpH IIOTOK 

p, H/CM2- a6COJIIOTHOe JJ;aBJieHHe 
W g_~_I>2/M2·"-MaCCOBaH CKOpOCTh IIOTOKa BOJJ;hl 

W, M/cei>-JIHHeHHaH CKOpOCTh BOJJ;hl B 30He KpH3HCa 
V', 1>2jM3- ITJIOTHOC'fh BOJJ;hl na JIHHHH HaCbiiiWHHH 

-y", 1>2jM3-IIJIOTHOCTh napa Ha JIHHHH HaCbl~eHHH 
r, 8.11CJ~~:e-cKpbiTan renJiora ncnapennn BOJJ;hl 

(], H/M-KOacflcflnn;neHT IIOBepXHOCTHOfO HaTHlReHHH 
na rpannn;e nap-BOJJ;a 

r. B. AnEHCEEB et al. 

V, M2j"-K03cflcflnn;HeHT KHHeMaTnqeCKOH BH3KOCTH 
BOJJ;hl Ha JIHHHH HaCLI~eHHII 

~tn, epa8-HeJJ;orpeB BOJJ;hl JJ;O reMneparyphl nacLI~e-
HHH B 30He KpH3HCa 

~i 
-- OTHOCHTeJibHall 3HTaJibiiHII (orpnn;areJihHa 
r 

JJ;JIH He,L\OrpeTOH BOJJ;hl H llOJIOlRHTeJibHa 
,L\JIH IIapO-BO,L\HHOH CMecu; B IIOCJieJJ;HeM 
CJiyqae quCJieHHO paBHa BeCOBOMY napo
CO,L\epmaHHIO X B Jl;OJIHX e,[\HHHD;hl) 

~i, 8.11C(Ke-renJiora He,[\orpeBa ,L\JIH neJJ;orperoH BO,L\hl 
(orpun;areJibna) HJIH renJiora neperpeBa 
JJ;JIH napO-BOJJ;IIHOH CMeCH (ITOJIOlf(HTeJihHa) 

dan• ..1(,1!- BHyTpeHHHH JJ;HaMeTp Tpy6hl 
l, M..~t-o6orpeBaeMaH ,L\JIHHa aKcnepHMenraJibHOro 
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A/327 USSR 

Burn-out heat fluxes under forced water flow 

By G. V. Alekseev et a/. 

The paper reports the results of systematic research 
on burn-out for the case of forced water flow in 
channels of different geometries. The study has dealt 
with the main factors of burn-out, i.e., on the effect 
which fixed parameters have on qBo: pressure, flow 
rate and enthalpy of the water. 

On the basis of experiments carried out in tubes with 
forced water flow having saturation parameters, the 

authors show that the effect of pressure on qB0 
depends on the water flow rate. At high flow rates the 
effect of pressure is less than at flow rates. The effect 
of flow rate on qB 0 is not simple since it is also 
dependent on the pressure and the magnitude of the 
flow rate. 

The results of the experiments mentioned are given 
in the form of a family of curves for the expression 
qB 0 = f( Wg) for pressures from 20--200 atm(a). Wg 
is the mass flow. The analysis of graphs of qB 0 = f( Wg) 
obtained for different flow enthalpies and different 
pressures shows that qB 0 is inversely proportional to 
enthalpy and that the effect of enthalpy increases with 
the flow rate. The shape of the qB 0 = f( Wg) curves 
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for a given pressure depends on the flow enthalpy and 
its change with pressure. 

The authors show that the composite effect of flow 
rate on qB 0 is also evident in the region of unsat
urated water and not only in the region of steam
water mixture, as was previously believed. In short, 
the effect of each fixed parameter on qB 0 depends 
on the values fixed for the other parameters. 

The authors quote and analyse experimental 
burn-out data obtained with longitudinal flow outside 
individual tubes (annular spacing) and outside tube 
bundles for a pressure range of 40-200 atm(a) in the 
first case and from 30-100 atm(a) in the second case. 

Apart from a quantitative difference in respect of the 
internal cooling of the tubes, burn-out in the case of 
external cooling of the tubes has its own qualitatively 
distinct properties. The difference is such that if, as 
mentioned above, the effect of the water flow rate 
in the tubes on qB 0 is complex, it is always positive 
although variable in the case of externally cooled tubes. 

From the point of view of existing burn-out theories 
in the case of the forced flow of a liquid, this difference, 
dependent on whether the cooling of the tubes is 
internal or external, is not explained. 

A/327 URSS 

Charges thermiques critiques 
dans le cas de l'ecoulement force d'eau 

par G. V. Alekseev et a/. 

Le memoire rapporte les resultats de recherches 
systematiques sur la calefaction dans le cas de l'ecoule
ment force d'eau dans des canaux de differentes 
geometries. L'etude a porte sur les regularites prin
cipales caracteristiques de la calefaction, c'est-a-dire 
sur !'influence qu'ont sur qc les parametres du regime: 
pression, vitesse d'ecoulement et enthalpie de l'eau. 

Se fondant sur des experiences effectuees pour 
l'ecoulement force dans des conduites d'eau pre
sentant les parametres a la saturation, les auteurs 
montrent que !'influence de la pression sur qc depend 
de la vitesse d'ecoulement de l'eau: aux vitesses 
elevees, !'influence de la pression est plus faible 
qu'aux vitesses reduites. L'influence de la vitesse sur 
qc n'est pas simple car elle depend de la pression et de 
la valeur de la vitesse elle-meme. 

Les resultats des experiences mentionnees sont 
donnes sous la forme d'un diagramme d'ensemble 
des relations qc = f(Wg) pour des pressions de 20 
a 200 atm (abs) (Wg etant le debit-masse). L'analyse 
des courbes qc = f(Wg) etablies pour differentes 
enthalpies du courant et differentes pressions montre 
que qc est inversement proportionnel a l'enthalpie et 
que !'influence de l'enthalpie croit avec la vitesse de 
l'ecoulement. L'allure des courbes qc = f(Wg) pour 
une pression donnee depend de l'enthalpie du courant 
et change avec la pression. 

Les auteurs montrent que !'influence composite de 
la vitesse d'ecoulement sur qc se manifeste egalement 
dans la region de l'eau sous-saturee et non pas 
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seulement dans celle du melange vapeur-eau, ainsi 
qu'on le croyait auparavant. En resume, !'influence de 
chacun des parametres du regime sur qc depend des 
valeurs fixees des autres parametres. 

Les auteurs citent et analysent des donnees experi
mentales sur la calefaction, obtenues pour i'ecoulement 
exterieur longitudinal sur des tubes isoles ( espace 
annulaire) et sur des faisceaux de tubes, l'intervalle de 
pression etant de 40 a 200 atm (abs) dans le premier 
cas et de 30 a 100 atm (abs) dans le deuxieme. 

Outre une difference quantitative par rapport au 
refroidissement interieur des tubes, la calefaction dans 
le cas du refroidissement exterieur des tubes a ses 
propres regularites, qualitativement distinctes. La 
difference est que si, comme on l'a indique plus haut, 
!'influence de la vitesse d'ecoulement de l'eau dans les 
tubes sur qc est multiple, elle est toujours positive bien 
que variable dans le cas de tubes refroidis exterieure
ment. 

Du point de vue des theories existantes de la 
calefaction dans le cas de l'ecoulement force d'un 
liquide, cette difference, suivant que le refroidissement 
des tubes est interieur ou exterieur, n'est pas expliquee. 

A/327 URSS 

Cargas termicas crfticas 
en el case de Ia circulaci6n forzada de agua 

por G. V. Alekseev et a/. 

La memoria da cuenta de los resultados de investiga
ciones sistematicas efectuadas sobre el calentamiento 
en el caso de la circulacion forzada de agua en canales 
de diferentes geometrias. El estudio se refiere a las 
regularidades principales caracteristicas del calenta
miento, es decir a la influencia que ejercen sobre qc los 
parametros del regimen: la presion, la velocidad de la 
corriente y la entalpia del agua. 

A partir de experiencias realizadas respecto de la 
circulacion forzada en tuberias de agua cuyos para
metros corresponden a la saturacion, los autores 
demuestran que la influencia de la presion sobre qc 
depende de la velocidad de la corriente del agua: 
para grandes velocidades, la influencia de la presion 
es menor que para pequefias velocidades. La influencia 
de la velocidad sobre qc no es simple porque depende 
de la presion y del valor de la propia velocidad. 

Los resultados de las experiencias mencionadas se 
dan en forma de diagrama de con junto de las relaciones 
qc = f(Wg) para presiones de 20 a 200 atm (a) 
(siendo Wg el caudal-masa). El analisis de las curvas 
qc = f(Wg) trazadas para diferentes entalpias de la 
corriente y diferentes presiones muestra que qc es 
inversamente proporcional a la entalpia y que la 
influencia de esta aumenta al crecer la velocidad de la 
corriente. La forma de las curvas qc = f(Wg) para una 
presion dada depende de la entalpia de la corriente y 
cambia con la presion. 

Los autores demuestran que la influencia compuesta 
de la velocidad de la corriente sobre qc tambien se 
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manifiesta en la region del agua subsaturada y no solo 
en Ia de la mezcla vapor-agua, como se creia antes. 
En resumen, la influencia de cada uno de los para
metros del regimen sobre qc depende de los valores de 
los demas parametros. 

Los autores citan y analizan datos experimentales 
sobre el calentamiento obtenidos para la circulacion 
exterior longitudinal en tubos aislados (espacio anular) 
yen haces de tubos, siendo al intervalo de presiones de 
40 a 200 atm (a) en el primer caso y de 30 a 100 atm (a) 
en el segundo. 

Ademas de una diferencia cuantitativa con relacion 

ala refrigeracion interior de los tubos, el calentamiento 
en el caso de la refrigeracion exterior de los tubos 
presenta sus propias regularidades, cualitativamente 
distintas. La diferencia se debe a que, como se ha 
indicado antes, la influencia de la velocidad de la 
corriente del agua en los tubos sobre qc es multiple yes 
siempre positiva, a pesar de ser variable en el caso de 
tubos refrigerados exteriormente. 

Desde el punto de vista de las teorias actuales del 
calentamiento en el caso de la circulacion forzada de 
un liquido no se explica esa diferencia, segun que la 
refrigeracion de los tubos sea interior o exterior. 
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TeopeTM"'ecKast 
B TpexMepHOM 

MOAenb Typ6yneHTHOrO 
nOTOKe lKMAKOCTM 

H. M. &yneea 

CoAepmaHneM HacToHm;eii pa6oTLI HBJIHeTCH 

pa3BHTH8 M6TOAOB pacqeTa 110JI6H CKOpOCTH H 

T8M11epaTypLI B Typ6yJieHTHLIX 110TOKaX iKHA

KOCTH B KaHaJiaX 11pOH3BOJILHOH !flopMLI. 

1. OCPEAHEHHbiE YPABHEHHA 
TYP5YnEHTHOrO ABHH<EHHA 

3a11Hill6M CHCTeMy OCpeAH8HHLIX ypaBH6HHH 

Typ6yJieHTHOrO ABHiK8HHH B 11pHMOyrOJILHOH CH

CT8Me KOOPAHHaT AJIH HecmHMaeMoii iKHAKOCTH. 

YpanHeHHe ABHmeHHH 

- 3 -
oQv,. + L a ( - - ) aP + A--- -- nv·vk = -.,.--- Q'Vuv,.-ot OX· "' I uxk 

i=l I 
3 

~a(-,') 
- ~ OX. QVi VI! ' 

i=l I 

ypaBH6HH8 Hepa3pLIBHOCTH 

3 

La~ (Qv,. )=o, 
k=l k 

ypaBH8HHe 11pHTOKa T611Jia 

- 3 
iJQT ~ o (- -) -at+~ ox· QviT =Qk!:!.T-

i=l I 
3 

- L !. (Qv~T'). 
i=l I 

(1.1) 

(1.2) 

(1.3) 

3A6CL Vi! V2, v 3- COCTaBJIHIOID;He CKOpOCTH 110 

OCHM KOOPAHHaT; 

P- AaBJieHHe; 

T - TeM11epaTypa; 
p - 11JIOTHOCTL >KHAKOCTH; 
V - MOJieKyJIHpBLIH KHH8MaTHqeCKHH KOalfllf!HD;H-

eHT BH3KOCTH; 
k - Koalfllf!HD;H8BT T8M118paTypo11pOBOAHOCTH. 

CuMBOJI !:lf 03HaqaeT TpexMepHLiii o11epaTop Jla11-

Jiaca oT !flyHKD;HH f. PaAH 11pocTOTLI 3a11HCH ypau

ueuuii (1.1)-(1.3) Koalfllf!HD;H8HT BH3KOCTH f..L=f>V 

H KOa!fllf!HD;H8BT T811JI011pOBOAHOCTH A=cpk 11pH

BHTLI 110CTOHBBLIMH. 
ITocJie 110HBJieHHH pa6oTLI PeiiHOJILACa 1, B 

KOTOpOH 6LIJIH 110JiyqeHLI ypaBH8HHH (1.1), (1.2), 
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AaJILHeiimee pa3BHTHe TeopuH Typ6yJieHTHoro o6-

MeHa 110illJIO 110 11YTH C03AaHHH 110JiyaM11Hp~eCKHX 

Teopuii, B OCHOBY KOTOpLIX 6LIJIO 110JIOiK8HO 

110HHTH8 AJIHHLI 11YTH CM8ill6HHH MOJI8H, aHaJIO

ruquoe 110HHTHIO AJIHBLI CB060AHOrO 11po6era 

MOJI8KYJI B KHH8THqecKOH T~OpHH ra30B (eM., 

Ha11pHMep, 0630p B MOHOrpalfJHH 2). 

)l;JIH HCCJI8AOBaBHH OAHOM8pBLIX TeqeHHH >KHA

KOCTH w(x) mupoKoe 11paKTHqecKoe 11pnMeueuue 

11puo6peJia 110JiyaM11HpuqecKaH a1111pOKCHMaD;HH 

Typ6yJieHTHOrO Ha11pHiK8BHH pu'w' lflopMyJIOH 
llpaB,ll;TJIH - RapMaHa 3 

-,-, ow 
-QUW =QB 0x, (1.4) 

rAe e=z•/::j. 
11p~eM [ - 8CTL HeKOTOphiH MaCmTa6 Typ6yJieHT

HOCTH (AJIHHa 11po6era MOJIH). 

fi pH [='X X H COOTBeTCTByiOm;eM BLI6ope Ha

qaJia OTCqeTa X !flopMyJia fipaHATJIH AJIH Koalfl
lf!HD;H8HTa B B 60JibillHHCTB8 CJiyqaeB o6ec11eqHBaJia 

AOCTaToquo YAOBJieTBOpHTeJILBoe pemenHe rHA

POAHHaMHqecKHX aaAaq. 

CTaTHCTuqecKaH TeopHH Typ6yJieHTHOCTH paauu

BaJiacL 11oame (u 20-30-x roAax). 0AHaKo 11pH 

HaJIHqHH C8pb83HLIX TeopeTuqeCKHX AOCTHiK8HHH 

CTaTBCT~eCKaH T80pHH BCe me He CM'orJia AO 

BaCTOHII1;8rO Bp8M8HH BLIAaTL 11paKT~eCKH 11pH

eMJI8MLIH aJiropHTM aaMLIKaHHH ypauueuuii Peii

HOJILACa. 

B uacToHm;eii pa6oTe AeJiaeTCH o6o6m;euue 

110JiyaM11Hp~ecKoro 110AXOAa llpaHATJIH - Rap

Mana ua cJiyqaii 11pouaBOJILHoro TpexMepuoro 
DOTOKa iKH,ll;KOCTH. 

2. TPEXMEPHAA MO~Enb 
TYP5Y nEHTHOrO 05MEHA 8 

nPOH3BOnbHOM nOTOKE H<HAKOOTH 

Typ6yJieHTHoe ABBmeuue 6yAeM paccMaTpHBaTL 

KaK peayJILTaT HaJIOiK8BHH BeyuopHAOqeHBLIX 

HeycTaHOBHBillHXCH 3aBHXp8HHH Ha HeKOTOpoe 

ocuouuoe CTaTHCT~ecKH cpeAHee ABHmeuue. Ram
AOe CJiyqaiiHO B03BHKmee H 6LICTpO HCqeaaiOm;ee 

aauuxpeuue, HMeiOm;ee, ,ll;ODYCTHM, uouepe'IBiilii 
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paaMep 21, nepeHOCHT nopn;nn mnp;KOCTH c no
nepeqHLIM paaMepOM l Ha paCCTOHHHH TaKme 
nopsp;Ka I. 

,lJ;JIH yp;o6CTBa MaTeMaTH'IeCKOfO OIIHCaHHH ne
peHOCOB KOJIHqecTBa J);BnmeHHH H TerrJia, Bhl-
3BaHHhlX HeynopHp;OqeHHhlMH JJ;BHmeHHHMH IIOpD;Hll 
mnp;KoCTH BHYTPH HecTan;noHapHLIX aaBnxpeHn:ll, 
6yp;eM rrpep;CTaBJI.HTb ce6e, qTo H3 OKpeCTHOCTH 
Kamp;oii: ToqKn M rroToKa, paccMaTpnBaeMoii: B 
CHCTeMe KOOpJJ;HHaT, JJ;BHmym;eii:C.H CO CKOpOCTbiO 
ocpep;HeHHOfO IIOTOKa B TOqKe M, BLIJieTaiOT BO 
BCeX HanpaBJieHHHX C OJJ;HHaKOBOH BepOHTHOCTbiO 
nopn;nn mnp;KOCTH (<<MOJIH»). BBep;eM noHHTHe 
JIHHeii:Horo MacmTa6a Typ6yJieHTHOCTH L(M), OT
pamarom;ero xapaKTepHLIH JIHHeii:HLIH paaMep He
cTan;noHapHLIX aaBnxpeHHH B OKpeCTHOCTH nepe
MeHHOH ToqKH M noToKa mnp;KoCTH. Byp;eM 
cqnTaTb 1 qTO xapaKTepHhlll <<JJ;HaMeTp» d MOJieii:, 
BLIJieTarom;nx na oKpecTHOCTH TOqKn M, c Toq
HOCTI>IO JJ;O HeKOTOporo IIOCTOHHHOfO MHOmHTeJIH ~ 
Tomp;eCTBeH MacmTa6y L: 

d= ~L. (2.1) 

llpop;oJima.H cJiep;oBaTI> np;ee o JIOKaJII>HOM no
p;o6nn, 6yp;eM IIOJiaraTD, qTo MOJJ;YJib xapaKTepHOH 
CKOpOCTH p;BnmeHH.H MOJIH 1 <<B03HHKaiOm;erO>> B 
oKpeCTHOCTH ToqKn M, nponopn;noHaJieH Mop;yJiro 
p;e~OpMaD;HH IIOJIH CKOpOCTH ocpep;HeHHOfO JJ;BH
meHHH B ToqKe M n xapaKTepHoMy MacmTa6y L 
B 9TOH TOqKe: 

, _ { ~L /~:I , ecJIH ~·~ :~ / ~ w, 

V- L' lavl 0 , eCJIH v an <w, 

(2.2) 

(2.3) 

rp;e 

':~r =2 (::r +2 (:~r +2 (~:r+ 
+(a;+ au;)• + (aw + aii)" +(ali+ av)•, az ay ax az ay ax 

a ~ H W - oeapaaMepHLie KOHCTaHThl *. 
Bnp; annpoKCnMan;noHHoii: ~opMyJILI JJ;JIH xa

paKTepHoro JIHHeii:Horo MacmTa6a L 6yp;eT c~op
MYJIHpoBaH noame. 

3aii:MeMC.H Terrepb aHaJIH30M Typ6yJieHTHhlX Ha-

rrpHmeHHH Tik=-p V~ V~ H Typ6yJieHTHhlX TeiiJIO-
--,-,-

BbTX IIOTOKOB q=cpvJ 1 BXOJJ;HITJ;HX B ypaBHeHH.H 
(1.1) H (1.3). 

BLipameHHH p v~ ~~ n cpv~T' B KaKoii:-Jinoo Toq
Ke M eCTb COOTBeTCTBeHHO ocpep;HeHHhle IIOTOKH 
KOJinqecTBa p;BnmeHHH mvk n TenJia cmT, coap;a
BaeMLie COCTaBJIHIOITJ;eH nyJinCaD;HH CKOpOCTH v; 
B IIOJIOmnTeJihHOM HarrpaBJieHHH OCH Xi qepea 
ep;HHHqHyiO IIJIOm;ap;Ky, nepneHJJ;HKYJIHpHyiO OCH 
Xi II JJ;BHmym;yiOCH CO CKOpOCTbiO OCpep;HeHHOfO 
noToKa B ToqKe M. 

PaccMoTpnM ep;nHuqHyro nJiom;ap;Ky OKOJIO He
KOTopoii: ToqKn M 0 BHYTPH rroToKa, opueHTnpo-

* <<3HepreTnqecKoe cooTaomeane)> (2.2) no cTpyKType 
aHaJiornqHQ BLipalKeHHIO ):IJI.II y):leJihHOH JIHCCHITa~HH KH
HeTnqecKOH aaeprnn JiaMnaapaoro TeqeanH lKHJIKOCTn. 
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BaHHyro nepneHp;HKYJIHpHo ocn xi 11 JJ;BHmym;yro
CH CO CKOpOCTblO OCpep;HeHHOfO JJ;BHlKeHH.H B 
ToqKe M

0 
(pnc. 1). qepea aTy rrJiom;ap;Ky MoryT 

IIpOJieTaTb MOJIH H3 OKpeCTHOCTeH pa3JIHqHhlX 
ToqeK IIOTOKa. flyCTb B KaKOH-TO MOMeHT BpeMeHH 

M 
- -V(M)-V(Mo) 

X 

P~o~c. 1 

t qepea ToqKy M o npoJieTaeT co cKopocTDro V* 
MOJII>, BLimep;mnii: na oKpecTHOCTH ToqKn M. 
EcJin 6LI MOJII> JJ;BHraJic.H oT ToqKn M K ToqKe M 0 
6ea aaMep;JieHHH, TO ero cKopoCTh V* B MOMeHT 
npoxomp;eHHH qepea ToqKy M 0 6LIJia 6LI B Toq
HOCTH paBHa aJire6panqecKOH cyMMe CKOpOCTH 

ocpep;HeHHoro p;BnmeHnH V B ToqKe M n nyJII>

can;noHHoii: cKopoCTH MOJIH F, B3HTOH B cncTeMe 
KOOpJJ;HHaT, JJ;BHmym;eHC.H C OCpep;HeHHhlM IIO-

TOKOM B ToqKe M. llyJII>can;nH me v~ (M0) B 
MOMeHT rrpoxomp;eHnH MOJIH qepea ToqKy M 0 
6LIJIII 6LI paBHhl COOTBeTCTBeHHO 

v~ (M0)= V' (M) cos (s', xi)+ 

+[~ (M)-~ (M0)), (2.4) 

npnqeM nop; s' ap;ecn nop;paayMeBaeTCH HanpaB
JieHne BeKTOpa CKOpOCTH V' B CHCTeMe KOOp
JJ;HHaT 1 JJ;BHlKym;eii:CH C OCpep;HeHHhlM IIOTOKOM 
B ToqKe M (eM. pnc. 1). 

B p;eii:cTBnTeJII>HOCTH me B peayJII>TaTe BaanMo
p;eii:CTBHH MOJI.H C OKpymarom;eii: cpep;OH CKOpOCTb 
MOJIH H3MeHHeTC.H B npon;ecce ero JJ;BHmeHH.H, H, 

CJieJJ;OBaTeJihHO, ~aKTnqeCKHe nyJinCaD;HH v;(M0) 

6yp;yT OTJIHqHhl OT BhlqHCJieHHhlX ITO ~OpMyJiaM 
(2.4). AHaJiornqHLIM o6paaoM TeMnepaTypa pac
CMaTpnBaeMoro MOJIH T* B MOMeHT npoxomp;e
HHH ero qepea ToqKy M 0 He 6yp;eT paBHa ero 
TeMnepaType B ncxop;Hoii: ToqKe M. 

BBep;eM rnnoTeay o BaanMop;eii:cTBHH p;Bumym,e
roc.H MOJIH c oKpymarom;eii: mnp;KoCTI>IO. YpaB
HeHnH II3MeHeHHH KOJIHqeCTBa JJ;BHlKeHHH H IIpH
TOKa TenJia JJ;JIH JJ;BIImym;eroc.H o6'heMa aannmeM 
B BHJJ;e * 

* BBe):leHne ypaBHeanii: (2.5) HBJI.IIeTCH o6o6m;eaneM H):leii: 
0 B3aHMO):IeHCTBHH JIBHlKym;erOC.II MOJI.II C OKpymarom;eii 
lKHJIKOCThiO, pa3BHBaBillHXC.II B pa6oTax 7 •8, H ,lip. 
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• 3 (- *) dvi = R A 1 v;-vi dt, 

dT*=! A 2 (T-T*)dt. (2.5) 

3.n;ecb V";* II T*- cocTaBJIHIO~IIe cKopocTII II 

T6M116paTypbl B )l;BIImy~eMCH 06'beMe; 

v; II T- aHaqeHIIH aTIIx l}>yH«n;IIii: B OKpyma

ro~eii: iRII)l;KOCTII; 

R - <<pa.n;IIyc>> MOJIH, CBHaaHHLiii c MacmTa6oM 

L(M) COOTHOIDBHIIBM (2.1); 
A1 II A2- HeKOTOpble Koai}>I}>IIn;IIeHTLI, IIMero~IIe 
pa3M6pHOCTb M/Cel'>. 

B ypaBHBHHHX (2.5) 11epeii:.n;eM oT HeaaBIICHMoii: 

llepeMeHHOH t K llepeMeHHOH r, HBJIHIO~eii:CH 
paCCTOHHHeM )l;BIIlliy~erOCH MOJIH OT TOqKII Bbi

JieTa M B cucTeMe Koop.n;nHaT, .n;Bnmy~eii:cH co 

CKOpOCTbiO ocpe.n;HBHHOrO IIOTOKa iRH)l;KOCTII B 

ToqKe M: 
dr 

dt=v,. 

Tor.n;a ypaBHBHIIH (2.5) 11piiMYT BII)l; 

r.n;e 

(2.7) 

3arriimeM rrpii6JIIImeHHble pemeHIIH ypaBHBHIIH 

(2.6), IIOJiaraH B 3TIIX ypaBHBHIIHX KOai}>I}>HIJ;II-

6HTbl P 1 II P2 IIOCTOHHHhlMII, a TpaeKTOpiiiO MOJIH S 

OT ToqKII M K ToqKe M 0 11pHMOJIIIHeii:Hoii:. 

B qacTHOCTII, pemeHIIe .n;JIH v;*(r) IIPII r=s, 
r.n;e s=MM0 , aarriimeM B BII.n;e · 

v~ (s)=e-P,s [~ P 1 v;eP,r' dr' + v;(O)]. (2.8) 

v; (0) = V' (M) cos (s' ,xJ + v; (M). 

Ilpe.n;cTaBIIM CKopocTL V; B oKpymaro~eii: mii.n;

KOCTII Ha rryTII M M 
0 

B BII.n;e JIIIHeii:Hoii: l}>yHKD;IIII 

paCCTOHHIIH r. Tor.n;a Ha OCHOBaHIIII (2.8) IIOJiyqiiM 

v~ (M0)=v;(s)-v;(s)= V' (M) f. cos (s',x) + 
+[~(M)-v;(M.)]f1 , (2.9) 

r.n;e 

AHaJioriiqHhlM o6paaoM noJiyqiiM BhlpameHIIe 

)l;JIH nyJILCaD;IIII TeMrrepaTyphl T'(Mo) B MOMeHT 

npoxom.n;eHIIH paccMaTpiiBaeMoro MOJIH qepea Toq

KY Mo: 

r.n;e 

T' (M0)=[T (M)- T (M0)] fz, 

fz=p1 (1-e-P•s)=/. (Pzs). 
zs 

(2.10) 

By.n;eM noJiaraTL, qTo paaHOCTb CKopocTeii: 

ocpe.n;Heaaoro )l;BIImeHIIH V(M)-V(Mo) aa pac-
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CTOHHIIII M M o nopH.n;Ka )l;JIIIHhl npo6era MOJIH 
110 a6COJIIOTHOH BBJIIIqiiHe 3HaqiiT6JibHO MeHbillB 

a6COJIIOTHOH BeJIIIqiiHhl IIYJILcaD;IIOHHOH CKOpOCTII 

MOJIH V'. 
Ilpii IICIIOJib30BaHIIII BhlpameHIIH (2.9) II (2.10) 

IIOTOKII pv~(M0) v~ (M0) II pv; (M0)T'(M0), coa.n;a

BaeMLie IIYJILcan;IIeii: cKopoCTII v~ (M0) npii npo

xom.n;eHIIII MOJIH II3 oKpecTHOCTII ToqKII M qepea 

ToqKy M 0, aannmeM B Bn.n;e 

Qv{ (M.) v~(M.)=F;k(.M, M.)~QV' 2 (M)f~X 
X cos(s,x;) ·cos (s,xk) + QV' (M) f.f. [~ ( M)-

- vk (M 0 )] cos (s,x;) + QV' (M) loft [v; (M)-

- v;(M0 )] cos (s,xk), (2.11) 

QV~ (M 0) T' (M0)=E; (M,M 0 ) ~ 
~QV' (M) fofz [ T (M)- T (M0)] cos (s,x;)· (2.12) 

B BhlpameHIIHx (2.11), (2.12) oT6pomeHhl npo

nane.n;eHHH I V;(M)- ~(Mo)l (vk(M)-vk(Mo)l!~ II 

(v;(M)-v;(Mo)l· [T(M)-T(Mo) lfth, «a« MaJible 

6oJiee BhlCOKoro nopH.n;Ka, a cos(s' ,xJ IIPIIHHT 

npii6JJ.IImeHHo paBHLIM cos( s ',xi). 

,!J;JIH IIOJiyqeHIIH OCpe)l;HBHHhlX BBJIIIqiiH pV~ V~ 
II pv~T' B ToqKe M 0 Heo6xo)l;IIMO, oqeBH)l;HO, 

11paBhl6 qaCTH BhlpameHIIH (2. 11), (2.12) npOHH· 

TerpiipOBaTb 110 OKpymaro~eii: 11pOCTpaHCTB6HHOH 

o6JiaCTII D c cooTBeTCTByro~eii: BecoBoii: l}>yHK

n;IIeii: !p(M -+Mo), HBJIHIO~eii:CH BepOHTHOCTbiO npo

XOil\)l;BHIIH qepea ToqKy M 0 MOJIH c n;eHTpOM II3 

e.n;IIHnqHoii: oKpecTHOCTII npoiiaBOJILHOii: ToqKII M: 

QV~v~ (M.)= s F;k (M,M0 ) !Jl (M -+M0 ) d-r, (2.13) 
D 

QV~T' (M0 ) = s EdM,M0 ) !Jl (M -+M0 ) d-r. (2.14). 
D 

CneKTp HallpaBJieHIIii: .n;BnmeHIIH MoJieii:, nepece

Karo~IIx ToqKy M 0 , B CIICTeMe KOOp)l;IIHaT, )l;BII

my~eii:CH CO CKOpOCTbiO OCpB)l;HBHHOrO TeqeHHH 
mn.n;KoCTII B ToqKe M 0 , 6y.n;eM cqHTaTL npn6JIII· 

ii\BHHO II30TpOIIHhlM. 
IJJIOTHOCTb BepOHTHOCTII !Jl(M -+Mo) 11piiM6M 

B BII)l;B cl}>epnqeCKH CIIMMBTpHqHoro HOpMaJibHOrO 

aaKoHa pacrrpe.n;eJieHIIH c .n;IIcnepciieii: cr, rrpo

llopn;noHaJILHoii: MacmTa6y Typ6yJieHTHOCTII L 
B ToqKe M 0 , a HMBHHO 

Y
- 1 s• 

1 2 1 --· --
m(M -+M)- -- e 2 (aLo)•, (2.15) 
'I' 0 4ns1 n a.L0 

r.n;e L 0 - eCTb aHaqeaiie MaCmTa6a L B ToqKe M 0 , 

a a - 6eapaaMepHaH KOHCTaHTa. 

MacmTa6 Typ6yJieHTHOCTII L(M), Bxo.n;H~IIii: B 

BblpameHIIH (2.1), (2.2) II (2.15), B nepBOM IIpH-

6JIIIii\6HIIH OTOil\)l;eCTBHM C xapaKTepHbiM pac-
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CTOHHIIeM TO'II\II M oT cTeHOI\ 1\aHaJia. OH on

peJJ;eJIHeTcH <f>opMyJioii 

i_ = _!_ 5 _!_ dm (2.16) 
L :rt l ' 

IJ 

rJJ;e l - ecTb paccTOHHIIe oT TO'II\II M JJ;O CTeHI\II 

RaHaJia B HanpaBJieHIIII m. 
Bo BTopoM npii6JIIImeHIIII MaCmTa6 L(M) 6yJJ;eM 

C'IIITaTb, RpOMe TOro, 3aBIICHID;IIM OT JIOI\aJibHhlX 

OCo6eHHOCTefr ITOJIH CI\OpOCTII OCpeJJ;HeHHOrO Te

'leHIIH (eM. pa6oTy 4). 

,Il;JIH CJiy'laH BhlHymJJ;eHHhlX Te'leHIIii miiJ];I\OCTII 

B 3aRphlThlX 1\aHaJiaX 6yJJ;eM C'IIITaTb J];OCTaTO'IHOH 

annpoRCIIMan,uro MacmTa6a L <f>opMyJioi'i (2.16). 
BIIJJ; <f>YHR:u,ui'l L(M), BhlqiicJieHHhlX no <f>opMyJie 

(2.16) J];JIH Ce'leHIIH pa3JIII'IHhlX 1\aHaJIOB, npiiBe

JJ;eH B pa3JJ;. 4. 3JJ;eCb JIIIillb OTMeTIIM, 'ITO noJiy

'laeMhle no <f>opMyJie (2.16) aHa'leHIIH MacmTa6a 

£ C TO'IHOCTbiO J];O noCTOHHHOrO MHOmiiTeJIH 

xopomo corJiacyroTCH c 31\CnepiiMeHTaJII>HhlMII 

O:U,eHI\aMII MaCmTa60B Typ6yJieHTHOCTII ( CM. pa-

60Thl 5• 6 II JJ;p.). 

MTaR, nee <f>YHI\ll,IIII, BXOJJ;Hm;ne B IIHTerpaJII>

Hhle BhlpameHIIH (2.13) II (2.14), onpe)J.eJieHhl. 

BMpameHIIH (2.13) II (2.14) HBJIHIOTCH o6m;nMn 

JIHTerpaJibHhlMII <f>opMyJiaMII )J,JIH. 1\0MnOHeHT TeH-

30pa Typ6yJieHTHhlX HanpHmeHIIH II COCTaBJIH

IOID;IIX Bei\TOpa Typ6yJieHTHOrO nOTOI\a. 

B n,eJIHX ynpou~eHIIH IIcno~oBaHnH noJiy-

'leHHhlX aun.pORCIIMa:U,IIH )J,JIH pv~ V~ II pviT' npo-

113BeJ];eM Hei\OTOphle )J,aJII>HeH.mne npeo6paaonaHnH 

BhlpameHIIH (2.13) ll (2.14). 
Pa3HOCTn <f>yHR:U,IIH iJ; n T B TO'II\ax M II M 0 

npe)J,CTaBIIM B BII)J,e pa3JIOmeJIIIH no OCHM 1\00p

)J,RHaT no <f>opMyJie 
3 

1jJ (M)-1jl (M0)~- (~;)o ·S = ~ (~~i )oX 
XS•COS(s, Xi), (2.17) 

rJJ;e (~;)0- 3Ha'leHIIe npOII3BO)J,HOH ~; B TO'II\e M 0 • 

C y'leTOM <f>opMyJI (2.2), (2.11), (2.12) II (2.17) 

BhlpameHIIH (2.13), (2.14) J];JIH pv~ V~ II pv~T' 
3annmeM cJie)J.yrom;IIM o6paaoM: 

3 -

-QV~ v~= -QJ\k+ L Qe!/ ~vk + 
i=l xi 

3 -
~..,. kjiJv i +..:..,. QVM iJx . , 
i=l J 

(2.18) 

3 -
----,--T, ~ ii iJT 

-QVi =..:..,. QeH a' 
i=l Xi 

(2.19) 

rJJ;e 

3\k(M0)=f.t 2 5 F 2 (M) /~cp(M--+M0)cos(s,xi)X 
D 

X cos (s, xk) d-r, (2.20) 

e~(M0)=f.t 5 F(M)·f0 j 1scp(M--+M0)·cos(s,x1)X 

D 

(2.21) 
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e~ (M0)=f.t SF (M) · / 0 • / 2S•Cjl (M---+M0 ) X 
D 

X cos (s, x 2) cos (s, xi) d-r, (2.22) 
npiitJeM 

{ I iJV I £2/ iJV I - L iJn ' eCJIII v on ~ m, 

F- PliJV' 0 , ec.rm v iJn < m. 

BMpameHIIH, cToHm;IIe no)J, aHal\oM ~ B <f>op

MyJie (2.18), IIMeroT Ty me CTPYRTYPY, 'ITO n 

npaH)J,TJieBCI\Oe HallpHmeHIIe )J,JIH CJiy'laH llJIOCI\OrO 

noTol\a. CJiaraeMhle me TIIna fPik HBJIHIOTCH 

Hei\OTOphlM Typ6yJieHTHhlM aHaJiorOM CTaTU'Ie

CI\Oro J);aBJieHIIH B mii)J,I\OCTII. 

II pii pemeHIIII npaRTII'IeCI\II Heo6xo)J,IIMhlX aa

p;aq CIICTeMa ypaBHeHIIH (1.1)-(1.3) II (2.18), 
(2.19) B 1\amJ];OM 1\0HRpeTHOM CJiy'lae MOmeT 

6hlTb 3IIa'IIITeJibHO ynpom;eHa, IICXO)J;H ll3 aapaHee 

II3BeCTHhlX riip;pO)J;IIHaMII'IeCI\IIX OCo6eHJIOCTeii IIC

CJiep;yeMOrO nOTOI\a mii)J;I\OCTII II Tpe6yeMOH TO'I

HOCTll pemeHIIH 3aJ];a'III. 

B qaCTHOCTII, ypanHeHnH p;nnmeHIIH (1.1) n 

npiiTOI\a TenJia (1.3) J];JIH Typ6yJieHTHhlX Te'leHIIH 

mii)J;I\OCTII B npHMOJIIIHeHHhlX 1\aHaJiaX B)J;aJIII OT 

BXO)J;HorO Ce'leHIIH C y'leTOM (2.18) ll (2.19) ll 

noCJie OT6paChlBaHIIH Hecym;eCTBeHHhlX 'IJieHOB 

MOmHO aaniiCaTb B BIIJ];e 

0= _ _!_ • iJP +~ {(v+a") iJw} + 
Q iJz iJx M iJx 

+~{(v+a!2)!;}, (2.23) 

wiJT =!_ {(k+a")iJT}+~ {(k+r;22)iJT}+ 
iJz iJx H iJx f)y H iJy 

+:z{(k+a~3):;}, (2.24) 

npii'IeM B BhlpameHIIHX )J;JIH e~ II e~ (2.21)-(2.22) 

~~~I= I ~~I= v(:r +(~·r. 
3. 3HA4EHir1ft KOSOJOllr1U.Ir1EHTOB 

l), a, A
1 

H A
2 

3Ha'leHIIH 3Mniipii'IeCI\IIX I\03<f><fJII:U,IIeHTOB f.t, 
a, A 1 n Az, BXO)J,HID;IIX B II3JIOmeHHyro MOJJ;eJib 

Typ6yJieJITHOrO 06MeHa, ycTaHOBIIM Ha OCHO

BaHIIII Hei\OTOphlX 31\CnepiiMeHTaJibHhlX II3Mepe

HIIH MOMeHTOB CBH3II B Typ6yJieHTHOM noTOI\e, 

a Tal\me nyTeM RCnOJib30BaHIIH JJ;pyrux 3Mnllpii
'IeCI\IIX p;aHHhlX. 

Ilpemp;e ncero, JJ;JIH o6ecne'leHIIH corJiaCIIH 

C 31\CnepiiMeHTaJibHhlMII p;aHHhlMII peayJibTaTOB 

pac'leTa no <f>opMyJie (2.18) cpep;Hei\Bap;paTII'IHhlX 

nyJII>Ca:U,IIIi CI\OpOCTII II 1\aCaTeJibHhlX HanpHmeHIIH 

B Typ6yJieHTHhlX noTOI\aX miiJ];I\OCTII CJiep;yeT 

noJIOmllTb 

~-t=1,7+1,8, ~-ta=0,75. (3.1) 
MexaHII3M B3aiiMop;e:iicTBIIH MOJie:ii c oRpyma

romeH. cpeJJ;OH, OlliiChlBaeMhlH ypaBHeHIIHMII (2.5), 
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6yp;eM noJiaraT:& )l;BOHKHM. Bo-nepBhlX, p;Bnmy
m;nii:ca MOJI:& o6MeHnBaeTCH c oKpymarom;eii: cpep;oii: 
<<cy6cTanu;naMn>> vi n T B peayJI:&TaTe MOJieKy
Jiapnoii: p;n<fJ<flyann. Bo-BTOphlX, )l;Bnmym;nii:ca 
MOJI:&, npep;cTaBJIHH co6oii: ne TBepp;oe TeJio, a 
HeKHH <<6ypJIHID;HH KOMOK iKH)l;KOCTH>>, 06MeHH
BaeTCJI C OKpymarom;eii: iKII)l;KOCTbiO <<MaKpOIIa
CTHIJ;aMH>>. 

IloaToMy Koa<fJ<fJnu;neHThl A1 n A 2 , BXO)l;Jim;ne 
B ypaBHeHHJI (2.5), npep;cTaBHM B Bnp;e CyMMhl 
)l;BYX CJiaraeMhlX, OTpamaiOID;HX COOTBeTCTBeHHO 
p;eiicTBHe MoJieKyJIJipnoro MexannaMa nepep;aiJn 
cy6cTaHIJ;HH H 06MeH <<MaKpOIIaCTHIJ;aMH>>: 

v k v 
A1 =(b1 +b2)R' A 2 =ba][+b4 R' (3.2) 

rp;e bt. b2 , b3 , b4- HeKoTophle 6eapaaMepHhle 
BeJIHIJHHhl, npHIIeM b1 H b

3 
6JIH3KH K ep;HHHIJ;e. 

CJiep;yJI pa6oTe 4, npnMeM 

b4 =b 2 , b3=b1 ( ~ t 33

• (3.3) 

C yqeTOM <fJopMyJI (3.2), (3.3), (2.1) H (2.2) 
apryMeHThl <fJynKn;nii: / 0 , ft n / 2 aannrneM CJie
p;yrom;nM o6paaoM: 

1262 (b1 + b2) s 
Pls fttt·y* • aL' 

1262 (b1IJ0• 67 + b2 ) s p s . - (3.4) 
z ft<X·y* aL' 

£2 I av I k a v*=v. on , D=---:y-, 8=lf. 

8MnnpniiecKne Koa<fJ<fJnu;neHThl b1 n b2 6yp;eM 
CIIHTaT:& pap;n npocTOThl KOHCTaHTaMH. Roa<P
<fJnn;neHT 8, CTOHID;HH MHOiKHTeJieM npn b1 H b2, 
MOiKeT 6hlTb BBep;eH B b1 H b2, H nO::J'fOMY 6yp;eM 
CIIHTaT:& ero paBHhlM ep;nnnn;e. 

CJiep;yJI pa6oTe 4, npnMeM 

(3.5) 

IIocJie HeKOTOphlx npo6n:&Ix pameTOB noJieii 
CKOpOCTH H TeMnepaTyphl B nOTOKaX iKH)l;KOCTH 
B KpyrJIOH Tpy6e 3HaiieHHJI KOa<fJ<fJnn;neHTOB f.t, 
a, b1 H b2 OKOHIIaTeJI:&HO npHHHTbl paBHhlMH 

f.t= 1,8, a=0,42, b
1 
=0,9, b2 =3,8 (3.6) 

RpnTniiecKoe qncJio ffi npnHJITO paBHhlM 25. 

4. PE3YJlbTATbl PAC4ETA nOJlEH 
CKOPOCTI-1 f..1 TEMnEPATYPbl 8 TYP-
6Y JlEHTHbiX nOTOKAX }t{f..1AKOCTf..1 

8 nPs=tMOJlf..1HEti!HbiX KAHAJlAX 

llaJIOiKeHHaH MO)l;eJI:& Typ6yJieHTHOrO 06MeHa 
6I>IJia HCnOJI:&30BaHa )l;JIJI paciJeTOB noJieH CKO
pOCTH H TeMnepaTyphl B Typ6yJieHTHhlX nOTOKaX 
iKH)l;KOCTH B KpyrJIOH Tpy6e, B KOJI:&IJ;eBI>IX II 
nJioCKIIX aaaopax, B KaHaJiax c npHMoyroJI:&HI>IM 
ceqenneM II B meii:Kax perneToK cTepmneii. 

fipn npaKTnqeCKOM perneHHH ypaBHeHHH Tnna 
(2.23) H (2.24) B ::JTHX aap;aqax 6hlJIH HCnOJI:&-
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30BaHhl HeKOTOphle ynpom;eHHJI BhlpameHHH (2.21) 
II (2.22) )l;JIH Koa<fJ<fJnn;neHTOB 8~ II 8~. 

TaK, HHTerpaJI:&Hhle BhlpameHnH )l;JIH 8{1 n 8~ 
no npocTpancTBennoii o6JiaCTH D BOKpyr KaKoii
mi6o paccMaTpnBaeMoii TOIIKH M 

0 
ynpom;eHhl 

)l;O H:HTerpaJIOB no OTpeaKy, napaJIJieJI:&HOMY OCH 
xj: 

"' 
8~(M0)=cL0 s L~~~~fo(q£j) X 

-oo • 

xt~<q£j> c <£j> asj· (4.1) 
00 

8~(M0)=cL0 s Lj;:\fo(q£) X 
-oo 

F = !' L j !~I, ecJin v* ~ 25, 

0, eCJIH 'V* < 25, 

Sj=x~tj>o, G(£)=~ /sle-I/2~', 
0 

q=aL P = '!_!j • Lo (4.3) 
o 1 y* L ' 

C= Y ~ ~a=0,20, A=0,8+0,2D0 'n. 

<l>yHKIJ;HJI L(M) B ceqennJIX 6ecKoneqno npo
TJimeHHhlX npJIMOJIH:HeHHhlX KaHaJIOB BhlqH:CJIJI
JiaCb no <fJopMyJie (2.16), KOTOpaJI )l;JIJI TaKH:X 
KaHaJIOB npHBO)l;H:TCH K BH)l;Y 

21T 

1/L (M)= ~ s facp, (4.4) 
0 

rp;e /(cp)- paCCTOHHHe paCCMaTpHBaeMOH ToqKH: 
M p;o nepnMeTpa nonepeqnoro ceqennJI KaHaJia 
B HanpaBJI8HHH <p. 

,[J;JIJI KaHaJia (aaaopa) rnnpnnoii 2b Memr~y 
)l;BYMJI napaJIJieJI:&HhlMH: nJiaCTHHaMn <fJopMyJia 
(4.4) r~aeT (eM. pa6oTy 4) 

~=(1--i-)z, (4.5) 

r)l;e Z = -t- , npnqeM y eCTb paCCTOHHHe paCCMaT

pnBa8MOH TOqKn M OT or~noii na nJiaCTH:H. 
HeTpyr~no noJiyqnT:& na ocnoBannn (4.4) n 

<fJopMyJiy )l;JIJI MacrnTa6a L(M) B cetieHnn Tpy6hl 
par~nyca a 

L 1-~2 

-;= 2E (~, n/2)' 
(4.6) 

q> 

s=-;. E(£,qJ)=SV1-s2 sin2 adcc. 
0 

rpa<fJIIK <PYHKD;HH L(s) )l;JIJI KpyrJIOH Tpy6hl 
npnBe)l;eH Ha puc. 2. 

RaK BH)l;HO na pnc. 2, p;JinHa nyTn cMerneHnJI Z, 
BhlliHCJieHHaJI HnKypap;ae D+ no :mcnepnMeHTaJI:&
HO H3MepeHHhlM npo<fJnJIJIM CKOpOCTH B Tpy6e, 
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1 
Q 

0,12 

o,oa eRe:1,1"105 

0 :t,t-106 

• :8,2•106 
0,0 

PHc. 2. ConocraaneHHe cpyHK4HH L H l An.A Kpyrnoi1 rpy61o1 

( L'= ~ , ~=:) 

IIpaKTll'IeCKII TOa\)l;eCTBeHHa ( C TOqHOCTbiO ,ll;O 
IIOCTOHHHOrO MHOa\IITeJIH) MaCmTa6y L : [ =0,44£. 

BeJIH'IHHY ii, onpe,n;eJIHeMyiO .I(JIH nponaBOJib
uoro KaHaJia ~OpMyJIOH 

2:rt 

1 1 ' 1 1 -=- -d!p--
ii 2:n , lc - :nLc ' 

(4.7) 
0 

r,n;e lc(f{!) - paCCTOHHIIe OT <<I~eHTpa>> KaHaJia ,ll;O 
CT8HKH B uanpaBJI8HIIH !p, 6y,n;eM Ha3LIBaTb a~
~8KTIIBHLIM pa,n;HyCOM KaHaJia H Bea,n;e B ,ll;aJib
HeHmeM IICnOJib30BaTb KaK xapaKT8pHLIH 110-
nepeqHLIH paaMep KaHaJia IIpH COCTaBJI8HHII 6ea
paaMepHLIX rii,ll;pO,ll;HHaMHqecKIIX X a paKT8piiCTIIK 
IIOTOKa. 

B qacTHOCTII, ,ll;JIH KpyrJioH Tpy6LI pa,n;IIyca a 
COrJiaCHO ~OpMyJie (4.7) 6y,n;eM IIM8Tb a=a; 

- :n AJIH IIJIOCKOrO aaaopa mHpHHOH 2b noJiyqHM a=z b; 

,ll;JIH KaHaJia IIpHMoyrOJibHOro ceqeHIIH CO CTopo
HaMII 2a H 2b (b<a) 

:n ab 
a= . 

2 y a2+b2 
(4.8) 

Ha piic. 3 H 7 npe,n;cTaBJieHLI peayJILTaTLI 
pacqeTa cpe,n;ueft no ceqeHIIIO 6eapaaMepuoH CRO

w 
pOCTII U=- II K03~~II:U:H8HTa COIIpOTIIBJI8HIIH 

v,.. 

~ = ~ B KpyrJioH Tpy6e II mnpoKoM ,n;nanaaoue 
u 

HaMeHeHIIH 6eapaaMepuoro ,ll;IIHaMH'IecKoro napa-

MeTpa <D= a~*, r,n;e a - pa,n;nyc Tpy6LI, a v: = 

=.!: ~~aP/ qucJio Re = 2aw CBHaauo c <D co-
2 Q iJz • 'V 

oTuomeuiieM Re=2U<l>. 
Ilpii <D<32 (Re<500) pemeune )l;JIH U nepe

xo,n;IIT B pemeHIIe )l;JIH JiaMIIHapuoro pemnMa: 

il=0,25<D. 
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u 
28 

24 

20 

16 

/ 

"" 
/ 

/ 
v 

v \2 

/ 
12 

8 
1/ 

/ 4 
t,o 115 2,0 2,5 3,0 4,0 

PHC. 3. 3aaHCHMOCTb cp8AH8H CKOpoCTH U OT AHHaMH"'eCKOrO 
napaMerpa a> An.A Kpyrnoi1 rpy6~ot: 

1-peayJibTaThl pacqeTa; 2- aKcnepHMeHT8JibHa.fl 
KpHBa.ll 

Ha piic. 4 npe,n;cTaBJieHLI paccqnTaHHLie npo
~IIJIII CKopoCTII U no pa,n;nycy Tpy6LI. IIocTpoeH:Ll 

o6~eiipiiHHTLI8 KpHBLie V = f( y~ •) ,ll;JIH paaJIH'I

HLIX qHceJI Re, r,n;e y - ecTb paccTOHHHe oT 

cTeHKH. RapTHHa paaBeTBJieHIIJI KpHBLixU =t(Y~•) 
npH paaJIH'IHLIX qiiCJiax Re, noJiyqeuuaJI ua 
pHC. 4, 6JIH3Ka K pa3B8TBJI8HIIIO COOTB8TCTBYIO~llX 

u 
4~ v 

31- ~ ~~ 
2 
~~ ~ / .)' 

~ ~ ~ 
,/'~ ~~ 

/ 

28 

24 

20 

16 

12 

1/ 
/v 

t 

_..... v 
8 

4 

2 
2 4 6 10 2 4 6 102 2 4 6 103 2 4 6 104 2 ~--

> 

PHc. 4, Pacc"'HTaHHbte npocpHnH cKopocrH U (y) a Kpyrno.:i 
rpy6e npH pa3nH"'Ht.tX 3Ha'leHH.IIX '!Hcen Re. 

KpBBLie 1-5 cooTBeTCTBYIOT Re=6,9·101 , 3,4·io&, 
1,6·10', 7,3·101

, 3,2·108; nyHKTBpHa.fl KpliB8.11-pemeHB6 
IlpaHATJIH: 

U=5,5+5,75lg yv• 
'V 
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...!.~ 
<II v 

4 

PHc. 5. Pacc'IHTaHHble 3Ha'leHHJI K03<Jl4>H4HeHra ryp6yneHr
HOH BJI3KOCTH 8M B nOTOK8 )f(HAKOCTH B Tpy6e, 

RpnBhle 1-4 cooTBeTCTBYIOT Re = 6, 9 ·103 , 3,4 ·104, 
1,6·1()5, 7,3·105; ITYHKTHpHaH KpHBaH-!:lRCITepnMeHTaJIL

Hhle AaHHhle 5, OTHOCHJD;HeCH K 'lHCJiaM Re = 105 + 108 

KpHBLIX, llOCTpOeHHLIX no aKCnepHMeHTaJI:&HLIM 
,IJ;aHHLIM (eM., HallpHMep, pa6oTy 9). 

Ha p11c. 5 npe,n;cTaBJieHLI pacc'IHTaHHLie npo
~HJIH K03~~~~~HeHTa Typ6yJieHTHOH BH3KOCTH EM 
llO Ce'leHHIO Tpy6LI llpH pa3JIH'IHLIX 3Ha'leHHHX 
'IHCeJI Re. 

Nu 
6000 
4000 

2000 

1000 

600 
400 

200 

100 

60 
40 

20 

10 

6 

/ 

/ v 
I/ v / 

,/.V v 

51.1 v/ 
...... vv 1"4 

1/.....- / 
1/ / 

v ~3 
v 

~ :::.-

/ / 
v 

Vv 7 
/ v _,/' 
v / 

7 
;_.~' v 
I/ v 

/ 
v 

/ [;7' 
v v 

1-v vv 

v v v K• 

4 
2 4 6 10s 2 4 6 104 2 4 6 105 2 4 6 108 2 Re 

PHc, 6, Peayn~orarbl pac'lera 'IHcen Nu AnSI noroKoa mHAKO
creH a KpyrnoH rpy6e: 

1- Pr=0,010; 2- Pr= 0,025; 3-Pr= 1,0; 4- Pr= 10; 
5-Pr= 100 
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RaK BH,IJ;HO Ha p11c. 3-5, peayJILTaTLI pac'!eTa 
llOJIH CKOpOCTH U B llOTOKaX )KH,li;KOCTH B Tpy6e 
xopomo corJiacyroTCH c aKcnepHMeHTaJILHLIMH 
,n;aHHLIMH. 

0TMeTHM npH aToM, 'ITO y'leT ycJIOBHH (2.3) 
npn: paC'leTe llOJIH CKOpOCTH (a TaKme llOJIH 
TeMnepaTypLI B mn:,n;KOCTHX c Pr~1) oKaaaJICH 
coBepmeaao aecy~.qecTBeHHLIM. Y'leT me ycJioBHH 
(2.3) llpH pac'leTe llOJIH TeMnepaTypLI B llOTOKaX 
mn:,n;KocTeH c Pr;:.1 aecKoJI:&Ko can:maeT pac
C'IHTaHHLie 'IHCJia Nu n: ,n;aeT 6oJiee peaKo BLipa
meHHLIH nepexo,IJ; pememm ,n;JIH N u K pemenHro 
,IJ;JIH JiaMn:uapaoro pemHMa (npn: Re~400). 

Ha pHc. 6 npe,n;cTaBJieHLI peayJILTaTLI pac'leTa 
'IHCeJI Nu ,IJ;JIH noTOKOB paaJIH'IHLIX mH,IJ;KOCTeii 
B KpyrJIOH Tpy6e npn: YCJIOBHH Ha CTeHKe Tpy6LI: 
q=const, r,n;e q- llJIOTHOCTL TellJIOBOrO llOTOKa. 
B HHTepBaJie 'lnCeJI Re oT 3 ·10 3 ,IJ;O 3 ·10 6 npe,D;
cTaBJieHHLie peayJILTaTLI pac'leTa 'IHCeJI Nu ,IJ;JIH 
llOTOKOB mH,lJ;KOCTeH B KpyrJIOH Tpy6e MOmHO 
OllHCaTL HHTepnOJIH~HOHHOH ~OpMyJIOH 

r,n;e 

Nu=A + 3,90 (Re·10-a)mPrn, (4.9) 

A=2,5+1,3lg(1 +Pr- 1
), 

m=0,918-0,051Ig (1 + 10 Pr- 1
), 

n=0,65-0,107lg (1 + 10 Pr). 

IlpHBe,n;enHLie aa pnc. 6 peayJILTaTLI pac'!eTa 
,lJ;OCTaTO'IHO XOpOmO COrJiaCyiOTCH C 3KCnepH
MeHTaJILHLIMH ,IJ;aHHLIMH KaK ,lJ;JIH mH,IJ;KOCTeii 
c Pr~1 (pa6oTLI 1D.i 1 n ,n;p.), TaR n ,n;JIH mH,IJ;KO
CTeii c 6oJILillHMn 'IHCJiaMH Pr (pa6oTLI 1111 2 

H ,n;p.). 

~ 

0.0 

~ ~ .... 
~ ~1 

0,0 
2 -t--t--- r-

0,014 8 ,. 6 10 4 6 8 10D 2 4 6 810 

PHc. 7. PeaynbTaTbl pac'lera K03CJl4>H4H8HTOB conporHane-
HHJI ~ B Kl:lnb48BbiX H nnOCKHX 3830pax: 

J-KpyrnaH Tpy6a (8 = 0); 2-KOJILD;8BOH 3830p 
c 8=0,5; 3-aaaophl c 8=0,8 + 1,0; nyaKTnpaaH Kpn
BaH-aKcnepnMeaTaJILHhle AaHHhle AJIH Kpyrnoii Tpy6hl 

Ha pHc. 7 npe,u;cnBJieHLI peayJILTaTLI pac'leTa 
8 

KOa~~H~HeHTa COllpOTHBJieHHH ~ ="fj2 B KOJIL~e-

BLIX aaaopax, o6pa30BaHHLIX ~HJIHH,D;paMH pa
,IJ;HyCOB a1 H a2 (a1<a2) npn paaJIH'IHLI_x aaa'le-

e «<> =av. (HJIH HHJIX ,IJ;HHaMH'leCKOrO napaM Tpa 'V 
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2--) qucJia Re= : v rp;e 

npu'leM* 
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w 
U=-, 

v. 

a= [ ~ + ( 1- ~) ( 1-:: rJ (a.-at)• (4.10) 

KaK oup;ao ua puc. 7, KpuoLie AJIH ~=/(Re) 
B KOJibD;6BLIX aaaopaX npu paaJI~HLIX 3Ha'I6HUHX 
napaMeTpa 6=a/a2 aaKJIIoqeaLI Memp;y cooT
BeTCToeHHLIMU KpUBLIMU ~=f(Re) p;JIH KpyrJIOH 
Tpy6LI u nJIOCKoro aaaopa. 

II pu yMeHbmeauu <I> pemeuue p;JIH U B nJiocKoM 
aaaope B BLI6paHHLIX nepeMeHHblX npu6JiumaeTCH 
K cpopMyJie U =0,21<1>. 

Ha puc. 9 npuoop;uTCH npuMep pac'leTa noJIH 
CKopocTu U(x, y) B KaHaJie npHMoyroJibuoro 

ceqeuuH c napaMeTpOM ')'=: =2 npu <1>=888. 

3p;ecb, KaK u oeap;e B p;aJibHeiimeM p;JIH npoua
BOJibHblX KaHaJIOB, 

w 2 ;; 1laP/ av. 2au; s 
V=v.' v. =z-.- az, <1>=--;y• Re=----;y• ~=cr 

Ha puc. 8 npep;cTaBJieHLI peayJibTaTbl pacqeTa 
KOacpcpun;HeHTa COllpOTUBJI6HUH ~ B Typ6yJieHTHblX 

{ 
o,oe 
0,0 
0,04 
0,0 

0,0 ~ 

..._ 

~ 

~ 4 -...._ 
~ 

1 

~ 2 ----
\3 -~ t::-~ :----:: 

4 104 ~ 4 10 & 4 2!! 

PMc. 8. Pe3ynbT8Tbl pac~o~eTa K034J4JM4MeHTOB conpOTMBneHMJI 
~ a KaHanax c l1pS1MoyronbHbiM ce~o~eHMeM: 

1 H 2-coOTBeTCTBYIOT y=1 H y=5; 3-nJIOCKHii aa
aop; 4, 5 -peayJibT3Till H3MepeHHH 15 npH 'Y = 1 H 'Y = 

=5+10 

llOTOKaX lliUAKOCTU B KaHaJiaX C npHMOyrOJibHblM 
C6'16HU6M npu paaJI~HLIX aHa'leHUHX OTHOIDeHUH 
CTOpOH C6'16HUH I'· Ilpu cpuKcupoBaHHOM 3Ha'leHUU 
qucJia Re Koacpcpun;ueHT conpoTUBJieHuH ~ y6LI
BaeT c yoeJI~eaueM napaMeTpa I'· 

Ha puc. 8 npep;cTaBJieHLI AJIH conocTaBJieuuH 
peayJibTaTH uaMepeauii Koacpcpun;ueHTOB conpo
TuBJieHuH ~ B KaHaJiax c npHMoyroJibHLIM ceqe
HueM u. KaK cJiep;yeT ua puc. 8, peayJibTaTH 
pac'leTa Koacpcpun;ueHTa conpoTuBJieauH ~ B Ka
HaJiax C npHMOyrOJibHHM C6'16HU6M p;OCTaTO'IHO XO
pomo corJiacyroTCH c peayJibTaTaMu uaMepeauii**. 

• <l>opMyJia (4.10) HBTepnoJI~OHIIaJI. 
•• PaccuTaBHille B pa6ore 111 auaqeWIJI xo~~eHTa ~ 

AJIJI npJIMOyrOJibHillX K3B3JIOB C DOMO~IO rpac}lo-aHaJIHTB
qecKOrO MeTOAa ,IJ.e:iiCJiepa-Ta:iiJiopa BeCbMa 6Jiuaxo corJia
cyiOTCJI CO 3HaqeHBJIMB ~' DOJiyqeBHillMB B H3CTOJIID;e:ii 
pa6ore. 
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PMc. 9. Pacc'IMTaHHoe none CKOpoCTM U(x,y) a KaHane c npJI
MoyronbHbiM ce'leHMeM (y=2, Re=3,4·104) 

B CBHau c TeM, 'ITO noJie TeMnepaTypLI B noTOKe 
lliU)J;KOCTH B KaHaJie npHMOyfOJibHOfO C6'16HUH 
onpep;eJIHeTCH 60JibillUM 'IUCJIOM napaMeTpOB, 8 

HM6HHO: pacnpep;eJieHU6M UCTO'IHUKOB TenJia, KOH
CTpyxn;ueii H T6llJIOllpOBOAHOCTbiO CT6HOK KaHaJia, 
'IUCJIOM Pr AJIH mup;xocTn n 'IHCJiaMn Re n ')', 
aeT aeo6xop;uMOCTH aapauee CTpOUTb Kaxne-Jin6o 
o6o6m;eHHb16 aaBHCHMOCTH xapaKTepUCTHK T6M
nepaTypHOfO noJIH OT 'IHCeJI Re, Pr n T. p;. Pac'leT 
TeMnepaTypHLIX noJieii c ncnoJibaooauueM ypao
ueHBH (2.24) UM66T CMLICJI npop;eJiaTb JIHillb 
p;JIH KOHKpeTaoii KOHCTpyxn;nu H'leiixu TenJio
o6Meauoro annapaTa. 

Ilpuoep;eM, uaxouen;, HeKOTOpLie peayJibTaTLI 
paC'IeTa llOJieii CKOpOCTH H Te:MnepaTypLI B Typ-
6yJieHTHLIX llOTOKaX lliUp;KOCTH B pemeTKaX CTepm
ueii. 

PMc. 10. PacC'IMTaHHoe none CKOpoCTM U(r,cp) " Jl'leMU 
TpeyronbHoH peWeTKM CTepHCHeM C 01'HOCMT8nbHb1M warOM 

h= 1,2, Re =2,48·104 
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PHc. 11. Pacc'IHTaHHble K03lJ>ct>HLIHeHTbl conporHaneHHll s 
B li'I8HKax rpeyronbHOH H KBaApaTHOH pewerOK crepH<HeH 

npH pa3nH'IHbiX 3Ha'leHHliX wara h: 
1, 2, 3-rpeyrom.nan pemeTKa (h=1,0; 1,1; 1,2); 
4-KpyrJiaH Tpy6a; 5-HlJeii:Ka KBaApaTHOH pellieTKH, 
( h = 1 ,0); 3KcrrepHMeHTaJILHble KpHBhle: 6, 7 -Tpeyrom,
HaH pemeTKa (h=1,014 n h=1,213); 8-KBaApaTHan pe-

merKa (h=1,014) 

Ha puc. 10 ~aH rrpuMep pacqeTa rroJIH CKopocTu 
B TpeyrOJII>HOH peiiieTKe CTepmHeii: C OTHOCUTeJib
HhiM IIIaroM h= 1,2 rrpn: rrpo~oJII>HOM ee o6Te
FaHuu. 

Ha puc. 11 rrpe~cTaBJieHhl peayJII>TaThl pacqeTa 
KOaqufm~UeHTOB COIIpOTUBJieHUH ~ B H'leHJ{aX 
TpeyrOJII>HhiX peiiieTOK B aaBn:CUMOCTH OT 'lUCeJI 
Re u IIIara peiiieTKu h. Ilpu Bhl6paHHOM 3)l;eCI> 

xapaKTepHOM rrorrepe'IHOM paaMepe KaHaJia a 
paCC'lUTaHHhle KpUBhle ~=j(Re, h) npn: paaJin:q
HhiX aHa'leHn:Hx IIIara peiiieTKH h pacnoJiomeHhl 
B JIOrU'leCKOH IIOCJie~oBaTeJII>HOCTH. IJpu paBHhiX 
aHa'leHUHX qucJia Re KoalfJ!fJu~ueHThl conpoTuB
JieHn:H ~ Boa pacTaiOT c ycn:JieHneM <merrpaBIIJII>
HOCTII>> ifJopMhl Ce'leHIIH KaHaJia OT Kpyra. IJpn 
UCIIOJII>30BaHUU me B Ka'leCTBe onpe~eJIHIOID;ero 

nonepeqHoro paaMepa KaHaJia ru~paBJiuqecKoro 

pa~uyca R' noJiyqeHHaH o6o6~eHHaH aaBucuMocTI> 
~~ = j(Re', h) TaKOH JIOruqeCKOM 3aKOHOMepHOCTU 
He uMeeT. 

Ha puc. 11 npuBe~eHhl TaKme peayJII>TaThl pac
qeTa KoalfJ!fJu~uenTa conpoTUBJieHUH ~ B H'leii:Ke 
KBa~paTHOM peiiieTKU CTepmHeii: C OTHOCUTeJII>HhiM 
maroM h=1,0. Ha aToM me pucyHKe nyHKTup
HhiMU KpUBhiMU 6-8 U306pameHhl peayJII>TaThl 
U3MepeHUM KOalfJ!fJu~ueHTOB COllpOTIIBJieHUH ~ B 
H1Jeii:KaX pa3JIU1JHhiX peiiieTOK, B3HThl8 U3 pa6oT 14 

u 13• RaK BU~Ho ua puc. 11, paccqnTaHHhle B 
HaCTOH~eii: pa6oTe KoalfJ!fJu~ueHThl corrpoTUBJieHuH 
~JIH peiiieTOK C OTHOCUTeJII>HhiM IIIarOM h= 1 ,0-+-1 ,2 
6JiuaKo corJiacyroTCH c peayJII>TaTaMu uaMepe
Huii. 

Ha puc. 12 npuBe~eH rrpuMep pamera 6eapaa-

MepHoi'x TeMnepaTyphl 8 =l..m~~~T c)Ha IIOBepXHOCTU 

TellJIOBhl~eJIHIO~ero CTepmHH B H1Jeii:Ke TpeyrOJib
HOM peiiieTKu c IIIaroM h=1,0 npu Te'leHuu B aToii: 
H'leii:Ke mu~KOCTu c Pr=0,025. qucJio Re paBHO 
5 ·104• BeJiu'luHa q0 a~ec1> oanaqaeT TenJioBoii: 
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PHC. 12. npHMep pac'leTa 6e3pa3MepHOH reMneparypbl 

e l..m (T-Tc) 
= 2 qo R Ha noaepXHOCTH rennonpoBOAliiJ4ero crepH<-

Hll a ll'leHKe rpeyronbHOH peweTKH c waroM h = 1 ,0, Pr = 
= 0,025, Re=5,1Q4: 

1- pcayJTLTaThl pacqera; 2- peayJILTaThl naMepeHnii." 

IIOTOH B CeqeHUU CTepmHH Ha OHpymHOCTU pa
~uyca r 0 =0,773R, r~e R - pa~nyc cTepmHH, a 
A.m- TenJionpoBo~nocTI> mu~KOCTu. YcJIOBUH aa
~aqu 3~eCb COOTBeTCTBYIOT lfJuauqeCHUM YCJIOBUHM 
aKcnepuMeHTOB 16

• IJyHKTUpHaH JIUHUH Ha puc. 12 
uao6pamaeT peayJII>TaThl U3MepeHuii: IPYHK~UU e 
na paooThl 16

• RaK BU)l;HO ua puc. 12, peayJII>TaThl 
pacqeTa TeMnepaTyphl 8 B yHaaaHHhiX KOHKpeT
HhiX YCJIOBUHX )l;OCTaTO'lHO XOpOIUO COrJiacyiOTCH 
c peayJII>TaTaMn naMepeHnif. 

MTaK, rrpnBe~eHHhle B HaCTOH~eii: pa6oTe pe
ayJII>TaThl paC'leTa llOJieii: CKOpOCTU U TeMnepaTyphl 
B llOTOHaX mii~KOCTU B pa3JIU1JHhiX HaHaJiaX 
~aiOT OCHOBaHne C'liiTaTI>, 'ITO U3JiomeHHaH npo
CTpaHCTBeHHaH MO~eJib Typ6yJieHTHOrO 06MeHa 
MomeT 6hiTI> ucnoJII>30BaHa ~JIH pacqeTa ru~paB
JiuqecKux conpoTUBJieHuii: u TeMrrepaTypHoro pe
muMa B H'leii:Kax TeiiJI006MeHHUKOB IIpOH3BOJII>
HOH KOHCTpyK~IIH. 
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A/329 USSR 

Theoretical model of turbulent transfer in 
three-dimensional fluid flow 

By N. I. Buleev 

This paper discusses a kinetic three-dimensional 
model of turbulent transfer, which is explained in 
detail by the author. This model shows in a general 
form the stresses and additional turbulent thermal 
fluxes, by means of velocity and temperature dis
tribution functions, which are expressions in the initial 
flow and heat transfer equations in the case of turbu
lent flow in a liquid. Thus a mathematical form and a 
solution to hydrodynamic and thermophysical prob
lems can be given arising in any turbulent flow in a 
liquid. 

The theoretical model developed has been tested by 
calculations of velocity and temperature distribution 
in turbulent liquid flows in a circular channel. Velocity 
and temperature distributions, pressure drop coeffi
cients and the Nusselt number thus obtained agree well 
with available experimental data. 

The results of calculations of velocity and tempera
ture distribution are then discussed for a turbulent 
flow of liquids in channels of different cross section, 
e.g., annular, flat, rectangular, and in solid bar 
lattices. The results of these calculations are compared 
with experimental data. 

The satisfactory agreement between the results of 
calculations and experimental data imply that the 
theoretical model in this paper allows the temperature 
conditions of a fuel element of whatever cross section 
to be evaluated with sufficient certainty. 

The problem of the calculation of temperature 
distributions in a flow of turbulent liquid is formulated 
in the zone of thermal stability. Account is taken of 
longitudinal heat leakages along the walls of the 
channel as well as in the liquid. Results of the cal
culations of temperature distributions in the zone of 
thermal stability in the tube are given for different 
values of Re, Pr of the wall thickness and of the ratio 
between the thermal conductivities of the tube wall and 
the liquid. 

The results given of the calculations of temperature 
distributions in the liquid flow, taking into account 
Longitudinal heat leakages enable especially an 
estimate to be made of the possible evaluation errors 
from experimental methods of the Nusselt number for 
turbulent liquid flows. 

In conclusion, the possibilities of some future 
generalizations In the 'theory and methods of cal
culation of hydrodynamic and thermal conditions in 
reactor cores are discussed in the paper. 

A/329 URSS 

Modele theorique d'echange turbulent dans 
un ecoulement de liquide a trois dimensions 

par N. I. Buleev 

Ce memoire presente un modele cinetique tri
dimensionnel de l'echange turbulent, qui a ete elabore 
par I' auteur. Ce modele permet de representer sous une 
forme generale, au moyen de fonctions des champs de 
vitesse et de temperature pris en moyenne, les tensions 
et les flux thermiques turbulents supplementaires qui 
entrent dans les equations initiates du mouvement et 
de !'apport de chaleur pour le cas d'un ecoulement 
turbulent du liquide. On peut ainsi donner une forme 
mathematique et une solution aux problemes d'hydro
dynamique et de thermophysique que pose un 
ecoulement turbulent quelconque de liquide. 

Le modele theorique mis au point a ete teste sur les 
calculs de champs de vitesse et de temperature dans 
des courants de liquides turbulents en conduit cir
culaire. Les champs de vitesse et de temperature, les 
coefficients de resistance et le nombre Nu ainsi 
obtenus concordent bien avec les donnees experi
mentales dont on dispose. 

On expose ensuite les resultats du calcul des champs 
de vitesse et de temperature dans des ecoulements 
turbulents de liquides dans des canaux de formes 
differentes-annulaire, plate, rectangulaire-et dans 
des reseaux de barreaux. Les resultats de ces calculs 
sont compares aux donnees experimentales. 

La concordance satisfaisante entre les resultats du 
calcul et les donnees experimentales donne a penser 
que le modele theorique expose permet d'evaluer avec 
suffisamment de certitude le regime de temperature 
d'un element de combustible a section de forme 
quelconque. 

On formule le probleme du calcul des champs de 
temperature dans un courant de liquide turbulent dans 
la zone de stabilisation thermique. On y tient compte 
des fuites longitudinales de chaleur le long des- parois 
du canal comme dans le liquide. On donne les 
resultats du calcul des champs de temperature dans la 
zone de stabilisation thermique du tube pour differentes 
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valeurs de Re, Pr, de l'epaisseur de la paroi et du 
rapport entre les conductibilites thermiques des parois 
du tube et du liquide. 

Les resultats presentes du calcul des champs de 
temperature dans. un courant de liquide, en tenant 
compte des fuites longitudinales de chaleur, permettent 
en particulier d'estimer les erreurs possibles d'eva
luation par des methodes experimentales du nombre 
Nu pour les ecoulements turbulents de liquides dans 
des canaux. 

En conclusion, on expose dans le rapport les 
possibilites de quelques generalisations futures de la 
theorie et des methodes de calcul des regimes hydro
dynamique et thermique dans les cellules des reacteurs. 

A/329 URSS 

Modele te6rico del intercambio turbulento en 
una corriente de liquido en tres dimensiones 

por N. I. Buleev 

En la memoria se expone un modelo cinetico 
tridimensional del intercambio turbulento, elaborado 
por el autor. Dicho modelo permite, de manera 
general, representar las tensiones y los flujos termicos 
turbulentos complementarios, que intervienen en las 
ecuaciones iniciales del movimiento y del aporte de 
calor para el caso de una corriente turbulenta de un 
liquido, como funciones de los campos de velocidad 
y de temperatura promediados. Como consecuencia, 
resulta posible la formulaci6n matematica y la reso
luci6n del problema hidrodim'lmico y de fisica del calor 
que plantea una corriente turbulenta cualquiera de un 
liquido. 

El modelo te6rico desarrollado se ha probado 
calculando los campos de velocidad y de temperatura 
para corrientes de liquidos turbulentos en tubos 
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circulares. Los campos de velocidad y de temperatura, 
los coeficientes de resistencia y el numero Nu asi 
obtenidos concuerdan bien con los datos experimen
tales que se poseen. 

Se exponen luego los resultados del calculo de los 
campos de velocidad y de temperatura en las corrientes 
turbulentas de un liquido en canales de otras formas
anulares, pianos, rectangulares-y en redes de barras. 
Los resultados del calculo se comparan con los datos 
experimentales. 

La concordancia bastante buena entre los resultados 
del ca.Iculo y los datos experimentales hace esperar 
razonablemente que el modelo te6rico expuesto 
permita calcular, con suficiente precision, el regimen 
de temperaturas de un elemento combustible de 
secci6n de forma cualquiera. 

Se formula el problema del calculo de los campos de 
temperatura en una corriente de liquido turbulento en 
la zona de estabilizaci6n termica. En este caso, se 
tienen en cuenta tam bien las perdidas longitudinales de 
calor tanto a lo largo de la pared del canal como en el 
liquido. Se presentan los resultados del citlculo de los 
campos de temperatura en la zona de estabilizaci6n 
termica en un tubo para distintos valores de los 
numeros Re y Pr; del espesor de la pared y de la 
raz6n de la conductibilidad termica de la pared del 
tubo a la delliquido. 

Los resultados que se presentan del calculo de los 
campos de temperatura en una corriente de liquido, 
teniendo en cuenta las perdidas longitudinales de 
calor, permiten en particularestimar los posibles errores 
del citlculo por metodos experimentales del numero 
Nu para corrientes turbulentas de un liquido en 
canales. 

Finalmente, se exponen en el informe algunas 
posibilidades de generalizaci6n ulterior de la teoria 
y de los metodos de calculo de los regimenes hidro
dinamico y termico en las celdas de los reactores. 
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Heat transfer and hydraulic stability 
boiling-water reactors 

• 1n 

By M. Bogaardt,* C. L. Spigt,* F. J. M. Dijkman* and N. Madsen** 

In the laboratory for Heat Transfer and Reactor 
Engineering of the Technological University of 
Eindhoven (Netherlands) work is being carried out in 
the field of heat transfer by gases and by liquids. Part 
of this work has a direct bearing on nuclear reactors. 
In this report, reference is made only to the work 
carried out on heat transfer and stability in boiling
water reactors. This work is carried out under con
tract with the EURATOM USA Joint Research and 
Development Board. 

The work on boiling-water reactors is done using a 
high pressure (40 atm) boiling lopp as well as an 
atmospheric glass loop. Also, some fundamental 
research on the microscopic phenomena is performed 
in special equipment. The experimental work is 
backed-up by theoretical work, both of a fundamental 
and an applied character. 

FUNDAMENTAL RESEARCH 

Local temperature fluctuations during boiling 

As is known, local temperature variations occur 
both in the liquid and in the heating surface during 
bubble formation and bubble growth. Such tempera
ture fluctuations have been reported, for instance, by 
Hsu and Schmidt [1] and by Moore and Messler [2]. 
The present work was started in order to verify the 
rather startling observations by the latter authors. 

The apparatus used consists of a horizontal stainless 
steel boiling plate in thermal contact with an electri
cally heated copper block, cast around a coiled 
Calrod resistance heating element. The vapour from 
the boiling liquid is condensed in a shell-and-tube heat 
exchanger and returned by gravity to the boiling pool. 

The thermocouple used for the experiments consists 
of a flattened constantan wire, sandwiched between thin 
layers of Teflon (10 to 30 fJ, thick). This assembly is 
inserted through the stainless steel boiling plate, 
perpendicularly to the boiling surface. 

Temperature dips varying from 5 to 17 °F have 
been observed and recorded over the greater part of 
the nucleate boiling range from 40 000 Btu/h ft2 °F to 
near burn-out. 

The temperature fluctuations vary irregularly from 
5 to 17 °F, though there seems to be a slight trend for 

* Technological University of Eindhoven. 
**University of Rhode Island, USA. 
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the amplitude to decrease with increasing heat flux. 
The frequency of the dips increases very rapidly with 
increasing superheat. Some of the thermocouples 
registered the typical signal until very near burn-out. 

An analogue model has been constructed according 
to the description of heat transfer and fluid motion [3] 
just mentioned, as shown in Fig. 1. The mathematical 
description seems to yield curves which resemble 
the temperature oscillograms closely. 

Two-phase flow model 
The aim of this study has been to provide a theo

retical approach for an understanding of the steady 
and unsteady behaviour of vertical boilers. The 
following phenomena especially seem to have to form 
an essential part of any model: 

(a) The generation of bubbles on the boiling wall; 
(b) The agitation introduced in the flow by the 

boiling process; 
(c) The diffusion and growth of the bubbles in the 

flow; 
(d) The interrelationship between bubble distri

bution and velocity distribution; 
(e) The collapse and agglomeration of bubbles in 

combination with the existence of different flow 
regimes (bubble flow, slug flow, annular flow, etc.). 

For a detailed description of the following analysis 
see Ref. [4]. The study has been restricted so far to the 
bubble regime. The case of a vertical, axially symmetric 
boiler has been considered. The general equations 
have been formulated for the unsteady case. This 
results in a set of simultaneous equations for the 
various unknowns as a function of the space and time 
co-ordinates. Much emphasis has been placed upon 
the correct representation, in the theory, of the follow
ing experimentally found facts: 

(a) The large increase in frictional pressure drop 
due to the two-phase character of the flow. 

(b) The large increase in heat transfer due to 
nucleate boiling. The theoretical model ascribes both 
effects to an increased turbulence level due to a 
relative movement of the bubbles with respect to the 
surrounding liquid. This increase in turbulence level 
is analogous to the turbulence in one-phase flow; 
however, the turbulence intensity may not be zero at 
the wall when nucleate boiling takes place. 

After introducing dimensionless parameters it has 
been found that eight similarity parameters govern 
the solution of the exact equations. 
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Figure I. First order response to various inputs simulating the measured temperature dips at the 
heating surface 

By the introduction of prescribed radial distri
butions the set of partial differential equations for the 
steady case is reduced to a set of ordinary differential 
equations that are solvable by numerical means without 
great difficulty. 

At every point the quasi-homogeneous fluid is 
characterized by : 

(a) A dimensionless velocity w of the liquid phase; 
(b) A velocity w + w 8 of the bubbles where Ws 

is the local slip velocity of one bubble with respect to 
the surrounding fluid; 

(c) A dimensionless temperature v; 
(d) A mean void ratio fJ averaged over-all bubble 

radii; 
(e) A void ratio distribution function b which is a 

function of the dimensionless bubble radius P; 
(f) A pressure coefficient cp. 
Numerical solutions of the complete set of equations 

are at present being obtained. 

STATIONARY CIRCULATION MODEL 

A programme has been written to calculate the 
recirculation rate and void distribution along the 
height of a natural circulation boiling-water loop in 
steady state conditions. The programme has been 
divided into three parts: 

(a) in which the velocity directly follows from the 
balance between the driving head and pressure losses. 
The onset of bulk boiling is taken to occur when the 
water temperature reaches the saturation temperature 
corresponding to the system pressure. 

(b) in which the onset of boiling is taken to occur 
when the temperature is equal to the local saturation 
temperature. The introduction of a velocity dependent 
non-boiling length makes an iteration process 
necessary. 

(c) in which local boiling effects are included. The 
subcooled boiling is calculated according to the 
description of R. W. Bowring [5]. The inclusion of 
subcooled boiling results in an increase ofthe non-bulk 
boiling length and in a change of the void distribution 
over the channel. 

The model has been designed in such a way that the 
calculation goes successively through all three parts. 
In designing the model the possibility of easily sub
stituting different heat flux distributions and corre
lations for the expansion loss, acceleration loss, 
slip-factor, two-phase friction loss and entrance loss 
has been provided for. Some results are shown and 
compared with experiments in Fig. 2. 

LOOP EXPERIMENTS 

Apparatus 

The experiments are carried out in a pressurized 
boiling-water loop at 40 atm and in several atmospheric 
boiling glass loops. The pressurized loop has a 
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Figure 2. Comparison of steady state calculation with measured 
data 
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2 600 mm long vertical test section, an inlet subcooler, 
and a fast controll MW de power supply. The heated 
dummy elements are surrounded by a shroud of 50, 
60 or 70 mm diam. The steam is fed to a condenser 
at the top of the installation and is again returned to 
the downcomer. The loop is provided with pressure 
taps, Pitot tubes, burn-out detectors, thermocouples 
and a number of void-fraction meters along the 
height of the riser. 

Methods 
In the experiments the following quantities are 

measured or recorded as a function of power, pressure 
and subcooling: 

Natural circulation rate. The natural circulation 
rate is measured using the pressure drop across the 
inlet, and the differential pressure, from a Pitot tube. 

Void fraction. The void fraction measurements 
have been made using a radioactive method, in 
which a thulium y-source is centrally placed inside the 
heating element, while four scintillation counters are 
grouped around the riser. The signals from the four 
counters are mixed and the sum is measured. 

Impedance gauges are also applied to follow the 
fluctuations in void fractions and to measure the void 
distribution along the height. 

Static pressure. The static pressure along the riser 
and downcomer is measured on multi-manometers 
together with Pitot tube signals. The absolute pres
sure is recorded by means of a specially developed 
capacitance void gauge. 

Temperatures. The temperatures are measured 
using calibrated chromel-alumel thermocouples. For 
recording purposes fast response thermocouples are 
applied. 

Burn-out detector. A burn-out detector is used as a 
safety device. The signal from this detector, which 
gives an indication of the temperature fluctuation 
present in the rod, is recorded. . 

All signals mentioned are recorded usmg an ultra
violet recorder. For a detailed analysis the signals 
from the inductive differential pressure gauges are 
recorded on a magnetic tape, as well as signals from 
the impedance void gauges, absolute pressure gauge, 
saturation temperature thermocouples and burn-out 
detector. In some programmes the analogue signals 
were converted to digital data and stored on a paper 
tape to feed the experimental data into a di~ital 
computer. A digital computer programme was wntten 
to compute the auto-correlation and the power density 
curves. The auto-correlation functions, cross-corre
lation functions and power spectra were also calculated 
by means of a special purpose analogue computer, 
ISAC. The experimental results obtained so far 
indicate that in many cases the onset of the hydraulic 
instabilities is quite sudden. In some cases, however, 
especially at higher pressures or with a riser with a 
larger hydraulic diameter, there is not an abrupt 
change from stable to unstable operations as a result 
of an incremental change of power, but rather an 
increasing lack of stability observed over a range of 
power inputs. 

M. BOGAARDT et a/. 

Experimental results 

In Figs. 3 and 4 some of the results of measurements 
of flow rate and void fraction, as a function of power, 
pressure, subcooling and axial position, are given. The 
signals of the seven impedance void gauges and of the 
flow-rate and absolute pressure gauges during in
stabilities have been recorded, and some results are 
given in Fig. 5. They show relative phase-shifts between 
the signals and in the case of the void gauges a 
decreasing amplitude in void with increasing distance 
from the bottom of the shroud. The upper void 
gauge with the highest mean void fraction scarcely 
shows an unstable signal. This phenomenon has also 
been observed in the glass boiling-water loop. From 
this it follows that the pressure fluctuations are 
largest at the bott.om of the shroud. 

The experiments indicate that subcooling decreases 
the frequency of the fluctuations. The amplitude of 
the oscillations for the high subcooling case is larger 
than for the low subcooling case. 

Root mean square values of power spectra obtained 
by digital calculations have been compared with those 
obtained by calculations in an analogous way. The 
agreement appears to be quite good. 

For a series of pressures the onset of instabilities 
has been determined by plotting the root mean square 
values, taken at the instability frequency of the power 
spectra, of the flow rate, voidage and absolute pressure 
signals as a function of the power. The experiments 
have been continued until burn-out occurred. A 
rapid increase of the amplitude of the oscillations at 
lower temperatures can be observed (Fig. 6). At high 
temperatures the curves are far less steep. 

The root mean square values of the power spectra 
taken at the instability frequency of the flow-rate signal 
and other signals at 160 °C are given as a function of 
power and subcooling temperature in Fig. 7. A 
subcooling temperature of 2.5 °C at the inlet gives a 
minimum power at which instabilities start. 

TRANSFER FUNCTION MEASUREMENTS 

As mentioned in the previous sections, transfer 
functions in the boiling channel have been made on the 
basis of noise analysis, auto and cross-correlations by 
means of a digital computer programme. In addition, 
transfer functions can be readily obtained by dis
turbing the boiling system by a sinusoidal input 
signal and analysing the required output signal by 
normal Fourier techniques. The Fourier analysis is 
necessary in order .to be able to reject the noise in the 
output signal. In Fig. 8 an example of an experimental 
transfer function is presented. 

BURN-OUT EXPERIMENTS 

Burn-out and hydraulic stability experiments under 
natural convection were carried out at saturation 
temperatures of 230, 200, 180 and 140 °C with a 
7-rod bundle test section in which the geometry was 
very close to a Halden boiling-water reactor second 
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charge fuel element. The inlet subcooling was varied. 
Local high heat fluxes to probe burn-out were obtained 
by the hot patch technique. 

The majority of the burn-out trips occurred with the 
top half of the middle rod of the bundle overheating 
under conditions of noisy periodic flow oscillations. 

An introductory series of experiments was carried 
out in which, due to a number of causes, no exact 
results were obtained. Nevertheless, a number of 
conclusions could be drawn from the experiments: 

(a) By applying a hot patch with sharp edges, 
burn-out occurred at 200 oc at a channel power of 
201 kW, whereas burn-out was not obtained even at a 
cl\annel power of 472 kW with a streamlined hot 
patch. The implication of these results is that the 
shape of the patch influences the channel power at 
which burn-out occurs. It was shown that two types of 
burn-out could be clearly distinguished, i.e., heat 
flux burn-out, which occurs under stable flow con
ditions, and burn-out due to flow instabilities. 

(b) It was found consistently that in the cases where 
stable flow burn-out occurred it did so at the upper 
of two equally-rated hot patches. 

(c) At 140 oc unstable flow burn-out occurred in 
the lower hot patch of the outer rod and at 180 oc 
at the top of the heated section of the outer rod, not 
in the hot patch (about one-quarter of the channel 
upstream where the heat flux was 50% higher). This 
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suggests that the position of the burn-out point and 
the conditions under which it occurs are governed by 
a different mechanism than in stable flow and depend 
upon the dynamic characteristics of the channel. 

The experiments were performed at temperatures of 
140, 180, 200 and 230 °C. The series of experiments 
performed at 230 °C is the most complete, in that the 
subcooling was varied from 14 to 94 kW. In the range 
oflow subcooling, no burn-out could be brought about 
due to power input limitations (600 kW), whereas at 
94 kW subcooling a very sudden and extremely rapid 
burn-out occurred at a channel power of 550 kW. 

REFERENCES 

1. Hsu, S. T., and Schmidt, F. W., Measured variations in local 
surface temperatures in pool boiling of water, Paper 60-HT-
32, A.M.S.E.-A.I.Ch.E. Heat Transfer Conference (1960). 

2. Moore, F. D., and Messler, R. B., The measurement of rapid 
surface temperature fluctuations during nucleate boiling of 
water, Amer. Inst. Chern. Engineers J. 7, no. 4 (1961). 

3. Semeria, R. L., An experimental study of the characteristics 
of vapour bubbles, Two-Phase Flow Symposium, London 
(1962). 

4. Vander Walle, F., and Lamein, H. J., On the hydrodynamic 
aspects of two-phase flows in l'ertical boilers, Part I and ll, 
Report WW 016-R 50 (1963). 

5. Bowring, R. W., Physical model, based on bubble detachment 
and calculation of steam voidage in the subcooled region of a 
heated channel, Halden Project report, H. P.R. 10 (1962). 

ABSTRACT -RESUME-AHHOTAL.ll-1.sl-RESUMEN 

A/589 Pays-Bas 

Transfert de chaleur et stabilite hydraulique 
dans les reacteurs a eau bouillante 

par M. Bogaardt eta/. 

Des recherches fondamentales se poursuivent 
actuellement au Laboratoire de transfert de chaleur et 
de genie nucleaire de l'Universite technique d'Eind
hoven sur l'echange de chaleur par formation de 
huiles et accroissement de la diffusivite thermique par 
suite de !'augmentation ' de la turbulence dans les 
couches limites. 

Un modele mathematique a ete construit pour 
decrire Ia boucle de transfert de chaleur qui fonc
tionne sous une pression allant jusqu'a 40 atm, la 
puissance pouvant atteindre 600 kW et le sous
refroidissement a !'entree 40 °C. Ce modele est 
compare avec les resultats experimentaux fournis par 
la boucle. 

Les conditions dans lesquelles apparait l'instabilite 
d'ecoulement sont examinees et la nature des insta
bilites dans la region allant jusqu'a la calefaction 
est etablie pour differentes valeurs de la pression et de 
Ia sous-saturation a !'entree a !'aide d'une analyse des 
courbes de puissance specifique. 

Les caracteristiques dynamiques de la boucle sont 
etudiees a !'aide de !'analyse des fonctions de transfert. 

La validite de Ia linearisation appliquee est examinee 
et les fonctions de transfert obtenues sont compan!es 
avec celles decoulant de !'analyse du bruit. 

Entin, le memoire rapporte les resultats d'une 
etude systematique de Ia calefaction de grappes de 
barreaux, etude qui comprend !'analyse de l'instabilite 
d'ecoulement qui precede la calefaction. 

A/589 HHAepnaHAbl 

Tennoo6MeH H rHApaenHYecKaR cra-
6HnbHOCTb B KHnRW,HX peaKTOpax 

M. 6orapAT et al. 

B Jla6opaTopun peaKTopnoii TPXHHKH u npol_\el'

cos TellJI006MeHa 8HHf!.XOBeHCnOI'O TeXHOJIOfH'Il'

CKOfO YHHBepCHTeTa Befl,yTCH lf>YHAaMeHT3JibHhH! 

HCCJiefi,OB3HlfH npo6.1JeM OTBO;J,a TeOJia 38 C'IeT ofi

pa3088HIIH 11Y3hlpbKOB H ysemi'IeHIIH K031}>1}>111_\H

f'HT8 TellJIOJJpOBOfi,HOCTH BCJil';lCTBHe yseJIH'IeHifH 

Typ6yJICHTHOCTH B IIOI'paHH'IIIbiX CJIOJIX. 

flocTpOCHa j"'eiiCTBYIOII.\3JI M<ITCM3TH'IeCK3H MO

;\CJib TeOJIOOepefl,aiOII.\efO KOHTypa OOA fi,8BJieHHeM 

l~O 40 ar, MOII.\HOCTbiO Ha BXOAC ilO 600 I£6T H paa

HOCTH TeMIICpaTypbi H8ChJU~l'HliH H TeMnepaTyphl 
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TeiiJIOHOCifTl'JI.H Ha BXO.IJ.e n pem<Top .IJ.O 40° C. Mo

:lf'Jih cpaBHifBaeTC.H C 3KC.nt'p11Ml'JJTaJihHbiMif pe

:lyJibTaTaMif, IIOJIY1:JeHHbiMU 11plt 31\CIIJiyaTaiJ;IIII 

1\0HTypa. 

lfCCJie.IJ.yeTCH HeCTaOJfJibHOCTb lJOTOKa H :Xa-

pai<TepnayeTC.H ero HplipO.IJ.H B OO.llaCTif KpliTli'Jl'

C 1\01'0 TeiJJIOBOro JIOTOI<a IIYTPJ\1 aHa.'IH3a KpliBbJX 

IIJIOTHOCTPM ;meprOBhlll,eJieHII.H. J1 B 3TOM CJJy'laC 

;laBJieHJfe lJ HP.'I,Orpen B peai<TOpe 113MeH.HIOTCH. 

Ha ocuone auaJinaa aanucuMocTeii TerrJioo6Me

Ha uay•IaiOTCH ;t.IHHaMU'l:eCKJW Xapai<TepliCTHKU 

1\0HTypa. 0ooCHOBhiBaiOTC.R JIIIHeiiHhle H3MeHeHHH 

Hl'JIIl'l:IIH, JlOJIY'IaiOIIJ;HPC.H aaBJICMMOCTU TeiJJJOOO

MPHa cpaBHHBaiOTCH C aaBHCIIMOCTHMJI, IIOJIY'IeH

HblMH npH auamJae myMoB. 

Hai<oneu;, coo6IIJ;aiOTCJI peayJJhTaThJ cucTeMant

.,~'CKoro waylfennJI uepemora HYlfJ<OB TOIIJIHBHhiX 

CTPp/1\Heii, BKJIIO'l:a.H aHaJII13 Hl'CTa6HJihHOCTH 110-

TOHa, upe;t.IIIIPCTBYIOIIJ;l'fO )\OCTII/1\eHJIIO I<pHTH1H~

CI>Ol'O TeJIJIOBOI'O liOTOKH. 

Af589 Paises Bajos 

Transmisi6n de calor y estabilidad hidraulica 
en reactores de agua hirviente 

por M. Bogaardt eta/. 

Se estan efectuando estudios fundamentales de 
laboratorio sobre Ia eliminacion de calor por forma-

M. BOGAARDT et a/. 

cion de burbujas y por aumento de Ia difusion termica 
debida a un incremento de turbulencia en capas 
limites en ellaboratorio de Transmision de Calor y de 
lngenieria de Reactores de Ia Technological University 
de Eindhoven. 

Se ha establecido un modelo matematico del 
circuito de transmision de calor que funciona a 
presiones de hasta 40 atm, potencias de hasta 600 kW 
y subenfriamientos de entrada hasta 40 °C. Los datos 
del modelo se comparan con los resultados obtenidos 
experimentalmente en el circuito. 

Los autores estudian el comienzo de Ia inestabilidad 
del ftuido y caracterizan Ia naturaleza de Ia misma en 
un intervalo que alcanza hasta el recalentamiento 
destructivo, analizando curvas de densidad de 
potencia. Tambien en este caso varian Ia presion y el 
subenfriamiento de entrada del ftuido. 

Estudian las caracteristicas dinamicas del circuito 
por amilisis de funciones de transferencia. Discuten 
Ia validez de Ia simplificacion lineal en que se basan y 
las funciones de transferencia resultantes se comparan 
con las obtenidas por analisis de ruidos. 

Finalmente, Ia memoria informa sobre estudios 
sistematicos del recalentamiento d_estructivo en con
juntos de barras, que incluyen el analisis de Ia inesta
bilidad del ftuido que precede a aquel fenomeno. 
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Hydrodynamic instability and dynamic burn-out 
in natural cir.culation two-phase flow-an 
experimental and theoretical study 

By K. M. Becker, S. Jahnberg, I. Haga, P. T. Hansson and R. P. Mathisen* 

In recent years a research programme concerning 
the flow of steam-water mixtures in vertical heated 
channels has been in progress at AB Atomenergi in 
Sweden. During the first phases of this programme the 
steady forced circulation flow was studied, and 
measurements of pressure drop, void fractions, heat 
transfer coefficients and burn-out have been presented 
in a series of reports [1-6]. 

However, it has been observed by many investigators 
that strong hydrodynamic oscillations may under 
certain conditions develop in boiling loops. These 
oscillations may reduce the burn-out values con
siderably compared to conditions in steady flow. In 
nuclear boiling reactors such oscillations may also 
influence the total void volume and therefore the 
reactivity. The oscillations occur more readily under 
natural circulation than for forced circulation, and 
information permiting prediction of the onset of flow 
instabilities in the fuel elements, the nature of the flow 
and the burn-out conditions during oscillatory 
behaviour of the system are therefore of particular 
importance for the designer of boiling reactors with 
natural circulation. 

A study of the flow in vertical heated channels 
during natural circulation was therefore included in 
our research programme. During this study both 
analytical and experimental techniques were used. 
The method of tackling the problem experimentally 
was to simulate the reactor fuel element by means of 
test sections which were electrically heated. It is 
desirable to carry out full-scale experiments, but since 
such experiments would be very time-consuming and 
difficult to analyze or interpret, it was decided to start 
the investigation by studying the flow in channels of 
the most simple geometry, such as round ducts, with 
the purpose of determining the influence on stability 
and dynamic burn-out of such basic parameters as 
static pressure, inlet subcooling, surface heat flux, 
mass velocity, test section diam, heated length and 
inlet and outlet throttling. However, a loop for 
studying full-scale rod clusters will soon be in opera
tion. Theoretically, the problem has been approached 
by considering the basic conservation laws of energy, 
mass and momentum in one-dimensional form, and 

• AB Atomenergi, Stockholm and Studsvik. 
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reducing these equations to a set of partial differential 
equations which was possible to solve numerically 
by means of a Ferranti Mercury digital computer. One 
should note, however, that an important physical 
difference exists between a loop experiment and the 
conditions encountered in a reactor. When the flow 
oscillates in the reactor, the steam void fraction and 
the reactivity of the system become time dependent. 
The change of reactivity influences the power which 
again influences the void fraction. In the present 
analytical and experimental study this interaction 
between void fraction and power has been neglected 
as well as the hydrodynamic interaction between 
different channels. 

One-dimensional analysis for onset of instability 
for two-phase flow in vertical heated channels 

Basic equations and boundary conditions 

For the present analysis one-dimensional flow is 
assumed. This implies that all radial gradients are 
neglected, and the conservation laws for mass, 
energy and momentum then become 

Continuity equation 

a 
Of [pr(l - a) + pga] 

a 
+ iJz [prl'r0 - oc) + pgl'goc] = 0 ( 1) 

Energy equation 

a 
Ot [prer(l - oc) + pgegoc] 

a qL + iJz [prvrhr(l - oc) + pgl'ghgoc] = F (2) 

Momentum equation 

a a 
iJt [prvr(l - oc) + pgVgoc] + i}z [prrr2(1 - oc) + pgl'g2oc] 

+ ~ + g[pr(l - oc) + pgoc] + (~~lc/>2 = Ot (3) 

In addition to Eqs. {1, 2 and 3) two more equations 
are needed in order to describe the system completely 

t The nomenclature is found in [12] and [13]. 
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in the two-phase flow region. These equations concern 
the multiplier, cp2 , for computing the two-phase flow 
friction pressure gradient, and the relation between 
the void fraction, llC, and the steam quality x. At 
present only empirical correlations based on experi
mental results are available. For the two-phase flow 
friction multiplier two correlations were used. The 
first was the Martinelli and Nelson [7] correlation, 
which was put in the mathematical form [8] 

c/>2 = 1 + axb ( 4) 

where a and b are functions of pressure only. 

3 900- I9.6p 
a= 6.75 + P b = 1.025 - 1.74 x 10-3p (5) 

The other was the correlation by Becker eta!. [I] 

(
x)o.96 

c/>2 = 1 + 2 400 p (6) 

Also for computing the relation between void 
fraction and steam quality, two different correlations 
were used. The first was based on Martinelli and 
Nelson's results, which according to reference [8] can 
be expressed by an equation for the slip ratio 

S = (1 + cxl)( 0.795 + 0.410 :~) (7) 

where cis a pressure dependent parameter. 
The other void fraction correlation was based on 

the momentum model by Levy [9], which in order to 
obtain a better agreement with experimental results 
was modified as described in reference [10]. 

Boundary condition 

The boundary condition for Eqs. (1-3) is obtained 
by integrating the pressure drop over the heated 
channel 

l
L()p 

l1p =- - dz 
0 oz (8) 

Two cases leading to two versions of the flow model 
were considered. 

Case 1 
The pressure difference over the heated channel 

including inlet and outlet losses is prescribed and the 
boundary condition then becomes 

(9) 

This version of the model is similar to the stability 
problem studied by Quandt [11]. 

Case 2 
A complete natural circulation loop, including 

riser, steam separator, and downcomer will now be 
considered, and the boundary condition becomes 

rL op 
- Jo oz dz + 11Pce 

fL+Lr op 
- JL OZ dz + 11Pre + 11pm = /1pd (10) 

K. M. BECKER et a/. 

It can be shown that the pressure drop over the 
channel as well as the other pressure differences in 
Eq. (9) or (1 0) can be expressed in terms of inlet water 
acceleration, v0(t), and properties describing the 
instantaneous state in the loop. Equation (9) or (10) 
will then give an explicit equation for v0(t), which 
together with the continuity equation can be solved 
numerically. 

The analysis is based upon the following assump
tions: 

(a) The pressure drop along the channel is small 
compared with the mean system pressure; 

(b) The inlet fluid temperature is constant; 
(c) The effect of subcooled boiling is neglected 

except for a small correction, which is applied to the 
frictional pressure drop in the nonboiling region as 
described in reference [10]. 

Assumption (a) permits the use of space and time 
independent values for density, internal energy and 
enthalpy for both phases of the fluid. 

Assumption (b) is permissible if the transport time 
through the downcomer is large compared with the 
time constant associated with the instability. 

Treatment of equations 

The integration of the pressure gradient over the 
heated channel, using Eqs. (1)-(3), yields 

rL Op duo 
- Jo oz dz = a1(t) dt + a2(t) (11) 

where the details of the analysis and a1(t) and a2(t) 
are given in reference [12]. 

Calculating the pressure differences over the outer 
loop and applying the boundary condition, Eq. (9) 
or (10), one obtains: 

l L op dv0 - - dz = b (t) · - + b (t) 
0 oz 1 dt 2 (12) 

The functions b1(t) and b2(t), which contain the inlet 
and outlet pressure losses, will be different for the two 
cases represented by Eqs. (9) and (10). For details of 
the calculation refer to [12]. 

Summary of differential equations 

From Eqs. (11) and (12) the following expression is 
obtained for the inlet acceleration 

du0 b2(t) - a2(t) 
dt - a1(t) - b1(t) 

(13) 

Equation (13) together with the continuity equation 

ollC ow 
ot = pr - pg · oz (14) 

describes the transient flow in the loop. The equations 
can be solved numerically when initial conditions for 
the variables are known. 

Initial conditions 

As initial conditions for Eqs. (13) and (14), the 
steady state solution was chosen. This solution was 
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obtained from the same set of equations, neglecting 
all time derivatives and using an iterative method. 
Starting with an assumed value for v0 , the pressure 
drops for the heated channel and the outer part of the 
loop were calculated. If the pressure balance was not 
satisfactory, a new value for v~ was chosen and the 
procedure was repeated until a sufficient accuracy for 
the pressure drop balance was obtained. 

Numerical solution of differential equations 

The system of partial differential equations was 
solved numerically by a simple finite difference 
technique for both space and time co-ordinates, using 
a Ferranti Mercury digital computer. 

The first sequence of the computer programme 
concerns the steady state flow. Utilizing this sequence 
a series of calculations was performed for different 
values of the heat input, but at fixed values for the 
pressure, inlet subcooling and liquid level. This enabled 
us to establish curves for the mass flow rate versus 
the power input. Then the transient flow response 
caused by a step increase of 1 per cent in qL(z, t) was 
calculated. Considering the inlet velocity, it appeared 
that the response was a transient with large oscill
ations. If the oscillation diverged the initial steady 
flow condition in the loop was considered unstable 
and if the oscillation decayed the initial flow was 
considered stable. Flow transients were calculated 
for some values of the power input, and the 
stability limit was determined as that power input where 
the oscillation in inlet velocity changed from decreasing 
to increasing amplitude. 

Concerning the spatial variation of qr,(z, t) there 
are at present two versions of the programme, one 
with qL(z, t) constant along the channel length, and 
one where qdz, t) can be given a 3-step variation over 
the channel length, each of arbitrary length and 
magnitude. 

Apparatus 

The loop was designed for an operating pressure of 
70 atg and constructed of stainless steel. The flowsheet 
of the loop is shown in Fig. 1 and for the details of 
the loop and its exact dimensions we refer to a 
previous report [13]. 

The test sections were 20, 30 and 36 mm inner 
diam stainless steel ducts and the heated lengths were 
4 890 mm for the 20 and 36 mm ducts, and 4 420 mm 
for the remaining duct. 

Instrumentation 

The following quantities were measured: 
(a) Static pressure 
(b) Pressure drop over test section 
(c) Inlet and outlet water temperatures 
(d) Power input 
(e) Mass flow rate 
(f) Liquid level in the steam separator 
(g) Wall temperatures at 16 axial positions of the 

test section 
(h) Pressure drop over the throttle valve. 
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In order to determine the burn-out conditions, two 
burn-out detectors were installed. Concerning the 
details of the instrumentation we refer to reference [I 3]. 

Experimental procedures 

Before starting a run, the loop was completely filled 
with desalinated water, and all ducts connecting 
instruments to the loop were degassed. Then a small 
amount of power was supplied to the test section. 
After noting the observations the power was slightly 
increa~ed, and after about 15 min thermal equilibrium 
was obtained so that a new set of readings could be 
taken. As the power increased, the flow reached a 
maximum and then decreased. Ultimately the power 
reached a value where the flow became unstable and 
started to oscillate. Three cases are actually possible: 

(a) Diverging oscillations causing burn-out; 
(b) Stable oscillations; 
(c) Burn-out without oscillations. 
ln the second case, the amplitude of the oscillations 

increases, if one continues to increase the power, and 
burn-out will finally be obtained. ln the third case, 
the flow is completely stable until burn-out is obtained, 
and one would expect the burn-out values to be 
identical with values obtained during steady state 
forced circulation. 

Research programme and range of variables 

An examination of the problem revealed that for a 
fixed geometry of the loop and the test section the 
critical power could be defined by the function 

(q/A)c.r = f(p, LlTsub, H) ( 15) 

The mass velocity, Jil/F, and the steam quality x 
are not included since these parameters are deter
mined when the parameters in Eq. (15) are fixed. 
In addition to the parameters in Eq. (15) it was 
decided also to study the effects of the test section 
diam and the effects of changing the geometry of the 
loop. The geometrical changes employed were 
throttling of the flow before or after the test section. 
The performance of the loop permitted the static 
pressure to be varied between 10 and 70 atm (g) 
the inlet subcooling between 2 and 16 ac and the 
liquid level between 5 635 and 5 935 mm above the 
reference level. Throttling of the flow before the text 
section was achieved by means of the throttle valve in 
the downcomer. Five positions of this valve were 
employed. Throttling of the flow after the test section 
was obtained by reducing the number of 8.2 mm holes 
in the riser exit-2, 3, 4 and 96 holes were used. In 
addition, a few runs were made with both inlet and 
outlet throttling. In order to reduce the number of 
runs, the effects of inlet subcooling, liquid level and 
throttling were only studied at a pressure of 50 atm (g) 
using the 20 mm test section. The total research 
programme consisted then of 39 runs. 

Experimental results 

The effects of pressure, inlet subcooling, liquid level, 
inlet throttling, outlet throttling and diameter were 
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Figure I. Flow diagram 

studied separately, one of the parameters being varied, 
the remaining being kept constant. The major portion 
of the experimental programme was ~arried out us~ng 
the 20 mm diam test section and m the followmg 
discussion the results concern this duct, unless other
wise stated. The measured flow conditions at the 
onset of instability and burn-out are given in Table I. 

Effect of pressure 

The effect of pressure was studied regarding the 
case where the inlet subcooling was approximately 
2 ac and where the liquid surface was 5 835 mm 
abo~e the reference level. The results are shown in 
Fig. 2, where the measured mass velocities are plotted 
versus the surface heat flux. The power density, or the 
power per litre test section, is also ~ndicated alon? the 
horizontal axis, since perhaps this parameter IS of 
greater significance for the stability than the surface 
heat flux. The end point on each curve represents the 
last measurement of the series. A further increase of 
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burn-out data 

the power caused the burn-out detector to r~act, 
indicating that burn-out conditions had been obtamed 
in the test section. Curves representing the threshold 
of instability and the burn-out values are also given. 
Concerning the measurement of mass velocity after 
the onset of instability, there may be slight errors in 
the measured values, owing to the effects of fluid 
acceleration on the venturimeter readings. Only 
dotted curves are therefore shown in the oscillating 
flow regime. 

It is observed that as the pressure increases, the 
threshold of instability increases and approaches the 
burn-outcurve with which it coincides at approximately 
65 atm(g). For higher pressures, burn-out is o~tai~ed 
direct without the flow passing through the osctllatmg 
regime. Further, one observes that the burn-out heat 
flux has a maximum value at a pressure of 65 atg. 
This is in agreement with the available information 
for steady state forced convection burn-out, where 
the maximum heat flux occurs at a pressure of between 
40 and 75 atm(g) [14). 

In order to compare the measured burn-out values 
with forced circulation burn-out conditions, the 20 mm 
test section was, on completion of the measurements, 
mounted in a forced circulation loop. This loop had a 
pump with a pressure head of 8 atg. It was therefore 
possible to apply heavy throttling of the flow before 
the test section, securing as far as one could detect 
stable operation of the loop. Unfortunately, the 
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Figure 4. Effect of inlet subcooling on critical 
and burn-out heat fluxes 
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forced circulation loop had only a maximum operating 
pressure of 40 atg, so that the comparison coukLonly 
be established up to this pressure. 

The comparison in question is given in Fig. 3 in 
terms of the burn-out steam qualities. One should note 
that the forced circulation burn-out qualities were 
obtained by extrapolating from the measurements to 
the same heat fluxes as the natural circulation data. 
The comparison reveals that the forced circulation 
data are higher by a factor of about 1.3. It would have 
been of great interest to extend the forced circulation 
runs to 70 atm(g) where no flow oscillations were 
observed in the natural circulation loop. Such runs 
are now planned in our laboratory using a recently 
built high pressure loop. 

Effect of inlet subcooling 

The effect of inlet subcooling was studied at a 
pressure of 50 atg and a liquid level, H, of 5 835 mm 
in the steam separator. In Fig. 4 the heat fluxes at the 
onset of oscillations and at burn-out are plotted versus 
the inlet subcooling. It is observed that the stability 
of the flow is strongly reduced as the inlet subcooling 
increases. At 16 °C inlet subcooling a critical heat 
flux of 34 W fcm2 was obtained compared with 
73 W/cm2 at 2 °C subcooling. 

However, at very great subcooling temperatures it is 
possible that the critical power will start to increase 
with a further increase of the inlet subcooling, since a 
relatively large portion of the power is then used for 
just heating the water up to the saturation temperature. 
This behaviour is demonstrated in Fig. 5, where the 
critical power density at a pressure of 50 atm(g) is 
plotted versus the inlet subcooling. In the figure are 
also included the data obtained at 164 °C and 244 oc 
inlet subcooling with a I 0 mm diam test section. These 
data were obtained during an earlier phase of the 
investigation before the steam separator was installed 
and have been discussed in reference [13]. A very large 
increase of the critical power density is observed at 
the highest subcoolings so that the value obtained at 
244 °C inlet subcooling, is actually higher than the 
value corresponding to 2 °C subcooling. Our loop is 
now being modified so that the flow in the whole range 
of subcooling temperatures can be studied. 

Effect of liquid level 

The effect of the liquid level in the steam separator 
was studied in the case of 2.0 °C inlet subcooling and 
50 atm(g) pressure. The maximum possible variation 
was 300 mm, and since this value is small compared 
with the length of the test section with the riser, only 
small variations of the measured critical and burn-out 
heat fluxes could be expected. The conclusions reached 
should therefore be treated with caution. 

As shown in Fig. 17 of Ref. [13] we found that the 
burn-out heat flux increases slightly with increasing 
liquid level, while the critical heat flux remained 
constant. The corresponding critical steam qualities, 
however, decreased from 0.61 to 0.52 as the liquid 
level was changed from 5 635 mm to 5 935 mm. 
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Effect of inlet throttling 

The effect of throttling before the test section was 
studied in respect of 50 atg pressure, 5 835 mm liquid 
level and ~2.0 °C and ~ 11.0 °C respectively inlet 
subcooling. The throttling of the flow through the 
throttle valve is indicated by means of the 'i-values 
for the throttle valve defined by the equation 

(16) 

where v is the velocity of saturated water through the 
test section. The results obtained for 11 °C inlet 
subcooling are shown in Fig. 6. 

It can be observed that as the throttling increases, 
the stability of the loop also increases and finally the 
flow is so stable that burn-out is obtained direct 
without preceding flow oscillations. With regard to 
the burn-out heat fluxes, these also increase with 
increasing inlet throttling until they reach a maximum 
whereafter they decrease with further throttling owing 
to the high steam qualities which are now encountered 
in the test section. This is more clearly demonstrated 
in Fig. 7, where the burn-out steam qualities are plotted 
versus the inlet throttling. The corresponding values 
for forced circulation are also indicated in the figure. 
The forced circulation points were obtained by 
extrapolation to 50 atm(g) from the measured values, 
which were obtained between 10 and 40 atm(g). As 
the pressure drop over tl!e throttle valve increases, the 
measured burn-out steam qualities rapidly approach 
the values for forced circulation, indicating the absence 
of flow instabilities. 

Effect of outlet throttling 

The outlet throttling was varied by changing the 
number of 8.2 mm holes at the end of the riser. We 
found that as the outlet throttling increased, the 
critical and burn-out heat fluxes decreased, indicating 
that outlet throttling renders the flow more unstable. 
For the details of these results see Ref. [13]. 

Effect of test section diameter 

The measurement with the 30 mm and 36 mm diam 
test section will only be discussed briefly, and as 
regards the details of these runs we refer to a report 
by Mathisen eta/. [15]. 

Figure 8 shows the results of studying the effects of 
pressure, using the 30 mm test section. Generally, the 
curves reveal the same characteristic shapes as the 
curves for the 20 mm duct previously shown in 
Fig. 2. Owing to differences in heated length, inlet 
subcooling and the fact that the throttling effect of the 
outer loop is relatively greater when a 30 mm test 
section is used, a satisfactory quantitative comparison 
between the two sets of data cannot be established. 
Corresponding data obtained with the 36 mm test 
section are given in Fig. 9. A comparison between two 
sets of data obtained with the 20 and 36 mm ducts at 
almost identical values for the pressure, inlet subcooling 
and liquid level is presented in Fig. 10. The flow in the 
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20 mm duct became unstable at a power density of 
122 kW/1, while the flow in the 36 mm duct was still 
stable at a power density of 135 kW/1, which corre
sponded to the maximum possible operating power for 
the loop, or 675 kW. The theoretical value for the 
onset of instability, computed by means of analysis 
was in this case 154 kW/1. This seems to indicate that 
the stable power density increases with an increasing 
diam. However, this conclusion needs further experi
mental verification, since in the two cases, the relative 
effect of the throttling of the flow in the outer loop 
was different, a fact which may have helped to stabilize 
the flow in the 36 mm test section. Analytically, this 
diam effect was verified by means of the model 
previously presented. 

Comparison between experimental 
and theoretical results 

The experimental results described previously 
have been valuable in checking the theoretical flow 
model. Until now 12 cases of the measurements have 
been analyzed. 

Figure 11 shows a comparison between the predicted 
and the measured mass velocities for the case of 2 °C 
inlet subcooling and no throttling. In the pressure 
range of 20 to 50 atm(g) the agreement between 
theoretical and measured mass velocities is rather good, 
the discrepancy being a maximum of 10 per cent and 
on the average only 3-4 per cent. For 10 atm(g) the 
theoretical values are about 15 per cent higher than 
those measured, but at 70 atm(g) the theoretical are 
about 15 per cent lower. The measured and the 
predicted thresholds of instability are also indicated 
in the figure. One should note that in the case of 
70 atg, burn-out was obtained without any oscillations 
being observed. In this case the analysis predicts 
stable flow up to a steam quality of 1.0. 

In Fig. 12 a summary of the experimental results 
is compared with the analysis. The data by Quandt 
[11] and by Spigt et a!. for an annulus [16] and a 
7-rod cluster [17] are also included. The present 
measurements and Quandt's data are in excellent 
agreement with the predictions, the deviations being 
less than 10 per cent. Spigt's data also agree reasonably 
with the analysis showing deviations up to 35 per cent. 
These deviations may perhaps be due to the pressure 
drop over the middle spacer in the test section, which 
was quite significant and had, for mathematical 
purposes, to be distributed uniformly along the 
test section when the theoretical model was applied. 

Application to boiling heavy water reactors (BHWRs) 
In the present section the previously described 

analytical and experimental results will be applied to 
the assessment of the boiling channels in BHWRs. One 
should then bear in mind that the present results were 
obtained for uniform power distribution, whereas in a 
reactor the power varies along the channel. Applying 
the theoretical model to the non-uniform case indicates 
that the shape of the power distribution along the 
channel may have a significant effect on the stability. 
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However, this has not yet been verified experimentally. 
Further, the knowledge about the effects of cross
section geometry cannot be considered sufficient for 
accurate predictions of the flow stability in fuel 
elements consisting of a large number of rods. The 
conclusions obtained in the present section should 
therefore be taken with caution. 

The power output of the boiling channels in 
BHWRs can be limited by one of the following four 
criteria. 

(a) Dynamic burn-out caused by hydrodynamic 
oscillations; 

(b) Static burn-out caused by excessive heat flux; 
(c) Void reactivity feed back instability; 
(d) Excessive U02 temperatures. 
The first three of these criteria are affected by the 

problems discussed in this paper. 
With regard to (a) the available experimental 

results are considered to give appreciable support to 
the theoretical model. When applying the model to 
reactor calculations, the pressure loss due to inertial 
damping in the downcomer is neglected, since this 
term is small when only one oscillating channel is 
considered. Since the model in the case of axially 
uniform heat flux distribution has given good agree
ment with experiments for round ducts, with lengths 
and hydraulic diameters typical for BHWRs, as well 
as an annulus and a rod cluster, it is assumed to give 
reasonable results for the multi rod cluster fuel 
elements for BHWRs. The model, however, predicts 
the instability threshold only and the additional 
power margin to burn-out is at present discounted. 
This may be a conservative approach since, due to 
larger nuclear fuel time constants a larger difference 
between the instability threshold and dynamic burn-out 
may exist in reactors than in loop experiments. 

The void reactivity feedback problem is presently 
being treated in Sweden with models in which 
simplified versions of the model described in this 
paper are used to represent the hydraulic part of the 
problem, and the reactivity feed back is added. Later, 
the more complete hydraulics will be included in a 
new model. 

By varying one parameter such as, for instance, the 
inlet throttling, the criteria determining the power 
limitation may change from dynamic burn-out to 
static burn-out. A detailed understanding of both 
phenomena is therefore essential, and a good design 
should allow the same safety margin with respect to 
both criteria. 

The problem of static burn-out has been studied 
experimentally. This study comprised burn-out 
measurements in round ducts, annuli, 3-rod and 
7-rod clusters, and with regard to the results refer 
to [3, 4, 5 and 18]. 

Influence of inlet throttling 

Increasing the inlet throttling in the natural circu
lation loop at constant inlet subcooling, ~Tsub, 
resulted in a gradual increase of the instability 
threshold and dynamic burn-out limit, until eventually 
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the curves evened out and decreased slightly for the 
highest inlet throttlings applied. The burn-out curve 
for the same tube tested in forced circulation with large 
inlet throttling has a slight negative slope for the same 
range of mass velocities and steam qualities as the 
natural circulation experiment and gives eventually 
a point of intersection with the dynamic burn-out 
curve. It is therefore possible to make the two design 
criteria coincide by selecting an appropriate value for 
the inlet throttling. The reason for the nearly flat 
shape of the static burn-out curve when the flow is 
throttled is the fact that the decrease in burn-out flux 
resulting from an increase in quality is almost com
pensated by the increase in burn-out heat flux with 
decreasing velocity. For typical BHWRs operating 
with a given feed water temperature, the degree of 
subcooling is also affected slightly by quality in 
accordance with the heat balance equations: mTrwx + 
mTsatO - x) = mT;.u, thus 

(17) 

and this produces slightly larger variations in velocity 
for a given variation in quality, thus compensating to a 
still greater degree for the influence of quality. Under 
these conditions, the static burn-out flux is practically 
independent pf quality over the range of practical 
interest. These conclusions are based on both the 
burn-out correlation by Becker and Persson [5] and 
the correlation by Macbeth [19]. An example on the 
importance of the inlet throttling for the design of 
reactor fuel elements is presented in Fig. 13, where for 
different values of the inlet throttling, the predicted 
mas& velocities in a Marviken fuel element [20] are 
plotted versus the power. The intersection between the 
stability and the static burn-out curve gives a good 
indication about the magnitude of the inlet throttling, 
which is reasonable to apply. 

1100 
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Influence of equivalent heated diameter 
According to the previously presented analytical 

and experimental results, the critical power density at 
given values for ~Tsub and p increases slightly with 
an increase in the equivalent heated diameter, De, 
which is based on the heated part of the perimeter 
only. For a given cluster, with a certain number of 
rods, an increase in the rod spacing with the corre
sponding increase in shroud diameter would thus 
increase the stable channel power more than that 
proportional to De. An increase in De for constant 
Xre and m/F is found to reduce the static burn-out 
heat flux according to both Swedish and American 
data. On the other hand, an increase in De under 
natural circulation would also produce a reduction in 
Xre whilst m/F would not, according to the present 
measurements, be affected significantly. Analysing the 
influence of these changes on the static burn-out heat 
flux, it is found that the various factors almost 
exactly cancel over the range of interest. The static 
burn-out flux plotted against De for a given core 
height and number and diameter of rods gives thus a 
practically horizontal curve. Since the dynamic power 
limit increases with De, a point of intersection between 
the two limits can be found. 

The equivalent heated diameter is therefore a 
valuable design parameter which together with the 
inlet throttling enables the engineers to design the 
reactor with the same safety margins against dynamic 
and static burn-out. 

Influence of channel length 
The analytical model indicates that a decrease in the 

boiling channel length increases the critical power 
density. For a predetermined reactor power and 
volume, a reduction in channel length also reduces 
mfF X Xre. Since the static burn-out heat flux is 
mainly a function of m/F. Xre a reduction in channel 
length will increase the static burn-out heat flux. 
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Figure 13. Effect ofthrottling in a Marviken boiling channel 
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However, the gain in power density is obtained at the 
expense of increased reactor vessel diameter and 
increased neutron leakage. 
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Af607 Suede 

lnstabilite hydrodynamique et calefaction dyna
mique dans un courant a deux phases en 
circulation naturelle. Etude experimentale et 
theorique 
par K. M. Becker et a/. 

11 est presente un modele theorique permettant de 
prooire le seuil d'instabilite d'un courant a deux 
phases dans une boucle a circulation naturelle. Le 
modele calcule le changement transitoire de courant 
cause par une perturbation en echelons de l'apport 
de chaleur, et est base sur la loi de la conservation de 
masse, de quantite de mouvement et d'energie sous 
forme unidimensionnelle. Des correlations empiriques 
sont utilisees dans le modele pour !'estimation des 
fractions de vide et des pertes de pression dans le 
courant a deux phases. Les equations sont resolues 
numeriquement en une approximation de differences 
finies codee pour une calculatrice numerique. ll 
existe deux versions du modele: I'une oil Ia perte de 
pression totale dans le conduit est donnee, et l'autre 

oil la perte de pression totale est calculee d'apres 
les caracteristiques de la boucle exterieure. 

Une etude experimentale de l'instabilite hydro
dynamique et de la calefaction dynamique dans un 
courant a deux phases a ete effectuee dans une bo).lcle 
a circulation naturelle dans la gamme de pressions 
entre 10 et 70 atm (eff.). Les sections d'essai etaient 
constituees par des conduits cylindriques d'un dia
metre interieur de 20, 30 et 36 mm et d'une longueur 
chauffee de 4 890 mm. Les resultats experimentaux 
montrent que, dans les gammes soumises aux essais, 
la stabilite du courant croit pour une augmentation 
de pression et un accroissement de l'etranglement en 
amont de la section d'essais, mais decroit pour une 
augmentation du sous-refroidissement a !'entree et 
un accroissement de l'etranglement en aval de la 
section d'essais. Une comparaison des caracteristiques 
de la vapeur de calefaction en circulation naturelle 
avec les donnees correspondantes a la circulation 
forcee a montre que les premieres donnees sont 
inferieures d'un facteur pouvant atteindre 2,5. 
Cependant, en appliquant l'etranglement a I' entree du 
courant, on obtient des valeurs de calefaction qui se 
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rapprochent des valeurs obtenues avec Ia circulation 
forcee et finissent par coincider avec celles-ci. 

Les resultats experimentaux obtenus au COUTS des 
essais susmentionnes ainsi que les donnees fournies 
par d'autres sources ont ete compares avec les seuils 
de stabilite obtenus a l'aide du modele theorique. Les 
comparaisons portaient sur Ia disposition circulaire, 
annulaire et en faisceaux des barreaux, et Ia con
cordance entre les limites de stabilite experimentales 
et theoriques etait excellente, les ecarts etant en 
general inferieurs a 10%. 

L'application des resultats experimentaux et theo
riques a }'estimation d'un reacteur a eau lourde 
bouillante est examinee. II est montre d'une fal(on 
qualitative comment l'instabilite hydrodynamique 
et la catefaction affectent !'optimisation des per
formances d'un reacteur. 

A/607 WB81..1HR 

rHAPOAHHaMH4eCKa~ HeCTa6HnbHOCTb 
H AHHaMHKa KpH3HCa B ycnOBH~X ec
TeCTBeHHOH ~HpKyn~~HH ABYX~aaHoro 
noroKa. 9KcnepHMeHranbHoe H reope
TH4ecKoe HCCneAOBaHHe 

H. M. 5eKep et al. 

Ilpe)l;CTaBJieHa TeopeTH'IeCRaJI MO)l;eJib )l;JIJI 
npe)l;CIUlaaHHH nopora HecTa6HJibHocTH )l;Byxcpaa
Horo noToRa B neTJie C ecTeCTBeHHOH ~HpRyJIH
~HeH. (}Ta MO)l;eJib noaBOJIJieT paCC'IHThlBaTb B03-
IIHRH011eHHe HeycTaHOBHBllierOCJI nOTORa Ha-aa 
CRa'IR006pa3HOrO H3MeHeHHJI ROJIH'IeCTBa noCTy
naro~ero TenJia. 0Ha ocHoBaHa Ha aaRoHax coxpa
HeHHH MaCChl, ROJIH'IeCTB )l;BH>KeHHJI H ::meprHH B 
O,ll;HOMepHOH cpopMe. 8MnHpH'IeCRHe aaBHCHMOCTH 
HCnOJib30BaJIHCb B 3TOH MO)l;eJIH )l;JIJI O~eHRH )l;OJIH 
IIYCTOT H nepena)l;OB )l;aBJieHHJI B )l;ByxcpaaHOM no
TORe. 8TH ypaBHeHHJI pemaiOTCJI 'IHCJieHHO B RO
He'IHO-paaHOCTHOM npH6JIH>KeHHH, aanporpaMMH
poBaHHOM )l;JIJI pactJ:eTa Ha ~HcppOBOH Bhl'IHCJIH
TeJibHOH MamHHhl. Cy~ecTBYIOT )l;Ba napnaHTa 
MO)l;eJIH: B O)l;HOM BapHaHTe o6~HH nepena)l; )l;aB
JieHHJI B RaHaJie aa)l;aeTcH aapaHee, a B ,ll;pyroM
o6~HH nepena)l; )l;aBJieHHH pacctJ:HTDIBaeTCH no 
HCeMy RaHaJiy, Ha OCHOBe )l;aHHhlX, noJiy'leHHhlX 
B HH>KHeH RaMepe. 

aRcnepHMeHTaJibHDie HCCJie)l;oBaHHH rH,ll;pO)l;HHa
MH'IecRoft HeCTa6HJibHOCTH H )l;HHaMHRH RpH3HCa 
B )l;Byxcpa3HOM nOTORe 6LIJIH BhlllOJIHeHhl B neTJie 
C eCTeCTBeHHOH ~HpRyJIH~HeH B )l;HanaaoHe )l;aBJie
HHH oT 10 ,ll;o 70 ar. Pa6o'IHe yqacTRH npe,ll;cTaB
JIHJIH co6oft RpyrJihle Tpy6DI BHyTpeHHHM )l;Ha
MeTpOM 20, 30 H 36 MM H o6orpeBaeMOH )l;JIH
HOH 4890 MM. aRcnepHMeHTaJibHLie peayJILTaThl 
noRaaaJIH, 'ITO B HCCJie)l;oBaHHLIX npe)l;eJiaX CTa-
6HJibHOCTb llOTORa BoapacTaeT C yBeJIH'IeHHeM ,ll;aB
JieHHJI H ,ll;pOCCeJIHpOBaHHJI nepe)l; pa6o'IHM yqa
C.TROM H yMeHLmaeTCH c yneJIH'IeHHeM nepeoxJia-

K. M. BECKER et at. 

>K,ll;eHHJI BXO)l;H~ero nOTORa H ,ll;pOC~eJIHpOBaHHH 
nocJie pa6o'lero yqacTRa. CpaBHeHHe Ra'leCTBa 
napa npn RpHance B ycJioBHHX ecTecTBeHHOH ~Hp
RYJIH~HH C COOTBeTCTBYIO~HMH )l;aHHhlMH npH 
llpHHY,ll;HTeJibHOH ~HpRyJIH~HH noRaaaJIO, 'ITO B 
rrepBOM CJiyqae )l;aHHhle 6DIJIH HH>Ke no'ITH B 
2,5 paaa. O,ll;HaRo nyTeM ,ll;pocceJIHpoBaliHH no
TORa Ha BXO)l;e 3HatJ:eHHJI BeJIH'IHH npH RpH3HCe 
npH6JIH>KaJIHCb H OROH'IaTeJibHO COBlla)l;aJIH C )l;aH
HblMH )l;JIH npHHYAHTeJII>HOH ~HPRYJIH~HH. HacToH
~He aRcnepHMeHTaJibHDie peayJILTaTDI, TaRme 
1\aR H ,ll;aHHhle 113 )l;pyrHX HCTO'IHHROB, CpaBHHBa
JIHCb C noporaMH CTa6HJibHOCTH, noJiy'leHHhlMH C 
nOMO~biO TeopeTH'IeCROH MO)l;eJIH. OTH COnOCTaB
JieHHJI BRJIIOtJ:aJIH RpyrJiyro, ROJII.~enyro reoMeT
pnro H reoMeTpHro nyqRa CTepmHeft. ELmo 
HaH)l;eHo otJ:eHI> xopomee cooTBeTCTBHe :mcnepH
MeHTaJII.HLix H TeopeTH'IeCRHX npe)l;eJIOB CTa6HJib
HOCTH. 0TRJIOHeHHJI B OCHOBHOM COCTaBJIJIJIH MeHb
me 10%. 

06cym,n;aeTCH npHMeHeHHe aRcnepHMeHTaJih
Hhlx H TeopeTH'IeCRHX peayJII.TaTOB )l;JIJI O~eHRH 
ROHCTPYK~HH RHIIH~ero TH>KeJIOBO,ll;Horo peaR
Tapa. IloRaaaHO Ra'leCTBeHHO, RaR rH,!I;pO,ll;HHaMH
'IeCRaJI HeCTa6HJihHOCTb H RpH3HC BJIH.RIOT Ha Oll
THMH3a~HIO pa60'IHX xapaRTepHCTHR peaRTOpa. 

A/607 Suecia 

lnestabilidad hidrodinamica y grado de que
mado dinamico en flujo a doble fase en 
circulaci6n natural. Estudio experimental y 
te6rico 

par K. M. Becker eta/. 

Se presenta un modelo te6rico para predecir el 
umbral de inestabilidad para flujo a doble fase en un 
circuito de circulaci6n natural. El modelo permite 
calcular el transitorio de flujo originado por una 
perturbaci6n tipo peldafio en la entrada de calor, y 
esta basado en las leyes de conservaci6n de masa, 
momento y energia, en forma unidimensional. En 
el modelo presentado se emplean correlaciones 
empiricas para estimar los porcentajes de vacios y 
los descensos de presion del flujo de doble fase. Las 
ecuaciones se resuelven numericamente en aproxi
maci6n por incrementos finitos codificada para un 
computador digital. Existen dos versiones del modelo: 
una en que se especifica previamente Ia caida total 
de presion en el canal, y otra en la que aquella se 
calcula a partir de los datos de entrada. 

Se ha llevado a cabo un estudio experimental de Ia 
inestabilidad hidrodinamica y del grado de quemado 
dimimico en flujo bifasico y en un circuito de cir
culaci6n natural en Ia zona de presiones de 10 a 
70 atm(g). Las secciones de enSJiYO fueron conductos 
circulares de 20, 30 y 36 mm de diametro interior1 y 
una longitud en caliente de 4 890 mm. Los resultados 
experimentales han demostrado que, dentro de lqs 
miugenes ensayados, Ia estabilidad del flujo aumenta 
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con la presion y con el grado de estrangulamiento 
antes de Ia seccion de ensayo, pero disminuye al 
aumentar el subenfriamiento de entrada asi como 
el estrangulamiento despues de Ia seccion de ensayo. 
Comparando las caracteristicas vapor-grado de 
quemado en circulacion natural con los datos corres
pondientes en circulacion forzada, se advierte que los 
primeros fueron inferiores en un factor de basta 2,5. 
Sin embargo, aplicando al flujo estrangulamiento 
en Ia entrada, los valores de quemado convergen y 
finalmente coinciden con los correspondientes a 
circulacion forzada. 

Estos resultados experimentales asi como los datos 
disponibles de otras procedencias se han comparado 
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con los umbrales de estabilidad obtenidos por el 
modelo teorico. En el estudio comparativo se han 
incluido geometrias circular, anular y de agrupamiento 
de barras, y Ia concordancia entre los limites de 
estabilidad experimentales y teoricos fue muy satis
factoria, quedando generalmente las desviaciones 
comprendidas dentro de un intervalo menor del 10 
por ciento. 

Se estudia Ia aplicacion de los resultados experi
mentales y teoricos en su contribucion al disefto de los 
reactores de agua pesada en ebullicion. Se demuestra 
cualitativamente como Ia inestabilidad hidrodimimica 
y el grado de quemado afectan a Ia optimizacion de 
las caracteristicas del reactor. 



P/801 Norway 

Two-phase flow investigations for a marine boiling 
water reactor 

By E. Kjelland-Fosterud, I. Bencze, B. Kierulf and 0. R. Kolberg* 

This paper describes research work done in support 
of a nuclear ship design project. The work has been 
concentrated on three aspects of the coolant flow, 
using three different experimental facilities. Work 
continues in two of these. 

In a marine boiling water reactor the moderator 
density, and hence the reactivity of the core, is de
pendent upon the vertical accelerations due to ship 
motion. This dependence arises through the following 
mechanisms: 

(a) The buoyancy force on the steam bubbles 
change, influencing the velocity of the steam bubbles 
relative to the water and perhaps also the changeover 
from one flow regime to another. This effect will alter 
the core void fraction, i.e., the volume fraction of 
vapour in the core even at constant power and 
circulation rate. 

(b) The natural circulation driving head changes, so 
that the circulating mass of coolant will accelerate. 
The changes in circulation velocity which results 
depends upon the frequency of the vertical accelera
tions, the ratio of the natural circulation driving 
head to the total driving head, and upon the momen
tum of the circulating water. Variations in water 
velocity through the core will lead to variations in 
the rate of steam production, since the water is 
subcooled at entry to the reactor core, and also in 
the absolute steam velocity. Both effects cause 
void fluctuations. 

(c) Incomplete separation in the upper plenum 
leads to entrainment of steam bubbles in the down
comer. The entrainment process, which is dependent 
upon vertical accelerations, will affect the natural 
circulation driving head, the subcooling at the core 
inlet, and, if subcoolers are fitted, cause deviations 
from the designed plant heat balance. Although the 
magnitude of these effects can be reduced by fitting 
forced circulation pumps, it might be more economical 
to dispense with these and rely on natural circulation 
alone or aided by a steam injector jet pump. 

The research programme involves investigation 
of the effect of ship motion on the reactor core void 
fraction, investigation of the dynamic response of 
the coolant circuit to accelerations, and the effect 
of coolant circuit inertia and subcooling on this 
response, using a mobile loop called Yo-Yo. This loop 

* lnstitutt for Atomenergi, Kjeller. 
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will later be used for carry-under investigations, and 
for checking the hydraulic loop of reactor dynamics 
models. 

Carry-under is investigated qualitatively in a 
large-scale, atmospheric air-water rig called Cubox, 
which permits tests on rectangular risers and down
comers of different areas. 

The steam injector jet pump has been investigated 
in a high pressure loop, simulating a section of the 
reactor core with riser and downcomer. 

INVESTIGATION OF VARIABLE g-EFFECTS 
ON THE HYDRAULIC LOOP 

Background 

Calculations, using the accepted form of slip 
correlation for _!_wo-phase bubbly and slug flow, 
s = cl + C2/V Fr, where cl and c2 may be functions 
of void fraction, but not significantly of local water 
velocity, and Fr = local Froude number, indicate 
that the direct influence of changes in gravity on slip 
should be negligible at reactor conditions. It should, 
therefore, be permissible to use existing two-phase 
flow data, which have all been obtained on stationary 
rigs, in the reactor dynamic analysis. 

The reactor coolant channels are short, and en
trance effects and transition points between flow 
patterns might alter with g in such a way that signifi
cant changes in slip ratio would be found. The main 
purpose of this investigation was, however, only to 
confirm that the direct g-effect on slip was insignifi
cant. 

Apparatus 

The rig consists of a natural circulation, 30 kW, 
50 ata boiling loop mounted on a frame which can be 
oscillated vertically with a stroke of I 0 m and a period 
of about 5 s. Figure I shows a photograph of the 
complete rig and Fig. 2 shows the loop arrangement 
diagrammatically. 

The heating element is a 25 mm diam, 0.25 mm 
wall thickness, 1 200 mm long stainless steel tube 
which is rigidly mounted inside a pressure tube. 
The condenser, mounted on top of the steam dome, 
consists of 8 U-tubes, individually supplied through 
small bore valves with cooling water from a piston 
pump. The coolant passes from the pump to the 
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Figure I. Yo-Yo. Arrangement of rig 

condenser through a small bore, high pressure rubber 
hose, and evaporates completely in the condenser. 
The exhaust is always superheated, and is discharged 
directly into the air. This arrangement is necessary 
to prevent changes in the rate of heat removal with 
loop position. 

The subcooler consists of two parallel cbpper 
tubes tightly coiled round the downcomer and held 
by screw clips in contact with the downcomer. The 
heat transfer rate is kept low, and the cooling water 
flow rate is high, in order to prevent local boiling 
which might cause subcooling fluctuations with loop 
position. 

The downcomer shown on the photograph is a 25 
mm bore tube about 2m long. For some of the tests 
this was replaced by a similar diameter tube of 6 m 
length, obtained by coiling a longer tube in the loop 
plane. 

The loop is bolted to a frame which is guided by 
two steel wires secured to the roof and the floor of 
the laboratory. The loop is moved by a pneumatic 
cylinder through a 5: 1 pulley and wire arrangement. 
The control system consists of 10 solenoid valves 
(5 for inlet and 5 for exhaust) controlled by micro
switches in connexion with a rotating cam. 

C '' ~: 

~~' ][ 
E-j[ 

E-

~ 
F 

Figure 2. Yo-Yo. Diagram of loop 

Instrumentation 
An impedance void meter is placed immediately 

above the heating element. It consists of an insulated 
tube mounted between an earthed central cylinder 
and the earthed pressure tube. The impedance be
tween the insulated tube and earth depends on the 
void fraction of the flow, the conductivity of the 
water and strictly also on the flow pattern [2]. 

An identical reference meter was placed immediately 
below the heating element, in order to compensate 
for the change in conductivity with temperature and 
water purity. Sensors working on the same principle 
are mounted in the annulus surrounding the riser, 
and are used for measuring downcomer void fractions 
and water level. Circulation rate is sensed by a stand
ard de Havilland Potter meter, pressure by a Bourdon 
precision gauge, and the acceleration by a Hottinger 
cell. All instrument signals, except the system pressure, 
are transmitted to a UV recorder. The circulation rate 
is calculated from the time interval between the 
Potter meter pulses, to avoid the damping caused by 
an integrator. Signals can also be stored on a tape 
recorder, from which they are fed into an analogue 
computer for comparison with a mathematical 
model of the loop dynamics [5]. 
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Procedure 

Tests have been run within the following ranges of 
variables: 

Pressure between . . . . 
Power between . . . . . 
Circulation rates between . 
Exit void fractions between 
Subcooling has been either 

10 ata and 50 ata 
10 kW and 28.5 kW 
0.7 m/s and 1.0 m/s 
0.16 and 0.72 
0 or 5.4 kW. 

Accelerations have always been between +2 g 
and +0.6 g, i.e., + 1 g and -0.4 g from normal 
gravity, with a period of about 5 s. The gravity fluc
tuations were not sinusoidal. 
In some of the tests, a downcomer giving three 

· times the original single phase inertia was used in 
order to reduce the amplitudes of circulation oscilla
tions. The changes in exit void fraction that were not 
produced by changes in circulation rate and quality 
should thus be revealed more clearly. 

Some of the test results were analysed by comparing 
the measured circulation and void oscillations by 
the ones predicted by an analogue computer model. 
In this model the dependence of gravity variations 
on slip ratio is neglected [5]. 

The measured void fractions showed instantaneous 
fluctuations between 0 and 60-70% void. In order to 
obtain readable traces, it was necessary to damp out 
the void signal by introducing a filter with 1 s time 
constant. The error in amplitude and phase thus 
produced was compensated for by introducing a 
similar filter in the read-out from the computer. 

Results and discussion 

A representative extract of the results are plotted 
in Figs. 3-6. 

If a strong dependence of gravity on slip had been 
present, buoyancy changes should have caused an 
increase in slip ratio with increasing gravity. This 
would tend to empty the channel of vapour, and liquid 
must stream from the downcomer to compensate. 
The measured amplitudes of void and circulation 
oscillations should be larger than predicted on the 
assumption of zero g-effect upon slip. 

Figure 4 shows the prediction from the analogue 
computer model where any dependence of gravity 
on slip is neglected, compared with the experimental 
results. The disagreement, believed to be due to 
instrumentation errors and inaccuracies in the 
computer model, amounts to 0.05 - 0.1 in void 
fraction and 10 - 15% in circulation rate. The 
observed fluctuations are always smaller than those 
predicted by the computer. 

It is therefore concluded that no significant un
expected effects can be present, and that the slip ratio 
is not significantly influenced by gravity variation. 
The actual value of the g-effect on slip cannot be 
found from these tests since it appears to be of the 
same order as the errors in the quality and circulation 
effect of the slip correlation used for the computer 
model. 

The subcooler was positioned near the downcomer 
inlet in order to kill any vapour carry-under at an 
early stage. The presence of vapour in the downcomer 
would have reduced the natural circulation driving 
head. No carry-under was, however, produced in this 
loop because of low fluid velocity in the upper part 
of the downcomer. The only effect produced by the 
subcooler is amplification of the void and circulation 
fluctuations because of oscillations in outlet tem
perature from the constant power subcooler. This 
effect is illustrated on Fig. 6. 

The inertia of the circulating water, which has an 
important influence on the dynamic behaviour of the 
hydraulic loop and hence on the reactor, can be varied 
by the designer within fairly wide limits. Figure 3 
shows the effect of increasing the length of the water 
path in the downcomer by a factor of 3. The fluctua
tions in void and circulation are reduced by a factor 
of 1.5. 

A schematic drawing of a possible application to a 
natural circulation reactor is shown on Fig. 7. The 
design, which incorporates a 60° spiral to increase 
the momentum of the water, should reduce the 
amplitude of circulation oscillations by a factor of 
1.8 for a 10 s period sinusoidal g-oscillation, and by a 
factor of 2.8 for a 5 s period, on the assumption of zero 
subcooling and constant power. The effect on the 
complete reactor is described in [3]. 

Conclusions 

The following conclusions have been drawn from 
the experiments: 

(a) The error introduced by neglecting the direct 
g-effect upon slip is small. It should, therefore, 
be safe to assume that data from stationary 
rigs may be used with confidence in the design 
of natural circulation boiling water reactors for 
marine application; 

(b) No effects have been found which indicate any 
sudden transition from one flow regime to 
another; 

(c) No carry-under has been produced in this 
geometry where the water velocity in the upper 
part of the downcomer was 0.2 times the 
circulation velocity; 

(d) A stabilizing effect may be achieved b~' increas
ing the single-phase inertia. 

CARRY-UNDER INVESTIGATION 

Background 

Calculations using data from [1] indicate that low 
downcomer qualities can be obtained only when the 
downcomer velocity is low. The void fractions which 
are predicted, using data from the same source, are 
excessive, as long as any appreciable carry-under 
occurs at all, since the slip ratios approach zero as 
the downcomer velocity is reduced. 

The correlations quoted in [1] suggest that tw(l) 
different modes of vapour separation operate. This 
investigation was aimed at providing a qualitative 
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Figure 7. Reactor with spiral downcomer 

picture of these processes, in order to check the 
correlations of [1]. 

Apparatus 

The rig is shown in Fig. 8. The water is circulated 
by means of a variable pitch propeller driven by a 
4 hp electric motor. Water is drawn from the separa
tion chamber through the propeller to the riser. Air 
is supplied from a compressor through manifolds 
placed in the riser. The wall between the riser and 
downcomer can be moved, and the downcomer area 
in the tests reported here measured 0.34 x 0.9 m 
and the riser 0.2 x 0.9 m. 

The air-water mixture flows from the downcomer 
along the bottom of the box and into the separation 
space, where full separation of the air takes place. 

The air flow rate is measured by Rotameter, the 
water flow rate by a Pitot meter across the orifice at 
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Figure 9. Cubox, Downcomer void profiles 

the entrance to the well leading to the propeller duct. 
Void fraction is measured by an impedance meter 
working on the same principle as in Yo-Yo [2]. 
This probe was traversed to give the void fractions in
dicated in Figs. 9 and 10. The flow was assumed truly 
two-dimensional, and all traverses were done in the 
plane midway between the two long walls of the box. 

Visual observations 

When the rate of air supply is kept constant and the 
downcomer velocity is increased from zero, the 
following flow patterns are observed: At zero net 
downcomer flow turbulent eddies in the downcomer 
are induced by the riser turbulence, and the upper part 
of the downcomer becomes loaded with air bubbles. 
When the downcomer water velocity is increased, this 
air-carrying region becomes extended in length. The 
lower limit of the void region coincides with the lower 
limit of the eddy region. When the downcomer velocity 
is increased still further, the void region extends 
further down and eventually reaches the entrance to 
the separation space. The downcomer void fraction 
is then decreased, since the bubbles previously rising 
along the separation wall to the riser are now sucked 
into the separation space, and carry-under is high. 

The void fraction in the high void region varies 
with riser conditions. When, at constant circulation 
rate, the air supply is shut off, the void fraction in 
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Figure 10. Cubox. Downcomer void profiles 

the downcomer is reduced slowly, and occasionally 
very large bubbles being formed under the lower 
corner of the riser wall are broken up as they hit 
the horizontally flowing water from the riser. The 
rate of escape for any of these bubbles is small. When 
the air is turned on again, the steady state void fraction 
is reached in a few seconds. 

The flow patterns are sensitive to water purity. 
When impurities are present, eddies rotating in the 
plane of the window appear, the void region extends 
further down and its lower boundary is diffused. 
Carry-under starts as soon as the circulation is 
started. 

Reduction in the hydraulic diameter of the flow 
by a factor of 7, obtained by inserting partitions 
parallel to the riser wall, has no significant effect. 

An increase in wall friction either on the window 
or the riser wall, by inserting a grid consisting of 
20 mm high horizontal fins spaced 30 mm over a 
depth of 400 mm, had no effect. 

Conclusions 

(a) Carry-under starts when the downcomer water 
velocity exceeds a critical value; 

(b) The void fractions calculated on the basis of 
data from [1] are unreliable at low down comer 
velocities; 

(c) The height of the downcomer is an important 
variable. 

STEAM INJECTOR-JET PUMP 

Introduction 

A section of a boiling water reactor is shown 
on Fig. 11. A combined steam injector-jet pump, a 
number of which will be distributed around the 
reactor downcomer, is shown diagrammatically. 

The condensate returned to the reactor from the 
steam turbine-condenser circuit is subcooled com
pared to the reactor pressure. In the ship reactor 
system chosen for analysis, the reactor pressure is 
49 x lOS N/m2, and the condensate is preheated to 
130 °C. For a range of mass flows of steam and 
subcooled water inlet conditions, and appropriate 
design of inlet nozzles and mixing chamber, a low 
pressure is generated by the condensate in the mixing 
chamber. Steam will flow into the mixing chamber, 

REACTOR 

CDR£ 

Figure II. Steam injector as a reactor installation 
1-3: Steam or nearly saturated water inlet; 4-6: Subcooled 
water (condensate) inlet; 7: Mixing chamber; 8-9: Mixing 
chamber diffuser; 9-12: Jet nozzle elongation with a convergent
divergent nozzle; 13: Point with minimum velocity at entrance 
to the downcomer; 14: Point with maximum velocity at 
entrance to the downcomer; 15-17: Downcomer with diffuser; 

18-20: Reactor core with riser 
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ENTHAL,.Y 

figure 12. Theoretical mixing process 

and part of the steam enthalpy can be converted to 
kinetic energy in a jet emerging from the mixing 
chamber. The jet can emerge from section 8 to 12 
depending on the design. 

This jet is used as an ordinary water jet pump to 
increase the circulation rate of the reactor coolant 
in the circuit 13 to 20. 

The principal advantages of this system for forced 
circulation is no moving parts within the reactor, and 
no or negligible power used for circulation. 

Theory 

The process can best be illustrated with reference 
to the h-s diagrams in Figs. 12 and 13. Steam with 
conditions pressure p1 and dryness fraction x1 is 
mixed with subcooled water of pressure p, and 
temperature 04• In a mixing process without losses, 

Figure 13. Theoretical mixinc procus. Details 

E. KJELLAND-FOSTERUD et at. 

the mixture conditions will be on the straight line 
joining these two points. The mass flow ratio W1 / W, 
will determine the point denoted A. The theoretical 
pressure at A is Psth· The actual pressure, measured 
when the mixture kinetic energy is converted to pres
sure, is PsT at point B, and C is given by the system 
pressure p1• A, Band C has the same enthalpy. The 
expression (PsT - p1)/(psth - p1) is defined as the 
efficiency of the steam injector. 

Loop design 

A high pressure loop, maximum 98 x 106 N/m2, 

simulating a section of the reactor core, riser and 
downcomer with one injector installed, has been 
built and operated. A series of injector designs based 
on a theoretical analysis of mixing process, and on 
measurements, have been supplied: 

Steam, max mass flow 0.13 kgfs, max pressure 
60 X 105 N/m2

• 

Subcooled water, max mass flow 0.28 kgfs, max 
pressure 83 x 106 Nfm2• 

Results 

The injector can be operated according to the 
theory indicated. With a loop pressure of 49 x 105 

N/m2, a subcooled water pressure above 63 x 
105 Nfm2 was necessary to start the injector. With the 
injector operating, this pressure could be reduced as 
far as 30 x 106 N/m2 before the injector stopped. 
With the enthalpy of the mixture W1 + W, approach
ing that of saturated water at pressure PI> the injector 
stopped, as predicted by the theory. Efficiencies 
of 2-3% as defined above were obtained. The effi
ciency was reasonably constant with varying subcooled 
water temperature. 0, = 105 oc was the maximum 
temperature at which the injector operated. 

The water jet pump circuit data are reasonably 
close to those predicted by conventional momentum 
exchange theory. 

Conclusions 

Stable operation over a wide range of inlet con
ditions can be expected. A considerable damping 
of nuclear power oscillations with g variations for 
a boiling water ship reactor can be expected [3]. 
A final optimization of injector design for operation 
at higher subcooled water temperature, endurance 
tests and parallel operation of injectors are still 
required. 
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ABSTRACT-RESUME-AHHOTAU~R-RESUMEN 

AfBO I Norvege 

Etudes d'tkoulement a deux phases pour un 
reacteur marin a eau bouillante 

par E. Kjelland-Fosterud et a/. 

Ce memoire decrit un travail de recherche effectue 
dans le cadre d'un projet de reacteur nucleaire marin. 
Il est important de pouvoir predire le comportement 
dynamique d'un reacteur a eau bouillante, utilise en 
mer. Puisque seulle circuit hydraulique est affecte, il 
suffit de l'etudier experimentalement et d'utiliser les 
resultats d'experience comme verification partielle d'un 
modele math6matique de la dynamique de tout le 
reacteur. 

Des essais ont ete faits au moyen d'une boucle a 
circulation naturelle, de 30 kW a 50 atm(abs.), qui 
peut osciller verticalement. La course est de 10m et 
les accelerations comprises entre 0,6 et 2,0 g. 

11 est important de connaitre la quantite de mouve
ment de l'eau qui circule, pour determiner la reponse 
dynamique d'un reacteur a eau bouillante. On decrit 
un systeme permettant au constructeur de varier dans 
une large mesure l'inertie de l'eau a la descente. Les 
effets de cette construction sur le comportement 
dynamique du reacteur sont decrits dans le memoire 
de H. Christensen et a/. Les resultats indiquent qu'il 
n'est pas necessaire d'avoir recours a de puissantes 
pompes de circulation. 

Cependant, la circulation forcee ameliore la 
stabilite d'un reacteur a eau bouillante. Au lieu de 
pompes classiques, il est propose d'utili~er une pompe 
a jet combinee avec ]'injection de vapeur, qui occa
sionne des frais negligeables par comparaison avec les 
pompes classiques. La theorie de l'injecteur est 
expliquee, et des resultats d'experience, ou une boucle 
ayant une pression maximale de 100 atm(abs.) et une 
puissance maximale de 300 kW fut utilisee, sont 
examines. L'influence de l'injecteur sur la conception 
des reacteurs a eau bouillante et sur leur comportement 
est discutee. 

Dans un reacteur utilisant la circulation naturelle ou 
par injecteur, celle-ci est fortement affectee par l'en
trainement de vapeur a la descente, ce qui diminue la 
hauteur statique qui est cause de la circulation 
naturelle. ll est vraisemblable que l'entrainement de la 
vapeur vers le bas devra etre fortement restreint dans 
ce type de reacteur. 

L'entrainement de la vapeur a ete etudie experi
mentalement dans la boucle mobile decrite ci-dessus et 
dans des boucles air-eau a grande echelle. En con
siderant l'entrainement de vapeur comme faisant 
partie d'un probleme d'ecoulement a deux phases, il 
est apparu que les effets geometriques jouaient un 
role important. Ceux-ci furent etudies et les resultats 
sont donnes. 

A/801 HopeerHR 

HccneAOBaHHfl ABYXQJaaHoro noTOKa 
,o,ns=~ cyAosoro KHns=~w,ero peaKTopa 

B ,rJ;OKJiap,e orrncaHhi JJCCJH'p,onaTeJILCKHe paoo
Thi, npoBO,!VIMhie B o6ocHonamre npoeKTa cyp,ono
ro Hp;epHoro peaKTOpa. Baamo HMCTL B03MOiK
HOCTh npep;CKa3aTh ,l.IHHaMIPICCKOe IIOB8,l.ICHUe 1\11-

IIHIIJ;Cl'O peaKTOpa Ha MOpe. lloCKOJihKY BJIHHHUC 
HCIIb!TbiBaeT TOJihKO rHp,paBJIH'lCCKaH CXeMa, 
f];OCTaTO'lHO HCCJiep;oBaTh 3TO 31\CIIepHMCHTaJihHO, 
JICIJOJlh3YH ;mcrrepHM8HTaJibHhie peayJihTaThl ll 
I\a'leCTBC 'IaCTH'lHOi[ HpoBepKU 1IpH8MJ1£'MOCTH Ma
TCMaTH'leCIWii P,I!Hal\:!II'I£'CIWii MO)J.C.TJJI )J.JIH Beero 
peaKTopa. 

BbiJIH uponep,enLr liCIIhiTanHH B rreT.TJl' upu Mo
IL~HOCTH 30 1i6T Jf P,aBJieHHil 50 aT e eCTCCTBeHIIoii 
IWPKYJIHu;neii. 3Ta neTJJH MomeT ROJie6aThCH nep
TIIKaJibHo. PaaMax 10 M, yci<opemw Memp,y 
0,6 H 2g. 

MoMeHT u;upRy.TJupyiOIIJ;eii BOiJ.hi na11wn AJIH 
,[(MHaMIJ'll'CKOii peaKQIIU I\IJIIHIIJ;8l'O peaKTOpa. 
OuncaHa KOHCTPYKIVrH, 1\0TopaH .r~aeT npoei\Tll
poBIIJ;HKaM eBOOOAY M3MCHHTh MHCpll;UIO BO)J.hl B 

I~HpKyJIHIJ;UOHHOii Tpy6e B lliHpOimX rrpep,CJiax. 
BJIHHHne noii KOHCTpyi<u;nn Ha .r~unaMH'leCI<oe 
nonep;enne peaRTopa onncano B p;oKJiaf(e X. Xpn
eTeHceHa H .liP· PeayJihTaThi noRa3hiBaiOT, 'ITO neT 
neooxo,l.lnMoeTn B MOIIJ;HhiX u;npi<yJIHIVWHHhiX na
cocax. 

O.r~naRo rrpnny,l.IHTCJihHaH u;api<yJIHIJ;nH yJJyqum
e'l' eTaOHJihHOeTh 3HepreTII'lCCKOI'O 1\HIIHIIJ;Cl'O pe
aKTOpa. BMcCTo o6hi'lHhiX nacoeon rrpc,l.IJiaraeTcH 
ucnoJihaonaTL I<oM6unuponaHHhrii: naponoii IIHiKeK
Top - eTpyiiHhlii nacoc, RoTophiH Tpe6yeT npe
ne6pemnMo MaJihiX aaTpaT no epannemno c 
o6hi'lHhiMII HacocaMn. By.r~eT naJiomena TeopnH 
Jmmei\Topa u npJIBE'l~eHI>I :mcnepHMenTaJibHhie 
;~aHHhie, IIOJIY'l£'HHhl£' Ha JI('TJIC C MaKCHMaJihHbiM 
J~aB,'J('HHCM 10() aT Jl MaKCHMaJihHOH MOIIJ;HOeThiO 
30 1i6T. 06eym,l.laeTeH BJIHHHHC HHiKel<TOpa Ha 
JWHCTPYI<UHIO HHIIHIIJ;ero peai<Topa u ero none,qe
nne. 

B peaRTope c eeTecTnennoii: u;npRyJIHQHeii IIJIH 
C HHil\81\TOpOM Ha QHpKyJIHIJ;liiO BJIHHeT rJiaBHbiM 
o6pa30M norrap;aHHe napa B ll;HpKyJIHIJ;HOHHYIO 
Tpy6y, lfTO yMeHhiiiaeT no,qrrop CCTCCTBeHHOH QIIp
I<YJIHQHH. lloaTOMY npe)J.CTaBJIH8TCH Heo6XO,l.IHMhiM 
n TaKHX peaRTopax orpann'lHTh nona.r~anne napa 
.:-\0 O'lCHh MaJiolX BCJIH'IHH. 

Tiona.n;aHHe napa 6hiJIO HCCJie.n;onaHo :menepn
MenTaJihHO B OnHeaHHOii Bhiiiie llO,!I;BHiKHOH IICT
.rre, a TaRme B 6oJihiiiHx noa.n;yiiiHo-no.n;Hnhrx neT
JUrx. EcJIH paecMaTpnnaTh norrap;aHHe napa RaR 
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aCIICJ\T IIp06JICMbi gByxqJa3HOf0 IIOTOI\a, CTaHO

HUTCH HCHO, 'ITO Balf\Hbi reoMeTpH'IeCKHP ::Jtfllj)eK

ThJ. Onn 6I>IJBt nceJH'.JOIH\Hhl, I! B .JOKJHlfle llpllno

:lHTCH pe3y.TIM'aTJ.l. 

Af80 I Noruega 

lnvestigaci6n sobre el flujo de dos fases para 
un reactor marino de agua en ebullici6n 

por E. Kjelland-Fosterud et a/. 

La memoria describe el trabajo de investigacion 
efectuado como base del proyecto de un reactor 
nuclear marino. Es importante poder predecir el 
comportamiento dinamico de un reactor de agua en 
ebullicion en el mar. Puesto que el circuito hidraulico 
es el unico afectado, es suficiente investigar este 
experimentalmente, utilizando los resultados experi
mentales como una comprobacion parcial de Ia 
validez de un modelo matematico dinamico para Ia 
totalidad del reactor. 

Se han efectuado ensayos en un circuito de 30 kW 
' y 50 atm(abs.) con circulacion natural, y en el cual 

pueden llevarse a cabo oscilaciones verticales. El 
recorrido es de 10m y las aceleraciones estan compren
didas entre 0.6 g y 2 g. 

La cantidad de movimiento del agua circulante es 
importante para Ia respuesta dinamica de un reactor 
de agua en ebullicion. Se describe un disefio con el 
cual se da al proyectista libertad para variar Ia 

inercia del agua en el tubo de bajada dentro de 
unos limites amplios. En Ia memoria presentada por 
H. Christensen eta!. se describe el efecto de este disefio 
sobre el comportamiento dinamico del reactor. Los 
resultados indican que no son necesarias bombas 
de circulacion potentes. 

Sin embargo, Ia circulacion forzada aumenta la 
estabilidad de un reactor de potencia de agua en 
ebullicion. En Iugar de bombas clasicas se propone 
el uso de una combinacion de inyector de vapor y 
eyector, que exige desembolsos pequefios comparados 
con los de bombas convencionales. Se explicara la 
teoria del inyector, y se revisaran datos experimentales 
de un circuito con una presion maxima de 100 atm(abs.) 
y potencia maxima de 300 kW. Se discutira Ia 
influencia del inyector sobre el disefio y comporta
miento del BWR. 

En un reactor que emplee circulacion natural o 
circulacion por inyector, Ia circulacion esta muy 
afectada por el arrastre del vapor dentro del tuba de 
bajada, lo cual reduce Ia carga de presion disponible 
para Ia circulacion natural. Parece que este arrastre 
debe ser limitado a muy pequefios valores en estos 
reactores. 

Se ha inv~stigado el arrastre experimentalmente en 
el circuito movil descrito anteriormente, y en unos 
circuitos a gran escala de aire-agua. Considerando el 
arrastre como un aspecto del problema del modelo de 
flujo de dos fases, se ha puesto en claro que son 
importantes los efectos geometricos. Se han investigado 
estos y se dan los resultados. 



P/50 France 

Etudes aerodynamiques et thermiques de gaines 
d'elements combustibles refroidis par gaz 

par P. Gelin* et J. P. Milliat** 

Les etudes aerodynamiques et thermiques de 
grappes ont ete entreprises au CEA en 1959; celles des 
gaines a chevrons se sont developpees au laboratoire 
de Chatou de 1'EDF et au laboratoire de Saclay du 
CEA a la fin de l'annee 1959. En 1962, une etude 
generale sur les corrugations a debute au laboratoire 
de Saclay pour !'amelioration des grappes et s'est 
ensuite poursuivie dans les deux laboratoires pour le 
refroidissement interne des elements combustibles 
annulaires. Pour la gaine interne de ces elements, il est 
egalement prevu des ailettes longitudinales qui font 
actuellement !'objet d'essais systematiques au labora
toire de Saclay. 

L'effort le plus important a porte sur les gaines a 
ailettes en chevrons et sur les combustibles en grappe. 
Les laboratoires du CEA et de l'EDF disposent 
maintenant de moyens d'essai puissants et, dans le 
domaine de leurs objectifs communs, ils travaillent 
en pleine collaboration. 

Les moyens d'essai employes sont de deux types: 
installations fonctionnant a Ia pression atmospherique 
pour l'etude principalement des phenomenes Iocaux 
tels que distributions de vitesse et de temperature dans 
l'ecoulement, repartitions de temperature sur les 
parois chauffantes, et installations sous pression 
destinees d'abord a fournir les performances des 
elements combustibles dans des conditions equiva
lentes a celles des reacteurs, mais utilisees aussi pour 
mesurer des singularites aerodynamiques et thermiques. 

ETUDES DES COMBUSTIBLES EN GRAPPES 

Les etudes experimentales qui ont ete developpees 
pour les grappes ont eu pour objectif principal le 
reacteur EL4; c'est pour cette raison que l'on n'a 
realise que des maquettes de grappe a 19 elements 
cylindriques lisses sauf pour quelques essais particuliers 
de perte de charge. Les buts poursuivis ont ete les 
suivants: 

a) Determination des pertes de charge singulieres 
dues aux pieces d'assemblage; evolution de celles-ci 
vers les dispositions a pertes de charge minimales; 

b) Determination de la distribution des coefficients 
d'echange de chaleur dans la section droite d'une 
grappe; 

* Commisariat a l'energie atomique. 
** Electricite de France. 

347 

c) Disposition optimale des elements de la grappe 
par un calcul de !'evolution des points chauds de 
gaine dans le canal; 

d) Deformation des crayons sous l'effet des dilata
tions thermiques differentielles en tenant compte d'une 
modification correlative des coefficients d'echange. 

Etudes des pertes de charge [I] 

Les mesures de pertes de charge ont porte sur les 
maquettes de tous Ies elements combustibles etudies 
dont la conception s'est rapidement orientee vers une 
structure a pieces d'assemblage d'extremite et entre
toise intermediaire. Les essais ont ete realises sur une 
boucle a eau chaude; le nombre de Reynolds forme 
avec le diametre hydraulique de Ia section droite a 
varie entre 40 000 et 500 000. 

Un essai prealable a permis de s'assurer que le 
coefficient de frottement en longueur indefinie d'un 
contour tel que celui de la figure 1 suivait, en fonction 
du nombre de Reynolds, sensiblement la meme loi 
que celle d'un tube circulaire lisse. 

La perte de charge singuliere a la jonction des deux 
cartouches consecutives ainsi que celle de I'entretoise 
intermediaire ont ete deduites de la perte de charge 
d'un ensemble de 4 maquettes en supposant sur les 
elements cylindriques un coefficient de frottement egal 
a celui que donne une grappe de longueur indefinie. 
Ces pertes de charge singulieres ont ete rapportees a 

Figure I. Section de grappe du type EL4 
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la pression dynamique formee avec la vitesse moyenne 
de l'eau dans une section droite courante et sont ainsi 
caracterisees par les coefficients ~g pour la jonction de 
deux cartouches et ~e pour l'entretoise. Accessoire
ment, on a determine de la meme maniere les coeffi
cients ~0 et ~s relatifs respectivements a !'entree et ala 
sortie du train de cartouches. Ces coefficients depen
dent un peu du decalage angulaire de deux grappes 
successives et du nombre de Reynolds. Pour la grappe 
EL4, on a trouve en moyenne ~g = 0,62; ~e = 0,33; 
~0 = 0,20; ~s = 0,54 pour un nombre de Reynolds de 
500000. 

Distribution des coefficients d'tkhange 

La mesure directe d'une distribution de coefficients 
d'echange de chaleur dans la section droite d'une 
grappe est rendue tres delicate par les effets de 
conduction dans les parois. Aussi, parallelement a des 
essais d'echange de chaleur [2], on a realise des expe
riences de transfert de masse [3] dans lesquelles on 
depose sur chaque element de la grappe une couche 
de napthalene qui est ensuite usinee avec une precision 
de 0,005 mm. Cette grappe est soumise a un ecoule
ment d'air a la pression atmospherique pendant un 
temps tel que l'epaisseur de sublimation soit en 
moyenne de 0,3 mm. Apres essai, les cotes de chaque 
element sont mesurees circonferentiellement et longi
tudinalement a O,Ql mm pres; on en deduit ainsi la 
distribution correspondante du flux rPm de matiere 
evaporee que l'on associe a la concentration c de 
naphthalene dans la section droite de la grappe et la 
concentration saturante c0 pour definir un coefficient 
d'echange hm tel que hm = c/1m/(c0 - c) (par concentra
tion, on entend la masse de napthalene par unite de 
volume d'air). L'experience montre que les courbes de 
distribution de hm dans une section droite de la grappe 
evoluent en fonction de l'abscisse de cette section dans 
le canal mais tendent rapidement vers des profils 
stables. Par contre, d'un essai a I' autre, ces courbes ne 

a 

900 180° 270° 36Qo 

Figure 2. Variation circonferentielle relative du coefficient 
d'echange autour d'un element peripherique de grappe 
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sont reproductibles qu'avec une certaine dispersion. 
La figure 2 donne, pour un element peripherique de Ia 
grappe EL4, la courbe qui resulte de Ia moyenne de 
plusieurs essais ainsi que les deux courbes qui delimi
tent !'ensemble des points de mesure. La figure 3 
donne Ia courbe moyenne d'un element intermediaire. 
Les variations de hm mesurees sur !'element central 
sont toujours restees tres faibles (inferieures a ±2 %). 

A l'aide du meme montage experimental, on a 
mesure la distribution des vitesses dans une section 
droite de la grappe a une distance suffisante de la 
piece d'assemblage amont pour que le regime dynami
que soit etabli. Grace a un montage approprie, une 
sonde de pression totale de 0,5 mm de diametre 
exterieur a permis de mesurer egalement pres des 
parois Ia vitesse u en fonction de la distance y a Ia 
paroi dans une zone ou Ia relation u(y) est logarithm
ique. On a admis que les coefficients de cette relation 
etaient ceux de la loi: 

.!!.._ = 5 65 log pu*y + 4 9 
u* ' ft ' 

dans laquelle u* est la vitesse de frottement ,; To/ p 
formee avec l'effort tangentiel local To par unite de 
surface et la masse volumique p. De la mesure de 
u et y sur une normale a la paroi, on a deduit la 
valeur locale de u* en chaque point du contour de la 
grappe. L'importance de la distribution des vitesses de 
frottement ressort de sa confrontation avec les 
resultats de transfert de masse et de transfert therm
ique. Ces derniers ont ete obtenus sur une maquette a 
grande echelle constituee par 19 tubes d'acier inox de 
60 mm de diametre exterieur et de 3 mm d' epaisseur' 
chauffes par effet Joule et refroidis avec de l'air a la 
pression atmospherique [2]; chacun de ces tubes etait 
equipe d'un dispositif interne mesurant la temperature 
de paroi interieure par deplacement angulaire de 15 
en 15 degres. A partir de ces mesures et par un calcul 
de conduction, on en a deduit la temperature de paroi 
t et la densite de flux de chaleur 4> le long du contour 
exterieur de chaque tube dans une meme section droite. 
En associant t et c/J ala temperature moyenne 0 de I' air 
dans cette section, on en tire une distribution de 
coefficients d'echanges h = cf>/(t - 0) que l'on com
pare a celle des coefficients de sublimation forcee hm 
et celle des vitesse de frottement u*. La figure 4 donne 
un exemple de cette comparaison des valeurs de h, 
hm et u* rapportees a leurs valeurs moyennes /i, hm et 
ii* pour un crayon externe de la grappe EL4. Les 
differences entre ces trois distributions peuvent 
s'expliquer qualitativement a partir des repartitions de 
vitesse et de temperature pres de~ parois [3]; on aurait 
pu definir h et hm d'une maniere plus physique a 
partir des valeurs moyennes de la concentration c et de 
la temperature (} sur une normale a la paroi, mais on y 
a renonce provisoirement a cause des difficultes de 
mesure. Dans la pratique, la courbe hm/hm permet de 
calculer avec une precision suffisante la carte des 
temperatures dans un crayon. Comme le phenomene 
de conduction qui s'etablit en pile dans une grappe ne 
peut pas etre reproduit exactement hors pile, la 
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Figure 3. Variation circonferentielle relative du coefficient 
d'echange autour d'un element intermediaire de grappe 

distribution des temperatures dans le combustible 
et les gaines est calculee a partir des conditions aux 
limites d'echange de chaleur gaine-gaz et de la 
distribution des sources de chaleur telle qu'elle 
ressort d'experiences neutroniques. On peut ainsi 
determiner la disposition des crayons qui permet 
d'extraire le maximum de puissance pour une tempera
ture maximale de gaine donnee [4]. 

Deformation des crayons [4] 
On a admis que les deformations reelles d'un 

crayon restaient inferieures a celles que prendrait 
isolement la gaine sous l'effet de ses seules contraintes 
thermiques en phase elastique. Pas ailleurs, toute 
deformation engendre une modification de la reparti
tion des coefficients d'echange; cette modification 
elle-meme peut tendre a accentuer les deformations et 
eventuellement conduire a une instabilite. C'est 
pourquoi une etude prealable d'evolution des coeffi
cients d'echange en fonction du rapprochement de 
deux crayons voisins a ete faite par l'analogie de 
transfert de masse et a permis de calculer en grandeur 
et en direction les fleches prises par les differents types 
de crayons; on a verifie que ces fleches etaient stables 
[4]. 

ETUDE DES CORRUGATIONS [5] 

Une premiere serie d'essais a porte sur un ecoule
ment dans un canal annulaire avec contour externe 
lisse et contour interne corrugue; ce dernier etait 
chauffe electriquement avec un flux constant par 
unite de longueur. Par un calcul approprie, on 
corrige les resultats experimentaux pour se ramener au 
cas ou le contour externe est egalement chauffant, de 
telle sorte que le flux de chaleur radial le long de la 
ligne de vitesse maximale soit nul. On peut ainsi 
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Figure 4. Comparaison des mesures pour un element 
peripherique 

definir un nombre de Margoulis, un coefficient de 
frottement et un nombre de Reynolds caracterisant 
intrinsequement la surface corruguee. La mise en 
reuvre de ces experiences et leur depouillement sont 
tres longs, ce qui limite le nombre de types de surfaces 
etudiees. Par ailleurs, les corrugations offraient une 
perspective interessante pour le refroidissement interne 
des elements combustibles annulaires de Ia filiere 
graphite-gaz, et !'installation d'essai ne permettait pas 
d'atteindre des nombres de Reynolds suffisamment 
grands. Aussi a-t-on realise a Saclay une deuxieme 
sene d'essais sur un autre montage comportant un 
tube circulaire refroidi interieurement par du C02 

sous pression et chauffe exterieurement par une 
circulation d'eau chaude dans des conditions telles que 
la temperature du tube evoluait tres peu. Le tube 
etait constitue par un assemblage soude de plusieurs 
elements corrugues interieurement. Le Tableau 1 

1 
2 
3 
4 
5 

Tableau I. Mesures relatives aux corrugations 
internes 

:R = 3. 105 :R=2·106 

Typelal 103/ 103 .At, 103 f 103 A(, 

8,4 3,5 9,3 3,04 
15,6 4,25 16,4 3,15 
19,2 4,5 21,8 3,1 
12,5 3,85 9 2,46 
12,2 4,95 15,3 3,8 

Note a: 
Type 1: Filetage a pas standard (hauteur 0,53 mm, pas 0,75 mm) 
Type 2: Filetage a pas cam~ (hauteur 0,2 mm, pas 1,4 mm) 
Type 3: Corrugations annulaires (hauteur 0,5 mm, pas 5 mm) 
Type 4: Ondulatwn approximativement sinusoid ale (profondeur 

0,9 mm, pas 8 mm) 
Type 5: Corrugation orientee en chevron d'angle 20° avec 

l'ecoulement et de profondeur 0,4 mm 
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donne, pour deux nombres de Reynolds :R, le coeffi
cient de frottement f et le nombre de Margoulis .A<., de 
quelques types etudies. 

Le laboratoire de Chatou (EDF) a fait quelques 
essais sur des tubes corrugues interieurement en 
utilisant un chauffage externe a flux constant par 
effet Joule. Les resultats obtenus sont en excellent 
accord avec ceux du CEA a Saclay. 

Dans leur ensemble, les resultats se pretent bien aux 
correlations preconisees par D. Dipprey et R. Sabersky 
[6]. 

\ 

GAINES A AILETTES 
LONGITUDINALES INTERNES 

Des gaines a ailettes longitudinales internes ont ete 
etudiees sur un tube de diametre interieur 50 mm et 
avec differentes surfaces d'echange. Pour un meme 
nombre de Reynolds forme avec le diametre hydrau
lique, le coefficient de frottement moyen sur le perime
tre interne decroit lorsqu' on accroit le developpement 
de la surface tandis que le rapport du nombre de 
Margoulis au coefficient de frottement decroit aussi 
mais semble tendre vers une valeur de l'ordre de 0,4 
pour de grands developpements (Rapport CEA a 
paraitre). 

ETUDES DES GAINES A AILETTES 
EN CHEVRONS 

Les gaines a chevrons sont caracterisees par le fait 
que leurs ailettes sont disposees sur un nombre pair de 
secteurs d'une surface cylindrique, les ailettes de deux 
secteurs adjacents etant orientees symetriquement par 
rapport a la direction gem!rale de l'ecoulement. Ces 
gaines ont ete etudiees pour equiper des tubes d'ura
nium de diametre exterieur 40 et 43 mm, et com portent 
des ailettes h6lico'idales pour EDF2 et des ailettes 
planes pour EDF3, EDF4 et les projets suivants. 

L'ecoulement resulte de Ia symetrie geometrique: le 
gaz penetre entre les ailettes pres d'un plan de symetrie 
E, s'echauffe dans les sous-canaux formes par les 
espaces entre deux ailettes consecutives et s'echappe 
pres du plan de symetrie S suivant pour decrire 
ensuite une trajectoire helicoidale et se reintroduire de 
la meme maniere entre les ailettes pres du plan E. 
L'echauffement dans les sous-canaux cree sur la 
gaine, dans une section droite du canal, une succes
sion de points chauds et de points fro ids: le recyclage 
du gaz cree sur une generatrice de la gaine une 
modulation de la temperature par rapport a une 
evolution moyenne. Si, en chaque point du contour 
interieur de la gaine, on definit un coefficient d'echange 
h0 par la temperature t0 , la densite de flux de chaleur 
c/>0 en ce point et la temperature moyenne () du gaz 
dans la section droite correspondante, on peut 
definir un nombre de Margoulis ..;\(,0 tel que 

.A(, - hoS - c/>oS 
0 - qCp - (t0 - O)qCp 

oil s, q et C p sont respectivement la section de passage, 
le debit masse et Ia chaleur specifique a pression 
constante du gaz. 
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Pour caracteriser !'evolution circonferentielle et 
longitudinale de .;\(,0, on considere sur le contour 
interieur de la gaine les generatrices d'entree GE 
situees dans les plans de symetrie E d'entree du gaz, les 
generatrices de sortie G8 dans les plans de symetrie S 
de sortie du gaz et les generatrices GM dans les plans 
bissecteurs de deux generatrices GE et G8 successives. 
Dans une section droite de la gaine, on constate alors 
experimentalement que non seulement la moyenne 
j[,oc de ..;\(,0 est tres voisine de la moyenne des valeurs 
.A(,OG que prend ..;\(,0 sur les generatrices medianes GM 
mais aussi que les differentes valeurs .;\(,00 sont 
pratiquement egales entre elles. Les valeurs .A(,OG 

etant mesurees aisement, on a prefere rapporter la 
valeur minimaJe .;\(,Oc min de ..;\(,0 a Une Valeur .;\(,oG 

plutot qu'a j(,oc pour definir le coefficient fc = 
.A(,oc min/ .A(,oG qui a ete trouve in dependant de l'abs
cisse de la section droite dans le canal. 

Sur une genera trice mediane G donnee, on considere 
de meme le rapport /1 = .;\(,oG min/ j(,OG de la valeur 
minimale .;\(,OG min de ..;\(,0 a Ja valeur moyenne j{,OG 
de .;\(,0 • 

On constate egalement que / 1 ne depend pas de la 
generatrice GM choisie. 11 en resulte que le nombre de 
Margoulis moyen j(,o sur toute Ia surface interieure de 
Ja gaine est Sensiblement egaJ a j{,OG et que la valeur 
minimale ..;\(,0 min de ..;\(,0 sur cette surface est donnee 
par ..;\(,0 min = fcfl.i,OG· C'est la valeur de ..;\(,0 min qui 
est prise pour le calcul des points chauds de gaine dans 
un reacteur. Les references [7] et [8] donnent !'etude 
detaillee des singularites thermiques. 

L'effort de trainee F qu'exerce l'ecoulement sur une 
gaine et son canal est mesure sur une longueur 
suffisante L; on en deduit un coefficient de frottement 
global tel que: F = j 07T D0L(q2{2ps2), oil D0 est le 
diametre interieur de la gaine ( diametre exterieur de 
!'uranium) et p Ia masse volumique moyenne sur la 
longueur L. 

La trainee sur le canal est faible devant celle de Ia 
gaine, qui est due principalement a la variation de 
quantite de mouvement entre l'entree et Ia sortie des 
sous-canaux. C'est ce que confirme !'experience qui 
montre que fo ne depend du nombre de Reynolds que 
pour les faibles valeurs de celui-ci et ne depend pas du 
diametre du canal, tout au moins dans la plage 
etudiee (90 a 120 mm pour un diametre interieur de 
gaine de 40 ou 43 mm). Dans la meme plage, le 
diametre du canal est egalement sans influence 
sensible sur le nombre de Margoulis .i,0, ainsi 
d'ailleurs que sur les coefficients fc et / 1 . II en resulte 
que les coefficients .;\(,0, fo et / 1 caracterisent la gaine 
independamment du diametre du canal. 

Methodes d'essai 

Trois methodes ont ete employees; elles sont 
decrites dans les references [7] et [8]; la premiere, dite 
a chauffage isotherme, consiste a chauffer interieure
ment la gaine par un courant d'eau chaude avec un 
debit suffisant pour que la paroi interieure de la gaine 
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so it presque isotherme. La gaine est refroidie exterieure
ment par un courant de C02 sous pression. La 
mesure des debits et des temperatures d'entree et de 
sortie des deux fluides fournit un nombre de Margoulis 
moyen par un calcul simple. Le meme montage d'essai 
sert a Ia mesure de / 0 • Cette methode, rap ide a mettre 
en reuvre, a ete tres developpee au laboratoire de 
Saclay; compte tenu des remarques du paragraphe 
precedent, elle permet d'essayer un grand nombre de 
profils, dont les meilleurs sont etudies plus en details 
par Ia seconde methode, dite a flux constant. Dans 
cette derniere, Ies gaines sont chauffees par effet 
Joule, soit a !'aide d'elements constitues d'un tube 
d'acier inox isole electriquement de Ia gaine par un 
depot rectifie de zircone (laboratoire du CEA), soit 
par un tube unique d'acier inox muni d'un isolant en 
tissu de verre (laboratoire de l'EDF). Les gaines sont 
equipees de thermocouples le long d'une generatrice 
mediane au moins, et, dans une ou plusieurs sections 
droites, sur les generatrices GE, Gs et G:~r· Tous ces 
thermocouples permettent d'acceder a Ia fois a .AL0 et 
aux coefficients /c et / 1 . 

Malgre le volume important de resultats locaux que 
la seconde methode est susceptible de fournir, il s'est 
avere necessaire, pour Ia bonne comprehension des 
phenomimes physiques, d'etudier plus finement et plus 
completement les singularites de temperature dans Ia 
gaine et !'evolution des vitesses et des temperatures 
dans l'ecoulement. C'est pourquoi des essais ont ete 
realises a grande echelle eta Ia pression atmospherique 
pour des commodites experimentales, tout en con
servant la possibilite d'atteindre des nombres de 
Reynolds voisins de ceux du reacteur [7]. Le chauffage 
etait a flux constant comme pour fes essais sous 
pression. Ces trois methodes ont donne des resultats 
tres coherents entre eux. 

Representation des resultats 
Chaque gaine peut etre caracterisee par ses coeffi

cients / 0 , fc et / 1 et par !'evolution de .;[,0 en fonction 
d'un nombre de Reynolds :R 0 forme avec le diametre 
interieur de la gaine. Pour un nombre de Reynolds 
donne, des gaines qui presentent le meme resserrement 
d'ailette et sensiblement la meme surface par unite de 
longueur se pretent bien a une representation dans un 
diagramme (.M,0 , / 0 ) car, en coordonnees logarith
miques, les points representatifs se groupent autour 
d'une droite .Jt,on//0 = constante, avec n voisin de 3. 
Or, si !'on considere un canal de reacteur dont on 
adapte la section de passage pour que son debit et ses 
temperatures d'entree et de sortie soient fixes, il en 
resulte que Ia puissance de soufflage a associer au 
canal seul est sensiblement proportionnelle a / 0/ j(,0

3 • 

C'est pourquoi le rapport .i.,0
3//0 a ete pris comme 

critere de qualite. L'ensemble des nSsultats obtenus sur 
les gaines a chevrons figure dans les rapports annexes 
a Ia presente communication. Dans ce qui suit, on ne 
'fera etat que de ceux qui illustrent le mieux les 
remarques precedentes en presentant successivement: 
a) les gaines a ailettes helicoi'dales (retenues pour le 
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reacteur EDF2): b) les gaines a ailettes planes (rete
nues pour les reacteurs EDF3 et EDF4). 

Gaines a ailettes helicoidales 

Un grand nombre d'essais ont ete effectues [7-9], en 
faisant varier le nombre d'ailettes (de 36 a 80), 
!'angle IX d'inclinaison des aiJettes par rapport a 
l'ecoulement (de 36 a 80 °) et le nombre de secteurs 
(de 4 a 8). Les resultats sont portes sur Ia figure 5 dans 
le diagramme (.M,0 , / 0) pour :R 0 = 7 x 105 ; on 
constate que les points se groupent autour d'une meme 
courbe .Jt,on/!0 = constante, pour un nombre d'ailettes 
donne. 

Afin de rechercher des correlations entre les 
differents parametres geometriques propres aux 
ailettes en chevron une serie d'essais particulierement 
fructueux a ete realisee avec Ia methode du chauffage 
isotherme [7); on a fait varier !'angie IX de 10 a 50° et 
le nombre de secteurs de 4 a 16, tout en conservant un 
meme profil de sous-canal dans sa section droite et des 
epaisseurs d'ailettes voisines. La figure 6 donne les 
resuitats dans ie diagramme (.Jt,0,j0) pour :R 0 = 7 X 105 • 

On constate que les points se groupent tres bien 
autour d'une seule courbe j(,on/fo = constante. 

Gaines a ailettes planes [10, II] 

Les essais sur gaines helicoi'dales montrerent que, 
pour augmenter .i,on/!0 , il convenait de developper 
encore Ia surface chauffante, ce qui a pu etre realise 
par l'emploi de fraises-scies conduisant a des ailettes 
planes. Differents facteurs concourent a Ia limitation 
de Ia surface d'echange a partir d'un diametre de base 
donne; aussi, toutes les gaines etudiees different-elles 
plus par l'agencement des ailettes que par Ia section 
droite des sous-canaux; c'est ainsi que Ia distance E 

entre les plans de symetrie de deux ailettes successives 
n'a guere varie qu'entre 1,5 et 2,2 mm; de ce fait, le 
nombre d'ailettes n'a pas varie beaucoup. Parallele
ment, les hauteurs d'ailettes sont restees comprises 
entre 7 et 10 mm. 

Par contre, une etude tres poussee a ete faite sur les 
parametres geometriques suivants: 

a) Angle IX des ailettes avec Ia direction generale de 
l'ecoulement (15 a 30°); 

b) Profil longitudinal des ailettes et du fond du 
sous-canal, ce dernier pouvant etre rectiligne, concave 
ou convexe; 

c) Forme geometrique de Ia gaine au voisinage de ses 
plans de symetrie: implantation des centreurs (in
corpores ou rapportes), utilisation des rainures 
longitudinales, etc. 

On n'a pas recherche a nouveau a etudier d'une 
fa<;on systematique Ie nombre de secteurs, qui a ete 
principalement de 8, sauf pour quelques essais 
particuliers. 

Pour un nombre de Reynolds :R 0 donne, dans le 
diagramme (.i.,0,f0), les points representatifs des gaines 
se groupent dans une bande de ± 15% autour d'une 
courbe j(,on!fo = constante (n etant voisin de 3), 
ainsi que le montre Ia figure 7. Les coefficients de 
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singularitefc et/1 associes aces gaines restent compris 
dans les intervalles suivants: 0,85 < fc < 0,95 et 
0,90 < fl < 0,95. 

Synthese des resultats experimentaux [12] 
Une formulation semi-theorique a ete elaboree au 

CEA pour le calcul a priori des coefficients .Ai0 et / 0 

d'une gaine a chevrons. Cette formulation, qui 
regroupe bien les resultats obtenus sur les gaines a 
ailettes helicoi:dales, utilise des valeurs experimentales 
de repartition de vitesse entre les ailettes et d'evolution 
de coefficient d'echange sur les parois de celles-ci. 

CONCLUSION 

Les resultats dont il est fait etat dans la presente 
communication se caracterisent par leur qualite 
autant que par l'ampleur du travail qu'ils representent. 
Leur validite peut etre illustree par le fait que, pour les 
gaines a chevrons, deux laboratoires tres differents 
comme ceux de l'EDF a Chatou et du CEA a Saclay 
recoupent leurs valeurs numeriques a 10% pres. Tant 
pour les etudes de grappes que pour celles des gaines a 
chevrons, une des preoccupations constantes des 
experimentateurs est d'orienter leurs travaux en 
s'affranchissant le plus possible d'un empirisme 
facile au benefice de la connaissance physique des 
phenomenes eux-memes. 
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A(SO France 

Aerodynamic and thermal studies of cans of 
gas cooled fuel elements 

By P. Gelin and J. P. Milliat 

Research on clusters was undertaken at the CEA in 
1959, while studies on herring-bone cans were devel
oped at the EDF laboratory at Chatou and the CEA 
laboratory at Saclay, at the end of 1959. In 1962, a 
general study on corrugations was begun at the Saclay 
laboratory with a view to improving the clusters, and 
continued later in both laboratories relative to the 
internal cooling of annular fuel elements. As these 
studies progressed, trial facilities were extended while 
experimental methods have improved constantly. At 
the present time, both laboratories, working in 
complete collaboration, have powerful means at their 
disposal. 

Work on the clusters has been concerned chiefly 

with pressure losses due to the assembly parts, and with 
the temperature variations around the elements of the 
cluster. In this way, we have been able to determine 
satisfactorily the hot points of the can, the deforma
tions of the fuel elements and the conditions of 
stability of these deformations. 

In the case of the herring-bone cans, studies have 
been directed to the evolution of performances as a 
function of the geometric parameters on the one hand, 
and to the special aerodynamic and thermal features 
caused by the fins and by interruptions of cartridge 
on the other hand. These studies have led to a very 
thorough knowledge of the cartridges chosen for the 
reactors EDF2 and EDF3, and now, open up very 
hopeful prospects for future reactors, particularly 
those fitted with annular elements; among the 
alternatives suitable for the inner surface of the 
annular element can, corrugations and longitudinal 
fins have been fairly extensively tested over a wide 
range of Reynolds number. 
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A3pOAHHaMH4eCKHe H repMHYeCKHe 
HccneAOBaHHH o6onoYeK rennos~Ae
JlHJOutHX 3n8M8HTOB, OXnaJHAa8MbiX 
raaoM 

n. }f{eneH, }f{. n. MHH3 

HccJie~oBaHHH ny'IIWB TenJioB.bi~eJIHIO~nx aJie
MeHTOB 6hlJIH npe~npHHHThl RoMnccapnaToM no 
aTOMHoil: 3Heprun B 1959 ro)l;y; B KOH~e ::noro me 
ro~a Jia6opaTopna <flnpMhl <<8JieKTpncnTe p;e 
<l>paHC>> B IIIaTy n Jia6opaTopna RoMnccapnaTa no 
aToMHoil: 3Heprnn B CaKJie npncTynnJin K nccJie
~oBaHHIO pe6pncThiX o6oJio'IeK. B 1962 ro,ll;y B Jia-
6opaTopnn CaKJie Ha'IaJioCh o6~ee nccJie)l;oBaHne 
o60JIO'IOK C pn<flJIOHhiMH noBepXHOC'I:HMH, HanpaB
MeHHOe Ha ycoBepmeHCTBOBaHne ny'IKOB aJieMeH-
7oB; 3aTeM OHO 6hiJIO npo,ll;OJiiKOHO B o60HX Jia6o
paTOpHHX c ~eJihiO YJIY'IITieHHH BHyTpeHHero 
OXJiaiK)l;OHHH KOJih~eBhiX TenJIOBhl)l;OJIHIO~HX 3JIO
MeHTOB. B xo)l;e BhiiTOJIHeHHH 3THX HCCJie)J;oBaHHH 
coa)l;aBaJIOCh onhiTHoe o6opy,ll;oBaHne n yJiyqma
MHCh MeTO)l;hi :mcnepnMeHTOB. B HacToa~ee BpeMil 
o6e Jia6opaTOpHH, pa6oTalO~He B TOCHOM KOHTaK
TO, pacnoJiaraiOT MO~HOii: 3KCIIOpHMeHTaJihHOfi 
oaaoil:. 

IJpH HCCJIO)l;OBaHHH ny'IKOB OC06oe BHHMaHHO 
6hlJIO y)l;eJieHO rrafl,eHHHM Harpy:3KH, o6yCJIOBJIOH
HhlM KpeneiKHhiMH ~eTaJIHMH H KOJie6aHHHMH TOM
nepaTyphl BoKpyr aJieMeHTOB ny'IKa. YAaJIOCh 
73Kme Haii:Tn Y.ll:OBJieTBopnTeJibHoe pemeHne rrpo
oJieMhl TOllJIOHanpHiKOHHhiX MOCT OOOJIO'IKH, )l;e
<flopMa~HH aJieMeHTOB n ycJioanii: cTa6nJihHOCTn 
aTHX ~e<flopMa~nil:. 

HccJie)J;OBaHHH pe6pncThiX o6oJio'IeK OhlJIII no
CBHI~eHhi H3MeHeHHHM xapaKTepHCTHK B 3aBHCH
MOCTH OT reoMeTpnqecKoii <flopMhi pe6ep, a TaKme 
a3pO~HH3MH'IeCKHM H TOpMH'IeCKHM OCOOOHHO
CTHM, OOYCJIOBJieHHhiM pe6paMH H npephlBHCTO
CThlO TeiiJIOBhl)l;eJIHIO~nx aJieMeHTOB. B peayJihTaTe 
3THX HCCJie)l;OBaHHH 6hlJIO llOJiy'IeHO nOJIHOe npe)l;
CTaBJieHne 0 TOIIJIOBhl)J;OJIHlO~HX 3JIOMOHTaX, npe)J;
Ha3Ha'IeHHhlX )l;JIH peaKTopoa EDF-2 n EDF-3, 
n B HaCTOH~ee apeMH HaMe'IeHhl Beci>Ma ooHa~e
mnsaroJ.Qne nepcneKTHBhl )l;JIH TenJIOBhl)l;eJIHIOIQHx 
3JieMeHTOB ( OCOOeHHO KOJih~eBhiX) 6y,ll;yl.QHX pe
aKTOpOB. IIpe,ll;cTaBJIHIOT HHTepec peayJihTaTLI aKc
rrepnMeHTOB, npoae)l;eHHhlx a mnpoKoii o6JiacTn 
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'IHcJia PeiiHOJih)J;ca, c KOJih~eBhiMH TenJIOBhr~eJIHIO
I~HMH 3JieMeHTaMH1 HMeiO~HMH BHyTpeHHIOIO 000-
JIO'I:KY C pnqlJieHOH noBepXHOCThlO II npo~OJihHLI
MH pe6paMH. 

A/50 Francia 

Estudios Aerodimimicos y Termicos de las 
Vainas de Elementos Combustibles Refrige
rados por Gas 

por P. Gelin y J. P. Milliat 

Los estudios de haces de barras han sido llevados 
a cabo en el' CEA en 1959, mientras que los de vainas 
con aletas longitudinales se han desarrollado en el 
Laboratorio de Chatou del ED F y en el Laboratorio de 
Saclay del CEA a finales del aiio 1959. En 1962 se ha 
comenzado en el Laboratorio de Saclay un estudio 
general sobre las corrugaciones para la mejora de los 
haces y se ha continuado despues en los dos labora
torios para el enfriamiento interno de los elementos 
combustibles anulares. A medida que avanzaban 
estos estudios, se han ampliado los medios de pruebas, 
mientras los metodos experimentales no han cesado de 
mejorarse. Actualmente, los dos laboratorios, que 
trabajan en plena colaboraci6n, disponen de poderosos 
medios. 

Respecto a los haces de barras, el esfuerzo se ha 
dirigido sabre todo a las perdidas de carga debidas a 
las piezas de ensambladura y a las variaciones de 
temperatura en torno a los elementos del haz. Asi se 
ha llegado a determinar de un modo satisfactorio los 
puntos calientes de las vainas, las deformaciones de 
los elementos y las condiciones de estabilidad de estas 
deformaciones. 

Respecto a las vainas con aletas longitudinales los 
estudios han versado, por un lado, sabre Ia evoluci6n 
de las comprobaciones en funci6n de los panimetros 
geometricos, y por otro, sobre las singularidades 
aerodimimicas y termicas creadas tanto por las 
aletas como por las interrupciones del cartucho. 
Estos estudios han desembocado en un conocimiento 
muy completo de los cartuchos escogidos para los 
reactores EDF2 y EDF3, y abren ahora perspectivas 
muy alentadoras para los reactores futuros, en 
particular los equipados con elementos anulares; 
entre las soluciones convenientes para la envoltura 
interna del elemento anular, las contracciones y las 
aletas longitudinales han sido objeto de pruebas 
bastante extensas en un amplio margen del numero de 
Reynolds. 



The influence of an electric 
to C02 coolant at high and 
nuclear reactor 

By F. Berger and L. Derian* 

At the 1958 Geneva Conference we reported [1] the 
results of experiments showing that, by the application 
of an electric field, it is possible to increase the transfer 
of heat into a gaseous coolant partially ionized by 
radiation in a nuclear reactor. The experiments were 
carried out with electrically heated elements cooled 
with air at atmospheric pressure. An increase of the 
heat transfer into partially ionized air is attainable at 
substantially lower voltages than in un-ionized air 
[2, 3, 4, 5]. 

The effect of the electric field on the transfer of heat 
is caused by electroconvection, i.e., the flow of gas is 
affected by the motion of ions in the electric field. In 
un-ionized gas the effect can occur only with a large 
potential gradient which causes field ionization in the 
gas. The density of ions in the cooling gas of a nuclear 
reactor is relatively high, consequently the flow of gas 
and the transfer of heat can be influenced by electric 
fields of intensities too low to cause field ionization. 

Since 1958 we have continued our work on this 
problem. A theoretical analysis of the influence of an 
electric field on the flow of a partially ionized gas has 
been carried out [6, 7]. This has improved the under
standing of the mechanism of the process and has 
helped with the analysis of experimental data. Experi
ments for the determination of the influence of an 
electric field on the transfer of heat into air and into 
carbon dioxide at pressures up to 2 kp/cm2 (kgfjcm2

) 

were carried out in a reactor with the aid of an 
electrically heated model of a fuel element [8]. A 
similar series of experiments was carried out with a 
uranium fuel element and carbon dioxide at pressures 
up to 30 kpfcm2 in a nuclear reactor. The cylindrical 
elements were 28 mm in diameter and the applied 
potential differences were such that field ionization 
was impossible. All experiments were carried out with 
direct fields. The results of these experiments form 
the subject of this paper. 

After the 1958 Geneva Conference some experi
ments on the influence of an electric field on the 
transfer of heat into C02 in a nuclear reactor were 
carried out in France [9]. The experimental conditions 
were substantially different from ours. A thin (1.4 mm 
diam) electrically heated wire was used and con-

* Institute of Nuclear Research Rez, near Prague. 
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field on the heat transfer 
low pressure in a 

sequently the electric field was not homogeneous and 
at higher voltages corona discharges occurred. The 
French experiments, contrary to ours, were carried 
out with alternating electric fields. The results are not, 
therefore, directly comparable. 

EXPERIMENTAL METHOD 

Experiments at low pressures 

The experiments were carried out in a low pressure 
closed-circuit reactor loop. A number of the elements 
of the loop consisted of those used previously in an 
open-circuit loop described in Ref. [I]. In particular 
we re-used the experimental channel, formed by a 
Field-type tube, and the heating element made of 
stainless steel ( od 28 mm, length 485 mm), internally 
heated by an electric wire. The lower part of the 
channel, containing the heating element, was inserted 
into the core of the reactor VVR-S. The electric field 
was formed between the earthed heating element and 
the insulated lower part of the inner tube (id 41 mm), 
which was connected to an adjustable HT source. 
The flow of gas was obtained by a Roots pump. The 
surface temperature of the element was measured in 
three positions with Ni-NiCr thermocouples and the 
temperatures of the gas with Cu-constantan thermo
couples. A detailed description of the experimental 
arrangement and apparatus is given in Ref. [8]. 

The experiments were carried out with C02 at 
pressures of 1, 1.5 and 2 kp/cm and with air at 
pressures of 1 and 2 kp/cm2• The velocity of the gas 
was between 3 and 25 m/s, the reactor power was from 
500 up to 2 500 kW of heat, and the potential differ
ence between the electrodes 0-3 000 V. The mean 
temperature of the gas was 120-190 °C and the 
surface temperature of the element between 350 and 
450 °C. The Reynolds number in the experimental 
channel was from 5 x 103 to 3.5 x 104• 

Experiments at high pressures 

355 

These experiments were carried out in a high pressure 
gas-cooled loop of the reactor VVR-S; this loop has 
been described elsewhere [10, 11 and 13]. A rod-type 
fuel element of natural uranium, clad with a mag
nesium alloy, was used. The diameter of the uranium 
core was 24 mm and its length 500 mm, while the 



356 SESSION I. II P/524 

t2 
t3 

t3·t4--

t4 t 1 

t2 
t2 • t I 

-Q 
tl 

I 

Figure I (left). Arrangement of thermocouples in the uranium 
fuel element.-Figure 2 (right). Design of the lower part of the 

experimental reactor loop channel 

diameter of the clad element was 28 mm. The element 
was again placed vertically. Four vertical holes were 
drilled into the uranium. Magnesium tubes, closed 
at their bottom ends, were inserted into the holes 
and welded into the top lid of the element. Chromel
alumel thermocouples contained in flexible stainless 
steel tubes (1 mm diam) and insulated by powdered 
MgO were inserted into the magnesium tubes. Three 
thermocouples measured the temperatures at various 
depths near the surface of the uranium, while the 
fourth thermocouple measured the temperature on 
the axis of the uranium rod at the same depth as the 
uppermost surface thermocouple. The thermocouples 
were located inside the fuel element in order to avoid 
any possible effect of the thermocouples on the 
surface temperature and also to avoid any interference 
with the electric field between the fuel element and 
the outer elect~ode. The temperature of the gas at the 
points of entry and exit from the experimental area 
was measured with similar thermocouples. The 
placing of the thermocouples is shown schematically 
in Fig. I. 

The channel of the loop was again a Field tube. 
The external tube was made of stainless steel clad with 
aluminium, while the internal tube was made of 
aluminium. The lower part of the aluminium tube 
was insulated by quartz rings and a micanite coat, 
and formed the outer electrode. The high voltage 
was brought to the outer electrode by the aid of a 
cable with silicon-rubber insulation. The polarity 

F. BERGER and L. DERIAN 

of the applied voltage could be reversed. The fuel 
element formed the second electrode and was earthed. 
The gap between the coaxial electrode was 6 mm. 
Details of the lower part of the experimental channel 
are shown in Fig. 2. The construction of the whole 
channel is described in detail in Ref. [12]. 

The source of high voltage consisted of four 
rectifiers connected in a Gratz circuit. The nominal 
voltage was 2 x 50 kV with an output current of 
SOmA. 

The experiments were carried out with carbon 
dioxide at pressures of 5 to 30 kpjcma, the reactor 
power was 500 to 2 000 kW, the gas velocities were 
5 to 26 mjs., and the potential difference between the 
electrodes was from 0 to 30 kV. The maximum reactor 
power of 2 000 kW corresponds to a mean thermal 
neutron flux of 7.5 x 1012 n/cm2s in the fuel element 
and 9.2 x 1012 in the cooling gas. The heat output 
of the fuel element was 9.3 kW and its surface tempera
ture was up to 400 °C. The temperature of the gas 
was 25-50 °C on entry and 45-100 °C on exit. The 
range of Reynolds numbers was from 6 x 104 to 
6 X 105• 

EXPERIMENTAL RESULTS 

Experiments at low pressures 

The mean value of the heat transfer coefficient was 
evaluated for the upper part of the experimental 
section and thus the influence of the entrance section 
was eliminated. The heat transfer coefficient was 
calculated for the steady state before and after as well 
as during the application of the electric field. The heat 
output of the element was determined by the heat 
balance of the gas. A further check was obtained from 
the electrical input of the element. During the applica
tion of the electric field the heat balance of the gas 
includes the electric power dissipated in the HT 
circuit, which is not removed from the element. 
Consequently the thermal output of the element 
during the action of the field was considered equal to 
the output before and after the application of the 
field. The relative change of the heat transfer coefficient 
IX is then IX'/IX = !ltj!lt' where !lt is the difference in 
the mean temperature between the surface of the 
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Figure 3. Relative increase in the mean heat- transfer coefficient 
for air and CO, at low pressures 
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element and the gas; the dashed letters refer to the 
values during the application of the field. 

At these low pressures the electric field changed the 
value of the heat transfer coefficient only if the element 
acted as the cathode. A similar result was obtained 
previously [1]. 

Figure 3 shows the relative improvement of the 
heat transfer, i.e., the ratio ex' fex, as a function of the 
modified Richardson criterion Ri. The significance of 
this criterion for the flow of gas in a transverse 
electric field was shown by Stach [6). Under the 
present experimental conditions the influence of the 
electric field on the heat transfer is determined by 
processes in the diffusive layer near the cathode. With 
certain simplifying assumptions the following relations 
were derived for this layer [7]: 

For unsaturated currents between the electrodes, 
i < 0.6; 

. ecf>hnoh2 i2 
Rz = -D 2 • • + C .2 y Cok· (2) 

1PWa l 1l 

For currents near saturation, i > 0.7; 

. _ ec/>hnoh2 ·[ ~ (1 + 3Je)(l - i)J 
Rz - D 2 z 1 + 4 - A 

1PWa l ___ (l _ i) 
10 

(3) 

where: 
c/>h: potential difference between the elec

trodes 
n0 : ionization density 

D1 : diffusion constant for cations 
p: density of the gas 

w8 : mean velocity of the gas 
h: width of the channel 

I 
i = IM : degree of saturation of the current 

I: electric current 
IM = n0eV: saturated current 

V: volume of gas in the channel 
C1 , C0k, A., Je: constants dependent upon gas param

eters 

It can be shown [8] that, for a given geometry of the 
experimental channel and approximately constant 
temperature of the gas, Eqs. (2) and (3) can be 
rewritten as: 

• . cPhfM i . r;;;
z<0.6:Rz=K--2 ·l+C.vCok 

Wa 11 

[ 
A J • • cPhfM . l (1 + 3Je)(l - i) 

z>0.1:Rz=K~z 1+ 4 _A 
8 1---(1- i) 

10 

where K is a constant for a given gas. 

(4) 

(5) 

The method for the calculation of the degree of 
saturation of the current i and of the Richardson 
criterion is given in [8]. 

From Fig. 3 it is apparent that the experimental 
points for both gases at equal pressures fall on one 
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curve. It appears that the Richardson criteria as used 
here accounts well for the difference in the properties 
of the two gases but not for the different pressures. 
In the lower part of the curve the ratio of the relative 
increase ex' fex for equal Ri is more than twice as large 
for 1 kp/cm2 than for 2 kpfcm2 : 

[(ex' - ex)/exhkpfcm2 = 2.33[(ex' - ex)/exbptcm2 

In the region of higher Ri this ratio decreases. At a 
pressure of 1.5 kpfcm2 the values of ex' fex do not lie 
between those for 1 and 2 kpfcm2 as might be expected, 
but practically on the curve for 1 kpfcm2• Similarly, 
the measured currents I at a pressure of 1.5 kp/cm2 

are higher than theoretically expected. The cause of 
this discrepancy might be the inaccuracy in the values 
of the recombination coefficient and the ionic mobil
ities at the given pressure. 

The maximum increase in the heat transfer coeffi
cient, 40%, was achieved in an experiment with C02 

at a pressure of 1.5 kp/cm2 and a reactor power 
Wr = 2 500 kW, the voltage was 2.4 kV and the mean 
gas velocity 5.4 m/s. As shown in Fig. 3, the maximum 
possible increase in the heat transfer coefficient was 
never achieved. A further increase in Ri, caused 
particularly by increased voltage, might further 
increase ex'. 

Some experiments with C02 at low voltage (up to 
1 000 V) and small Reynolds numbers (,-...,5 x 103) 

showed a negative effect, i.e., the heat transfer coeffi
cient was decreased by the action of the electric field. 
This effect was small, i.e., up to 4% at a pressure 
1.5-2 kpjcm2 and only a few tenths % at 1 kpfcm2• 

As the voltage is increased, the negative effect dis
appears and becomes positive. The negative effect 
presumably occurs when the stabilizing action of the 
electric field on the gas flow predominates over the 
disturbance of the cathode boundary layer caused by 
the field. The negative effect is not shown in Fig. 3. 

Experiments at high pressure 

From the experimental values obtained with the 
uranium fuel element and with C02 at high pressures, 
the local heat transfer coefficients were evaluated for 
the points at which the thermocouples were located 
in the fuel elements. The dependence of the effect on 
the distance from the point of entry of the cooling gas 
could thus be shown. The local values of ex., were 
determined under the following assumptions: 

(a) The vertical distribution of the neutron flux 
remained unchanged when the experimental fuel 
element was inserted into the reactor core; 

(b) The conduction of heat along the axis of the 
fuel element was negligible; 

(c) The surface temperature of the cladding was 
equal to the temperature measured in the uranium 
near the surface. 

Although these assumptions were not precisely 
fulfilled, small deviations from them could not 
seriously affect the results, because the relative change 
of the heat-transfer coefficients, caused by the action 
of the electric field, was evaluated. The specific heat 
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Figure 4. Relative change of the local heat-transfer coefficient at 

point 3; negative polarity of the fuel element 

release in the three evaluated points as well as the 
corresponding gas temperatures could then be easily 
calculated from the known heat output of the element 
which was again determined from the heat balance, 
the known vertical distribution of the neutron flux 
and from the measured entrance and exit temperatures 
of the gas. The local heat transfer coefficients were then 
calculated with the aid of Eq. (1). 

The current between the electrodes, at the applied 
pressures and potential differences, was far from 
saturation. This is shown by theoretical calculation 
as well as by the measured dependence of the current 
on the voltage. The exact evaluation of the Richardson 
criterion in the form given above is difficult in these 
cases for following reasons: the accuracy of the degree 
of saturation of the current, as determined either by 
calculation or by extrapolation of the experimental 
curve current vs. voltage, is low. Also, the values of the 
recombination coefficient and the ionic mobilities, as 
given in literature for the given range of pressures, 
are not very reliable. 

It may be shown, however, that if we assume that 
the ionic mobilities and recombination coefficients are 
inversely proportional to the pressure (this supposition 
is approximately valid in the range of studied pres
sures), the values of C1 and Cok are independent of 
pressure, and Eq. (4) can be rewritten as: 

0 cph/ 1 
R1 = K1 - 2 • l + C . , (6) w. 11 

where I is the measured current. Because C1 is smaller 
than 1, and i is of the order of 0.1, we may write 
C1i « 1 and 

(7) 

Figures 4 and 5 show the change of the local heat 
transfer coefficients a.~' fa.~ as a function of the value 
cphlfw8

2 again for the negative polarity of the fuel 
element. It is apparent, that at high pressures the ratio 
a.~' fa.~ is at first smaller than 1, i.e., the electric field 
causes a decrease of heat transfer: after passing its 
minimum the value of a.~' fa.~ grows and reaches 
values larger than 1-the heat transfer is increased. 
The higher the pressure of the gas, the higher are 
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values of cphl/w8
2 necessary to achieve the positive 

effect. At constant %I/w.2 the relative increase in heat 
transfer becomes smaller with increasing pressure. 
The maximum increase in a.., of over 60% was 
achieved at a pressure of 15 kp/cm2 ; the gas velocity 
was 7 mfs and the voltage 20 kV. However, the 
maximum possible increase in a.., was achieved at 
zero pressure. The attainable value cphl/w8

2 was limited 
by the gas velocity which was necessary for cooling 
the fuel element as well as by the voltage at which 
discharges in the channel occurred. The magnitude 
of the negative effect increases with increasing pressure; 
at 25 kpfcm2 the maximum relative decrease in a.., was 
12%. 

The increase in the mean value of the heat transfer 
coefficient as found at low pressures is comparable
in view of the positions of the thermocouples-with 
the change of the local a..,2 at point 2. The change of 
the mean a. in C02 at pressures of 1 and 2 kp/cm2 

is therefore shown in Fig. 5 by dotted and dashed lines. 
A comparison of Fig. 4 and 5 shows that the effect 

depends also on the position of the measured point. 
Both the positive and the negative effects are in most 
cases larger at point 3, near the gas exit, than at point 2, 
which was nearly at the middle height of the reactor 
core. This difference is still more evident from Fig. 6, 
where the ratio a..,' fa.., is given as a function of the 
applied voltage at a constant reactor power for all 
three measured points; the gas velocity appears as a 
parameter. The effect at point 1, which was nearest 
to the gas entry, is smallest. We suppose that the 
dependence of the effect on the position is caused by 
the influence of the entrance section upon the flow of 
gas as well as by the increasing concentration of ions 
in the gas along the channel. It is difficult to separate 
these two factors and define their relative importance. 
Figure 6 shows also the influence of the separate 
variables, i.e., the gas velocity and the voltage, on the 
change of the heat-transfer coefficient. 

The dispersion of the measured values, which is 
apparent from Figs. 4 and 5, can be explained by the 
following reasons: at some experimental conditions 
(especially at high pressures) fluctuations were 
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fuel element 

caused by the simultaneous operation of two gas 
circulators (their rpm being not exactly equal) which 
decreased the accuracy of the determined gas velocities. 
A correction of the gas velocity, on the basis of the 
known thermal output of the fuel element, was made 
in those cases. This imperfection was removed later 
by including a second gas volume into the loop and by 
transferring the orifice to another position. Another 
probable reason for the dispersion of the measured 
values are the approximations made in the derivation 
of the criterion rhlfw 8

2, where some factors, which 
may influence the effect in a low degree, were neglected. 
It is not clear yet whether the value r/Jhl/w8

2, which 
resulted from an analysis of the influence of the field 
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on the gas flow near the electrode, is equally suitable 
for the region of negative effects. Dashed lines were 
therefore used on Figs. 4 and 5 in this region. 

It was learned from these experiments that at 
higher pressures it is also possible to influence by an 
electric field the heat transfer from a fuel element, 
which acts as the anode. At atmospheric pressure no 
measurable effect was found with positive polarity 
of the fuel element. However, at 5 kpfcm2 a negative 
effect, and at still higher pressures a positive effect, 
appears. 

This can be explained by the fact, that much heavier 
(molecular) negative ions are originated in the gas at 
high pressures. These are similar to the positive ions 
and the character of the action of the field on the gas 
flow near the anode is therefore principally similar 
to its action near the cathode. 

An analysis of the experimental results showed that 
the relative change of oc.,-with positive polarity of the 
element-may well be expressed as a function of the 
expression r/Jhl/w~·5 ; see Figs. 7 and 8. It is apparent 
from Fig. 7 that the the dependence of the effect on the 
criterion r/Jhl/w:·5 differs from that with negative 
polarity. At 6 kp/cm2 only the negative effect appears 
and this grows steadily over the whole range of 
parameters. At 10 kpfcm2 and higher pressures a 
positive effect appears; with the increase of the value 
cphl/w:·5 , the effect at first increases, reaches a maxi
mum and then decreases. The higher the pressure of the 
gas, the higher the maximum value of oc.,' foe.,; at 
pressures over 20 kpfcm2 the maximum was not 
attained. The maximum increase in oc., during these 
experiments-over 50%-was achieved at a pressure 
of 20 kpfcm2, a gas velocity of 6.8 mfs and a voltage 
of 20 kV. The maximum negative effect was 8% at 
6 kpfcm2

• 

A comparison of the results obtained with both 
polarities shows that at pressures up to 10 kpfcm2 the 
increase in heat transfer (at equal values of cphl/w 8

2) is 
substantially larger at negative polarity of the fuel 
element; on the other hand, at pressures from 20 
kpfcm2 upwards, the effect is larger with positive 
polarity. 
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Figure 8. Relative change of the local IX• at point 2; positive 
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Figure 9 shows again the relative change of oc.,' /oc., for 
all three measured points as a function of the applied 
voltage at constant reactor power and different gas 
velocities for the positive polarity of the fuel element. 

With regard to the practical applications of the 
described phenomenon, the consumption of electric 
energy is important. The ratio of the consumed 
energy to the energy which can be gained by increasing 
the heat transfer depends substantially on the param
eters of the gas and of the electric field. The depend
ence of the relative increase of oc., on the ratio of the 
consumed electrical output to the thermal power of 
the fuel element is shown for a few cases in Fig. 10. 
Apparently the potential gain of energy is in most cases 
substantially larger than the consumption of electric 
energy, though the effectiveness of the conversion of 
thermal into electrical energy must be considered . 

The influence of the electric field on the pressure 
drop through the experimental section was not 
studied in these experiments. This effect was, however, 
studied during the following series of experiments, . 
which were carried out at the time when this paper was 
being prepared. The preliminary results show no 
measurable effect of the pressure loss. 

CONCLUSIONS 

The influence of a direct current electric field on the 
heat transfer from a cylindrical fuel element to the 
C02 coolant at pressures up to 30 kpjcm2 in a nuclear 
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reactor has been determined. It has been found that 
depending on the parameters of the gas and the 
electric field either an increase or a decrease in the 
heat transfer may be achieved at both polarities of 
the heat-transfer surface. At the conditions of these 
experiments the achieved increase in heat transfer was 
substantially larger than the achieved decrease. At 
pressures lower than 15 kpfcm2 the increase of a. was 
larger when the fuel element acted as the cathode; 
at higher pressures the increase was larger when it 
acted as the anode. 

Further experiments are to be carried out at pres
sures up to 40 kpfcm2 and in the course of these the 
effect of alternating fields at low frequencies will also 
be studied. 

The reported results may be practically significant 
for gas-cooled power reactors as well as for those new 
methods of conversion of energy, where partially
ionized gases are used. 
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ABSTRACT -RESUME-AHHOTAU~R-RESUM EN 

A/524 Tchecoslovaquie 

Influence d'un champ electrique sur le trans
fert de chaleur aux pressions basses et elevees, 
dans un reacteur refroidi par !'anhydride 
carbonique 

par F. Berger et L. Derian 

Le gaz de refroidissement qui traverse le creur d'un 
reacteur nucleaire est partiellement ionise par les 
rayonnements. L'action d'un champ electrique peut 
provoquer un mouvement d'ions perpendiculaire au 
courant du gaz. Comme Ia concentration volumique 
des ions dans le gaz est relativement elevee, on peut 
modifier de cette fayon !'ensemble du courant gazeux 
et plus particulierement l'echange de chaleur entre le 
combustible et le gaz. A Ia deuxieme Conference de 
Geneve, nous avons rendu compte de certaines 
experiences faites sur un modele d'element de com
bustible chauffe electriquement et refroidi par de l'air 
a la pression atmospherique. Ces experiences ont 
demontre la possibilite d'intensifier l'echange de 
chaleur dans les reacteurs au moyen d'un champ 
electrique. 

Depuis lors, un certain nombre d'experiences ont 
ete effectuees dans le circuit, refroidi par un gaz, du 
reacteur tchecoslovaque VVR-S, d'abord sur un 
modele chauffe electriquement et ensuite sur un 
element a uranium en forme de barre. Les auteurs 
donnent les resultats de ces demieres experiences, dans 
lesquelles on a fait varier la pression de !'anhydride 

carbonique de refroidissement de 5 a 30 kg/cm2 et la 
tension entre les electrodes (l'une etant constituee par 
!'element de combustible et l'autre par Ia paroi du 
canal) de 0 a 30 kV. En plus de !'influence de Ia 
pression et de l'intensite du champ electrique, on a 
etudie l'effet en fonction de Ia vitesse du gaz, de la 
densite d'ionisation du gaz, et de Ia polarite de Ia 
surface d'echange de chaleur. Les experiences ont 
permis d'elargir les connaissances anterieures et 
d'etablir certains faits nouveaux. 

On a etabli notamment qu'au moyen d'un champ 
electrique continu, on peut obtenir aussi bien un 
accroissement (effet positif) qu'une diminution (effet 
negatif) du transfert de chaieur au gaz. 

L'influence du champ electrique sur l'echange de 
chaleur entre !'element de combustible et le gaz par
tiellement ionise varie principalement selon que !'ele
ment fonctionne comme cathode ou comme anode. 

Lorsque la polarite de !'element de combustible est 
negative, !'augmentation relative du transfert de 
chaleur est le plus elevee aux basses pressions. 
L'accroissement relatif du transfert de chaleur 
augmente lorsque croissent l'intensite du champ et la 
densite d'ionisation du gaz; il diminue lorsque 
croissent Ia vitesse et la pression du gaz. Aux pressions 
elevees, l'effet qui etait positif devient negatif; Ia 
pression a laquelle ce changement se produit depend 
des autres parametres determinants. 

Pour une polarite positive de !'element, on n'a 
observe aucune influence du champ electrique sur le 
transfert de chaleur a pression atmospherique. Aux 
basses pressions (5 kgfcm2), l'effet est negatif. Lorsque 
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la pression augmente, l'effet peut devenir positif. A des 
pressions plus elevees (15 kgjcm2 ou davantage), 
on peut obtenir une augmentation considerable du 
transfert de chaleur. L'accroissement relatif du 
transfert de chaleur augmente encore lorsque croissent 
l'intensite du champ et la densite de !'ionisation. II 
diminue lorsque croit Ia vitesse du gaz, mais, contrai
rement a ce qui a ete observe dans !'experience 
anterieure, augmente (dans les limites des pressions 
etudiees) Iorsque Ia pression croit. 

L'accroissement relatif maximal du transfert de 
chaleur atteint au cours de ces experiences a ete 
d'environ 50%. La diminution maximale (effet 
negatif) a ete d'environ 15 %. Les auteurs decrivent Ies 
experiences en detail, indiquent les variations de 
l'effet en fonction des parametres principaux et 
donnent une interpretation de ce phenomene. 

A/524 YexocnoeaKHR 

BllHfiHHe 31leHrpH4eCHoro nollfl Ha 

rennonepeAa4y rennoHOCHTellfl C02 
npH BbiCOHHX H HH3HHX AaBJ18HHfiX 
B fiA8pHOM peaKTOpe 

ttl. oeprep, fl. ,l).epHaH 

fa30Bhiii TeiiJIOHOCHTeJih, rrpoTei\aiOII\HM 'Iepe3 
aKTHBHYIO aony Hp;epnoro peaKTopa, rrop; Boap;eil:
CTBHeM o6Jiyl!eHHH -qacTH'IHO HOHH3HpyeTCH. Boa
.n;e:il:cTBHeM 3JieKTpHl!eCKOfO IIOJIH MOil\HO Bhi3BaTb 
J(BHil\eHHe HOHOB rreprreHp;HKYJIHpHO HarrpaBJieHHIO 
ra30BOf0 IIOTOKa. IloCKOJihRY ROHIJ;eHTpaD;HH HOHOB 
B ra30BOM 06'beMe OTHOCHTeJihHO BhiCORa, MOil\HO 
3THM CIIOC060M B03p;eiJ:CTBOBaTh Ha BeCb ra30BhiH 
IIOTOR H OC06eHHO Ha TeiiJIOIIepep;a-qy OT TeiiJIOBbl
,rt;eJIHIOII\ero aJieMeHTa R raay. Ha BTopo:il: /I-\eneB
cKo:il: ROH!flepeHD;HH aBTOpbi C00611\aJIH 06 3KCIIe
pHMeHTaX C 3JieKTpHl!eCKH HarpeBaeMhlM MaKeTOM 
TerrJIOBbip;eJIHIOII\ero aJieMeHTa, oxJiamp;aeMhiM Boa
.n;yxoM rrpn aTMociflepnoM p;aBJieHHH. PeayJihTaThl 
3THX ;mcrrepHMeHTOB IIORa3aJIH peaJibHYIO B03MOil\
HOCTb HHTeHcHifJHKaiJ;HH TeiiJIOIIepep;aliH IIOCpep;CT
BOM rrpHMeHeHHH 3JieKTpHl!eCKOrO IIOJIH B Hp;ep
HbiX peaKTopax. 

IlocJie aToro 6hlJia rrpoBep;ena cepHH aRcrrepH
MeHTOB na raaooxJiamp;aeMo:il: rreTJie -qexocJioBan;
IWro peaRTopa BBP-C BHa'IaJie c aJieKTpH'IeCKH na
rpeBaeMhiM MaKeTOM, a 3aTeM C ypaHOBbiM Te
IIJIOBhlf);eJIHIOII\HM 3JieMeHTOM CTepmHeBoro THIIa. 
B HaCTOHII\eM p;OKJiap;e IIpHBep;eHhl B OCHOBHOM 
peayJibTaThl 3THX IIOCJiep;HHX 3RCrrepHMeHTOB, IIpH 
KOTOphlX ,rt;aBJieHHe OXJiamp;aiOII\eH yrJieKHCJIOTbl 
naMeHHJIOCh B rrpep;eJiax oT 5 p;o 30 -,.r.fc.M2, ana
rrpHmenne Memp;y :meKTpo)J;aMH - ypanoBhiM Te
IIJIOBhl,rt;eJIHIOID;HM 3JieMeHTOM H BHyTpenneiJ: 110-
BepXHOCTbiO RaHaJia - H3MeHHJIOCb B rrpep;eJiaX OT 
0 p;o 30 1'>8. HapHp;y c HCCJiep;BanHeM BJIHHHHH p;aB
.rreHHH raaa H HaiipHil\eHHOCTH 3JieKTpHl!eCI\OfO IIO
JIH 6hiJIO HCCJiep;oBaHO B03p;eHCTBHe CKOpOCTH raaa, 
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CTerreHH HOHH3aiJ;HH raaa H IIOJIHpH<)CTH TeiiJIO
nepep;aiOII\eH rroBepxnocTH. B peayJihTaTe aKcrre
pHMeHTOB 6hlJIH OTRpbiThl HeKOTOpbie HOBble iflaK
Thl, a TaKil\e pacum:peHhl CBep;eHHH, IIOJiy'TeHHhle 
pane e. 

BhiJIO ycTaHOBJieHo, liTO nop; p;eii:cTBHeM: ;)JieR
TPHl!ecRoro IIOJIH IIOCTOHHHOrO TOKa MOil\eT HMeTl> 
MeCTO RaK yBeJIH'IeHHe ( IIOJIOil\HTeJibHbiH aifl
«fleKT), TaK H yMeHhiiieHHe ( OTpHD;aTeJibHhlH 3ifl
¢eRT) HHTeHCHBHOCTH TeiiJIOIIepep;aliH K raay. 

Boa)J;e:il:cTBHe aJieKTpHl!ecKoro rroJIH na TerrJJorre
pep;a'Iy oT TerrJIOBbip;eJIHIOII\ero aJieMenra R qac
'l'nqno HOHH3HpOBaHHOMy raay 3aBHCHT rJiaBHbiM 
o6paaoM oT Toro, B Kal!ecrBe 'Iero pa6oraeT TerrJio
Bhip;eJIHIO~H:il: 3JieMeHT- RaTop;a HJIH anop;a. 

IlpH OTpHD;aTeJibHOH IIOJIHpHOCTH TellJIOBhlp;e
JIHIOII\ero 3JieMeHTa OTHOCHTeJibHOe yBeJIH'IeHH6 
TeHJIOHepep;aliH ,rt;OCTHraeT HaH60Jihiiiero 3Ha'IeHH11 
IIpH HH3RHX p;aBJieHHHX. 3Ha'IeHHe OTHOCHTeJibHO
ro yBeJIH'IeHHH TerrJJorrepep;aqn BoapacTaeT c yBe
JTH'IeHHeM HaiipHmeHHOCTH IIOJIH H C pOCTOM CTe
neHH HOHH3aD;HH II IIOHHil\aeTCH C IIOBhliiieHHeM 
CROpOCTH H p;aBJieHHH raaa. IlpH 6oJiee BhlCORHX 
,rt;aBJieHHHX IIOJIOil\HTeJibHhlH aiflifleRT rrepeXO,rt;HT B 
:JiflifleRT OTpHD;aTeJibHhiH; ypoBeHb p;aBJieHIIH, rrp.H 
lWTOpOM IIpOHCXO,rt;HT 3TO H3MeHeHHe xapaRTepa 
:iiflifleKTa, 3aBHCHT OT p;pyrHX orrpep;eJIHIOIIJ;HX na
paMeTpOB. 

IlpH IIOJIOil\HTeJibHOH IIOJIHpHOCTH TeiiJIOBhlp;e
JTHIOII\ero 3JieMeHTa H IIpH aTMociflepHOM p;aBJieHHH 
He 6hlJIO OTMel!eHO BJIHHHHH 3JieKTpH'IeCKOrO IIOJIH 
Ha TeiiJIOIIepep;aqy, IlpH HH3KHX p;aBJieHHHX raaa 
(5 -,.F/c.M2 ) HMeer Mecro orpnn;areJibHhl:il: aiflifleKT, 
KOTOphlii IIpH p;aJibHe:il:IIIeM IIOBhiiiieHHH p;aBJieHHH 
rrepeXO,!l;HT B IIOJIOil\HTeJibHhlH. IlpH 6oJiee BhiCO
KHX ,a;aBJieHHHx ( 15 -,.r I c.M2 H Bhlrne) Momer 6b1Tb 
noJiyl!eno cyll\eCTBennoe IIOBhlrneHHe remwrrepe
.n;al!H. BeJIH'IHHa OTHOCHTeJibHoro rroBbiiiieHHH re
IIJiorrepe,a;aqn TaKme pacrer c rroBhiiiieHHeM narrpH
menHOCTH IIOJIH H IIJIOTHOCTH HOHH3aD;HH H yMeHb
maeTCH c pocToM cKopocTH raaa. B OTJIH'IHe or 
npe.a;hlAYII\ero cJiyqaH aiflifleKT napacraeT c pocroM 
,a;aBJieHHH raaa (B HCCJiep;yeMoil: o6JiaCTH ,il;aBJie
HH:il:). 

MaRCHMaJihHoe ornocnreJihHoe yBeJIH'IeHHe re
IIJiorrepep;al!H, IIOJiy'IeHHOe IIpH 3THX OllbiTaX, ,rt;O
XO,!l;HJIO ,a;o 50%. MaKCHMaJibHoe nonnmenne re
Imorrepe)J;a'IH (orpnn;aTeJibHhi:il: a¢¢eKT) cocTaB
JIHJio oKoJio 15%. B ,a;oKJia,a;e ,a;aHbi 6oJiee rro,a;po6-
noe OIIHCaHHe 3RCrrepHMeHTOB, KOJIH'IeCTBeHHhle 
3aBHCHMOCTH a¢ifleRTa OT OCHOBHbiX napaMeTpOB 
If 06'bHCIIeHHe HBJieHHH. 

A/524 Checoslovaquia 

La influencia de un campo electrico sobre Ia 
transmisi6n de calor al refrigerante C02 a 
presiones altas y bajas en un reactor nuclear 
por F. Berger y L. Derian 

El gas refrigerante que circula a traves del nucleo 
de un reactor nuclear esta ionizado parcialmente a 
causa de la radiacion. Se puede obtener un flujo de 
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iones perpendicular a la direccion de circulacion del 
gas mediante la aplicaci6n de un campo electrico. 
Cuando la concentracion de iones en el volumen del 
gas es relativamente elevada, es posible afectar de 
esta forma a la totalidad de Ia corriente gaseosa y 
especialmente a la transmisi6n de calor de los 
elementos combustibles al gas. En la Segunda 
Conferencia de Ginebra informamos sobre los 
experimentos efectuados con un modelo de elemento 
combustible calentado electricamente y refrigerado 
por aire a la presion atmosferica. Se demostr6 con 
estos experimentos la posibilidad de aumentar la 
transmision de calor en reactores nucleares mediante 
la aplicaci6n de un campo electrico. 

Desde entonces, se han ejecutado una serie de 
experimentos en el circuito refrigerado por gas del 
reactor checoslovaco VVR-S, primero con un modelo 
calentado electricamente y mas tarde con un elemento 
combustible de uranio en forma de barra. Esta 
memoria da principalmente los resultados de estos 
ultimos experimentos, en los cuales se cambi6 la 
presion del dioxido de carbono refrigerante desde 5 
hasta 30 kgfjcm2, y el voltaje entre los electrodos 
(uno de los cuales estaba formado por el elemento 
combustible de uranio y el otro por la pared del 
canal), se vario desde 0 a 30 kV. Ademas de la 
infiuencia de Ia presion y de Ia intensidad del campo 
etectrico, se estudio la dependencia del efecto de la 
velocidad del gas, densidad de ionizacion del gas y la 
polaridad de la superficie cambiadora de calor. Los 
experimentos realizados sirvieron tanto para destacar 
algunos nuevos hechos como tambien para ampliar 
los conocimientos previos. 

Se establecio que, por la accion de un campo 
electrico en corriente continua, se puede obtener un 
incremento (efecto positivo) y una disminucion 
(efecto negativo) de la transmision de calor algas. 
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La influencia del campo electrico sobre la trans
mision de calor desde el elemento combustible hacia 
el gas parcialmente ionizado, depende, principal
mente, de si el elemento combustible trabaja como 
catodo 0 como anodo. 

Con la polaridad negativa del elemento combustible 
el aumento relativo de la transmision de calor es mas 
elevado a bajas presiones. El valor del incremento 
relativo de la transmision de calor crece al aumentar 
la intensidad del campo y al aumentar la densidad de la 
ionizacion del gas, mientras que disminuye al aumen
tar la velocidad del gas y la presion. A presiones mas 
elevadas el efecto positivo cambia a efecto negativo; 
la presion a la cual ocurre este cambio depende de 
los otros panimetros determinantes. 

Con polaridad positiva del elemento combustible, 
no se observo, a presion atmosferica, influencia del 
campo electrico sobre la transmision de calor. Se 
presenta un efecto negativo a bajas presiones 
(5 kgf/cm2

). El efecto se puede transformar en posi
tivo por un aumento ulterior de Ia presion. A mayores 
presiones (15 kgf/cm2 o mayores) se puede obtener un 
incremento considerable de la transmision de calor. 
El valor del aumento relativo de transmision de calor 
crece de nuevo al aumentar Ia intensidad del campo y 
la densidad de ionizacion, pero disminuye al aumentar 
la velocidad del gas. Sin embargo, contrariamente al 
caso anterior, aumenta (en el intervalo de presiones 
considerado) al aumentar la presion. 

El aumento relativo maximo de la transmision de 
calor alcanzado durante estos experimentos alcanzo 
cerca del 50%. La disminucion maxima de Ia trans
mision de calor ( efecto negativo) fue de cerca dellS%. 
Se dara en esta memoria una descripcion mas 
detallada de los experimentos, de Ia magnitud de los 
efectos en funcion de los parametros principales y 
una interpretacion del fenomeno. 
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Heat transfer intensification by use of the 
longitudinally variable pressure gradient 

By z. Zaric* 

The importance of achieving high rates of heat 
transfer from reactor fuel elements is generally 
recognized. In gas-cooled reactors, in particular, the 
increase of heat transfer rates directly affects plant 
energy costs. Up to now extended surfaces with 
magnesium cladding and surface roughening in the 
case oflow conductivity cladding have been exclusively 
employed in obtaining moderately high heat fluxes in 
gas-cooled reactors. The main effect of finning is to 
increase the heat transfer surface per unit fuel length, 
but the heat transfer rates from the surface itself are 
still moderate owing to the inevitably poor aero
dynamic design of these surfaces. Moreover, an 
increase in the heat transfer surface per unit fuel length 
results in a decrease of the heat transfer coefficients 
on the fin surface. Artificial surface roughening 
significantly increases heat transfer rates. For certain 
types of roughness the increase is almost threefold 
compared with the flow in smooth channels, with an 
accompanying increase of pressure losses by a factor 
of about eight [7, 14]. The present status of achieving 
high convection heat transfer rates cannot be qualified 
as satisfactory. Novel approaches and more basic 
research are needed to clarify the heat transfer 
mechanism in turbulent flows. 

Very high convection heat transfer rates are found 
in flows across beds of spheres and tube banks. These 
high rates are partly attributed to the increase in the 
turbulence level occurring in such flows. However, the 
structure of turbulence in flows across tube banks is 
much more complex and the high heat transfer rates 
in them cannot be explained by the rise of turbulence 
intensity alone. Heat transfer rates in tube banks are 
strongly dependent on the pitch to diameter ratios, 
and in closely spaced rows they are almost double the 
rates in tube banks with higher pitch to diameter 
ratios [13]. When the longitudinal pitch to diameter 
ratio is less than unity flow passages exhibit a succes
sion of contractions and expansions so that the 
longitudinal pressure gradient changes several times 
in sign and value. Smaller transversal pitch to diameter 
ratios lead to higher absolute values of the pressure 
gradient. 

Adverse pressure gradient flows reveal some inter
esting features. Recently, Kline et al. [4, 5] investigating 
the flow in diffusers by a special visualization tech-

*Boris Kidric Institute of Nuclear Sciences, Beograd-Vinca. 
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nique, have shown that a longitudinal vortex pattern, 
slightly inclined from the wall, is found in the viscous 
sublayer of the turbulent boundary layer. These 
vortices break up near the edge of the sublayer into a 
typical turbulent hash and promote a continual 
transport of fluid between wall layers and the outer 
portion of the flow. The angle at which the vortex 
system stands to the wall increases with the increase 
of the adverse pressure gradient and vortices break up 
a shorter distance downstream resulting in an increased 
number of break-ups. At a given value of the pressure 
gradient vortices begin to accumulate in larger tran
sitory stalls which further promote fluid mixing in the 
boundary layer. Visual observations are in good 
agreement with a limited number of investigations 
of the turbulence characteristics of an adverse pressure 
gradient flow. Intensities of all fluctuating velocity 
components, turbulence rates of production and 
dissipation are greatly in excess of those for a zero 
pressure gradient flow [8, 10, 12]. 

The physical picture of the flow near the wall 
in an adverse pressure gradient indicates that the rate 
of heat transfer must increase in this case. Experimental 
data of heat transfer in adverse pressure gradient 
flows, however, are very scarce, particularly for the 
heat transferred from the surface to an incompressible 
fluid. Recently, Romanenko et al. [11] have investi
gated heat transfer from heated air to the walls of 
diffusers with aperture angles of 8 and 12°. Their data 
show that there is no similarity between velocity and 
temperature profiles and indicate an increase of the 
heat transfer rate with increasing pressure gradient. 

In order to make a preliminary check of the validity 
of the presumed influence of an adverse pressure 
gradient on the rate of heat transfer, we measured 
local coefficients of heat transfer from the surface of 
heated cones placed in a tube to form annular diffusers 
[1]. Cones of 12 and 16° angles were investigated. 
Results have shown a significant increase of heat 
transfer coefficients, those of a 16° cone being as 
much as 60% higher compared to the flow in an 
annulus of constant cross section. 

The present paper gives results of an experimental 
investigation of local heat transfer rates in two
dimensional channels composed in such a way as to 
form a succession of divergent and convergent 
passages. The geometrical parameters were chosen so 
that the flow in divergent sections of the channel 
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Figure I. Diagram ofthe test section 

would be approximately in the zone of the formation 
of transitory stalls according to Kline [4]. 

APPARATUS AND INSTRUMENTATION 

The test section is schematically shown in Fig. 1. 
It consists of a rectangular channel formed by two 
profiled and two straight stainless steel plates. The 
profiled plates placed parallel to each other form a 
succession of six geometrically equal divergent and 
convergent sections, each 141 mm long and with an 
aperture angle of 16 ± 1°. Two minimum distances 
between plates, namely 26.0 and 44.5 mm, were 
investigated, the length to throat width ratios of 
divergent sections being 5.4 and 3.15 respectively. 
The profiled plates were heated electrically by twelve 
individual heaters, a pair for each section. The heaters 
were made of resistance strips placed parallel to the 
plate width and isolated from it by a 1 mm thick mica 
sheet. Equally spaced strips were pressed to the 
plates by means of screws and pressing plates. The 
alternating current in the strips was adjusted to 
produce an approximately uniform heat flux of 
about 0.5 W fcm2 on the inner plate surface. The test 
section was insulated from the surroundings by layers 
of glass wool and asbestos sheets. 

Along the polished inside surface of the profiled 
plates thermocouples were embedded into grooves 
filled with tin. The thermocouple arrangement on one 
plate is shown in Fig. 1. To measure the static pressure 
distribution along the channel several holes of 1 mm 
diam were drilled normal to the plate surface. For the 
L/D1 = 3.15 channel, fifteen additional pressure 
tappings were made along one of the side walls. In 
order to get a better insight into the flow regime, fluid 
velocity and temperature distributions were measured 
in four cross sections along the channel (II to V in 
Fig. 1). Velocity profiles were taken by total and static 

pressure traversing probes displaced by micrometer 
screws. Temperature distributions were measured by 
0.5 mm diam chromel-alumel thermocouples of the 
thermocoaxial type. 

A geometrically identical but unheated channel with 
four divergent-convergent sections was placed up
stream of the test section. The air inlet temperature 
was measured upstream of the apparatus. The air flow 
of up to 0. 7 kgfs was supplied by a centrifugal blower. 
The air flow rate was measured by standard diaph
ragms. Thermocouple outputs were measured indi
vidually with a potentiometer accurate to about 0.2 °C. 
Static pressure readings were taken by alcohol-filled 
U-tubes and pressure differences for velocity measure
ments by a Casella-type micromanometer. The heat 
flux was calculated from current and voltage drop 
readings on each individual heater. 

RESULTS AND DISCUSSION 

Measured velocity and temperature distributions 
in cross sections II to V are shown in Fig. 2 for the two 
L/ D1 ratios. The curve of the velocity distribution for 
the flow between parallel plates is also included [9]. 
Velocity profiles in cross sections III and IV, near the 
outlet from the divergent, and at the inlet of the 
convergent section, are characteristic of the flow with a 
moderately large adverse pressure gradient, but they 
do not show any indication of the flow separation. 
From Fig. 2 it is evident that an asymmetry exists in 
the velocity profile in cross section III of the L/ D1 = 
3.15 channel indicating different flow conditions on 
opposite channel walls. In general, there is no similarity 
between the temperature and velocity profiles. 

Local heat transfer coefficients along two central 
divergent-convergent sections are given in Fig. 3 for 
both L/ D1 ratios. It is seen that there is considerable 
scattering of experimental points relating to one cross 
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Figure 2. Velocity and temperature distributions 

section which indicates certain three-dimensionality 
of the flow and different flow conditions existing at 
opposite walls. In case of the L/ D1 = 3.15 channel, 
the difference in flow conditions at opposite walls 
results in different heat transfer rates, those of the left 
plate being consistently higher than those of the right 
one. From the velocity distribution near the end of the 
divergent seetion (Fig. 2-III) it is seen that the flow 
along the left plate is closer to separation, thus 
affecting the heat transfer rates. 

Distribution of the local values of Stanton number 
along the channel is given in Fig. 3 as the ratio of the 
Stanton number calculated from the experimental 
data and the Stanton number for constant cross 
section channels (St0) for the same Reynolds number 
[6]. The value of the local Stanton number increases 
steadily along the divergent section. Near the outlet 
from this section a sharp increase is evident which can 
be explained by the formation of large transitory 
stalls in this zone. The pronounced maximum at the 
beginning of the convergent section, in the readjust
ment zone, is in accordance with the visualization 
studies of Kline eta/. [5] who in such zones found that 
the flow picture in wall layers is similar to that 
associated with a large pressure gradient. For the 
lower pressure gradient channel local Stanton number 
values in the divergent section are somewhat lower 
than in the case of the Lf D1 = 5.4 channel. The 
maximum value at the beginning of the convergent 
section is, however, considerably lower which indicates 
a particularly strong influence of the pressure gradient 
and flow conditions on the heat transfer rate in this 
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Figure 3. Variation of the local heat transfer coefficient and St 
number along the channel 

zone. Along the convergent section the Stanton 
number decreases steadily in value but is still con
siderably greater than in the case of a zero pressure 
gradient flow. Thus it is seen that the high intensity 
turbulence produced in the divergent section has a 
significant influence on the rate of heat transfer in the 
convergent section. These findings are in accordance 
with those of Kestin et al. [3] who investigated the 
influence of turbulence on the transfer of heat from 
plates in an accelerated flow. The ·influence of the 
pressure gradient is even stronger than in the divergent 
section as can be seen in Fig. 3. 

In Fig. 4 the average Stanton numbers calculated 
from the mean values of all heat transfer coefficients 
measured along the channel (ha.) and the average 
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Figure 4. Average Stanton number vs. Reynolds number 
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distance between plates (Da), are plotted against 
Reynolds number and compared with the curve for the 
constant cross section channel Stanton number [6]. 
Figure 4 shows that average Stanton number values 
for divergent-convergent channels are considerably 
higher than the corresponding values for zero 
pressure gradient flows. 

Ideal and actual pressure recovery coefficients, Cp1 

and Cpr respectively, along the two central divergent
convergent sections are given in Fig. 5 for the L/ D1 = 
3.15 channel, together with the pressure loss coefficient 
(H) variation. The pressure loss coefficient has a sharp 
rise at the beginning of the divergent section, increases 
steadily to a maximum value at the end of this section 
and then decreases slowly along the convergent 
section with a sharp drop at the end of this section. 
Decrease of the pressure loss coefficient in the con
vergent section is a consequence of the velocity 
redistribution with a corresponding transfer of the 
kinetic energy into the pressure energy. The pressure 
loss coefficient at the end of the convergent section (H2) 

is taken as the coefficient of the pressure loss in a pair 
of divergent-convergent sections. For the Lf D1 = 5.4 
channel, pressure loss coefficients (H2) were calculated 
from pressure differences between two symmetrically 
located tappings near the end of the convergent 
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Figure 6. Friction factor vs. Reynolds number 

section in the profiled plate (pressure tappings 1 and 2 
in Fig. 1). 

Friction factors f calculated on the basis of the 
average distance between the plates and the average 
flow velocity in the channel are plotted in Fig. 6 
against Reynolds number for both L/ D1 ratios. The 
curve of the friction factor in smooth tubes (/0), 

which holds approximately for the rectangular 
channels [2], is also plotted in Fig. 6. 

CONCLUSION 

The positive influence of the longitudinally variable 
pressure gradient on the convection heat transfer 
intensification has been confirmed by measurements 
of local rates of heat transfer in divergent-convergent 
channels of an aperture angle of 16° and the length 
to throat width ratios of 3.15 and 5.4. Along the 
adverse pressure gradient section, the values of the 
local Stanton number increase steadily. Intense 
turbulence produced in this section increases signi
ficantly the. rate of heat transfer in the convergent 
section above the level of the zero pressure gradient 
channel flow. The average values of the Stanton num
ber in the divergent-convergent channels tested are 
about twice those in a constant cross section channel. 
The increase in the pressure loss is significant but the 
pumping power in a constant cross section channel 
needed to obtain the same average heat transfer 
coefficient is still approximately twice that in a diver
gent-convergent channel with the same average 
distance between plates. 

The experimental data presented show that the 
longitudinally variable pressure gradient can be 
successfully used to obtain qualitatively the same 
effect as regards the convective heat transfer rates as 
that produced by surface roughening for instance. 
The two geometries tested surely do not represent an 
optimal combination of geometrical parameters 
which influence the flow regime and heat transfer. 
From the results obtained it is not possible to get an 
insight into the influence of important parameters 
such as the aperture angle, the shape of the surface 
and the length of the divergent to the length of the 
convergent section ratio. Preser.t experimental data 
show for instance a sharp increase in losses occurring 
at the beginning of the divergent section which might 
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possibly be avoided with a better design. It is also of 
interest to broaden the zone of maximum heat transfer 
rates at the end of the divergent section by an appro
priate design of the plate shape. The work on testing 
other geometries of divergent-convergent channels is 
in progress. The work is also directed towards a 
better understanding of the flow and heat transfer 
mechanism in such channels. 
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NOMENCLATURE 

B: Channel width 
CP1: Ideal pressure recovery coefficient, = 1 -

(Dl/D)2 
Cpr: Actual pressure recovery coefficient, 

= 2(p -{1) + (Tb - Tb1) (D
1
/D)2 

put Tbl 
Cp: Specific heat at constant pressure 
D: Distance between plates 
H: Pressure loss coefficient, = Cp1 - Cpr 
h: Heat transfer coefficient, = qf(T8 - Tb) 
f: Friction factor, = H 2(Da/L) (Da/ D1) 2 

fo: Friction factor in smooth tubes, = (2 llpf pu2) 

(D/L) 
L: Length of sections measured along the plates 
p: Static pressure 
q: Heat flux at inner plate surface 
T: Absolute temperature 
u: Fluid velocity 
w: Mass flow 
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y: Distance from the wall 
p.: Viscosity 
p: Fluid density 

Dimensionless numbers: 
Re: Reynolds number, = 2wfp.B 
St: Stanton number, = hDBfcpw 

Subscripts: 

a: Average along the channel 
b: Bulk 
c: Centre of the channel 
s : Plate surface 
1 : Inlet divergent section 
2: Outlet convergent section 
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A/698 Yougoslavie 

Intensification du transfert de chaleur 
par un gradient de pression longitudinal 
variable 

par Z. Zaric 

Pour les reacteurs nucleaires refroidis par un gaz, le 
probleme consistant a trouver des moyens efficaces 
d'intensifier le transfert de chaleur est encore actuel, et 
les progres dans ce domaine peuvent conduire a des 
ameliorations significatives des caracteristiques du 
reacteur. Les moyens a present utilises, ailettes et 
surfaces rugueuses, sont encore peu efficaces. 

On observe des taux tres eleves de transfert ther
mique dans le cas d'ecoulement de fluide normalement 
a des rangees de tubes tres proches les uns des autres ou 
a travers des couches de particules spheriques. Dans 
les deux cas, on trouve une succession d'agrandisse
ments et de retrecissements de la section droite 
d'ecoulement avec des variations importantes de 
gradient de pression longitudinal. 

L'etude de l'ecoulement d'un fluide dans un 
divergent montre que des tourbillons longitudinaux 
sont formes sur les parois et se rompent a la frontiere 
de la couche limite, donnant ainsi un taux eleve de 
turbulence dans l'ecoulement. Cet effet doit agir sur 
le transfert thermique. D'autre part, on a prouve que 
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le degre de turbulence a une influence sur le transfert 
thermique dans les conduits convergent. 

Sur la base de cette analyse, on a fait des experiences 
preliminaires sur le transfert de chaleur dans un 
divergent annulaire; elles ont montre un accroisse
ment significatif des coefficients d'echange thermique 
par rapport a un 6coulement sans gradient de pression. 
Les experiences ont ete effectuees dans une installation 
a deux dimensions qui est decrite dans le memoire. 
La partie ou se faisaient les mesures se composait 
d'un canal rectangulaire avec deux parois profilees de 
maniere a former une succession de sections : ~nver
gentes et divergentes avec un demi-angle de 8°. Les 
parois profilees ont ete chauffees electriquement et les 
temperatures locales aux parois ont ete mesurees 
par de nombreux thermocouples le long du canal. 
On a mesure dans quatre sections droites les repar
titions des vitesses et des temperatures. On a aussi 
mesure la distribution des pressions statiques le long 
du canal. 

Les resultats experimentaux montrent !'influence 
considerable du gradient de pression longitudinal sur 
l'intensite des 6changes thermiques. Le nombre de 
Stanton, calcule pour la section droite locale, aug
mente le long du divergent jusqu'a etre plus de deux 
fois celui qui correspond a l'ecoulement sans gradient 
de pression. La turbulence intense creee dans la 
partie divergente se traduit par une augmentation 
marquee des coefficients d'echange thermique dans la 
partie convergente egalement. Les coefficients de 
perte de charge qui augmentent le long du divergent 
diminuent sensib1ement dans le convergent, indiquant 
une recuperation d'energie de pression dans cette 
partie. 

Les resu1tats cites, obtenus pour une seu1e geometrie, 
montrent que l'effet du gradient de pression peut 
etre utilise avec succes pour !'augmentation du trans
feet thermique dans le cas du refroidissement par un 
gaz. On s'occupe d'etudier les autres geometries afin 
de trouver les combinaisons optimales des parametres 
ayant une influence sur le transfert de chaleur et 
l'ecoulement du fluide. 

A/698 IOrocnaBHR 

HHTeHCH~HKa~HR rennonepeAa~H ny
TeM H3MeHeHHH npOAOnbHOrO rpaAH
eHTa AaeneHHR 

IIpo6JieMa Haxomp,eumi alfllfleKTHBHLIX cnoco-

6ou HHTeHCHcPHKaQHll rrepeHOCa TeiiJia B peaKTO

pax c raaoBLIM oxJiamp,euneM uce e~e HBJIHeTCH 

aKTyaJibHOH, H ycneXH B 3TOM HanpaBJieHHH MoryT 

OKaaaTb 3Ha'IHTeJILHOe BJIHHHHe Ha pa60'IHe Xa

paKTepHCTHKH peaKTopa. McnoJILayeMLie u uacTo

H~ee upeMH cnoco6LI yJiyqmeunH TenJioo6MeHa, 

KaK, uanpnMep, yueJinqeune TenJIOOT,IJ;aiO~eii no-
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uepxHoCTH HJIH npnp,aHne eM: mepoxouaTOCTH, He

p,ocTaTO'IHO acflcfleKTHBHhi. 

Oco6eHHO HHTeHCHBHhiH uepeHoc TenJia Ha6JIIo

p,aeTcH B nOTOKax, rrpoTeKaiO~HX nepneHP,HKYJIHp

HO C60pKaM TeCHO paCUOJIOa\eHHbiX Tpy6 HJIH me 

'Iepea cJioM: clflepnqecRnx qacTHQ. B o6onx cJiy
'IaHx ua6JIIOp,aiOTCH qepep,yiOIIJ,necH pacmnpeHnH 

n cymeHHH npoxop,ou P,JIH noToRa, conpouomp,aiO

~necH 3Ha'IHTeJihHbiMH H3MeHeHHHMH rrpO,IJ;OJib

HOrO rpa,IJ;neuTa ,IJ;aBJieHHH. MayqeHHe mnp,Roro 

noToK&. B p,ncf!lflyaopax noKaaLmaeT, 'ITO o6paao

uaune Bll,OJib CTeHOK IIpOP,OJILHLIX BHXpeii, KOTO

pble pa36HBaiOTCH Ha RpaiO rpaHH'IHOrO CJIOH, Bbl-
3biBaeT TaKHM o6pa30M CHJILHYIO Typ6yJieHTHOCTb 

B IlOTOKe. 8TO HBJieHHe P,OJia\HO OKa3hiBaTb BJIHH

HHe ua HHTeHCHBHOCTb rrepeuoca TerrJia. C p,pyroii: 

CTOpOHbl, 6hiJIO ,IJ;OKa3aHO, 'ITO CTeiieHb Typ6y

JI€HTHOCTH BJIHHeT TaRme Ha rrepeHOC TeiiJia H B 

cymaiOI.qHXCH rrpoxop,ax. 

Ha ocHoBaHHH Bhimerrpnuep,eHHhiX coo6pame

HHii 6hiJIO rrpep,npHHHTO rrpep,BapHTeJILHOe HCCJie

,IJ;OBaHHe nepeuoca TerrJia B KOJILIWBOM ,IJ;nlflcf!yaope, 

KOTopoe rroKaaaJio aHa'InTeJibHOe yJJyqmeune ne

peuoca TerrJia no cpauHeHHIO c rroTOROM 6ea BCH

Koro rpap,neHTa ,IJ;aBJieHHH. 8KcnepnMeHTaJibHhie 

HCCJie,IJ;OBaHHH 6MJIH rrpoBe,IJ;eHLI Ha OnHCaHHOM B 

HaCTOH~eM ll,OKJiap,e P,ByMepHOM YCTpOHCTBe. 
lfCIIbiTaTeJILHaH 30Ha COCTOHJia H3 npHMOyrOJib

HOrO KaHaJia, ,IJ;BYM CTeHKaM KOTOpOrO 6hiJia IIpH

,IJ;aHa TaKaH iflopMa, 'ITO OHH o6pa30BbiBaJIH 'Iepe

,IJ;OBaHHe paCXO,IJ;H~HXCH H CXOP,H~HXCH llOBepXHO

CTeii c noJiyyrJio?ti 8°. CTeHKH c aTHM npocf!nJieM 

uarpeBaJIHCL aJieKTpHqecKHM cnoco6oM, n TeMrrepa

Typa CTeHOK B pa3Hb1X MeCTaX BP,OJIL KaHaJia H3-

MepHJiaCb MHOrO'IHCJieHHbiMH TepMorrapaMH. fpa

cPHK CKOpOCTeii H TeMnepaTyp IlOTORa H3MepHJICH 

B 'leTblpeX llOIIepe'IHLIX Ce'IeHHHX. liaMepHJIOCL 
TaKme pacrrpe,IJ;eJieHHe CTaTH'IecKoro ,n;auJieHHH 

B,!I;OJIL HCllLITaTeJILHOii 30Hbl. 

8KCI1epHMeHTaJibHble ,IJ;aHHLie CBH,IJ;eTeJibCTBYIOT 

0 CHJILHOM BJIHHHHH IlpOTHBOnOJIOa\HOro rpap,n
eHTa ,IJ;aBJieHHH Ha HHTeHCHBHOCTb nepeHOCa Te
IIJia. qHcJio CTaHTOHa B paaJJH'IHMX 'IacTHX noTo

Ka HeiipepLIBHO yBeJIH'IHBaeTCH B,IJ;OJib ,n;nlf>lflyaopa 

n yueJIH'IHBaeTCH 6oJiee qeM B ,IJ;Ba paaa no cpau

neHHIO c noToRoM 6ea rpa,IJ;HeHTa ,n;auJieHuH. Coa

p,auaeMaH B paCXOP,H~eHCH 'IaCTII IIHTeiiCHBHaH 

Typ6yJieHTHOCTh cy~eCTBeHHbiM o6pa30M BJIHHeT 
Ha HHTeHCHBHOCTL nepeuoca TenJia TaKme H B cxo

AH~eii:cH qacTH. KoalflcfJnQHeHT noTepn p,auJieHHH, 

CHJibHO yueJIH'IHBaiOI.qHHCH BP,OJIL ,IJ;HcPcPY30pa, 
3Ha'IHTeJihHO nap,aeT B CXOP,H~eii:CH 'IaCTH, 'ITO 

yKa3MBaeT Ha peKynepa~HIO 3HeprHH P,aBJieHHH B 
3TOH 'IaCTH. 

IlpHBO,IJ;HMble Bblllie peayJILTaTbl, llOJiy'IeHHble 

TOJILKO ,IJ;JIH O,IJ;HOH reOMeTpHH, yKa3LIBaiOT Ha B03-

MOa\HOCTb ycrremHOrO HCIIOJib30BaHHH l~eHCTBHH 
rpap,HeHTa p,aBJieHHH ,IJ;JIH HHTeHCHcPHKaQHH.IIepe

HOCa TerrJia oxJiam,IJ;aiOrqHM raaoM. B uacTo»rqee 

BpeMH HCIILITLIBaiOTCH p,pyrne reoMeTpH'IeCRHe 
cflopMLI P,JIH Haxomp,eHHH onTHMaJILHOro CO'leTa

HHH napaMeTpou, BJIHHIO~Hx ua nepeuoc TenJia 

H Ha xapaKTep IIOTOKa. 
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A/698 Yugoslavia 

lntensificaci6n de Ia transmisi6n de calor 
mediante el uso del gradiente de presion 
longitudinal variable 

por Z. Zaric 

Sigue planteado el problema de encontrar metodos 
efectivos para intensificar la transmisi6n de calor en 
reactores refrigerados por gas y los progresos en esta 
direccion pueden conducir a mejoras significativas en 
laoperaci6n de los reactores. Los metodos utilizados en 
la actualidad, a saber: superficies extendidas y super
ficies rugosas, no son todavia suficientemente efectivos. 

· Se han encontrado relaciones de transmision de 
calor especialmente elevados en fluidos que fluyen 
normalmente a un bloque de tubos poco espaciados 
y en lechos de particulas esfericas. En ambos casos se 
observan ensanchamientos y estrechamientos sucesivos 
en los tubos de flujo con grandes variaciones en el 
gradiente longitudinal de presion. 

El estudio del flujo del fluido en difusores revela la 
formaci6n de vortices longitudinales que se rompen 
sobre el borde de la capa de separacion produciendo 
un alto grado de turbulencia en la corriente. Este 
efecto debe influir sobre las relaciones de transmision 
de calor. Por otra parte se ha comprobado que el 
grado de turbulencia influye sobre Ia transmision de 
calor en canales convergentes. 

Basandose en el analisis anterior se ha emprendido 
una investigacion preliminar de la transferencia de 
calor en un difusor anular, Ia cual ha demostrado un 
aumento considerable en las relaciones de transferencia 
de calor en comparacion con el flujo con un gradiente 
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de presion nulo. La investigacion experimental se llevo 
a cabo en un dispositivo bidimensional que se describe 
en la memoria. La seccion de prueba consistia en un 
canal rectangular condos paredes, cuyo perfil formaba 
una sucesion de secciones divergentes y convergentc;:s 
con un semiangulo de go. Estas paredes fueron ca
lentadas electricamente y las temperaturas locales en 
ellas se midieron a lo largo del canal mediante varios 
termopares. Los perfiles de velocidad y temperatura 
en el fluido se midieron en cuatro secciones rectas. 
Tambien se midio Ia distribucion de presion hidro
statica a lo largo de la seccion de prueba. 

Los datos experimentales indican una considerable 
influencia del gradiente de presion sobre la relacion de 
transmision de calor. El numero de Stanton basado en 
el area de flujo local aumenta continuamente a lo 
largo del difusor hasta mas del doble en comparacion 
con el flujo sin gradiente de presion. La intensa tur
bulencia creada en Ia seccion difusora influye tambien 
considerablemente sobre la relacion de transmision de 
calor en la seccion convergente. El coeficiente de 
perdidas de presion que aumenta a lo largo del difusor 
disminuye notablemente en la seccion convergente 
indicando una recuperacion de energia de presion en 
esta secci6n. 

Los resultados anteriores, obtenidos para una sola 
geometria, demuestran que puede usarse con exito el 
efecto del gradiente de presion para la intensificacion de 
Ia transmision de calor en los casos de refrigeracion por 
gas. Se estan probando otras geometrias a fin de en
contrar una combinacion optima de parametros que 
influiran en la transmision de calor y en el flujo del 
fluido. 
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Hydraulic problems of reactor engineering 

Chairman: N. A. Dollezhal (USSR) 

Paper P/230 (presented by P. A. Lottes) 

DISCUSSION 

G. H. LATZKO (Netherlands): The paper gives an 
excellent review of the vast amount of experimental 
work being performed in this field in the .United 
States. On the other hand, it does not provide the 
designer with any firm recomi_Uend~tion ~n the 
information to be used for calculatmg shp velocity and 
two-phase pressure drop. In this connection I shou~d 
be interested to know how well the curves for shp 
shown in Fig. 2 correlate with the Bankoff slip model 
suggested elsewhere in the paper. Do ab.s~issa and 
ordinate values refer to local channel conditions, and 
the Froude number to the channel inlet? 

P. A. LOTTES (United States of America): There is 
good agreement between the slip curves shown and t~e 
Bankoff model. The choice of this particular figure IS 
a matter of personal preference from the point of view 
of engineering. The values of abscissa and ordinate 
both refer to average, not local, conditions. 

H. CHRISTENSEN (Norway): In the section of your 
paper dealing with in-pile experiments on power 
stability you state that "operational noise cannot be 
used as a measure of absolute stability". In paper 
P/589, the very opposite observati~n .is mad~-namely, 
that in the case of a boiling loop, It IS possible, on the 
basis of a noise power spectrum analysis, to obtain 
very good determination of the point of instability, 
except perhaps at the highest powers where burn-out 
follows quickly. 

Do you think that this difference in the r~sults 
obtained might possibly be due to the I?resence m. the 
Vallecitos reactor of fuel elements of different ratmgs 
and perhaps different construction? Given this 
situation the tendency towards instability with 
increasin~ powers could be gradual, ~ith flow channe~s 
reaching instability one by one .. This .woul~ ~ake It 
impossible to define an exact pomt of mstability. 

P. A. LOTTES (United States of America): I thin~ 
that the answer you suggest is the correct one. It IS 
possible to have flow and void oscillations between 
parallel channels even though the total mass flow 
remains constant. In fact, Professor Gouse performed 
his experiments at MIT* along those very lines, namely 
with constant total mass-flow rate. 

H. CHRISTENSEN (Norway): Results are given in t~e 
penultimate section of your paper for local v01d 

• Ref. [32] of the paper. 
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measurements. Could you please describe the method 
of measurement? 

P. A. LOTTES (United States of America): The 
attenuation of gamma rays was used to measure the 
void fractions in the rod-bundle experiment by Allis
Chalmers. A traverse was made in a direction per
pendicular to the direction of flow. 

E. KJELLAND-FOSTERUD (Norway): What is the 
estimated accuracy of the slip correlation shown in 
Figure 2? 

P. A. LOTTES (United States of America): The 
estimated accuracy is ±25% for most of the data. A 
list of data, including ranges of test variables and 
percentage deviation from the correlation, is given in 
Ref. [15]. 

E. KJELLAND-FOSTERUD (Norway): Have you 
attempted to correct the Froude number to include the 
density ratio and the real pressure gradient, and 
have you tried to establish whether the correlation then 
describes the sort of slip ratios you find in Richardson's 
experiments on contractions? 

P. A. LOTTES (United States of America): We have 
not corrected the Froude number to include the 
density ratio. The value of V0 shown is the liquid 
velot:ity based on a situation where no vapour is 
present. It is equivalent to the total mass-flow rate 
divided by the liquid density. 

S. S. KUTATELADZE (USSR): Nuclear technology 
has acted as a powerful stimulus to research on two
phase hydrodynamics. More and more experimental 
data are being accumulated, the results obtained are 
often contradictory and the whole field is becoming 
increasingly difficult to survey. In view of this situ
ation it seems to me that a special effort should be 
mad~ to construct a number of physical-mathematical 
models which are fairly simple from the formal point 
of view but which are of general application. 

In this connection I should like to draw attention 
to two important points. In the first place, a number of 
integral characteristics of two-phase flows (e.g. 
dpfdx) are in a first approximation conservative with 
regard to the structure of the mixture involved. 
Secondly, in a number of cases the stability charac
teristics are closely bound up with the structure of 
the mixture. In the latter case it can be shown that 
there is a criterion of the type 

K = (Wcr" V p")/{i[g2a(p' - p")] 
which represents the relationship between the kinetic 
energy of the light phase and the surface energy of the 
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phase separation. This makes it possible to construct 
a universal three-quadrant chart for the stability of 
different types of two-phase flows. 

Some attempt to evolve a hydrodynamic theory for 
two-phase systems along these lines seems to me to be 
extremely desirable. 

Paper P/327a (presented by V. I. Subbotin) 

DISCUSSION 

K. M. BECKER (Sweden): In connection with the 
effects of heated length on burn-out, measurements 
performed in Sweden agree with your finding that 
there is no length effect for round ducts. On the other 
hand, the length effect which Alekseev observed in 
annuli has not been confirmed by our measurements. 
In a recent report,* we have shown that burn-out in 
annuli of different lengths can be correlated to within 
±5% in terms of (q/A)Bo• without any length term 
being included. 

With regard to your measurements for dual heating 
in an annulus, I should like to mention a result 
quoted in a paper presented last year at the ASME
AICME Heat Transfer Conference in Boston,** viz. 
that when both walls were heated with the same heat 
flux, burn-out always occurred on the inner wall of 
the annulus. It was also reported in this paper that the 
outer wall could be overloaded up to 70% before 
burn-out occurred simultaneously on both walls. As 
indicated in the Swedish report mentioned above, we 
have found the same effect in a 3-rod cluster, where it 
was possible to overload the shroud about 50% 
compared to the rods before simultaneous burn-out 
on the shroud and the rods occurred. 

I should be interested to know how much the 
outer wall of your annulus was overloaded when 
simultaneous burn-out on both cylinders occurred. 

V. I. SuBBOTIN (USSR): Traditionally, the value of 
qB0 is treated as one of the original water param
eters. In the case of annular channels, the total 
energy supplied affects the heat content of the original 
water. If account is taken of the proportion of heat 
supplied from each surface, then a comparison of 
experimental data for annular channels with one
surface and two-surface heat supply will yield con
gruent results. 

H. S. IsBIN (United States of America): The authors 
are to be congratulated on presenting such a wealth 
of parametric investigations. The studies reported are 
extensive and detailed and must have required a 
considerable effort over a period of years. To enable 
the results of these labours to be more fully utilized 
it is to be hoped that a compilation of the experimental 
data will also be made available. It is recognized that 
the predictive models, as noted in your references, 

*Becker, K. M., Hemborg, G., and Flinta, F. E., Measure
ments of Burn-out Conditions for Flow of Boiling Water in 
'Vertica/3-Rod and 7-Rod Clusters, Report AE-153, Aktiebolaget 
Atomenergi, Stockholm, (August 1964). 

**Becker, K. M., and Hernborg, G., Measurements of 
Burn-out Conditions for Flow of Boiling Water in a Vertical 
Annulus, ASME Paper No. 63-HT-25. 

are of only limited value, but they can serve as useful 
tools in providing an insight into the mechanisms 
involved in the production of a heat transfer crisis. 

I should be interested to hear what progress you 
have made in supplementing your empirical results 
with model descriptions of the phenomena producing 
the heat transfer crisis in the quality regions and in the 
subcooled regions. 

V. I. SUBBOTIN (USSR): I think that it is too early to 
draw general conclusions from the work that has been 
done in the field of burn-out theory. What we really 
have to do is to build up a reliable body of facts and 
obtain information on what takes place on the hot wall 
before and at the time burn-out occurs. After that we 
shall be able to work on the theory. 

H. S. IsBIN (United States of America): I have two 
further questions. First, have you carried out any 
visual studies of the burn-out crisis for steamfwater 
systems under pressure ? Secondly, in view of the need 
to extend burn-out studies to liquid-metal coolants, 
have you tried to adapt your steamfwater results to 
burn-out tests with liquid metals? If so, what liquid 
systems were used? 

V. I. SuBBOTIN (USSR): We have not been carrying 
out any visual studies to investigate the water boiling 
under pressure. As for your second question, I think 
it is rather risky to try to extrapolate qB0 data, 
computed for water, to liquid metals. 

Paper P/50 (presented by P. Gelin) 

DISCUSSION 

G. J. BEALEY (United Kingdom): My questions 
relate to the performance of internally cooled surfaces, 
briefly referred to in your paper. 

Since 1960 my company has been investigating the 
heat transfer performance of internally finned tubes 
with a view to their application to a highly rated 
magnox fuel element. Axial finning, helical fins and 
helical fins with axial splitters have all been tested for 
pressure drop and heat-transfer performance. 

Our experience has been that, though adequate 
performance has been achieved at low Reynolds 
numbers and ratings, heat-transfer performance suffers 
a severe reduction as conditions more closely approach 
reactor values. For example, the Stanton number for 
one surface was reduced by a factor of 2.5 for an 
increase in rating from 2.5 to 10 kW/ft. The required 
rating was between 20 and 30 kW /ft. The explanation 
for this was that mixing between the gas in the flutes 
and in the main stream was poor. In our experience 
adequate mixing can only be achieved by devices 
which result in an unacceptable pressure loss. 

We would therefore be particularly interested in 
having more details of the types of surfaces tested and 
the ratings and Reynolds numbers covered by the 
test. 

P. GELIN (France): This of course raises a funda
mental question, namely the influence of the heat flux 
on the heat-exchange coefficients. 
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At the CEA (Saclay) we have performed numerous 
tests with cans possessing a circular cross-section and 
lined with longitudinal fins. These cans were cooled 
internally by a stream of C02 at a pressure of 15 bars 
and heated on the outside by a stream of hot air 
moving at a velocity which made the external contour 
practically isothermal. The fins were arranged in a 
circle 50 mm in diameter. The number of fins varied 
between 24 and 50 and their height between 2.2 and 
8.5 mm. The Reynolds number obtained with the 
diameter of 50 mm varied from 300 000 to 3 000 000 
and the power per unit length from 5 to 20 kW fm. 

Under these conditions it was found that the ratio 
between the average Margoulis number on the 
heating contour and the average friction coefficient 
on the heating contour was constant to within 10% 
over the whole range of variation of the Reynolds 
number. The friction coefficient used in this calculation 
was measured in isothermal flow. 

These numerical values have been confirmed by the 
EDF Chatou laboratory, which carried out a constant
flow experiment on a 48-fin can that was practically 
identical to one of those we tested. 

If in those tests the heat flux had been a sensitive 
independent parameter, the ratio between the Mar
goulis number and the friction coefficient would 
necessarily have varied considerably. This ratio 
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varied with the type of fins used, but remained between 
0.25 and 0.45. 

Paper P/524 (presented by F. Berger) 

DISCUSSION 
M. TROOST (United States of America): Have you 

made any comparison of your method of improving 
heat transfer with surface-roughening techniques? If 
so, is surface roughening more economical from the 
point of view of the energy required? 

F. BERGER (Czechoslovakia): We have not made 
any direct comparison between the two methods of 
improving heat transfer. Surface roughening is 
technically easier but the additional pressure loss for 
an equal improvement in heat transfer is definitely 
lower when an electric field is applied. On the other 
hand, account also has to be taken of the consumption 
of electric energy in the H.T. circuit. The specific 
conditions of each individual case will therefore 
determine which method is more economical. I 
should perhaps emphasize that our work was primarily 
devoted to fundamental research into the influence of 
electric fields on heat transfer. 

Paper P/232 (presented by H. S. lsbin) 
There was no discussion of this paper. 

Problemes hydrauliques de Ia technologie des reacteurs 

President: N. A. Dollezhal (URSS) 

Memolre P/230 (presente par P. A. Lottes) 

DISCUSSION 

G. H. LATZKO (Pays-Bas): Le memoire presente une 
excellente vue d'ensemble de la somme des travaux 
accomplis dans ce domaine aux Etats-Unis. Toutefois, 
il ne fournit aux ingenieurs charges des projets aucune 
recommandation ferme sur les donnees a utiliser pour 
le calcul de la vitesse de glissement et de la perte de 
charge a deux phases. A ce propos, je serais heureux de 
savoir quel est l'accord entre les courbes pour le 
glissement donnees dans la figure 2 et le modele de 
glissement de Bankoff propose a un autre endroit du 
memoire. Les abscisses et les ordonnees se rapportent
elles aux conditions locales dans le canal, et le nombre 
de Froude a I' entree du canal? 

P. A. LoTTES (Etats-U nis d' Amerique): I1 existe un 
bon accord entre les courbes du glissement presentees 
et le modele de Bankoff. Le choix de Ia figure est une 
question de preference personnelle du point de vue du 

technicien. Les abscisses et les ordonnees se rapportent 
aux conditions moyennes, et non locales. 

H. CHRISTENSEN (Norvege): Dans la section de votre 
memoire qui traite de !'experience sur la stabilite de la 
puissance, effectuee eu pile, vous dites que << le bruit en 
exploitation ne peut etre utilise comme mesure de 
stabilite absolue ».Dans le memoire P/589, on indique 
le contraire, c'est-a-dire que, dans le cas d'un circuit 
bouillant, on peut, a partir d'une analyse du spectre 
de puissance de bruit, obtenir de tres bonnes estima
tions du niveau d'instabilite, sauf peut-etre aux 
puissances les plus elevees, ou la calefaction est 
proche. 

Pensez-vous que ce desaccord entre les resultats 
obtenus puissa etre du ala presence dans le reacteur de 
Vallecitos d'elements de combustible de performances 
differentes et peut-etre de construction different? Etant 
donne cette situation, la tendance a l'instabilite a 
mesure que Ia puissance croit pourrait etre progressive, 
les canaux d'ecoulement atteignant l'instabilite una un. 
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Ceci rendrait impossible la definition d'un niveau 
exact d'instabilite. 

P. A. LOTTES (Etats-Unis d'Amerique): Je pense que 
la reponse que vous proposez est la bonne. I1 est 
possible d'avoir des fluctuations de debit et de vide 
entre des canaux paralleles, alore meme que le debit 
massique total reste constant. En fait le professeur 
Gouse a effectue ses experiences au MIT* exactement 
selon ce principe, c'est-a-dire avec un debit massique 
total constant. 

H. CHRISTENSEN (Norvege): Des resultats sont 
donnes a l'avant-dernier chapitre de votre memoire 
pour des mesures de vide local. Pourriez-vous decrire 
la methode de mesure? 

P. A. LoTTES (Etats-Unis d'Amerique): C'est 
!'attenuation des rayons gamma qui a servia mesurer 
le taux volumique de vapeur dans !'experience d' Allis
Chalmers sur les grappes de barreaux. On faisait un 
pointage dans une direction perpendiculaire a celle de 
1' ecoulement. 

E. KJELLAND-FosTERUD (Norvege): Quelle est la 
precision estimee de la relation de glissement donnee 
a Ia figure 2? 

P. A. LoTTES (Etats-Unis d'Amerique): La precision 
est estimee a ±25% sur la plupart des chiffres. Une 
liste de chiffres, avec les gammes des variables des 
essais et l'ecart en pourcentage par rapport a la 
relation est donnee dans la reference 15. 

E. KJELLAND-FosTERUD (Norvege): Avez-vous 
cherche a corriger le nombre de Froude pour y faire 
intervenir le rapport de densite et le gradient de 
pression reel, et avez-vous essaye d'etablir si la 
relation rendait alors compte du genre de rapports de 
glissement trouves dans les experiences de Richardson 
sur des. contractions? 

P. A. LOTTES (Etats-Unis d'Amerique) :Nous n'avons 
pas corrige le nombre de Froude pour y faire inter
venir le rapport de densite. La valeur V0 donnee est la 
vitesse du liquids, a partir d'une situation ou la 
vapeur est absente. Elle est equivalente au debit 
massique total divise par la densite du liquide. 

S. S. KUTATELADZE (URSS): La technologie nucle
aire a servi de puissant stimulant aux recherches 
d'hydrodynamique a deux phases. Les donnees 
experimentales continuent a s'accumuler, les resultats 
obtenus sont souvent contradictoires, et il devient de 
plus en plus difficile d'avoir de tout ce domaine une 
vue d'ensemble. Devant cette situation, il semble qu'il 
faudrait un effort particulier pour elaborer un certain 
nombre de modeles physico-mathematiques qui 
seraient assez simples du point de vue formle mais qui 
auraient une grande generalite d'application. 

A ce propos, je voudrais attirer votre attention sur 
deux choses importantes. Tout d'abord, un certain 
nombre de caracteristiques integrales des ecoulements 
a deux phases (par exemple = dp/dx) re changent pas, 
en premiere approximation, avec la structure du 

* Reference [32] du memoire. 

melange etudie. Deuxiemement, dans un certain 
nombre de cas, les caracteristiques de stabilite sont 
etroitement liees a la structure du melange. Dans ce 
deuxieme cas, on peut montrer qu'il existe un critere 
du type 

K = (Wcr".J p")J{I[g2a(p' - p")] 

qui represente la relation entre l'energie cinetique de la 
phase legere et l'energie de la surface de separation des 
phases. Ceci permet d'etablir un diagramme ternaire 
universe! pour la stabilite de divers types d'ecoulements 
a deux phases. 

Chercher a developper dans ce sens une theorie de 
l'hydrodynamique des systemes a deux phases me 
parait une chose tout a fait souhaitable. 

Memoire P/327a (presente par V. I. Subbotin) 

DISCUSSION 

K. M. BECKER (Suede): A propos des effets de la 
longueur chauffee sur la calefaction, des mesures faites 
en Suede concordent avec vos observations selon 
lesquelles la longuer est sans effet pour des canaux 
circulaires. D'autre part, l'effet de longueur observe par 
Alekseev dans des anneaux n'a pas ete confirme par 
nos mesures. Dans un rapport recent**, nous avons 
montre que la calefaction dans des anneaux de 
diverses longueurs peut s'exprimer a ± 5% pres en 
fonction du (q/A)Bo• sans faire intervenir un terme 
longueur. 

A propos de vos mesures de double chauffage d'un 
anneau, je voudrais signaler un resultat cite dans un 
memoire presente l'annee derniere a la Conference 
ASME-AICME sur les transferts thermiques, a 
Boston***, a savoir que, lorsque les deux parois sont 
chauffees avec des flux thermiques egaux, la calefaction 
se produit toujours sur la paroi interieure de l'anneau. 
On rapportait aussi dans ce memoire que la paroi 
exterieure pouvait accepter une sucharge atteignant 
70% avant que la calefaction n'apparaisse en meme 
temps sur les deux parois. Comme i1 est dit dans le 
rapport suedois deja mentionne, nous avons trouve le 
meme effet avec une grappe de trois barreaux, ou l'on 
pouvait cn!er sur la boucHer une surcharge d'environ 
50% par rapport aux barreaux, avant }'apparition 
simultanee de la calefaction a la fois sur le boucHer et 
sur les barreaux. 

Je serais heureux de connaitre la surcharge de la 
paroi exterieure de votre anneau a !'apparition de la 
calefaction simultanement sur les deux cylindres. 

V. I. SUBBOTIN (URSS): Comme on le fait habituelle
ment, la valeur de qB0 est traitee comme l'un des 
parametres de l'eau initiale. Dans le cas de canaux 
annulaires, l'energie totale fournie influe sur la 
chaleur emmagasinee dans l'eau initiale. Si l'on tient 

**Becker, K. M., Hernborg, G., et Flinta, F. E., Measure
ments of Burn-out Conditions for Flow of Boiling Water in 
Vertica/3-Rod and 7-Rod Clusters, rapport AE-153, Aktiebolaget 
Atomenergi, Stockholm, Suede (aout 1964). 

***Becker, K. M.,et Hemborg, G., Measurements of Burn-out 
Conditions for Flow of Boiling Water in a Vertical Annulus, 
rapport ASME No. 63-HT-25. 
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compte de la fraction de chaleur fournie par chaque 
surface, alors une comparison des donnees experi
mentales pour des canaux annulaires avec apport de 
chaleur par une ou par deux surfaces donnera des 
resultats congruents. 

H. S. lsBIN (Etats-Unis d'Amerique): Ilfautfeliciter 
les auteurs d'avoir presente une telle richesse de 
recherches parametriques. Les etudes rapportees sont 
vastes et detaillees; elles ont du exiger beaucoup 
d'efforts pendant plusieurs annees. Pour permettre une 
utilisation plus complete des resultats de ces travaux, 
on doit esperer que l'on pourra disposer en outre d'un 
recueil des donnees experimentales. On reconnait que 
les modeles pour previsions, signales dans vos refer
ences, n'ont qu'une valeur limitee, mais ils peuvent 
servir d'instruments utiles pour comprendre les 
mecanismes mis en reuvre dans !'apparition d'un point 
critique dans les transferts thermiques. 

Je serais heureux de savoir quels progres vous avez 
faits pour completer vos resultats empiriques par des 
modeles servant a decrire les phenomenes produisant 
Ia crise du transfert thermique dans les regions riches 
et dans les regions sous-saturees. 

V. I. SuBBOTIN (URSS): Je pense qu'il est trop tot 
pour tirer des conclusions generales des travaux faits 
dans le domaine de la theorie de la calefaction. Ce que 
nous devons faire, en fait, c'est constituer un ensemble 
sur de faits et recueillir des renseignements sur ce qui 
se passe sur la paroi chaude avant la calefaction et a 
la calefaction. Ensuite nous serons a meme de tra
vailler a la theorie. 

H. S. lsBIN (Etats-Unis d'Amerique): J'ai encore 
deux questions a poser. Premierement, avez-vo.us fait 
des etudes visuelles de la crise par calefaction pour les 
systemes eau-vapeur so us pression? Deuxiemement, 
vu la necessite d'etendre les etudes de calefaction a des 
refrigerants metalliques liquides, avez-vous essaye 
d'adapter VOS resultats pour eau-vapeur a des essais de 
calefaction avec metaux liquides? Dans !'affirmative, 
quels systemes liquides utilisez-vous? 

V. I. SUBBOTIN (URSS): Nous n'avons fait aucune 
etude visuelle pour nos recherches sur l'eau bouillante 
sous pression. Quant a votre seconde question, je 
crois plutot hasardeux de chercher a extrapoler les 
ValeutS qBO calcu}ees pour l'eau a des metaUX liquides. 

Memoire P/50 (presente par P. Gelin) 

DISCUSSION 

G. J. BEALEY(Royaume-Uni): Mesquestionsportent 
sur Ies performances des surfaces refroidies interieure
ment, mentionnees brievement dans votre memoire. 

Depuis 1960, rna compagnie fait des recherches sur 
]es capacites de transfert thermique de tubes munis 
d'ailettes a l'interieur, en vue de leur application a un 
element de combustible a Magnox a haut rendement. 
Ailettes longitudinales, ailettes helicoidales et ailettes 
helicoi:dales avec deflecteurs ont toutes subi des 
essais de perte de charge et d'echange thermique. 
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Bien que les performances atteintes soient con
venables pour des nombres de Reynolds et des 
puissances specifiques faibles, il resulte de nos travaux 
que les capacites d'echange thermique sont beaucoup 
reduites quand les conditions deviennent plus proches 
de celles qui se presentent dans les reacteurs. Par 
exemple, le nombre de Stanton pour une surface est 
divise par 2,5 pour une augmentation de puissance 
specifique de 2,5 a 10 kW par pied. La puissance 
specifique voulue etait entre 20 et 30 kW par pied. 
L'explication du fait est que le melange entre le gaz 
dans les cannelures et dans le courant principal se fait 
mal. D'apres notre experience, un melange convenable 
n'est realisable qu'au moyen de dispositifs qui 
conduisent a une perte de charge inacceptable. 

C'est pourquoi nous voudrions particulierement 
avoir plus de details sur Ies types de surfaces essayes 
et sur les puissances specifiques et les nombres de 
Reynolds dans ces essais. 

P. GELIN (France): Ceci souleve evidemment une 
question fondamentale, celle de !'influence du flux de 
chaleur sur les coefficients d'echange thermique. 

Au CEA (Saclay) nous avons fait de nombreux 
essais avec des gaines a section circulaire munies 
d'ailettes longitudinales. Ces gaines etaient refroidies 
interieurement par un courant de C02 sous une 
pression de 15 bars et chauffees a l'exterieur par un 
courant d'air chaud dont la vitesse etait telle que la 
paroi exterieure etait pratiquement isotherme. Les 
ailettes etaient disposees sur un cercle de 50 mm de 
diametre. Le nombre d'ailettes variait entre 24 et 50, 
et leur hauteur entre 2,2 et 8,5 mm. Les nombres de 
Reynolds obtenus avec le diametre de 50 mm variaient 
de 300 000 a 3 000 000, et la puissance par unite de 
longueur de 5 a 20 kW fm. 

Dans ces conditions, on a trouve que le rapport 
entre le nombre de Margoulis moyen sur la paroi 
chauffante et le coefficient de frottement moyen sur la 
paroi chauffante etait constant dans des limites de I 0% 
dans tout l'intervalle de variation du nombre de 
Reynolds. Le coefficient de frottement utilise dans ce 
calcul etait mesure en ecoulement isotherme. 

Ces valeurs numeriques on ete confirmees par le 
laboratoire de l'EDF a Chatou, qui a fait une experi
ence a ecoulement constant surune gaine a 48 ailettes, 
pratiquement identique a l'une de celles que nous 
avions testees. 

Si dans ces essais le flux thermique avait ete un 
parametre independant sensible, le rapport entre le 
nombre de Margoulis et le coefficient de frottement 
aurait varie d'une mainere considerable. Ce rapport 
dependait du type d'ailettes, mais restait compris 
entre 0,25 et 0,45. 

Memoire P/524 (presente par F. Berger) 

DISCUSSION 

M. TROOST (Etats-Unis d'Amerique): Avez-vous 
fait la comparaison entre votre methode d'ameliora
tion des transferts thermiques et les techniques de 
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corrugation de surface? Dans l'affirm.ative, la co~ruga
tion de surface est-elle plus econom1que du pomt de 
vue de l'energie necessaire? 

F. BERGER (Tchecoslovaquie): Nous n'avons fait 
aucune comparaison directe entre les deux methodes. 
La corrugation de surface est techniquement plus 
simple, mais le supplement de perte de ~harge a 
egalite d'amelioration des transferts thermiques est 
nettement plus faible si on applique un champ 
electrique. D'autre part, on a aussi tenu compte de la 
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consommation d'energie electrique dans le circuit 
H.T. Ce sont done les conditions propres a chaque cas 
particulier qui determineront queUe methode est la 
plus economique. Je dois peut-etre souligner que 
)'objet de nos travaux etait en premier lieu la recherche 
fondamentale sur l'effet des champs electriques sur le 
transfert thermique. 

Memoire P/232 (presente par H. S. lsbin) 

Ce memoire n'a pas fait l'objet d'une discussion. 

npo6AeMbl rMApOBAMKM B fiAepHbiX peaKTOpax 

IlpeiJce8ame.rtb: H. A. ,D,onnemanb (CCCP) 

,IJ.oKnaA p /230 (npeACTaeHn n. A. JloTTc) 

,D,HCKYCCHfl 

r. X. JIAI{E\0 (HH,lJ;epJiaH,li;LI): B ,li;ORJia,ll;e C,ll;e
JiaH OTJIH'!HLIH 0030p OOJII>illOfO KOJIH'l8CTBa 3KC
nepHM8HTaJibHLIX pa6oT, npoBep;eHHLIX B CiliA. 
C ,ll;pyro:ii CTOpOHLI, B HeM He CO,ll;epJKHTCH RaKHX
JIHOO TBep,li;LIX peKOMeH,lJ;a:u;n:ii, HeOOXO,lJ;HMLIX ,li;JIH 
pac'leTa Koaif>if>n:u;neHTa npoeKaJII>3LIBaHH~ HJIH 
COllpOTHBJieHHH llpH ,li;BHJKeHHH ,li;Byxlf>aaHOH CMe
CH. H xoTeJI 6LI aHaTI>, HaCKOJII>Ko xopomo KpnBLie 
p;JIH KOalf>if>n:u;neHTa npoeKaJib3LIBaHns, noKaaaH
HLie Ha pne. 2 p;OKJia,lJ;a, corJiaeyroTCH c peayJII>Ta
TaMH pae'!eTa no Mop;eJin EaHKOBa. CooTBeTCTByroT 
JIH 3Ha'leHHH Ha pneyHKe JIOKaJibHLIM napaMeTpaM 
ITOTOKa, a 'IHCJIO <J)py,ll;a - napaMeTpaM Ha BXO
p;e B KaHaJI? 

II. A. JIOTTC (CiliA): MeJKAY KpHBLIMn, noKa
aaHHLIMH Ha pneyHKe, ll p;aHHLIMH, paCC'lHTaH
HLIMH Ha Mop;eJin EaHKOBa, nMeeTe~ xopomee 
eorJiaene. BLI6op KOHKpeTHLIX aHa'!eHnn HBJIHeTeH 
p;eJIOM JIH'lHOfO BKyea. 3na'!eHHH BeJIH'lHH no 
OCHM KOOp,li;HHaT OTHOCHTCH K Cpe,li;HHM, a He JIO
KaJibHLIM yCJIOBHHM. 

X. RPMCTEHCEH (HopBernH): B paa,ll;eJie 
Bamero ,lJ;OKJiap;a, noeBsm;eHHOM BHyTpnpeaKTop
HLIM aKenepHMeHTaM no eTaOHJIH3aiJ;HH MOID;HOCTH, 
BLI yTBepJK,ll;aeTe, 'ITO <<pa6o'!H:ii myM He MomeT 
HCITOJib30BaTneH KaK Mepa aOCOJilOTHOH yeTOH'lH
BOCTH>>. B p;oKJiap;e P/589 BLieKaaaHo npoTnBo
noJIOJKHoe MHeHne, a nMeHHO aHaJinaoM eneK
TpaJinHO:ii ITJIOTHOCTH myMa KHnHm;e:ii neTJIH MOiRHO 
TO'IHO Onpe}l;eJIHTb TO'IKY HeyeTOH'lllBOCTH, aa 
HeKJilO'leHHeM, MOiReT OLITb, OOJiaeTH BLICOKHX 
HarpyaoK, r,ll;e 6LieTpo HaCTynaeT Kpnane TenJio
o6MeHa. 

He CllHTaeTe JIH BLI, 'ITO oTpn:u;aTeJibHLie pe
ayJII>TaTLI ITOJiy'leHLI BCJI8,li;CTBHe pa3JIH'!HLIX KOH
CTpyKIJ;HH H pa3JIH'LHOfO TeiTJIOBLip;eJieHHH TB::IJIOB 
BaJineenToeeKoro pe'aKTopa. B aToM eJiy'lae npn 
yBeJIH'leHHH MOID;HOeTH TaKaa CHeTeMa noeTeneHHO 
llpHOJIHJKaeTeH K HeeTaOHJibHOCTH H pae:X:O}l; B Ka
HaJia:X: eTaHOBHTCH HeyCTOH'lllBLIM H80,li;HOBpeMeHHO. 
9To eoap;aeT Tpyp;HocTn B TO'IHOM onpe,ll;eJieHnn 
TO'IKH HeeTaOHJibHOCTII, 

II. A. JIOTTC (CiliA): H AYMaro, 'ITO Bame 
o6'bHeHeHne eoBepmeHHO npaBHJibHO. ,ll;aJKe ecJIH 
ITOJIHLIH pae:X:O,ll; OeTaeTeH ITOeTOHHHLIM, BllOJIHe 
B03MOJKHLI KOJie6aHHH pae:X:O,ll;a H napOCO,ll;epma
HHH B napaJIJieJII>HLIX KaHaJiax. MMeHHO B TaKnx 
YCJIOBHHX, TO eCTb IIpH IIOeTOHHHOM IIOJIHOM pae
XO,ll;e, npolf>. faye IIpOBO,li;HJI CBOH aKcnepUMeHTLI 
B Maeea'!yeeTeCKOM TeXHOJiorn'leeKOM nHeTnTyTe 
(eM. eeLIJIKY 32 ,li;OKJia,ll;a). 

X. l\PMCTEHCEH (HopBerns): B npe,ll;noeJie,li;
HeM paa;a;eJie Bamero ;a;oKJia}l;a npnBe}l;eHLI pe
ayJII>TaTLI H3MepeHHH JIOKaJibHLIX napoeO,ll;epJKa
HHH. He MorJIH 6LI BLI onneaTn MeTop; naMepeHn:ii? 

II. A. JIOTTC (CiliA): ,ll;Jia naMepeHHJI neTnH
HLIX napOCO,lJ;epmaHHH B ITY'!Ke eTepmHeH UpHMe
H.!IJieH MeTO,ll; y-npOeBe'lHBaHHJI B HanpaBJieHHH, 
IIepiieH,lJ;HKYJIHpHOM HaiipaBJieHHlO ,li;BHiReHHJI IIO
TOKa. 

9. l\hEJIJIAH,ll;-<I>OCTEP¥,ll; (HopBernJI): l\a
KoBa TO'lHOeTb Koalf>lf>n:u;neHTa npoeKaJib3LIBaHHJI, 
npe,ll;eTaBJieHHoro Ha pne. 2? 

II. A. JIOTTC (CiliA): ,ll;Jia 6oJinmnHeTBa ;a;aH
HLIX TO'lHOeTn + 25%. CBO,li;HLie ,ll;aHHLie, BKJiro'laJI 
,li;Haiia30H H3MeH8HHJI napaMeTpOB H OTHOeHTeJib
HOe oTKJIOHeHHe OT npe,li;JiaraeMoro o6o6m;eHHJI, 
IIpe,lJ;eTaBJieHLI B pa60T8 16• 

9. RhEJIJIAH,ll;-<l>OCTEP¥,ll; (HopBernH): liLI
TaJinen JIH BLI KoppeKTHpoBaTn '!HeJio <I>py,ll;a, e TeM 
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'I.TOu6LI BRJIIO'I.HTL OTHOmeHHe nJIOTHOCTeH H peaJIL· 
HLIH rpa,n;neaT ,n;aBJieann? IJLITaJIHCL JIH BLI ycTa
HOBHTL, 'ITO onncaaaoe BaMH o6o6~eane ,n;aaaLIX 
no ROaljlljiH~HeHTY npOCRaJIL3LJBaHHH npHBO,ll;HT 
R yMeHLmeanro paccJioeann ,n;aaaLix Pn'lap,n;coaa, 

II. A. JIOTTC (CIIIA): MLI ae BRJIIO'IaJin B 'IHCJIO 
<Dpy,n;a oTaomeane nJioTaocTeii. 3Ha'leaue V0 
HBJIHeTCH CROpOCTLIO nOTORa B Ce'l.eHHH, r,n;e ,!1;0-
CTHraeTCH TeMnepaTypa aacLI~eHHH, Oaa paBaa 
BeCOBOH ClWpOCTH nOTORa, ,n;eJieHHOH Ha y,n;eJILHLIH 
BeC a\H,D;ROCTH Ha JIHHHH HaCLI~eHHH, 

C. C. KYTATEJIA~3E (CCCP): ATOMHaH Tex
HHRa ,n;aJia MO~HLIH CTHMYJI HCCJie,D;oBaHHHM B o6-
JiaCTH rn,n;po,n;naaMHRH. HaRanJIHBaeTCH Bee 6oJIL
mnii 06'LeM 3RCnepHMeHTaJILHLIX ,D;aHHLIX, n0)1;'1aC 
npoTHBOpelia~nx ,n;pyr ,n;pyry. M Bee 6oJiee aaTpy,n;
aHeTCH o6oapeane aTRx aRcnepRMeaTaJILHLIX ,n;aa
aLix. IIoaTOMY, aa MOii BarJIH,n;, aa,n;o o6paTHTL oco-
6oe BHRMaHHe aa nocTpoeaue HeROTOpLIX ,D;OCTaTO'I· 
HO npOCTLJX B ljiOpMaJILHOM OTHOilleHRR, HO o6~HX 
no 3Ha'leHRIO ljiH3liRO-MaTeMaTlf'JeCRRX MO,D;yJieH. 

3,n;eCL H XOliY o6paTHTL BHRMaHHe aa ,D;Ba Bam
HLIX o6cTOHTeJILCTBa B aToii o6JiaCTR, Bo-nepBLIX, 
pH,D; HHTerpaJILHLIX XapaRTepHCTRR ,D;ByxljlaaHLIX 

nOTOROB ( HanpHMep, ~=) ROHCepBaTRBeH OTHOCH

TeJILHO cTpyRTYPLI ljlaa. 8To noaBOJIHeT ncnoJIL
aonaT.o a,n;ecL aeROTOpLie o6~ne coo6pameanH ,n;JIH 
nOCTpOeHRH COOTBeTCTBYIO~HX MO,D;eJieH. 

Bo-BTopLix, xapaRTepncTHRH ycToiiliHBOCTH cu
cTeuM B pn,n;e cJiyliaeB Tecao CBHaaHJ>I co CTPYRTY
poR. 3,n;ech BTopan cTopoaa RapTHHLI aToro cJiom
aoro npo~ecca. Momao noRaaaTL, 'ITO B nocJie,n;
aeM CJiyliae cy~eCTByeT RpHTepHH ycTOHliHBOCTH 

k 
_ w;PHT Yfi" 

CTpyRTypLI THna - t npe,n;cTaB-J! g2o(p' _ p"')' 
JIHIO~HH COOTHOIDeHHe RRHeTHlieCROH aaeprHH 
JierRoii ljlaaLI H aaepnm rpaau~ nonepxaocTu paa
,n;eJia ljlaa, ROTOpLiii noaBOJIHeT nOCTpOHTb ,D;OCTa
TO;ayro YHHBepcaJihHYIO, TpexMepayro RapTy yc
TOHliHBOCTH pa3JIH'IHLIX THnOB ,D;ByxljlaaHLIX nOTO
ROB, Mae npe,n;cTaBJIHercn, 'ITO aTH ,n;Ba aanpaBJie
HHH MOryT CLirpaTL H3BeCTHYIO pOJib B o6o6~eHHH 
TOrO 60JILillOrO MaTepuaJia, ROTOpblii paCCMaTpH
BaJICH aa aameM cero,n;anmaeM aace,n;aauu. 

,D,oKna.q P /327 (npeACTaeHn B. 1-1. Cy66oTHH) 

H. M. BEHHEP (IIIBe~nn): PeayJILTaTLI aRcne
pnMeHTOB, BLinOJIHeHHLJX B JIIBe~HH, COrJiacyiOTCH 
c BamHMH ,n;aHHLIMH o TOM, liTO npn ,n;Bnmeann 
TenJIOHOCHTeJIH B RpyrJILIX Tpy6ax o6orpeBaeMaH 
,D;JIHHa He ORaaLJBaeT BJIHHHHH Ha 3Ha'leHHH RpH
THlieCRHX TenJIOBLIX HarpyaoR. C ,n;pyroii CTOpOHLI, 
HaillH OnLITLI He nO,D;TBepm,n;aiOT aljlljleRTa ,D;JIHHLI 
Ha RpHTHlieCRHe aarpyaRH B ROJih~eBLJX RaHaJiaX, 
o6aapymeaaoro AJieRceeBMM. B aameii pa6oTe * 

* K. M. B e c k e r et al. Report AE-153, Ab Atom
energi, Stockholm, Sweden, Aug. 1964. 
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MLI noRaaaJIH, 'ITO RpHTII'leCRHe TeDJIOBLie aa
rpyaRH ,D;JIH ROJIL~eBLIX RaHaJIOB pa3JIH'IHOH ,D;JIH
HLI MoryT 6MTL ODHCaHLI C TO'IBOCTLIO + 5% 6ea 
BRJIIO'IeHHH RaRHX-JIH60 'IJieHOB, co,n;epmam;HX 
o6orpeBaeMYIO ,n;Jiuay RaaaJia. 

B cna:au c BamnMn naMepeanHMH RpnTlf'lecRnx 
aarpyaoR ,D;JIH ROJIL~eBLIX RaaaJioB, o6orpeBae
MLIX C ,D;BYX CTOpOif, 11 XOTeJI 6LI HanOMHHTL 0 pe
ayJILTaTaX, onucaaaLix B ,n;oRJia,n;e, npe,n;cTaBJieH
aoM aa Roaljlepea~uro no TenJiooT,n;a'le ASME -
AICME B BocToae **. CorJiacao aamRM ,n;aHHLIM, 
npu o,n;uaaROBOM o6orpeBe o6oux noBepxaocTeii 
RpH3RC RllneHHH BCer,n;a B03HURaJI Ha BHyTpeaaeii 
cTeHRe RaaaJia. B aToM ,n;oRJia,n;e TaRme coo6~a
JIOCL, 'ITO BHeiDHHH CTeHRa MOa\eT 6LJTL aarpy
meaa aa 70% 66JILmHM noTOROM TenJia, npem,n;e 
lieM BOaHRRaeT Rpuauc TenJioo6Meaa aa o6oux 
noBepxaocTHX. HaR yRaaaao B ynoMHHyTOM BLime 
mBe,n;cROM ,n;oRJia,n;e, MLI o6aapymnJin aaaJiorlf'I
HLIH aljlljleRT B TpexcTepmaeBOM nyliRe, r,n;e 6LIJIO 
B03M0a\HO HarpyanTb 'ieXOJI Ha 50% 6oJILIDHM 
TenJIOBLJM nOTOROM, 'leM nOTOR TenJia Ha noBepx
HOCTH CTepmaeii, npem,n;e 'l.eM RpH3HC B03HHRaJI 
Ha noBepXHOCTHX CTepmaeii H aa 'leXJie O,ll;HOBpe
MeHHO. 

Mae HHTepecao aaaTL, aacROJILRO ORaaLIBaJiocL 
BoaMomHLIM B Bamux aRcnepuMeHTax neperpy
.maTL BHemHIOIO noBepXHOCTb ROJIL~eBLIX Raaa
JIOB ,D;JIH 0)1;HOBpeMeHHOrO B03HHRHOBeHHH RpllTH
'IeCRHX yCJIOBHH Ha o6enx noBepXHOCTHX. 

B. M. C¥BBOTMH (CCCP): Boo6~e BeJIHliHHa 
qRpHT Tpa,n;R~ROHHO CliHTaeTCH O,D;HHM H3 HCXO,D;HLIX 
napaMeTpoB ,D;JIH BO,D;LI. B cJiy'lae ROJIL~eBLIX 
RaHaJIOB o6~aH aaeprHH BJIUHeT Ha TenJIOCO,n;ep
.maHHe ucxo,n;aoii BO,n;LI. EcJin Y'leCTL ,n;oJiro TenJia 

u u ' reaepnpyeMon aa Ra.m,n;on noBepxaocTn, TO cpaB-
aeaue 3RCnepHMeHTaJILHLIX ,n;aHHLIX ,D;JIH ROJIL~e
BLIX RaHaJIOB C O,ll;HOH li ,D;ByMH noBepXHOCTHMH 
aaeprOBLI,D;eJieHHH npnBe,D;eT R COBna,n;eHHIO pe
ayJILTaTOB, 

X. C. MCBMH (CIIIA): CJie,n;yeT noa,n;paBHTL 
aBTOpOB, npe)l;CTaBHBIDHX CTOJIL ·~eHH:hle HCCJie
,ll;OBaHHH. ~JIH aHaJIH3a 3THX IDHpORHX H ,n;eTaJIL
H:hiX 3RCnepHMeHTOB nOTpe6yeTCH HeCROJILRO JieT 
aanpn.meaaoii pa6oTLI. By,n;eM aa,n;eHTLCH, liTO 
,D;JIH HaC CTaHeT ,ll;OCTynHLIM nOJIHOe onucaane 
3RCnepHMeHTaJILHLIX ,n;aHHLIX. 8TO noaBOJIHT nOJI
aee HCnOJIL30BaTL peayJILTaTLI npe,n;cTaBJieHHLIX 
pa6oT. Iloaa:Tao, 'ITO pac'l.eTaLie Mo,n;eJin, RaR aro 
cJie,n;yer ua Bamero ,n;oRJia,n;a, nMeroT e~e orpaau
'leaaoe aaalieane. O,n;aaRo TaRne Mo,n;eJiu HBJIHIOTCH 
noJie3HLIMH Cpe,D;CTBaMH ,D;JIH npOHHRHOBeHHH B Me
xaHH3M Rpnanca TenJioo6Meaa. 

Mae 6LIJIO 6LJ narepecao ycJILimaTL, aacROJILRO 
ycnemHLI nODLITRH COe,D;HHeHHH 3Mnllplf'leCRHX 
peayJILTaToB c TeopeTlf'lecRnM onucaaneM HBJie
auii, npHBO,ll;H~X R Rpli3HCY TenJIOOT,D;aliH npH 
,ll;BllffieHHR He,n;orpeTOH a\li)1;ROCTH H napO-BO,ll;HHOH 
CMecu. 

** K. M. Becker and G. Hernborg. ASME 
Paper No. 63-HT-25, 1963. 
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B. II. C¥BBOTMH (CCCP): .H noJiararo, 'ITO 

e~e CJIHmKOM paHO ~eJiaTL 06nwe BhlBO~LI B OT

HOIDeHIUI Teopnn Rpnanca Knnenn:H. Bee TO, 'ITO 

MLI ~eHCTBHTeJII>HO ~OJiffiHLI C)l;eJiaTL, :no HaKOD.HTL 

~OCTaTO'lHOe KOJin:qecTBO Ha~effiHhlX <flaKTOB H BLI

HCHHTL MeXaHH3M HBJieHHH Ha rOpHqe:if: CTeHKe ~0 
n BO BpeMH Kpnan:ca Knnean:H. ToJILRO nocJie 

aTOfO MOffiHO D.pHCTYITHTL R paapa60TKe Teopnn: 

npon;ecca. 

X. C. IICBIIH (CiliA): ¥ MeHH ecTL em;e ~Ba 
Bonpoca. Bo-nepBLix, npoBo~n:Jin: JIB BLI Bn:ayaJIL

Hhle aa6JIIO~eHHH KpH3HCa KHD.eHHH B napO-BO~H
HhlX CMeCHX no~ ~aBJiean:eM? Bo-BTopLix, n:MeH 

B BH~Y He06XO~HMOCTL HCCJie~OBaHHH KpBTH'le

CKHX HarpyaoK ~JIH ffill~KOMeTaJIJIHTJeCKHX TeD.JIO

HOCHTeJie:if:, D.hlTaJin:CL JIB BLI conocTaBJIHTL Bamn: 

~aHHhle no KpHTH'leCKHM HarpyaKaM ~JIH napO-BO

~HHhlX CMece:if: H ~aHHiile onhlTOB C )RH~KHMJI Me

TaJIJiaMB? EcJIII ~a, TO KaKue ucnoJILaoBaJIIICL 

mn:~Kn:e MeTaJIJILI? 

B. H. C¥BBOTHH (CCCP): qTo KacaeTcH 

Bn:ayaJILHLIX Ha6JIIO~eHHH, TO Mhl He npOBO~HJIII 
HHKaKBX BnayaJILHLIX BCCJie,l);OBaHBH KpB3BCa KB

neHBH no~ ~aBJieHBeM. 
B o·ruomeHBB BToporo Borrpoca, H ~yMaro, 'ITO 

~OBOJILHO OIIaCHO nhlTaTLCH aKCTpaiiOJIHpOBaTL 

~aHHLie ql<pHT ~JIH napO-BO)l;HHLIX CMeCe:if: B ,!J;JIH 

ffiB~KHX MeTaJIJIOB. 

,ll,oKnaA P/50 (npeACTasHn n. }f{enHH) 

,li,HCKYCCHR 

r. ,IJ;m. BHJIH (Coe,u;BHeHHOe RopoJieBCTBo): 
MoB BOIIpOChl OTHOCHTCH K Ka'leCTBY IIOBepXHOCTeii:, 

oxJiam,u;aeMhlx nanyTpn, yrroMHHYTLix B BameM 

,!J;OKJia,u;e. C 1960 ro,u;a C n;eJILIO HCnOJIL30BaHHH 

BLICOKOHanpHmeHHhlX MarHOKCOBhlX TeiiJIOBLIP,e

JIHIOID;HX aJieMeHTOB MLI BCCJie,u;yeM TenJIOOT,u;aqy 

Tpy6 c BHyTpeHHHM ope6peaneM. HccJie,u;oBaHhl 

IIOTepB ~aBJieHHH H TenJIOOT~aqa H Tpy6ax C IIpO

~OJILHhlM HJIH BBHTOHhlM ope6peHBeM, a TaKme 
C BHHTOBLIM Ope6peHHeM B IIpO,!J;OJILHLIMH neperO
po,u;KaMH. 

Ham orrhlT rroKaahlBaeT, TJTo, xoTH npB MaJILIX 
qncJiax Peii:HOJIL,u;ca B nnaKnx narpyaKax ,u;ocTn

raroTCH y,u;OBJieTBOpBTeJILHhle peayJILTaTLI, IIO Me

pe rrpn6JinmennH K peaKTOpHhlM napaMeTpaM rrpo
Bcxo,u;BT cym;ecTBeHHOe yMeHLmeHne CKOpOCTH 

TerrJIOOT,!J;aTJB. HarrpnMep, rrpB yBeJIBTJeHBB Ten
JIOBoii: narpyaKn c 2,5 ,u;o 10 nem/rfiym TJBCJIO CTaH

TOHa yMeHLmHJIOCL B 2,5 paaa. Pa6oqne me na

rpyaKn JiemaT Mem,u;y 20 B 30 nem/rfiym. 8To o6'LHC
HHeTCH TeM, 'ITO nepeMemnBaHne raaa B naayxax 
B ocHOBHoro noToKa 6hlJIO ne,u;ocTaToTJHLIM. ITo 

HamHM ,u;aHHhlM, nepeMemBBaHHH MOffiHO ,!J;06HTLCH 

TOJILKO B CBCTeMaX, BMeiOID;BX He,!J;OIIYCTBMO 60JIL
IDBe IIOTepB ~aBJieHHH. 

lloaTOMy Mhl OC06eHHO aanHTepeCOBaHLI B noJiy

TJeHBB 6oJiee nOJIHOI'O OIIHCaHHH TBIIOB BCIIhlTaH

HLIX noBepXHOCTeH, a TaKme nepeKphlTOI'O OD.LI

TaMB ,u;nanaaoaa 'lBCeJI Peii:HOJIL,u;ca B uarpyaoK. 

n. /KEJIIIH (<Dpaan;n:H): Bonpoc 0 BJIBHHBH 

'feiiJIOBOrO IIOTOKa Ha KOa«fl«flnn;neHT TeiiJIOOT,!J;alJB, 

6eaycJIOBHO, BMeeT oqeHL Bamuoe aaaqeane. 

B CaKJie Mhl npoBeJIB MHOrO'IBCJieHHLie BCIILITa

HHH Tpy6 C KpyrJILIMB B D.pO,!J;OJILHhlMH pe6paMB. 

TaKne Tpy6hl B3HYTPB OXJiam,u;aJIBCL nOTOKOM 

yrJieKncJioro raaa rrpB ,u;aBJieHBn 15 6ap. B~oJIL 
BHemneii: o6paayrom;eii: Tpy6LI ,!I;BBraJICH ropH'IBH 

B03,!1;YX, CKOpOCTL KOTOpOrO 6hlJia ~OCTaTO'lHa ,!J;JIH 
npaKTBTJeCKOH B80TepMH'lHOCTB BHemaero KOH

Typa. Baemnn:ii ,u;naMeTp ope6peHBH cocTaBJIHJI 

50 .lf.M,, qHCJIO pe6ep H3MeHHJIOCL B npe,u;eJiaX 

25-50, BhlCOTa pe6ep OT 2,2 ,!1;0 8,5 .M.M. qHCJIO 

Peii:HOJIL,u;ca Ba pLBpoBaJIOCL oT 300 000 ~o 3 · 106 , 

a norouaaH TerrJioBaH uarpyaKa - oT 5 ,u;o 

20 nem/.M. 
IlpB TaKHX YCJIOBBHX 6hlJIO Haii:,u;eHO, 'ITO OTHO

meane cpe,u;Hero rro o6orpeBaeMoMy KOHTYPY aua

qennH qncJia MapryJIBca n cpe,u;uero Koa<fl<flB
n;nen:Ta TpeHHH 6LIJIO nOCTOHHHLIM C TO'll'fOCThiO 
,!1;0 10% BO BCeM HHTepBaJie B3MeHeHHH 'lBCJia 

Peii:HOJIL,u;ca. Roa<fl<flnn;BeHT TpeHBH, ncnoJILao

BaHHhlii npn pacqeTaX, B3MepHJICH B YCJIOBHHX 
B30TepMH'leCKOrO Te'leHHH. 

8TH peayJILTaThl 6hlJIB D.O,!J;TBepm,u;eHhl B Jia6o

paTOpBH, r~e IIpOBO,!J;BJIBCL aKcrrepBMeHThl C 48 
pe6pnCThlMH Tpy6aMH, KOTOpLie IIpaKTH'leCKB B,!J;eH

TH'lHhl C BCCJie,!J;OBaHHLIMB HaMH. 

EcJIB B TaKHX OIIhlTaX TeiiJIOBOH IIOTOK 6hlJI He

aaBHCHMhlM napaMeTpoM, oTnomen:Be qn:cJia Map

ryJinca H KOa«fl«flnn;neHTa TpeHHH 3Ha'IHTeJILHO 
B3MeHHJIOCh. ,Il;Barra30H B3MeHeHHH ;)TOrO OTHOIDe
HHH ,!J;JIH HCCJie,!I;OBaHHLIX THnOB pe6ep COCTaBJIHJI 

0,25-0,45. 

,ll,oKnaA P/524 (npeACTasHn Ill. 5eprep) 

,li,HCKYCCHR 
M. TP¥CT (CiliA): IIpoBo~BJIB JIB Bhl cpaBae

Hne Bamero MeTo,u;a yBeJinqeanH TeiiJIOOT,u;aqB 

c MeTo,u;oM ncKyccTBeHHOH mepoxoHaTOCTB? EcJin 

,u;a, TO He HBJIHJICH JIM IIOCJie,!J;HBH MeTO,!I; 6oJiee 

aKOHOMH'lHLIM C TO'IKB 3peHBH aaTpaT aHeprBB? 

<D. BEPI'EP (qexocJIOBaKnH): MLI He rrpoBo
~HJIB IIpHMOI'O COnOCTaBJieHBH MeTO,!J;OB yBeJIB'le
HHH TenJIOOT~a'IB. MeTo,u; BCCKYCTBeHHOii: mepoxo
BaTOCTB TeXHH'leCKH 6oJiee npOCT, HO ,!J;OIIOJIHB~ 
TeJILHhle noTepB ~aBJieHHH B CJiyqae BCnOJih30Ba

HBH aJieKTpB'IeCKOrO nOJIH onpe~eJieHHO MeHLIDe, 

'leM B nepBOM CJiyqae npn O,!J;HHaKOBOM yJiyqme

HBH TenJIOOT,!I;a'IB. C ,u;pyroii: CTOpOHhl, CJie,u;yeT 

yqeCTL noTpe6JieHne aJieKTpH'IeCKOH aaeprBB B 

KOHType. IIoaToMy aKOHOMH'lHOCTL paaJIH'lHLIX 

MeTO,!J;OB 6y,u;eT onpe,u;eJIHTLCH KOHKpeTHLIMB yCJIO
BBHMH . .H ~OJillieH no,u;'IepKHYTL, 'ITO Hama pa6oTa 
6hlJia nocBHm;ena B nepByro oqepe,u;L «flyu,u;aMeH

TaJihHhlM BCCJie,!I;OBaHBHM BJIHHHHH aJieKTpB'Ie
CKOrO D.OJIH Ha CKOpOCTL TenJIOOT~a'lH, 

,ll,oKnaA Pj232 (npeAcTasHn X. C. HcoHH) 

ITo aTOMY p,oKJia,u;y ~n:cKyccBB ue 6LIJio. 
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Acta de Ia sesion I. II 

Problemas hidraulicos de Ia tecnologia de reactores 

Presidente: N. A. Dollezhal (URSS) 

Documento P/230 (presentado por P. A. Lottes) 

DISCUS ION 

G. H. LATZKO (Paises Bajos): Esta memoria es una 
excelente revision de la gran cantidad de trabajo 
experimental que se realiza en los Estados Unidos en 
este campo. Por otra parte, no proporciona al 
proyectista ninguna recomendacion firme sobre la 
informacion que debe usar para calcular Ia velocidad 
de deslizamiento y la perdida de carga en flujo 
bifasico. Me interesaria conocer, en relacion con 
esto, como se correlacionan las curvas para el 
deslizamiento, de la figura 2, con el modelo de desli
zamiento de Bankoff que se menciona en otro Iugar de 
la memoria. Los valores de abscisas y ordenadas 
i, se refieren a condiciones locales del canal ? y el 
numero de Froude i. a la entrada del canal? 

P. A. LoTTES (Estados Unidos de America): 
Existe un buen acuerdo entre las curvas de desli
zamiento expuestas y el modelo de Bankoff. La 
eleccion de esta cifra, en particular, es una cuestion 
de preferencia personal desde el punto de vista 
ingenieril. Los valores de abscisas y ordenadas se 
refieren ambos a condiciones medias y no locales. 

H. CHRISTENSEN (Noruega): En la seccion de su 
memoria que se refiere al experimento dentro del 
reactor sobre la estabilidad de la potencia, Vds. 
afirman que "el ruido en Ia operacion no puede 
usarse como medida de la estabilidad absoluta". En 
el documento P/589 se hace la observaci6n opuesta, o 
sea, que en el caso de un circuito de ebullicion, es 
posible obtener determinaciones muy buenas del 
punta de inestabilidad bas{mdose en el an{llisis del 
espectro ruido-potencia, excepto, quizas, para las 
potencias mas altas, a las cuales la fusion se produce 
rapidamente. 

i, Cree Vd. que esta diferencia de los resultados 
obtenidos puede ser debida a la presencia, en el 
reactor de Vallecitos, de elementos combustibles de 
diferentes densidades de potencia y quizas diferente 
construcci6n? Dada esta situaci6n, la tendencia hacia 
la inestabilidad a potencias crecientes puede ser 
gradual, alcanzando los canales la inestabilidad uno a 
uno. Esto haria imposible definir un punta exacto de 
inestabilidad. 

P. A. LOTTES (Estados Unidos de America): Creo 
que la explicacion que Vd. sugiere es la correcta. Es 
posible tener oscilaciones de flujo y huecos entre 

canales paralelos, aun cuando el caudal total per
manezca constante. De hecho, el Prof. Gouse realizo 
sus ensayos en el MIT* con esta linea de trabajo, o 
sea con un caudal constante. 

H. CHRISTENSEN (Noruega): En Ia seccion penul
tima de su memoria se dan resultados de medidas 
locales de huecos. i,Puede Vd. describir el metoda de 
medida? 

P. A. LoTTEs (Estados Unidos de America): Se 
empleo la atenuacion de rayos gamma para medir las 
fracciones de huecos en el experimento con haces de 
barras d~ Allis-Chalmers. Se hizo una exploracion 
transversal en direccion perpendicular a la del flujo. 

E. KJELLAND-FOSTERUD (Noruega): i, Cmil es la 
exactitud estimada de la correlacion de deslizamiento 
expuesta en la figura 2 ? 

P. A. LOTTES (Estados Unidos de America): La 
exactitud estimada es ±25% para la mayor parte de los 
datos. En la referenda [15] se da una lista de datos, 
que incluye los intervalos de variacion de las variables 
ensayadas y la desviacion porcentual de la correl
acion. 

E. KJELLAND-FosTERUD (Noruega): i, Han tratado 
Vds. de corregir el numero de Froude para que 
incluya la relacion de densidades y el gradiente real 
de presion? y i, han intentado establecer si la corre
lacion describe, entonces, la clase de relaciones de 
deslizamientos que se encuentran en los experimentos 
de Richardson sobre contracciones? 

P. A. LoTTEs (Estados Unidos de America): No 
hemos corregido el numero de Froude para que 
incluya la relacion de den&idades. El valor de V0 

expuesto es la velocidad del liquido basada en una 
situacion en que el vapor no esta presente. Es equiv
alente al caudal total dividido por la densidad del 
liquido. 

S. S. KUTATELADZE (URSS): La tecnologia nuclear 
ha actuado como un poderoso estimulo para la 
investigacion de la hidrodinamica de dos fases. Se 
estan acumulando cada vez mas datos experimentales, 
los resultados obtenidos son frecuentemente con
tradictorios y se hace cada vez mas dificil revisar la 
totalidad del campo de trabajo. En vista de esta 
situacion, me parece que debiera hacerse un esfuerzo 
especial para construir un numero de modelos 

* Ref. [32] de la memoria. 
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fisico-matematicos que fueran relativamente sencillos 
desde el punto de vista formal, pero que fueran de 
aplicacion general. 

A este respecto, me gustaria indicar dos puntos 
importantes. En primer Iugar, en cierto numero de 
caracteristicas integrales del ftujo bifasico (v.g. dpfdx) 
son conservadoras, en primera aproximacion, con 
respecto a la estructura de la mezcla de que se trata. 
En segundo Iugar, en algunos casos, las caracteristicas 
de estabilidad estan intimamente ligadas a Ia estruc
tura de Ia mezcla. En este ultimo caso puede demos
trarse que exists un criterio del tipo 

K = (Wcr'\/ p")/{l[g2a(p' - p")] 

que representa Ia relacion entre Ia energia cinetica 
de Ia fase ligera y Ia energia superficial de Ia separacion 
de fases. Ello hace posible construir un grafico 
universal de tres cuadrantes para Ia estabilidad de 
diferentes tipos de flujo bifasico. 

Me parecen muy convenientes los intentos en este 
sentido, para desarrollar una teoria hidrodinamica de 
los sistemas bifasicos. 

Documento P/327a (presentado por V. I. Subbotin} 

DISCUSI6N 

K. M. BECKER: Con relacion a los efectos de Ia 
longitud de calefacci6n sobre Ia fusion, las medidas 
realizadas en Suecia concuerdan con su conclusion 
de que no existe influencia del efecto de longitud para 
tubos redondos. Por otra parte, no se ha confirmado 
en nuestras medidas el efecto de longitud que observ6 
Alekseev en canales anulares. En un trabajo reciente*, 
hemos demostrado que Ia fusion en canales anulares 
de diferentes longitudes, puede correlacionarse dentro 
de un error de ±5% sobre (q/A)Bo• sin incluir Ia 
longitud en ningun termino. 

Con respecto a sus medidas para calentamiento 
doble en un canal anular, quisiera mencionar un 
resultado que figura en el trabajo presentado el pasado 
aiio en Ia "Heat Transfer Conference" de ASME
AICME de Boston**, es decir que, cuando ambas 
paredes se calientan con el mismo ftujo calorifico, la 
fusion se produce siempre en la pared interior del 
canal anular. Tambien se informo en esa memoria que 
Ia pared exterior podia sobrecargarse basta un 70% 
antes de que se produjera la fusion en ambas paredes. 
Como se indicaba en el informe sueco mencionado 
anteriormente, hemos encontrado el mismo efecto en 
un haz de 3 barras, en el que era posible sobrecargar 
el tubo envolvente en cerca del 50% con respecto 
a las barras, antes que se produjera Ia fusion simulta
neamente en el tubo envolvente y en las barras. 

Me interesaria saber cuanto se sobrecargo Ia 

*Becker, K. M., Hemborg, G., y Flinta, F. E., Measurements 
of Burn-out Conditions for Flow of Boiling Water in Vertical 
3-Rod and 7-Rod Clusters. Informe AE-153, Aktiebolaget 
Atomenergi, Estocolmo, Suecia. Agosto de 1964. 

•• Becker, K. M., y Hem borg, G., Measurements of Burn-out 
Conditions for Flow of Boiling Water in a Vertical Annulus, 
ASME Paper No. 63-HT-25. 

pared exterior de su canal anular cuando se produjo 
la fusion simult{mea en ambos cilindros. 

V. I. SUBBOTIN (URSS): Tradicionalmente, el valor 
de qB0 se trata como uno de los parametros originales 
del agua. En el case de canales anulares, la energia 
total suministrada afecta a la entalpia del agua 
original. Si se tiene en cuenta Ia proporcion de calor 
suministrada desde cada superficie, entonces una 
comparacion de datos experimentales para canales 
anulares con aporte de calor a una superficie y a 
dos superficies, arrojara resultados congruentes. 

H. S. lsBIN (Estados Unidos de America): Hay que 
felicitar a los autores por Ia presentacion de tal 
riqueza de investigaciones parametricas. Los estudios 
presentados son extensos y detallados y deben haber 
requerido un esfuerzo considerable durante aiios. 
Para permitir que los resultados de estos trabajos 
sean utilizados mas ampliamente, hay que esperar que 
tambien se haga asequible una compilacion de los 
datos experimentales. Hay que reconocer, como Vd. 
nota en sus referencias, que los modelos de prediccion 
tienen solo un valor limitado, pero pueden servir 
como instrumentos utiles para poder comprender los 
mecanismos que intervienen en la produccion de una 
crisis de transmision de calor. 

Me interesaria escuchar los progresos que Vds. 
hayan hecho para suplementar sus resultados empiri
cos con descripciones a base de modelos de los feno
menos que producen las crisis de transmision de calor, 
en las regiones que contienen vapor y en las suben
friadas. 

V. I. SUBBOTIN (URSS): Creo que es prematuro 
deducir conclusiones generales del trabajo realizado 
en el campo de la teoria de la fusion. Lo que realmente 
tenemos que hacer es construir un conjunto de hechos 
de garantia y obtener informacion sobre lo que tiene 
Iugar en Ia pared caliente antes de la fusion y durante 
ella. Despues, seremos capaces de ocuparnos de Ia 
teo ria. 

H. S. lsBIN (Estados Unidos de America): Tengo 
que hacer dos preguntas mas. Primera ;. han realizado 
Vds. estudios visuales de Ia crisis de fusi6n para 
sistemas agua-vapor a presi6n? Segunda, en vista de la 
necesidad de extender los estudios de fusion a re
frigerantes de metal liquido ;. han tratado de adaptar 
sus resultados sobre agua-vapor a ensayos de fusion 
con metales liquidos? En caso afirmativo ;. que 
sistemas liquidos se emplearon? 

V. I. SUBBOTIN (URSS): No hemos realizado 
estudios visuales para investigar la ebullici6n de 
agua a presi6n. Respecto a su segunda pregunta, 
creo que es bastante aventurado el tratar de extra
polar datos de qBo obtenidos para agua, a metales 
liquidos. 

Documento P/50 (presentado por P. Gelin} 

DISCUSI6N 

G. J. BEALEY (Reino Unido): Mis preguntas se 
refieren al comportamiento de superficies calentadas 
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interiormente, a las que se refieren brevemente en su 
trabajo. 

Mi compafiia ha estado investigando desde 1960 el 
comportamiento ala transmision de calor de tubos con 
aletas interiores, con vistas a su aplicacion a elementos 
combustibles de magnox, de elevada densidad de 
potencia. Se han ensayado, respecto al comporta
miento en perdida de carga y transmision de calor, 
aletas axiles, helicoidales, y helicoidales con tabiques 
separadores axiles. 

Nuestra experiencia indica que la transmision de 
calor sufre una reduccion seria en cuanto las condi
ciones se aproximan mas a las correspondientes al 
reactor, aunque se han obtenido rendimientos ade
cuados con numeros de Reynolds y densidades de 
potencia bajos. Por ejemplo, el numero de Stanton 
para una superficie se redujo en un factor 2,5 para 
un aumento en la densidad de potencia de 2,5 a 
10 kW /ft. El valor requerido estaba comprendido 
entre 20 y 30 kW /ft. La explicacion de ello era que la 
mezcla del gas situado entre las aletas y el de la 
corriente principal era pobre. En nuestra experiencia, 
se puede obtener una mezcla adecuada solo mediante 
artificios que producen una perdida de carga inacept
able. 

Estariamos por tanto particularmente interesados 
en tener mas detalles sobre los tipos de superficies 
ensayados y las densidades de potencia y numeros de 
Reynolds que abarcaban los ensayos. 

P. GELIN (Francia): Esto plantea, desde luego, una 
cuestion fundamental: la influencia del flujo calorifico 
sobre los coeficientes de intercambio de calor. 

Hemos realizado en el CEA (Saclay) muchos 
ensayos con vainas de seccion recta circular y cubiertas 
de aletas longitudinales. Estas vainas estaban re
frigeradas interiormente por una corriente de C02 ala 
presion de 15 bares y ca1entadas por el exterior con 
una corriente de aire caliente que se movia a tal 
velocidad que hacia el contorno exterior practica
mente isotermico. Las aletas estaban dispuestas en un 
circulo de 50 mm de diametro. El numero de aletas 
variaba entre 24 y 50 y su altura entre 2,2 y 8,5 mm. 
El numero de Reynolds obtenido con el diametro de 
50 mm variaba entre 300 000 y 3 000 000, y la 
potencia por unidad de longitud entre 5 y 20 kW fm. 
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En estas condiciones se encontro que la re1aci6n 
entre el valor medio del numero de Margoulis del 
perimetro calefactor, y el coeficiente de rozamiento 
medio del perimetro calefactor, era constante, dentro 
de un 10 %. para todo el intervalo de variacion del 
numero de Reynolds. El coeficiente de rozamiento 
usado en estos calculos se midio en fl.ujo isotermico. 

Estos resultados numericos han sido confirmados 
por el laboratorio Chatou de EDF, el cual llevo a 
cabo un experimento de flujo constante con una 
vaina de 48 aletas que era practicamente igual a una 
de las que nosotros ensayamos. 

Si en estos ensayos el flujo calorifico hubiera sido 
un parametro independiente importante, la relacion 
entre el numero de Margoulis y el coeficiente de 
rozamiento tendria que haber variado considerable
mente. Esta relacion variaba con el tipo de aletas 
empleado, pero permanecio entre 0,25 y 0,45. 

Documento P/524 (presentado por F. Berger) 

DISCUSI6N 

M. TROOST (Estados Unidos de America): l, Han 
hecho Vds. comparaciones de su metodo para mejorar 
la transmision de calor, con las tecnicas de desbaste 
de la superficie? Si es asi l, es el des baste de la superficie 
mas economico desde el punto de vista de la energia 
requerida? 

F. BERGER (Checoslovaquia): No hemos hecho 
ninguna comparacion directa entre los dos metodos 
de mejorar la transmision de calor. El desbaste de la 
superficie es tecnicamente mas facil, pero Ia perdida 
de carga adicional, para una mejora igual en la 
transmision de calor, es definitivamente inferior 
cuando se aplica un campo electrico. Por otra parte, 
hay que tener tambien en cuenta el consumo de 
energia electrica en el circuito de A. T. Las condiciones 
especificas de cada caso determinaran, por tanto, que 
metodo es mas economico. Quisiera hacer resaltar 
que nuestro trabajo se dirigio principalmente a la 
investigaci6n fundamental sobre Ia influencia de 
campos electricos sobre la transmisi6n de calor. 

Documento P/232 (presentado por H. S. lsbin) 

No hubo discusion de esta memoria. 
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P/126 United Kingdom 

Recent developments in the instrumentation 
and control of large gas-cooled reactors 

By D. S. Hiorns,* T. 0. Jeffries,** D. Moore,** H. Moores** and 
A. H. Weaving* 

To simplify operational procedures, current British 
nuclear power stations use centralised control, made 
practicable by new methods of data presentation. 
Solid state equipment has been increasingly applied 
both here and to reactor safety circuits and control rod 
systems to improve reliability, and this paper reviews 
these developments. 

CENTRALISED CONTROL 

Why centralised control is adopted 

Since 1960, all nuclear stations ordered by the 
Generating Board specify centralised control. Whilst 
the reliability of control equipment used in British 
power stations was high, it had been general practice to 
provide manual control to supplement auto control 
and to increase availability, in view of the large cost of 
plant outages (particularly of nuclear stations where it 
could amount to £10 000 per day). The associated 
instrumentation was usually duplicated by adopting 
multiple local control centres. Simple control systems 
were often adequate on local panels, with few controls 
per operator, so long as sufficient staff were available 
to man the panels but, with the increasing complexity 
of plant in the latest stations, the concept of local 
control centres is no longer adequate. 

By efficient design of one centralised control area, 
and the adoption of new techniques of data presenta
tion from extremely reliable equipment, the advantages 
of the earlier arrangement are retained, with economy 
in the number of staff. With this system the plant can 
be started, operated and shut down from the central 
control room, leading to reduce communication errors, 
wider interest for each operator and more efficient 
action under fault conditions. 

Scope of the application of centralised control 

Semi-automatic control in limited sequences is the 
method adopted for control of established plant 
operations on heat exchangers, gas circulators and the 
gas circuit auxiliary systems. Turbo-alternator start-up 
includes sequence start-up of auxiliaries and, in one 
station, computer controlled run-up to speed. Local 

* Central Electricity Generating Board, Design and Con
struction Department, London. 

• • English Electric Company Limited, Cambridge Road, 
Whetstone, near Leicester. 
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control is retained where the cost of control centralisa
tion is not justified, as on isolating valves operated 
only for maintenance, and automatic ancillary plant, 
such as feed make-up. 

The optimum start-up technique for large reactors 
with high irradiations is not sufficiently well established 
to permit automatic start-up. Reliance is placed on 
operator vigilance during criticality and increasing 
temperature phases, backed up by an automatic 
protective system. Data processing is required to give 
the operator the clearest display of plant conditions 
at these times. 

MAIN CONTROL ROOM DESIGN 

When control is centralised compactness must be 
maintained in spite of the additional functions 
introduced into the control room, otherwise the 
efficiency of control is lost and the essential aims are 
not achieved. Radical changes such as extensive use 
of auto control, basically new concepts of display of 
data which has already been processed, and the 
increased use of miniature equipment combine to 
achieve the objective. The size of control room is 
smaller than at earlier stations in spite of the additional 
information now available to the operators. 

Control room manning on which design is based 

Station operation is supervised by the Shift Charge 
Engineer, and his assistant will supervise the main 

Figure I. Mock-up of typical control room layout 
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control room. A unit operator is in charge of each 
reactor assisted by plant operators and fuelling machine 
operators. The unit operator will be responsible for 
all main plant in normal operation and will bring the 
reactor through criticality and up to power. The plant 
operator starts up all conventional and nuclear plant 
sub-systems upon instructions from the unit operator 
and generally assists during normal operation. 

Functional layout of control surfaces 

The latest nuclear stations adopt a control room 
layout which is typified by the preliminary mock-up 
of the Wylfa nuclear power station (Fig. 1). The 
control desk in the foreground of the picture is the 
focal point of control for a reactor-turbine unit and 
where the Unit Operator is usually seated to supervise 
normal operation. Controls and indications for sub
systems and auxiliary system start-up are grouped on 
free-standing panels arranged in an arc and shown at 
the back of the picture. It will be noted that a distinc
tion is made between normal power indicating 
instrumentation on the vertical surfaces of the panels 
and s\art-up controls on the semi-horizontal surfaces. 
Systems common to the two reactors are grouped 
separately on panels or a console adjacent to the 
Supervisor's administrative desk (not shown). Fuelling 
machine control is sited in a special area, which is an 
extension of the main station control area. 

Under abnormal or fault conditions maximum 
automatic transfer to standby equipment is in
corporated. The grouping of controls and indications 
for normal operation at the control desk provides, 
with few additions, efficient emergency control. 

Radical changes in data presentation being adopted 

The operator now demands only the information 
required for his current needs, and all other plant data 
is continuously monitored in the data processing 
system. Conventional indications could not be 
rearranged from minute to minute and demanded 
information is therefore displayed in tabular form on 
a series of suitably positioned cathode ray tubes, 
using alpha-numeric characters. Over 4 000 indications 
or statements of the condition of the plant are available 
to the operators on the tabular display system. 

Future design trends in data presentation are 
concerned with adaptive displays for particular 
operations. A comprehensive analogue display, prob
ably using cathode ray tubes, is being considered for 
comparative monitoring of many separate but similar 
measurements-for example, control rod positions
may be displayed as a histogram to show quickly the 
relative rod insertions. 

With the display of only selected plant readings, 
abnormal conditions must be brought to the operator's 
attention. Individual faults are each displayed on 
cathode ray tubes but complex fault conditions, 
particularly when two abnormalities occur simulta
neously, are analysed by the data processing system 
and the cathode ray tubes indicate the one or two 
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prime cause faults and actions which the operator 
should take. 

The compact functional grouping of miniature 
controls 

In recent years, lower voltage (often 50 V) miniature 
control equipment similar to that used in telephone 
practice, but of an even higher standard of reliability, 
has been used, operating into the main power circuits 
through interposing relays. The recent development 
of improved interposing relays has encouraged this 
tendency. More controls and indications of this type 
can be grouped on the panels and close proximity 
between each control and its associated indication is 
easily arranged. 

Where a group of operations must be carried out 
during start-up, but operator decision is not required 
at each stage, the use of auto-sequence control 
results in the elimination of many controls and lamp 
indications, and reduces panel size and the cost of 
equipment and cabling. 

DATA PROCESSING SYSTEM 

Reliability is of first importance 

To carry out the functions described above, the data 
processing system must be of the highest reliability. 
An availability of 99% has been practicable for some 
time in small data processing units and has been 
reported for on-line systems; even this high level of 
availability would be inadequate for the data process
ing system of a nuclear station if all the displayed data 
were lost for 1 % of the time. Two approaches are 
therefore required to make the effect of faults less 
serious: firstly, sub-division and redundancy in the 
equipment, and secondly, increasing the reliability 
of the equipment supplied. The latter is achieved by 
using improved manufacturing methods and by 
adopting equipment which embodies solid state 
techniques where practicable, air conditioning, and is 
of proved reliability, rather than a new design. 

Where a single fault can cause a complete system 
outage, as in the central computer system, redundancy 
is essential and both (a) the use of two computers with 
overlap for essential duties, and (b) the use of two 
computers with one computer carrying 100% of the 
station duty and the other acting as a standby, have 
been considered. Within cost limitations, (b) has 
advantages over (a) as the "essential duties" are 
dependent upon operating conditions of the plant at 
the time of fault. Using (b) with suitable changeover 
equipment, it should be possible to achieve availability 
factors of 99.9% including an allowance for non
availability of common equipment. Clearly it would 
be essential for the design of the common equipment 
to be simple and as reliable as possible and a check 
system would be required to monitor the operation of 
both the running and the standby computer. Failures 
in the running machine would initiate changedver to 
the standby, and failure of either machine would 
initiate alarms so' that corrective action may be taken. 
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Periodically the check system on the running machine 
will be artificially failed, and changeover initiated, to 
check the equipment as a whole. 

For the peripheral equipment, sub-division increases 
availability and both the analogue and digital scanners 
can be so divided that failure of a single component 
puts out of commission only one section (which is a 
small proportion of the whole) and vital signals can 
be fed to the data processor through more than one 
section of the scanner. Similar conditions apply to the 
magnetic drum stores, but for the display equipment 
the cathode ray tubes will be sufficient in number to 
provide alternative tubes in the event of failure of one. 
In the event of failure of the whole display system, 
use could be made of the logging printers, located near 
the main control room. 

Other necessary features of the computer 

Most of the inputs to the data processing system are 
either dictated in time by plant events, or are con
tinuously varying signals, the value of which depend 
largely on their being available on operator demand. 
the data processing system must be fast enough, 
therefore, to handle the maximum number of inputs 
anticipated, without delay in meeting operator 
demands for information. In the design stages, a 
reasonable assumption is that not more than 60% of 
the "busy minute" should be occupied under worst 
operating conditions. A fast store is usually essential 
and must be adequate for storing the data processing 
and organising programmes, whilst bulk storage is 
invested in comparatively slow magnetic drums, the 
data being transferred in blocks to the fast store when 
required. 

The effective speed of the data processor is very 
much related to the comprehensiveness 'of tlie order 
code, particularly where this includes "jump" and 
modification orders, and short machine instruction 
times; the required accuracy of data handling calls 
for a computer word length of greater than 12 bits. 

An interrupt facility is vital with an on-line data 
processor of the size envisaged, enabling it to operate 
with many peripheral equipments, and provide 
priority for urgent actions. 

Features of peripheral units 

Analogue scanners must have adequate speed to 
carry out all scanning functions in the maximum time 
permissible, and a rate of about 100 points per second 
is possible. Where relays are required for low level 
inputs signals, consideration must be given to both 
reliability and life of the relays in view of the large 
number of operations required. The accuracy of the 
analogue scanner should be about 0.1 % needing a 
10 bit output from the analogue to digital converter. 
To eliminate interference from power cabling when 
low level signals are transmitted over considerable 
distances, the scanner must have high common mode 
and normal mode rejection. This can be achieved by 
the design of data amplifiers and filter networks and 
the avoidance of common mode to normal mode 
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conversion by the balancing of input cabling and 
cubicle wiring. All analogue input signals are checked 
for high and low alarm levels in order to detect both 
plant and equipment faults. The scanner must also be 
checked for proper operation at short intervals. The 
digital state scanner converts the alarm inputs into 
computer words, changes in which are interpreted by 
the data processor as new alarms or cancelled alarms. 

A number of cathode ray tubes, mounted adjacent 
to the control positions, are required to display 
alpha-numeric information. The recurring frequency 
of writing must be sufficiently high to give a sub
stantially flicker-free display, and provision made for 
data to be up-dated at 5 second intervals which is 
compatible with normal and fault rates-of-change of 
the variables monitored. 

A variety of printing and typewriting equipment is 
required to provide routine logs and alarm print-out, 
and act as an independent standby to the display 
system just mentioned. Tape punching equipment 
provides output data where high speed operation, or 
suitability for subsequent processing, is specified. 
Instructions may be read into the system using a tape 
reading facility. 

Application of the data processing 
equipment described 

Table 1 lists the important design parameters for 
the data processing systems being built for the Wylfa 
nuclear power station. 

The computer chosen was designed for on-line use 
and met the requirements for reliability, accuracy 
and speed described in the previous section. An 
interrupt system is provided and the data being worked 
upon and the organising programme are stored in the 
fast store. Two 100% central processing units are 
provided together with changeover facilities to 
achieve a very high reliability. Operation of the 
computers and the changeover facilities is regularly 
checked as previously described. In the event of total 
computer failure, sufficient conventional instruments 
and alarms are provided to permit continued running 
under steady conditions and a safe shutdown in the 
event of any fault. 

The analogue scanner uses relays, operated by solid 
state drive circuits to select the inputs required, 
because of the low level of the many inputs from 
thermocouple signals, and the error introduced by 
solid state scanners. The inputs are checked for high 
or low levels and as the rates of change are normally 
slow a scanning interval of 30 s has been chosen as a 
compromise between fast relay operation with 
consequent wear, and the rate-of-change normally 
experienced. A state scanner checks plant alarm 
signals. 

The computer examines the alarm input signals 
derived both from the state and the analogue scanners, 
and where a number of alarms arise simultaneously, 
these are analysed to show the basic cause of the fault. 
Upon receipt of an alarm, the system examines the 
state of other alarms which occupy a casual position 
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Table I. Important parameters for a typical data processing system 

Computer 
Number per station . . . . . . . . . . . 
Word length ............. . 
Fast store capacity . . . . . . . . . . . . 

{

read-write cycle . . . . . 
Typical order add, subtract transfer . . . 

decimal to binary or reverse 

Magnetic drum 
Capacity .. 
Maximum access time 

Scanners ..... 
Analogue section 

Number of inputs 
Input level 
Scan speed ... 

State section 
Number of inputs 
Scan repetition frequency . 

Tabular display 
Number of display tubes per station 
Average number of characters/tube 

Print out 
5 typewriters for tabular display B.C.D. and log . 
4 strip printers for alarm and B.C.D .. 
2 tape punch machines 
2 tape readers . . . . . . . . . . . 

relative to it. This process is repeated for each linked 
alarm until one is located for which no casual alarms 
exist, and the pattern so established is converted into 
a display of the main fault and the operator action 
required to correct it. Individual alarms are listed for 
the operator and are recorded for post-mortem 
analysis. 

Burst cartridge detection is described in [2]. The 
system at Wylfa is in two parts. The group system 
which monitors gas from every reactor channel 
group each minute and the single channel system by 
which any individual channel can be monitored. In 
both cases, the signal from the monitor is examined by 
the computer for alarm conditions, compensating for 
signal variation at part load. 

The single channel system requires complex control 
of selection valves which is dictated by computer 
programme. A routine scan of each reactor channel 
may be demanded and, in addition, single channels 
can be selected for continuous monitoring. In the 
event of a group system alarm, an automatic search 
by the single channel system of the channels in the 
group concerned is initiated, and the computer 
calculates the time available to discharge the faulty 
element in the channel in alarm. 

An automatic turbine run-up facility is also available 
from the data processor. The turbine is brought into 
the condition for start-up using sequence control, 
after which the state of all equipment is checked by the 
computer. The turbine stop valve by-pass is opened 
sufficiently to accelerate the machine at pre-deter
mined rates up to synchronous speed and important 
variables such as casing temperature, differential 

2 
20 bits parallel 
4 096 words each 
10 flS 

22 flS 
70 flS 

3 of 100 000 words each 
40ms 

2/station 

2400 
30 mY (full scale) 
100 points/s max 

1200 
4 timesfs 

20 
680 

10 characters/s 
5 Iines/s 
100 characters/s 
500 characters/s 

expansion, speed and vibration are checked at short 
intervals. If any variable deviates from normal, the 
steam conditions and rotor speed are held constant 
to give a heat soaking. If an alarm condition is reached 
on any variable, the stop valves are tripped, thereby 
shutting down the turbine. The running up of the 
turbine is thus checked much more frequently and in 
much more detail than the operator could himself, 
and it is hoped that accidents such as bent shafts will 
be rendered impossible. 

After an accident or fault, it is often difficult to 
determine the state of the plant before the trip. To 
avoid this, some 120 important variables are moni
tored at short intervals and the values recorded in a 
drum store. After, say, 20 min, the earliest readings 
are erased and more recent values are added. In the 
event of a fault, these values are not erased but are 
printed out for analysis. 

Using an interrupt facility it is possible to use spare 
time on the data processor to perform off-line com
puting. This typically may be the analysis of B.C.D. 
data, calculations of station efficiency, or fuel eco
nomics. 

SOLID STATE REACTOR SAFETY CIRCUITS 

Reactor safety circuits 

During normal operation a power reactor is con
trolled either by manual operation or by a number of 
automatic servo systems to obtain optimum power 
output within the safety limits of the reactor. Under 
minor fault conditions, the automatic control systems 
reduce the reactor power to safe values, but in addition 
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Figure 2. Typical arrangement of reactor safety circuits using relays 

reactor safety circuits, which are entirely separate 
from all other control and monitoring systems, 
provide absolute protection for all fault conditions [2]. 
Power reactor safety circuits may be regarded as 
consisting of three stages: parameter monitoring 
equipments, which feed the guard lines or logic 
circuits, which in turn operate the control rod trip 
circuits. In the event of a reactor fault, tht;: safety 
system is arranged to open the electrical feeds to the 
control rod actuators and allow the control rods to 
drop into the reactor under gravity. 

A reactor protection system must be extremely 
reliable in its operation and as far as possible have a 
preferred mode of failure in the direction of safety. 
Up to the present time, in the United Kingdom all 
power reactor protection systems have employed 
electromagnetic relays in the guard lines and control 
rod trip circuits [3]. A typical arrangement of a relay 
protection system is illustrated in Fig. 2. The design 
of· relay logic systems is well established, but to 
maintain confidence in the correct operation of the 
system, frequent periodic proof testing and main
tenance are required. However, in spite of this 
testing and maintenance a relay might fail to operate 
when required to initiate a reactor trip. 

Solid state switching devices 
Solid state switching devices may be used to 

replace the relays in the guard lines and such a system 
requires virtually no maintenance. With careful 
design, a solid state system may be made inherently 
safer than the corresponding relay system by ensuring 
that (a) the system shall not rely upon a preferred mode 
of failure to produce a reactor trip, and (b) the logic 
in the system should not be performed by analogue 
adding of input signals. To satisfy these design 

criteria, the system should be dynamic in its operation, 
being switched alternately between two states, and the 
system should fail in the direction of safety if the 
switching ceases. 

Development work showed that the laddie satisfied 
these criteria in addition to the other basic safety 
requirements, and it was adopted. The laddie is a 
multi-aperture ferrite core, upon which logic may be 
performed, and a seven hole laddie is illustrated in 
Fig. 3. The operation of the laddie in its present form 
is described in [l] and may be summarised as follows: 
de currents generated within the monitoring equipment 
are applied to the control windings, Fig. 3, (a, b, c) 
and the set (d) and reset windings (e) are pulsed 
alternately. When the de currents are applied to the 
control windings, the alternating flux is forced into 
the outer path formed by the first and last rungs and 
the side rails, and hence the input flux links the output 
winding (f). Under these circumstances an output 
signal is present so long as the de currents are applied. 
As soon as one or more of the control windings is 

~ a b c e 

Figure 3. Arrangement of laddie core and windings 

~} Control windings 

d: Set winding 
e: Reset winding 
f: Output winding 
g: Shorted turns 
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de-energized, the flux linkages collapse and the 
output disappears. A seven hole laddie driven in this 
manner behaves as a 3-input "and gate", that is, an 
output is present so long as all three control windings 
(a, b, c) are energized. 

The original laddie was not proof against shorted 
turns in the control windings, but the present dis
position of the reset windings, Fig. 3 (e), makes the 
laddie proof against all shorted turns [1]. 

The properties of shorted turns may be used now to 
reduce the control currents required, and permanently 
shorted turns, (g) in Fig. 3, are applied to the control 
rungs. The control windings are duplicated, and may 
be cross connected in pairs, and the laddie then 
behaves as a 2-out-of-3 gate or three 1-out-of-1 gates. 
A longer laddie may be made and cores with up to 
nineteen holes were tested, but longer laddies showed 
no particular advantage and the seven hole laddie was 
adopted for safety circuit applications. 

The solid state safety system 

The seven hole laddie illustrated in Fig. 3 forms the 
basic module of the guard lines, replacing the relays 
of Fig. 2. When coupling laddies together in order to 
build up a system, it is convenient to use the output 
of one to reset the next, and a single transistor with a 
series resistance in the collector circuit is used as an 
amplifier to overcome the signal attenuation within 
the laddie. 

The relay guard lines of Fig. 2 are replaced by three 
chains of laddie modules, one of which is shown in 
Fig. 4. Each relay contact has been replaced by a 
control winding on a laddie. Two "set" supplies are 
used, and the connections are transposed as shown to 
eliminate any unsafe effects due to possible cracking 
within a core [1]. 

In the system developed, fourteen laddies are 
connected in series in each guard line. These guard 
lines terminate in pulse to de converter units, which 
in turn feed the final 2-out-of-3 circuits. It was 
considered prudent to retain at least one physical 
break in the control rod trip circuits, and contactors 
are retained to switch the low frequency power 
supplies to the control rods. To provide the power 
supplies necessary to operate the contactors, the final 
2-out-of-3 circuits feed into four inverters which are 
rated at 2 kW de. The system is so arranged that no 
single fault produces a reactor trip, for example the 
control rods remain held if one inverter fails. The 
over-all safety system is shown in Fig. 5. 

Development and testing 

Numerous laddie modules have been made and 
tested, employing a variety of ferrite materials and 
various combinations of windings and drive circuits, 
in an attempt to optimize the design and to make the 
laddie "fail safe" to all conceivable faults. 

The form of laddie finally adopted is proof against 
all short circuits and open circuit windings. The 
arrangement is proof also against all cracks in the 
ferrite core other than a crack across the first control 
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rung (a). From a study of ferrite material, it is con
cluded that a significant crack could not develop in 
the first control rung without a corresponding crack 
appearing in the side rails which would cause the 
laddie to "fail safe". However, if it is considered 
necessary to protect against such a contingency, a 
later form of laddie has been developed which is 
proof against all cracks. 

The original laddie guard line has been in operation 
on a test bench for more than 20 000 hours. Further 
experimental guard lines have been built and a 
prototype system now on test consists of three guard 
lines, complete with pulse to de converters, final 
2-out-of-3 circuits and four inverters. 

Extensive parameter testing has been completed on 
the laddie modules to determine the effects of varia
tions in every parameter. The results have shown that 
the laddie system is remarkably insensitive to param
eter variations and also to interference as indicated 
below: 

(a) variations in control currents of± 70% have no 
effect on the laddie performance; 

(b) variations in pulse height and width of ± 70% 
and in frequency from 50 c/s to 2.5 Kc/s have no 
effect on laddie performance; 

(c) variations in transistor supply voltage of ±50% 
have no effect on laddie performance; 

(d) variations in ambient temperature from 0 °C 
to 55 °C have no effect on laddie performance; 

(e) injection of 24 rnA ac peak to peak into the 
control windings in the frequency range 20 cfs to 
200 Kc/s in the absence of the normal de control 
current, fails to hold the laddie, and the laddie "fails 
safe". 

CONTROL ROD LOW FREQUENCY SUPPLIES 

System requirements 

As described elsewhere [2], British gas-cooled power 
reactors employ control rods suspended from actuators 
driven by very low frequency motors. This arrange
ment reduces gear trains and clutches in the reactor 
to an absolute minimum and if the power supplies 
are interrupted the weight of the control rod is able to 
rotate the motor thus giving a fast controlled shut 
down. 

There are 9 to 16 groups of regulating rods in each 
reactor with up to 3 control rods per group and the 
supply frequency is continuously varied by a control 
circuit to move the rods to maintain a preset reactor 
temperature. The coarse and safety rods are usually 
stationary, but can be moved at low fixed speeds 
by the operator and are generally split into groups of 
20 to 40 control rods. 

Rotating generators were provided at the first 
nuclear stations [2], but to reduce maintenance, 
particularly of brush gear, static equipment has been 
developed and found to have the additional advantage 
of reduced capital cost. Extreme reliability is required 
to avoid a reactor shutdown and a design criterion 
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Figure 5. Block diagram of laddie safety system 

adopted is that no single fault shall cause a reactor 
trip. The only exception to this is a main busbar fault 
on more than one phase. The system must be proof 
against transient disturbances on the mains supply 
which could drop the input voltage to low values for 
periods of time up to 200 ms. Static equipment has the 
serious disadvantage that it has no inherent inertia 
but this may be overcome by designing the static 

system so as to maintain an adequate output during a 
transient or using very reliable acjac motor generators 
with high inertia for the supply system. 

Static generators 
A static generator consists of a 2 or 3 phase modu

lator unit feeding magnetic amplifiers to raise the 
power from the milliwatt level to the kilowatt range. 
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The signal is derived from a synchro-resolver fed at 
50 cfs and rotated by a motor which defines frequency 
and rod speed. Two or three 50 cfs wave forms are 
produced, modulated in amplitude as the synchro
resolver rotates, which are fed through bridge recti
fiers to the control windings of magnetic amplifiers. 
Further amplifier stages may follow if necessary. 

Phase reversal every half cycle is required in 
amplifier outputs, and in the case of coarse rod 
generators where the operation is infrequent, contact
ors or cam-switches driven from the synchro-resolver 
drive can carry out this function. In one design shadow 
cams on the synchro-resolver drive interrupt a beam 
of light falling on photo-transistors and control the 
contactors without mechanically loading the shaft. 
It will be noted that the phases should be reversed 
when the phase current is zero. This will vary slightly 
relative to the synchro-resolver position with the load 
on the generator and its power factor, and an optimum 
position must be found. 

For the continuously moving temperature regulator 
rods, the phase reversal duty is higher and the con
tactors may be dispensed with at the expense of 
employing two magnetic amplifiers and connecting 
the motors and an equivalent resistor in a bridge 
circuit with the amplifiers. 

With the recent development of thyristors of 
suitable power, phase reversal may be easily obtained 
without moving parts. Each phase is connected to the 
load through thyristors which are fired at the appro
priate time to give a low frequency output of the 
correct polarity. 

Another approach is employed in a new design [4]. 
The basic output is derived from a power selsyn as 
three 50 cfs waves modulated by the required low 
frequency which is proportional to the selsyn speed of 
rotation. The output from the selsyn for each of the 
three phases is passed through a pair of bridge de
modulators each of which is switched at 50 cfs by a 
circuit using two thyristors. The usual low efficiency 
and heavy current requirements of the bridge de
modulator are avoided in this way and a compact 
supply produced. 

Although in some respects the principle of static 
equipment is lost, the generator moves only when the 
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control rods are moved and then at a very slow speed 
so no mechanical wear is expected, and there is no 
commutator. The main problem is heat dissipation, 
as there is no windage at the low speed of operation. 

With a static system, the output wave form is a true 
multiphase low frequency supply but has super
imposed on it a 50 or 100 cfs harmonic. Tests have 
confirmed that this is insufficient to cause wear of the 
control rod actuators. The control rod motors are 
often of the permanent magnet rotor type and speeds 
attained during a "scram" are far higher than those 
reached in normal operation. The correspondingly 
high voltages generated must not be permitted to 
reach rectifiers or thyristors. 

CONCLUSION 

The paper has described the considerable advances 
being made in the control of British power reactors 
and the instrumentation provided, compared with 
that installed in the first stations. Further advances 
appear to lie in the direction of computer control of 
the reactor, developments in analogue displays, and 
the extended use of static control systems. 
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ABSTRACT -RESUME-AHHOTAU.VJJI-RESUMEN 

A/126 Royaume Uni 

Tendances recentes dans !'instrumentation et 
le pilotage des grands reacteurs a refrigerant 
gazeux 
par D. S. Hiorns et a/. 

Depuis la conception du premier reacteur de 
puissance britannique a refrigerant gazeux il y a cinq 
a sept ans, on s'est attache a simplifier et rendre plus 
sur le pilotage des reacteurs. Le memoire discute trois 

aspects du probleme: !'amelioration de l'affichage des 
principales donnees, !'application des techniques de 
l'etat solide aux circuits de securite et aussi a Ia 
commande des barres de controle. 

L'application de grandes unites de traitement des 
donnees, maintenant disponibles sous une forme qui a 
fai} ses preuves, a facilite Ia centralisation des fopctions 
de commande. Les informations provenant de 
l'installation et representant quelque 7 000 lectures 
dans une centrale a deux reacteurs soot analysees, et 
seules les indications necessaires au personnel de 
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conduite sont affichees. L'utilisation de tubes a rayons 
cathodiques, permettant de reproduire des donnees 
alpha-numeriques, assure Ia souplesse necessaire pour 
cette application. Les ameliorations correspondantes 
sont egalement decrites pour les panneaux abritant 
les commandes. 

Jusque recemment, tous les reacteurs de puissance 
civils britanniques utilisaient des relais electro
magnetiques dans les systemes de protection. Pour 
ameliorer la securite inherente d'un systeme de 
protection et reduire les essais d'entretien au mini
mum, on a etudie !'application de dispositifs utilisant 
l'etat solide et on a trouve que le systeme Laddie 
repondait aux exigences de securite. Le Laddie est un 
noyau ferritique a ouvertures multiples sur lequel 
peuvent etre effectues des calculs logiques: sa mise au 
point dans ce but est decrite, ainsi que son application 
a un systeme de protection des reacteurs. 

Des courants basse frequence sont prevus pour 
actionner le dispositif de commande de barres de 
pilotage. Cela evite Ia necessite d'embrayages et de 
trains d'engrenages a rapport eleve a l'interieur du 
reacteur. Le courant basse frequence, qui dans les 
premiers reacteurs etait fourni par des machines 
tournantes, provient maintenant de generateurs 
statiques a amplificateurs magnetiques, appeles aussi 
thyristors, qui modulent le courant de sortie pour 
donner Ia ba'Sse frequence requise. Pour obvier au 
manque d'inertie dans un systeme de generation 
statique, on incorpore des caracteristiques destinees a 
maintenir le courant basse frequence durant les 
perturbations transitoires de Ia fourniture principale 
de courant, ce qui augmente le temps de fonction
nement utile du reacteur. 

A/126 CoeAHH8HHOe HoponeecTBo 

npH60pb1 H perynHpOBaHHe 60nbWHX 
peaHTOpOB C raSOBbiM oxnaH<AeHHeM 

,D,. C. XHopHc et al. 

IlHn - ceMb JieT Haaa;o;, B nepno;o; npoeKTHpo
BaHHH nepBMX B BeJIHKo6pHTaHHH aHepreTH'Ie
CKHX peaKTOpOB C ra30BMM OXJiamp;eHHeM, IIpo
BO;rJ;HJIHCb pa60TM no ynpom;eHHIO 3KCnJiyaTaD;HH 
CHCTeMM peryJIHpOBaHHH H noBMIIIeHHIO ee Ha
,ll;eH\HOCTH. B ;o;oRJia;o;e HaJiararoTCH TPH acneKTa 
3THX pa6oT: YCOBepmeHCTBOBaHHe OCHOBHOH CH
CTeMM peryJIHpOBaHHH, npHMeHeHHe TBep;rJ;MX ne
peKJIIO'IaTeJieH K CXeMaM anapHHHOH aam;HTbi 11 

nnTaHHe peryJinpyrom;nx cTepmneii. 
IlpHMeHeHHe KpynHMX ycTaHOBOK no o6pa60T

Ke p;aHHMX, HMeiOIII;HXCH B HaCTOHm;ee BpeMH H 
Q6ecne'IHBaiOIII;HX ;rJ;OCTaTO'IHYIO Hap;e>RHOCTb, o6-
JierqaeT poeT n;eHTpaJiuaan;HH q,yHKD;HH KOHTpoJIH. 
:UHq,opMan;HH oT p;Byx pa6oTarom;nx peaKTopon 
aTOMHOH CTaHD;HH ;rJ;OXO;rJ;HT ;!1;0 7000 noKaaaHHH, HO 
:oocnponanop;HTCH TOJibKO HHIPopMan;HH, Tpe6ye-
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Ma.st p;JIH onepaTopon. HcnoJILaOBaHHe aJieKTpoHHo
JiyqenMx Tpy6oK, Ha KOTOpMX MOll\eT BOCnpOH3BO
AHTbCH 'IHCJieHHaH rmq,opMaD;HH, o6ecne'IHBaeT 
neo6XO;li;HMyiO rH6KOCTb ;rJ;JIH p;aHHOro TipHMeHeHHH. 
OnHCMBaiOTCH TaKme cooTBeTCTByrom;ne yconep
nreHCTBOBaHHH TiaHeJieH CHCTeMbi KOHTpOJIH. 

.D:o nocJiep;Hero npeMeHH no ncex rpam;o;aHCKHX 
.a;o;epHbiX aHepreTH'IeCKHX peaKTopax BeJIHK06pn
TaHHH B CHCTeMaX aam;JITbi HCnOJib30BaJIJIC.b 3JieK
TpoMarHHTHMe peJie. C n;eJILIO yconepnreHeTBOBa
UHH Ha;rJ;emHOeTH epa6aTMBaHHH eHCTeMbi aam;HTbi 
H CBep;eHHH ;!1;0 MHHHMyMa HCTIMTaHHH CHeTeMM B 
npou;eece aKcnJiyaTaD;HH nayqaJiocL npHMeHeHne 
TBepp;MX nepeKJIIO'IaTeJieH, H 6LIJIO Haiip;eHO, 'ITO 
nepeKJIIO'IaTeJib <<Laddie>> nnoJIHe y;o;onJieTBOpHeT 
1'pe6oBaHHHM 6eaonaeHOCTH. «Laddie>> - 3TO MHO
roKaHaJlbHMH q,eppHTOBMH cepp;e'IHHK, npH nOMO
IIJ;H KOTOpOrO MO>RHO BbillOJlHHTb pa3JIH'IHbie 
JiorH'IeeKJie onepan;HJI. B p;OKJiap;e onneMnaeTeH 
paapa6oTKa npn6opa ;rJ;JIH yKaaaHHbiX n;eJieii H He
TIOJib30BanHe ero B eHeTeMe aam;HTbi peaKTopa. 

HnaKO'IaCTOTHoe nHTaHHe o6eeneqnnaeT pa6oTy 
npHBO;rJ;a peryJIHpyiOIII;HX eTepmHeH 3HepreTHlJe
CKIIX peaKTOpOB. 8TO yeTpo:lleTBO H36aBJIHeT OT 
neo6xo;o;nMoeTH nenoJibaonaHHH BHYTPH peaKTopa 
MYIPT en;enJieHHH H BMCoKoKoaq,q,Hn;HeHTHbiX ay6-
'IaTbiX nepep;a'I. HnaKo'IaeTOTHoe nnTanJie, noJiy
qaeMoe ;rJ;JIH nepBMX peaKTOpOB OT poTaD;HOHHOH 
ycTaHOBKH, B HaCTOHIII;ee BpeMH TIOCTynaeT OT 
cTaTHlJeeKoro reHepaTopa e MarHHTHbiMH ycJIJIH
TeJIHMH HJIH THpHCTOpaMH, KOTOpMe MO;rJ;YJIHpy
IOT BbiXO;rJ;HOe HanpH>ReHHe reHepaTopa, lJT06bi TIO
JIYlJHTb He06XO;rJ;HMYIO HH3KYIO 'l:aCTOTy. C n;eJibiO 
CHH)KeHHH HHepD;HH eTaTH'IeeKOH eHeTeMbi reHe
paD;Hl'I Bee ee 3JieMeHTbl 06'be;rJ;HHeHbi, 'ITO n03BO
JIHeT o6eenelJHTb HH3KOlJaCTOTHOe nHTaHHe B eJiy
'Iae BbiXOp;a H3 eTpOH oeHOBHOH eHeTeMM nHTa
IIHH; TaKHM o6paaOM nOBbiiiiaeTCH Hap;emHOCT.b 
pa6oTbi peaKTopa. 

A/126 Reino Unido 

Progresos recientes en instrumenta~i6n y 
control de grandes reactores refrigerados por 
gas 

por D. S. Hiorns eta/. 

Desde que se disefiaron los primeros reactores de 
potencia britanicos refrigerados por gas (hace de ello 
entre 5 y 7 afios), se ha trabajado continuamente en la 
simplificacion del control de operacion y en el aumento 
de la seguridad de funcionamiento. En este documento 
se tratan tres aspectos de esta cuestion relativos a 
mejoras en la presentacion de los datos principales de 
control y empleo de tecnicas de estado solido en los 
circuitos de seguridad, asi como en las fuentes de 
alimentaci6n de las barras de control. 

El empleo de grandes unidades de tratamiento de 
datos, disponibles actualmente en modelos bien 
probados y de funcionamiento seguro, ha permitido 
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una mayor centralizacion de Ia funcion de control. Se 
trata adecuadamente Ia informacion procedente de Ia 
central, que puede elevarse a 7 000 lecturas en una 
central de dos reactores, y solo se muestrana los 
operadores los datos requeridos. El empleo de tubos 
de rayos catodicos en los que se puede representar Ia 
informacion en forma de numeros y de letras, da Ia 
flexibilidad necesaria para esta aplicacion. Tambien 
se describen las mejoras correspondientes a los 
panales que alojan los elementos de control. 

Hasta hace poco tiempo se empleaban reles electro
magneticos en los sistemas de proteccion de todos los 
reactores de potencia britanicos para usos civiles. 
Para mejorar Ia seguridad inherente a un sistema de 
proteccion y para reducir a un minimo las pruebas de 
mantenimiento, se has estudiado el empleo de dis
positivos de conmutacion de estado solido y se ha 
encontrado que el sistema Laddie satisface los re
querimientos de seguridad. El Laddie es un nucleo de 
ferrita de aperturas multiples en el cual pueden 
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hacerse operaciones logicas; se describe el desarrollo 
de este dispositivo para el fin mencionado, asi como 
su aplicacion a un sistema de proteccion de reactores. 

En la instrumentacion se incluyen fuentes de 
alimentacion de baja frecuencia que hacen funcionar 
el actuador de las barras de control de los reactores de 
potencia. Con esto se elimina la necesidad de em
bragues y de trenes de engranajes de alta relacion de 
reduccion dentro del reactor. Las tensiones de baja 
frecuencia, que se obtenian en los primitivos reactores 
mediante convertidores rotatorios, se obtienen actual
mente mediante generadores estaticos que emplean 
amplificadores magneticos o thyristores, los cuales 
modulan la. salida del generador para dar Ia baja 
frecuencia requerida. Para evitar los efectos de Ia 
falta de inercia en un generador estatico se han 
incluido elementos que conservan los valores de las 
tensiones de baja frecuencia durante transitorios de la 
red, mejorando asi el comportamiento de la 
instalacion. 
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Improvements in instrumentation for high-performance 
power reactors 
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The design and operation of nuclear power plants 
with enhanced performance require development of 
improved instrumentation for the control and safety 
of these plants. Both safety and economic considera
tions lie behind the need for better instrument systems. 
High performance in reactor cores must generally be 
obtained at least partly at the expense of decreasing 
the margin between operating conditions and un
desirable overloads. The safety factor which is thus 
given up for the sake of low power cost has to be 
regained by the action of instruments. Also, if high
performance reactors lack self-regulating features, the 
required safety and control must be provided by 
instrumentation. Finally, optimization of operating 
conditions in a power station requires knowledge, 
often detailed, of plant variables whose measurement 
might otherwise be unnecessary. It is the object of this 
paper to describe some recently developed instru
mentation techniques aimed at fulfilling the needs of 
present and future power reactors. 

Advances in instrumentation fall generally into two 
classes: creation of new functions not previously 
realized, and improving the components and con
figurations used in execution of instrument functions. 
A major advance of the latter type has resulted from 
the development of series of instrument modules, 
each of which is intended to be a functional unit in one 
or more reactor instruments. To the compactness of 
transistor circuits are thus added the flexibility of 
modular design and the accessibility of plug-in 
construction, the latter made possible by the develop
ment of reliable connectors. The serviceability 
provided by the plug-in feature makes practical the 
application to power reactors of complex systems, such 
as those described later. 

INSTRUMENT SYSTEMS 

Coincidence and testing in safety systems 
Coincidence techniques are widely applied to safety 

systems employing redundant channels of information, 
generally in the belief that serviceability (freedom from 
false scrams) can thereby be improved without 
payment of an exorbitant price in loss of safety 
(freedom from failure to scram when required). 

*Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
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However, much experience appears to demonstrate 
the incorrectness of this belief, at least with regard to 
serviceability. For example, in a recent study [1], 
safety-system failure rates experienced in the field were 
found not to be correlated with the presence or absence 
of coincidence. The very low failure rates predicted by 
theories [2, 3] of the statistical behavior of such 
systems are not usually realized in practice [4,5]. 
Although the study cited was for test reactors, the 
conclusion may be generally applicable. A disturbing 
aspect of this discrepancy between theory and experi
ence is the suspicion that the low failure-to-danger 
(unsafe failure) rates predicted by the same theory may 
also not be achieved in operating plants. 

The non-applicability of the theoretical treatments 
is caused, in the main, by their neglect of coupling 
between systems, channels, or components that are 
supposed to be independent of each other [6]. The 
probability of non-random simultaneous failure of 
such coupled devices is of course much higher than 
the product of the individual failure probabilities. 
Coupled failures may be caused directly by the same 
event, or one failure may induce another. Coupling 
may also be introduced via such auxiliary functions 
as supply power, equipment ventilation, and test 
instrumentation. Coupling is impossible to eliminate 
completely; the devices in question are related to a 
single reactor system, and must usually be located in a 
single control room, detector array, or group of 
actuators. 

It is therefore suggested [7, 8] that the principal 
value of coincidence in reactor safety systems is not 
improvement of serviceability but the ability to test 
safety instrumentation while the reactor is operating, 
without disabling any safety action and without 
disturbing the operation. 

Testing in a coincidence safety system can be limited 
by the coincidence element or elements. This problem 
is fundamental, because the purpose of the coincidence 
element is to initiate a scram only if more than one 
input demands it, and because the tests while the 
reactor is in operation must not actually produce a 
scram. Such tests can therefore confirm the correct 
functioning of the system only up to the coincidence 
elements. 

To circumvent this problem, special testers have 
been devised which simultaneously pulse two or more 
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Figure I. Coincidence magnet with saturating shunt 

inputs too fast to affect the safety actuators, but the 
necessary auxiliary equipment compromises the 
independence of channels, and to date proposed 
systems of this type perform tests of limited extent. 

Coincidence magnet. A coincidence magnet has 
been developed for scram mechanisms by Brown et a!. 
[9], in which the magnet itself is the coincidence 
element. Each of the three electrically independent 
coils on each magnet is controlled by one channel of 
safety instrumentation; the magnet releases when any 
two (or three) coils are de-energized. The use of 
coincidence magnets makes it possible to keep 
redundant safety channels electrically independent of 
each other, because the required mixing takes place 
only in the common magnetic circuit. Testing can be 
performed during operation by locally perturbing 
process variables to make each sensor in turn detect 
an abnormal condition. Observation that the corre
sponding coil in each coincidence magnet is de
energized by the test confirms the operability of the 
entire safety channel, except only for the ability of the 
mechanism to release. 

A saturating shunt in the magnetic circuit (Fig. 1) 
provides the coincidence characteristic. The dimen
sions and the coil currents are chosen so that when 
any one coil is energized, the flux will be bypassed 
through the shunt, with negligible flux in the armature, 
and hence negligible force on the load. As the excita
tion is increased by turning on the second coil, the 
shunt becomes saturated, and force is developed on 
the load. Energizing the third coil saturates the yoke 
or the armature, or both, with little increase in force. 
Thus the magnet has two-out-of-three logic, producing 
nearly full force when any two, or all three, coils are 
energized and nearly zero force when one or no coil 
is energized. 

Magnets of this type have been built with forces in 
the range 20-700 kg. The largest magnet built so far 
is 20 em long and 20 em in diameter. It has forces of 
45, 625, and 735 kg for I, 2, and 3 coils energized, 
respectively. The release time, for a 400 kg load, is 
4.5 ms when all three coils are de-energized simul
taneously, and 6.5 ms when two coils are de-energized, 
and the remaining coil remains energized. 
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Multiple reactor controllers 

Application of redundancy to reactor controllers 
has been proposed [10] to minimize the reactor down 
time which would otherwise result- from controller 
failure. When redundancy is applied to regulating rod 
servos, it is necessary to combine all the outputs to 
drive a single rod or group of rods, since separate 
servos driving individual rods would be unstable. 
Mann and Weaver have demonstrated [11, 12] the 
feasibility of this approach analytically. The mixing, 
or coincidence, is accomplished in a mechanical (or 
hydraulic) multiple-input differential so arranged that 
the rod velocity is the algebraic sum of the output 
velocities of the individual servos. The system is 
equivalent to a single servo with n times the gain of 
one of the n redundant servos. In a three-servo 
system, paralysis of one servo will reduce the over-all 
gain by one-third, provided only that the failed servo 
cannot be turned by the remaining two. The reactor 
will remain under control. Runaway of one servo 
will be combatted by the other two, each turning at 
half-speed in the opposite direction. For this case, the 
controlled variable will be offset by the error necessary 
to run the operating servos at half speed; higher 
servo gain will thus give smaller error. For on-off 
servos, this error will in any case be less than the 
dead band. For continuous servos, the error depends 
on the gain allowed by stability considerations; in the 
examples studied the error was small. 

Since the differential mechanism and the rod are 
common to the three regulating channels, their failure 
will cause the system to fail. The potential improve
ment in serviceability of the coincidence system can 
therefore be realized only if these components are 
trouble-free. 

Studies using the analog computer, both with 
simulated controllers and with electromechanical 
controller models, have confirmed the theoretical 
predictions. 

Wide range counting channel 

A new instrument system has been developed and 
tested [13,14] in which the entire dynamic range of 
reactor power can be measured from source level to 
full power without any range change or other hiatus 
in the measurement. The principle of operation, 
illustrated in Fig. 2, uses motion of a detector in an 
attenuating medium to extend the range of the 
instrument. A signal proportional to the logarithm 
of the attenuation (as a predetermined function of 
detector position) is added to a signal proportional 
to the logarithm of the detector output; the resultant 
is proportional to the logarithm of the reactor power. 
A derivative network gives a measurement of reactor 
period. 

In the instruments constructed to data, a fission 
chamber is used as the detector to achieve the maxi
mum discrimination against high gamma-ray back
grounds during reactor start-up. The pulses-•from the 
chamber are fed to an amplifier, a discriminator, 
and a logarithmic counting-rate meter. The flexible 
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Figure 2. Wide-range counting channel. Block diagram 

chamber and preamplifier assembly described later 
is particularly suitable for this application. 

If the chamber can be moved through a shielding 
medium, the neutron attenuation will approximate to 
an exponential function of position over several 
decades. Where required, a nonlinear analog function 
generator is used to correct the signal proportional 
to chamber position so it will conform more accurately 
to the logarithm of the neutron attenuation. Lack of 
adequate shielding may limit the useful attenuation 
range, and therefore the range of the entire instru
mentation system. Under favorable conditions, a 
total range of ten decades has been achieved. 

Variation of the neutron profile in the shield as 
reactor operating conditions change may limit the 
accuracy of the system. 

The chamber is positioned by a servomechanism 
whose input signal is the difference between the actual 
counting rate and a preset value, typically 104 

countsfs. The servo system need only be fast enough 
to follow a stable period; any transient which the 
servo cannot follow causes the counting rate to 
increase momentarily above the preset value until 
the servo can catch up. The reactor power and period 
are measured correctly during the transient, however, 
limited only by the time response of the logarithmic 
counting-rate meter. 

When the reactor is to be started after having been 
shut down for some time, the multiplied source usually 
produces less than 104 counts/s in the detector, so the 
servo inserts the chamber fully. During start-up, 
reactor power increases cause counting-rate increases, 
until the counting rate reaches the preset value. 
Further power increases cause the servo to withdraw 
the chamber at a speed commensurate with the 
reactor period. 

Since the counting rate will be ,..._,104 counts/s over 
most of the operating range of the reactor, the output 
signals have the fast response and low statistical 
fluctuation characteristic of this counting rate. 

NEUTRON DETECTORS 

Neutron flux is universally used as a process variable 
for reactor control and safety. The first two instru-
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ments discussed in this section, and to some extent 
the third, have been developed to avoid the effects of 
gamma radiation on what is intended to be a neutron 
measurement. This is done in order to obtain the 
desired range of measurement, since the gamma flux 
decreases much more slowly than the neutron flux 
when the reactor power is reduced rapidly. A signal 
proportional to gamma flux can therefore interfere 
with measuring low values of neutron flux to monitor 
the neutron chain reaction. 

Neutron flux measurements using ion chamber 
current fluctuations 

To decrease interference due to gamma-ray and 
leakage currents, DuBridge has investigated [15] a 
new measuring technique utilizing the fluctuation, 
rather than the average, of the current from an 
ionization chamber. The mean-squared fluctuation 

signal is given by (V2) = (V)2 + N J: V(t) 2 dt, 

where V(t) is the signal from an ionizing event in the 
chamber, and N is the average rate of occurrence. 
Only the last term is measured, the other being 
eliminated by a low-frequency cutoff, 

The discrimination against signals caused by gamma 
radiation has been analyzed by Snyder [16] who 
considered the signal given by 

V(t) = :2 V" exp [ -(t - tk)/T], 

" 
where the times of occurrence of the events tk are 
randomly distributed and the signal heights Vk have 
an arbitrary probability distribution. The clipping 
time constant is T. The mean square of this signal is 

(V2) = (V)2 + tNT(Vk2), 

with N the average rate of occurrence of events. 
According to this theory, the gamma radiation con
tributes a fraction of the fluctuation signal which is 
proportional to the square of the ratio of gamma to 
neutron sensitivity, which can give a large improve
ment in gamma discrimination over direct current 
measurements. 

Experiments have been conducted with fission 
chambers coated with 2 mgfcm2 of enriched U30 8• 

An amplifier with a passband from 0.5 to 13.6 kHz 
was used with an rms voltmeter. The rms signal was 
proportional to the square root of the neutron flux, 
as expected. 

The neutron and gamma sensitivities of such an 
arrangement depend on the gas species and pressure 
and the gain and bandwidth of the electronics. 
Typical values, for the gain and bandwidth used, are 
given in Table 1, together with direct-current sen
sitivities of the same chamber. 

Experiments using He, N 2, and Ar at pressures 
from 0.8 to 2.3 atm, in neutron fluxes as high as 
6 x 1011 nv, show that the form of the saturation 
curves is the same for the fluctuation signal as for the 
more conventional direct-current measurements, which 
leads to the expectation that operation in higher 
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Table I. Comparison of chamber sensitivitiesa 

Fluctuation Ar, 1.34 atm N 2, 1.34 atm 

Volts rms per v(nv) 4.5 X 10-G 3.7 X 10-G 
Volts rms per v'(R/h) <IO-• <10-• 
Ratio neutron/gamma >0.45 >0.37 

Direct current 
Amperes per nv 8.2 X 10-17 6.2 X 10-17 

Amperes per R/h 3.6 X 10-14 2.6 X 10-u 
Ratio neutron/gamma 0.0023 0.0024 

a See Ref. [15]. 

fluxes will be possible. The saturation characteristics 
are also independent of amplifier bandwidth, if the 
low-frequency cutoff is less than 1/(277-T) where Tis 
the positive-ion collection time in the ion chamber. 

It is evident from the sensitivities given in Table 1 
that the fluctuation method has an advantage of a 
factor of more than 100 over the direct-current 
measurement with this chamber insofar as gamma-ray 
discrimination is concerned. For reasonable sizes and 
presently available insulators, the fluctuation sign~! 
due to electrical leakage in the chamber and cable IS 

not significant at temperatures at least up to 500 oc. 
The ultimate limitation is amplifier noise, but usually 
the gamma-ray signal will be large enough that 
amplifiers of commercial quality will be adequate. 
Of course, electrical pick-up interference must be held 
to a tolerably low level. 

Snyder has pointed out [16] that the neutron-to
gamma sensitivity ratio of a proton-recoil fast
neutron detector would be enhanced by using the 
fluctuation signal. By contrast to conventional 
pulse-counting methods, the fluctuation method would 
presumably have no pile-up problem. 

The applicability of fluctuation measurements to 
in-core neutron detectors is clearly indicated, and 
experiments are now forseen to establish the feasibility 
and limitations of this technique. 

Electrically adjustable gamma compensation 

Another way to reduce the effect of gamma radiation 
is compensation: a signal proportional to the gamma 
flux is subtracted from the chamber current containing 
components proportional to the neutron and gamma 
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Figure 3. Diagram of adjustable electrical gamma compensation 
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fluxes. The signal to subtract is obtained from an 
auxiliary gamma-sensitive chamber section (Fig. 3). 
Although compensation is simple in principle, it is 
difficult to achieve and maintain a high degree of 
compensation in practice. Therefore, either ;tn error 
must be tolerated or a means of adjustment of 
compensation must be provided. Roux et a!. [17] have 
developed a parallel-plate configuration for which the 
adjustment of compensation can be accomplished 
electrically to avoid the disadvantages of fixed 
compensation. 

Figure 3 shows the principle of the adjustable 
compensated chamber. The signal electrodes are made 
smaller in diameter than the high voltage electrodes. 
For equal positive and negative polarizing potentials 
(as shown on the left side of Fig. 3), the zero-potential 
surface is an extension of the signal electrode plane, 
and as a consequence the electric field lines are 
straight. For unequal polarizing potentials (as in the 
right side of Fig. 3), the field lines are distorted and the 
effective collection volumes are changed accordingly. 
This technique has the advantage over methods 
previously used that both the neutron and gamma 
sections are well saturated at all polarizing voltages 
ordinarily used, so that electrical compensation is not 
obtained at the expense of saturation. In the present 
configuration, the compensation does not vary with 
flux intensity up to 100 f,lA gamma current, if the 
polarizing voltages are at least as large as 100 V. 

The chamber electrodes are made of Ni plates, 
0.012 em thick, spaced 0.1 em apart. The chamber is 
filled with N2 at 800 torrs. It contains 16 signal plates 
(3.9 em in diameter), 9 positive high-voltage plates 
(4.6 em), and 8 negative high-voltage plates (4.6 em). 
Without gamma compensation, the chamber sen
sitivities are 5.4 x I0-15 A/nv and 1.3 x I0-12 Ah/r. 

Manufacturing tolerances are such that initially the 
gamma currents cancel within 3 %, allowing the final 
adjustment of compensation to be made as precisely 
as desired by varying the voltage ratio. The compensa
tion changes by 2% per 100 V change in the negative 
polarizing voltage, with the positive voltage equal to 
300V. 

The experimental results of Table 2 show the 
insensitivity of the gamma compensation to wide 
variations in intensity, energy, and geometry of the 
gamma source. This results from the close spacing and 
high symmetry of the electrodes. 

Miniature fission chamber and 
preamplifier assembly 

To meet the space and environment requirements of 
high-performance reactors, Roux et a!. [18] have 
developed an articulated assembly consisting of a 
fission chamber, a preamplifier, and flexible cables. 
High-flux reactor cores are often inaccessible, and it is 
desirable to use a detector that is small and movable 
in a tube which can be bent as required· by the access 
problems of each reactor. The relatively low sen
sitivity of the small chamber is compatible with the 
high neutron source level encountered in these reactors. 
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Table 2. Typical gamma compensation obtained in a single chamber for various 
gamma sources with fixed electrode voltages ( +300 V, -200 V)a 

Gamma source facility Source condition 

Hot cell, ••Co 2 000 curies 

Hot cell, ••co 2000 curies 

BSR,' fission products 10 min after reactor 
scram 

BSR, fission products 90 min after reactor 
scram 

BSR, fission products 1 week after reactor 
scram 

BSR, fission products 1 week after reactor 
scram 

a From Ref. [17]. 
• The sign + means undercompensation. 
' Bulk Shielding Reactor. 

Placing the preamplifier close to the chamber reduces 
drastically the susceptibility of the system to pulse 
noise pick-up, so that the counting channels can be 
depended on to count neutrons and assure the reactor 
operator of the presence of an adequate source. The 
assembly is particularly suited for use as part of the 
wide-range counting channel described previously, 
but can also be used with conventional counting 
instrumentation. 

The entire assembly is waterproof. The maximum 
outside diameter is 1.9 em and the maximum rigid 
length is 30 em. The chamber and the cable connecting 
it to the preamplifier can withstand at least 1010 r; 
the preamplifier, at least 108 r. The preamplifier is 
potted in epoxy resin for heat transfer and can operate 
in air or water at 100 °C ambient. 

The chamber has a sensitive length of 7.6 em, is 
coated with 1 mgjcm2 of 235 U, and is filled with 
Ar + 3% C02 at a pressure of 1. 7 atm. Its sensitivity 
is 0.025 count/nvt·. 

The preamplifier circuit consists of two cascaded 
feedback amplifier stages using subminiature vacuum 
tubes. The gain of the charge-sensitive input stage 
does not vary with changes in its input capacitance: 
variation of 0 to 200 pF produces a gain change of 
only 10%. The second stage is a voltage amplifier 
with the output fed to a balanced shielded signal 
cable, terminated at its receiving end by a pulse 
transformer. The preamplifier output signal pulse 
height is 150 mV into 160m of cable, for a nominal 
50 MeV fission fragment. 

During a reactor re-start, the neutron-to-gamma 
flux ratio is a minimum, and attention must be paid 
to pulse pile-up and radiation damage problems 
under these conditions. For Be- or D20-moderated 
reactors, the photoneutron flux will be high, giving a 
more favorable neutron-to-gamma flux ratio. For 
reactors moderated or shielded with ordinary water, 
the natural abundance of D20 creates a photoneutron 
flux of 0.2 nv per r /h; at a photoneutron counting 
rate of 104 countsjs, the gamma flux is 2 x 106 r.h. 

Deviation from 
Shield and Geometry total 

compensationb 

10 em air, source at +0.8% 
front of chamber 

10 em air, source at +1.3% 
side of chamber 

20 em of water +0.9% 

20 em of water +0.9% 

20 em of water +0.6% 

40 em of water +0.5% 

Gamma-ray pulse pile-up is minimized by using 
double RC clipping, with time constants of 150 ns, 
and by using a low gas density in the chamber. The 
experimental results shown in Fig. 4 demonstrate the 
satisfactory signal-to-pile-up ratio at 2 x 10~ rjh. 

The useful service life is greater than one year [14]. 
Extensive experimentation has been required to 

achieve in practice the freedom from electrical noise 
pick-up which is believed necessary. The principal 
source of pulse noise is electromagnetic radiation 
from ac power lines which are shock-excited when some 
piece of equipment is turned on or off. The sensitivity 
to noise has been minimized by the large output 
signal from the preamplifier, the balanced configura
tion with common-mode rejection, and multiple 
electrical shielding. Contrary to popular belief, the 
lowest noise is achieved when the inner and outer 
shields are connected together in several places, for 
example, at the preamplifier, at the pulse transformer 
100 metres away, and at one other place in between. 
Apparently, the capacitive coupling between shields 
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defeats any attempt at isolation. With the correct 
connections, the instrument operates in the noisiest 
locations available with no noise pulses as large as 
alpha-particle pulses from the fission chamber, even 
when cranes, welders, or rod-drive motors are 
operated. 

Subminiature in-core ion chamber 

It is generally recognized that in-core measurements 
are important for safety, control, and economic 
optimization of many power reactors. A variety of 
in-core neutron and gamma-ray detectors have been 
developed to operate in the adverse environment 
required for making such measurements. 

An ionization chamber developed by Boyd [19] is 
0.23 em in diameter and 1.25 em long. It is constructed 
ofTi and special ceramics* that have equal coefficients 
of expansion, permitting fabrication and thermal 
cycling without excessive stress. The chamber is 
hermetically sealed; the final closure weld is made in a 
bell jar in an atmosphere of the Ar filling gas at a 
pressure of approximately I atm. The chamber is 
capable of monitoring neutron flux up to 1015 at 
temperatures up to 535 °C. 

Because of the small size of the chamber, special 
techniques are needed to incorporate the neutron
sensitive material. A boron coating is obtained by 
vapor deposition of elemental boron on the inside 
surface of the shell. For a fission chamber, a small slug 
of Zr-U alloy is pressed into the shell and machined 
in place to a thin-walled cylinder. This alloy can 
withstand the temperature the chamber experiences 
in the brazing cycle. 

The small size of such a chamber permits a number 
of interesting applications. In one configuration, the 
chamber was sealed in a 0.3 em diameter tube at the 
end of an alumina-insulated stainless steel sheath 
cable of the same diameter. The tube-to-cable trans
ition did not exceed the diameter of the cable and the 
tube; therefore, the probe could be inserted into the 
interstices of core structures with a minimum of 
perturbation. 

In another application, two of these chambers were 
enclosed in a 0.6 em diameter capsule to measure 
local moderator void fraction in a boiling-water 
reactor. One chamber was cadmium shielded to 
measure the cadmium ratio, which is related to the 
void fraction. 

Finally, this chamber can be attached to a flexible 
cable to form a probe, which is used to traverse a dry 
thimble through the pressure vessel wall and through 
the reactor core. 

Studies are under way [20, 21] on the use of mixtures 
of fissionable and fertile isotopes for in-core detectors 
to prolong their burn-up life. The optimum mixture 
may be a sensitive function of the neutron spectrum 
because of variation with energy of the fission and 
absorption cross section;;. Preliminary calculations 
suggest [21] that a mixture of isotopes can be devised 

* Fosterite, GE-F202. 
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whose total fission cross section will vary less than 
20% during a lifetime of 5 x 1021 nvt. 

SENSORS FOR NON-NUCLEAR VARIABLES 

In order that they can function in the reactor 
environment, sensors for non-nuclear variables must 
be specially designed for this service. In the instruments 
discussed in this section, this problem is circumvented 
to a degree by transmitting the information to a 
secondary transducer in a more favorable environment, 
and there converting the signal to an electrical signal 
in a form more easily utilized by other instrumentation. 

Acoustic thermometer 
A method of measuring temperature developed by 

Apfel [22] uses the variation of sound velocity with 
temperature. To first order, the velocity depends only 
on the molecular weight, the ratio of specific heats, 
and the absolute temperature, and is independent of 
pressure. A burst of acoustic energy is transmitted 
through a small-diameter tube to a cavity containing 
the gas whose temperature is to be measured. When 
the frequency of the signal is equal to the cavity reso
nant frequency, the reflected echo returning from the 
cavity will be a minimum. 

In the experiments, He gas was used in a cavity 
1.3 em in diameter and 25 em long. The connecting 
tube was 0.3 em in diameter and was made 6 m long to 
simulate a reactor installation, with the transducer 
safely away from the core. The acoustic temperature 
measurement agreed within I% with a thermocouple 
over the range 20-925 °C. The transducer need not 
withstand the reactor core environment, but must 
provide adequate containment. 

Ultrasonic liquid-foam-vapor height gauge 
A height gauge described by DePrisco et a!. [23] 

utilizes the acoustic impedance mismatch between a 
small vibrating plate and the fluid under test. The 
vibrating plate is moved vertically by a calibrated 
drive mechanism. The marked difference in impedance 
between liquid, foam and vapor, permits easy identifi
cation, during a vertical traverse of the plate, of the 
three components. Further, a calibrated probe can be 
used to measure the liquid content of a foam. 

Experiments using water foams, both stabilized 
and unstabilized, demonstrated unambiguous detection 
of liquid-foam and foam-vapor interfaces over the 
range 20-250 °C. Foam water content of 1 to 8% was 
measured. 

By use of force-insensitive mounts, the ultrasonic 
transducer can be located outside the reactor, with the 
energy transmitted through a bar which may have the 
shape of a tortuous wire. 

Ultrasonic detection of incipient 
boiling and cavitation 

An instrument similar to the one described in the 
preceding section was used by DePrisco eta!. [24] to 
detect incipient boiling. The power to a vibrating 
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surface was increased until cavitation was induced. 
The cavitation was detected by its characteristic 
acoustic noise, which was transmitted back through 
the coupler to the transducer. The power required 
to induce cavitation is a measure of the pressure and 
temperature margin below the boiling point. 

Measurements were made on water over the range 
24-155 oc and 1-5.7 atm. In this region, the sensitivity 
was not pressure dependent. 

The advantage of such a measurement would be the 
ability t.o monitor continuously the margin to incipient 
boiling and, hence, to possible burn-out in a non 
boiling system. 

SUMMARY 

Although some of the developments described are 
one-for-one improvements of existing devices, the 
general trend in reactor instrumentation is clearly 
toward greater complexity. This is inevitable because 
of the increasing complexity of reactor systems and 
because of the wider scope of instrumentation in these 
systems. Improvement of the safety, serviceability 
and economy of the nuclear power plant must be the 
justification of improving plant instrumentation, 
with safe and economical power always the ultimate 
goal. 

It is a pleasure for the author to acknowledge his 
indebtedness to the many persons in the field whose 
private communications of work not yet published 
were invaluable in the preparation of this paper. The 
author is also grateful for helpful comments by 
Dr. S. H. Bush and his colleagues, and by Dr. D. P. 
Roux. 
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ABSTRACT -RESU ME-AH HOT A~VlR-RESU MEN 

A/229 Etats-Unis d'Amerique 

Ameliorations dans !'instrumentation des 
reacteurs de puissance a haute performance 

par S. H. Hanauer 

La mise au point de centrales nucleaires capables de 
fournir de l'energie a bas prix a exige !'amelioration 
des performances du creur. Pour que le fonctionnement 
du reacteur ne soit pas limite par les possibilites de 
!'instrumentation, de nouveaux appareils ont ete 
realises, a Ia fois pour repondre a de nouvelles 
fonctions et pour mieux satisfaire aux fonctions deja 
utili sees. Pour que l'energie soit a bas. prix, il faut 
egalement que Ia centrale soit disponible a tout 
instant, et des efforts importants ont ete consacres a 
ameliorer a cet elfet Ia fiabilite des instruments. On 
decrit quelques nouvelles techniques instrumentales. 

La realisation d'instruments modulaires a fonctions 
specialisees utilisant des composants actifs a l'etat 

solide, a constitue une amelioration essentielle de 
l'equipement electronique des reacteurs. En plus des 
avantages que sont des performances meilleures, la 
fiabilite, le faible volume et Ia faible consommation 
d'energie, ces nouveaux modules peuvent etre combines 
pour constituer des systemes d'instruments de carac
teristiques tres ameliorees. On decrit un element de 
comptage, a gamme tres large, qui utilise un mouve
ment controle continu du detecteur pour mesurer Ia 
puissance du reacteur et sa periode, dans tout le 
domaine de fonctionnement, sans changement de 
gamme ni autres discontinuites. On a realise des 
ensembles multiples de controle de reacteurs, pour 
lesquels Ia panne d'un canal de mesure ou d'un 
servo-mecanisme ne compromet pas Ia regulation 
automatique du processus. On a construit des systemes 
de securite recevant a !'entree des fonctions complexes 
qui, par des essais en cours d'utilisation, garantissent 
une surete convenable sans sacrifier Ia disponibilite 
de Ia centrale. 
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Les detecteurs nucleaires ameliores decrits com
prennent des chambres d'ionisation compensees, des 
chambres comprenant plusieurs sections, des chambres 
a haute temperature, et un ensemble chambre de 
fission - preamplificateur insensible aux parasites elec
triques. Des modules d'instrumentation non nucleaire 
utilisant des composants a l'etat solide ont ete realises 
et donnent de meilleures performances et une meilleure 
fiabilite. 

Des detecteurs speciaux pour la mesure de variables 
non nucleaires au voisinage du reacteur sont decrits. 
Les techniques ultrasoniques servent a la mesure des 
niveaux liquides, des interfaces liquide- mousse
vapeur, et de Ia densite des mousses. Des detecteurs 
experimentaux comprennent des detecteurs soniques, 
ultrasoniques, la detection par reactivite du debut 
d'ebullition, la mesure pneumatique des temperatures 
et Ia mesure des hautes temperatures par variation de 
Ia constante dielectrique de certains materiaux cera
miques. La mesure en pile de variables nucleaires et 
non nucleaires facilite !'optimisation du fonctionne
ment du reacteur et de son controle. 

L'utilisation de ces nouveaux instruments et de ces 
nouvelles techniques a pour but d'augmenter Ia 
sfirete, les performances et Ia disponibilite de Ia 
centrale. L'augmentation certaine de Ia complexite et 
du prix de !'instrumentation doit done etre compensee 
par ces gains, pour aboutir a un prix de revient global 
plus bas dans des conditions satisfaisantes de securite. 

A,'229 CWA 

YcoaepweHcraoaaHHe KOHTp011bHO-H3-
MepHTellbH~x npH6opoa AllH 3Hepre
TH~eCKHX peaKTOpOB B~COKO~ npOH3-
BOAHTellbHOCTH 

c. r. XaHayep 

Paapa6oTKa H;.(epHbiX :mepreruqecnnx ycrano
BOK, Bhlpa6arhlnaro~nx p;emenyro :meKrpo:meprnro. 
CBH3aHa Herrocpep;CTBCHHO C yJiyqmeHHeM rrapa
MeTpOB aKTHBHOH 30Hhl peaKTOpOB. ,lJ;JIH TOfO 'IT0-
6bl BbiCOKHC :mcrrJiyaTa~HOHHbiC Ka'!eCTBa peaKTO
pa He orpaHH'IHBaJIHCb B03MO/RHOCTHMH cy~eCT

nyro~HX KOHTpOJibH0-113MepHTeJibHbiX 1IpH60pOB, 
6bJJIH paapa6oranr,r HOBbie rrpn6opbl naK p;JIH Bhi
IIOJIHeHHR HOBhiX, ):1;0 CHX IIOp He rrpHMCHHBillHXCR 
«flyHK~HH, TaK H )J;JIH yJiyqmeHiiH KOHTpOJIH JI H3-
MepeHHR yme nanecTHhiX rrapaMeTpon. ,D;emenoe 
npOH3BO)J;CTBO ;meprHH Tpe6yeT, 'IT06bi ycTaHOBI>H 
oGJiap;aJIH BbiCOKHMII na•reeTBaMH. flonoMy MHO
ro ycnJinii 6biJio uorpaqeno na rronhrmenne na-

. p;emnocrn rrpn6opon. B p;oKJiap;e ormcanhi Hc~>o
'l'Ophle HOBble rrpn6ophi. 

· BoJihmne p;ocrnmenna B ap;epHoii 3.1eK'l'poHnKc 
II03BOJIIIJIII OCHaCTIITh peaKTOpbi rrpn6opaMH CUe
I~HaJibHOfO Ha3Ha'leHHH. flo cpaBHI:'HHIO C rrpem
HHMH HOBble rrpn6ophl 06Jia)J;aiOT 6oJiee BbiCOIWii 
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TO'IHOCTbiO H Ha)J;e/1\HOCTbiO pa60Thl, HMI:'IOT Hl'
OOJibilllle paaMephl n xapaKrepnayrorca MaJihiM 
norpe6JienneM aueprnn. B )J;OKJiap;e orrnChiBaercH 
lllHpOKO)J,HaTia30llllbiH C'leT'IHK C HenpephiBHhiM 
peryJinpyeMhiM )J,BnmeuneM ;J;aT'HIKa. On npep:
uaaHa'!eu )J;JIH onpep;eJieHHH Mo~nocrn peaKropa 
n nepnop;a ero pa6oTbi B xop;e aKermyara~HlL 
CqerqnK ue Tpe6yer HnKaKHX nepeKJIIO'IeHni1: p;H
anaaoHoB HJIH KaKnx-Jin6o p;pyrnx nepephiBOB B 
pa6ore. Coa]l;aHhi MHoroKaHaJibHble KOHTpOJILHhie 
npn6ophr, n KoropbiX anapna o.uHoro naMepnreJih
uoro KanaJia nm1 op;uoro cepnoMexannaMa ue npn
nop;nT K npeKpa~eHHIO aBTOMaTH'IeCKOH pery.TJH
pOBKH ncero npo~ecca. TaRme coap;aubl cncreMhi 
KOHTpOJIH 6eaonaCHOCTII CO CJI0/1\HbiMII BXO)J;Hbl
Mif lf>yHK~IIHMII, KOTOphie onpep;eJIHIOT COCTOHHIU:' 
cncreMhi n rrpo~ecce pa6oThi n reM o6ecne'lnnaroT 
rpe6yeMyro 6eaonacnocTh 6ea JIIfillHero rrpocron. 

I{ OlllfCaHHbiM ycon.epmeHCTBOBaHHhiM ClfCTP
MaM OTHOCHTCH KOMlli:'HCaiVIOHHbll:' IIOHU3a~HOH

Hhle, MHoroeeK~IIOHHhie U BhiCOKOTCMlieparypHbiC 
I-\aMepbi 11 anrraparhl c rrpep;napnreJibHhiM ycmm
<'M HMliYJihCOB KaMepbi ;:J;eJieHHH, 'ITO o6ecrrequna
CT He'iyBCTBUT('JlhHOCTh K 3JieKTpH'IeCKUM HOMl'
XUM p;aT'IJIKa. Paapa6oraH&I raKme Mop;eJin ne
.Rp:epnhiX rrpn6opon, ocnoBaHHhiX na upnn~uuax. 
tfmauKn rnepp;oro TeJia, B peayJihTare qero rrouhi
CMJiaCh JIX Ha;J;P/1\HOCTL II TO'!HOCTh B pa60Tl'. 

0IIHChiBaiOTCH cne~uaJILHhle ;J;aT'IIIKII ,!!;Jill 113-
MepeHHH HeHp;epHblX nepeMCHHbiX B peaKTOpe. 
TaK, YJibTpaanyKonaa TexnnKa rrpnMenaercs AJIK 
Jl3MepeHIIH ypOBHH 11\II)J;KOCTH HJIH IIOBCpXHOCTeH 
paap;eJia Mem,!l;y nop;oii:, rreHoii: n rrapoM, a TaKme 
IIJIOTHOCTH HeHbl. 8KC1IepHMCHTaJihHhH' ;(aT'IIII\H 
llKJIIO'IaiOT yKa3aTCJIH HaqaJia KlflieHIIH, pa60TUIO
llWC no 3BYKOBOMY n yJILTpaanyKonoMy Hpnn
~nny IIJIII me C )J,eTCKTOpOM peaKTUBHOCTII, IIIICB
MUTH'ICCKife naMepnreJIH reMrreparyphl n ua
MepHTeJIH BhiCOKOii TCM1Ieparyphl, OCHOBUHHLie HU 
H3MeHeHHII )J;H3JieKTpH'IeCKOH KOHCTaHThl IICKOTO
pbiX KepaMn'leCKHX MarepnaJioB. ,D;aT'IIIIUI nnyrpn 
aKTHBHoii 30Hhl, KOHTpOJIHpyro~ne Hp;epHhiC II HC
H)J,epHbie rrepeMCHHble, lipHMeHHIOTCH ;(JUI OliTIJMH-
3U~Hif pa6oThi peaKropa u o6Jierqenna ero ynpan
liPHH.R. 

llpnMeHeHne :JTIIX HOBbiX rrpn6opOB II M<'TOAOB 
llMeeT ~e.TihiO IIOBbiCHTh 6eaorraCHOCTL II yJiyq
llJUTh pa6ory n o6cJiymnnaHue ycranonKn. HecoM
HeHHoe ycJiomnenue u YAOpomanue peaKropon, 
IIpiiMCHHIO~HX Tal\yiO arrrraparypy, oi'yrraeTCH 
yKaaannbiMH rrpenMy~ecrBaMu n 6oJiee mr:moii 
<"TOHMOCThiO 3Heprnu rrpn COOTBCTCTBYIO~<'M ypo
une 6eaorracnocrn. 

' 

A/229 Estados Unidos de America 

Mejoras en Ia instrumentaci6n para reactores 
de potencia de alto rendimiento 

por S. H. Hanauer 

El desarrollo de centrales nucleares capaces de 
suministrar energia a bajo precio ha exigido un mayor 
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rendimiento del nucleo del reactor. Para que el 
rendimiento del reactor no este limitado por las posibi
lidades de Ia instrumentacion, se han desarrollado 
nuevos instrumentos tanto para funciones no utiliza
das basta ahora, como para mejorar funciones ya en 
uso. Un bajo coste de Ia energia requiere tambien un 
alto aprovechamiento de Ia central y para este fin se 
ha puesto un gran empeiio en aumentar Ia seguridad 
de funcionamiento de Ia instrumentacion. Se describen 
algunas de las tecnicas sobre instrumentacion recien
temente desarrolladas. 

Se ha obtenido una importante mejora en Ia 
electronica de Ia instrumentacion de reactores me
diante el desarrollo de instrumentos moduladores para 
fines especiales, empleando componentes activos de 
estado solido. Ademas de las ventajas de presentar 
mejor rendimiento y un mayor grado de confiabilidad, 
como tambien menores requerimientos en cuanto a 
tamaiio y suministro de energia, estos modulos pueden 
ser combinados para formar equipos con caracteris
ticas grandemente mejoradas. Se describe un canal de 
recuento de amplio margen que emplea el movimiento 
continuo controlado del elemento detector para medir 
Ia potencia y periodo del reactor en todo el margen de 
operacion sin cambio de escala u otras discontinui
dades. Se han desarrollado sistemas de control 
multiple para reactores en los cuales Ia averia de un 
canal de medida o de un servo no produce perdida de 
regulacion automatica del proceso. Se han construido 
sistemas de seguridad con funciones complejas de 
entrada en las que realizan verificaciones durante el 
funcionamiento normal para asegurar unas caracteris-
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ticas de seguridad adecuadas sin sacrificio en el uso 
de Ia central. 

En los detectores nucleares mejorados que se 
describen se incluyen camaras de ionizaci6n com
pensadas, camaras de secciones multiples, camaras 
para altas temperaturas y un sistema preamplificador 
de impulsos para camaras de fision insensible al ruido 
electrico captado. Se han desarrollado modulos para 
instrumentacion no nuclear empleando componentes 
de estado solido que proporcionan mayor rendimiento 
y seguridad de funcionamiento. 

Se describen elementos sensibles especiales para Ia 
medida de variables no nucleares en las proximidades 
del reactor. Se emplean tecnicas de ultrasonidos para 
medir niveles de liquidos, o de interfases liquido
espuma de vapor, asi como densidades de espuma. Se 
incluyen elementos sensibles experimentales para Ia 
detecci6n de ebulliciones nacientes por sonidos, por 
ultrasonidos y por reactividad, asi como para Ia 
medida neumatica de temperatura y para Ia medida de 
altas temperaturas por variacion de Ia constante 
dielectrica de ciertas ceramicas. Para hacer 6ptimo 
mas facilmente el rendimiento y el control de reactores 
se analizan variables nucleares y no nucleares del 
interior del nucleo. 

El empleo de estos nuevos instrumentos y tecnicas 
tiene por objeto aumentar Ia seguridad, el rendimiento 
y el grado de utilizacion de Ia central. El aumento 
includable en Ia complejidad y costes de Ia instru
mentacion tiene que compensarse con las ventajas 
anteriormente mencionadas conduciendo a unos 
costes totales inferiores con una seguridad aceptable. 
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CMcTeMa ynpaaneHM~ peaKTopaMM 

M. Sl. EMenbiiHOB, A. r. <DMnMnnoa, c. J1. YMaHCKOII, A. M. XnyAOB 

Paapa6aTLIBaeMLie B HaCTO.R~ee BpeM.R aTOMHhle 

peaKTOphl OTJIH'IaiOTC.R 6o.:JhiDHM pa3H006pa3HCM 

110 Ha3Ha1JeHHIO, MOII\HOCTH, KOHCTpyKTHBHOMY 

HCIIOJIHeHHIO. 8TO pa3H006paaHe Tpe6yeT B Kam

,ll;OM OT,ll;eJihHOM CJiyqae HH,ll;HBH,ll;yaJibHOfO IIO,ll;

XO,ll;a K pemeHHIO CHCTeMLI ynpaBJieHHJL B TO 

me BpeM.R ,ll;JI.R BCeX THIIOB peaKTOpOB OCTaeTC.R 6ea

YCJIOBHhlM Tpe6oBaHHe 6eaonacHoii pa6oThl. Bea

oiiacHa.R pa6oTa ycTaHOBKH MomeT 6LITh o6ecne-

1JeHa TOJibKO npH Ha,n;eJJmOft CHCTeMe ynpaBJieHH.R. 

B CB.R3H c aTHM y,n;eJI.ReTc.R 6oJihllloe BHHMaHHe 

paapa6oTKe cwcTeM ynpaBJieHH.R. YcHJIHJI KOH

CTPYKTOpoB cHcTeMLI HanpaBJI.RIOTC.R Ha o6eciie-

1JeHwe 6e30IIaCHOCTH pa60Thl 1IpH MHHMMaJihHhlX 

MaTepHaJihHhiX aaTpaTax. 

,D.BE 05JlACTJ..1 YnPABJlEHJ..1A 

O,n;HHM H3 onpe,n;eJI.RIODJ;HX l}>aKTopoB npH paa

pa6oTKe CHCTeMhl ynpaBJICHH.R HBJIHCTCH )J;ODy

CTHMa.R CKOpOCTb H3MeHeHH.R MOII\HOCTH ycTa

HOBKH. Ma aKcnJiyaTal\HOHHLIX coo6pameHHH me

JiaTeJibHa MaKCHMaJibHO B03MOiJma.R CKOpOCTb 

H3MeHeHHH MO~HOCTH. Op;HaKo, Y'IHTLIBaH cne-

1.\HI}>HKY aTOMHhlX ycTaHOBOK, Ha CKOpOCTh H3-

MCHeHH.R MO~HOCTH BCer,n;a HaKJia)J;LIBaiOTC.R Of

paHH'IeHH.R, rapaHTHpyro~He 6eaonacHyro pa6oTy. 

8TH orpaHH'IeHHH yBeJIH'IHBaiOT BpeM.R BhiXop;a 

Ha MO~HOCTb HJIH H3MeHCHH.R ypoBH.R MO~HOCTH. 

Ha uccJie,n;oBaTeJihCKHX peaKTOpax c IIJIOTHOCT.RMH 

IIOTOKOB HCHTpOHOB ,n;o 1015-;-1016 neiimp/Cl•l} •CeK. 
B CBH3H C HHTCHCHBHLIM DpOI\CCCOM OTpaBJICHH.R 

OCTaHOBJICHHOfO peaKTOpa IIYCK H BhlXO,ll; YCTa

HOBKH Ha pa601JHH ypoBeHh ,ll;OJiii\Hhl ocy~eCTB
JI.RTbC.R aa apeM.R nop.R,n;Ka 30 .MUH. Ha aBTOHOM

HLIX 3HepreTH'ICCKHX yCTaHOBKaX B CB.R3H C 

OTCYTCTBHeM peaepBHLIX HCTO'IHHKOB IIHTaHH.R 

IIYCK H BLIXO,ll; Ha pa60'IHH ypOBCHb ,ll;OJiii\Hhl 

ocy~eCTBJI.RThCJI aa BpeMJI IIOpJI,n;Ka 15 .MUH, 

B Te'leHHe KOTOporo o6paayi()~HHC.R aa C'ICT 

aKKyMyJIHpOBaHHOH :meprHH nap MOii\CT y,ll;OBJIC

TBOpHTb co6cTBeHHLie Hym,n;LI cTaHI\HH. B aTHX 

CJiy'laHX ,ll;OJiii\HO 6LITb Haft,n;eHO KOMIIpOMHCCHOe 

pemeHHe, 1103BOJIHIOII\ee o6ecne'IHTb pa60TOCIIO

C06HOCTb H 6eaonaCHOCTb ycTaHOBKH. 

MHHHMaJihHOe BpeM.R BLIXO,ll;a Ha MOII\HOCTb 

MOtRHO 6LIJIO 61>1 IIOJiy'IHTb 1IpH paaroHe 110 

3KCIIOHeHI\HaJibHOMy 3aKOHy C 6eaonaCHLIM ne

pHO,ll;OM. O,n;HaKo ue Ha acex peaKTOpax ,n;onycTHM 

TaKoii paaroH ao aceM ,n;uauaaoHe uaMeHeHBJI MOil\-
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HOCTH ,ll;O HOMBHaJibHhlX 3Ha1JCHHH. 8HepreTH'Ie

CKHe H MOII\HhlC HCCJIC,ll;OBaTeJibCKHC peaKTOphl 

,ll;OIIyCKaiOT paarOH 110 3KCIIOHCHI\HaJihHOMy aaKOHy 

TOJibKO )1;0 ypOBH.R, COCTaBJIJIIOII\CfO HCCKOJI hKO 

1Ip01.\CHTOB OT HOMHHaJibHOfO, TO CCTb B )\H8D830HC 

H3MeHeHH.R MOII\HOCTH, r,n;e rapaHTHpOBaH OTBO,ll; 

TenJia, o6paayro~eroc.R B peaKTope, 11 He MomeT 

IIOHBHThCH 0118CHhiX )J;JUl peaKTOpa nepenap;OB 

TeMnepaTyphl. 

Ha 6oJiee BhlCOKHx ypoBHHX MOII\HOCTb pe

aKTopa ,ll;OJiii\H8 H8XO,ll;HTbCH B COOTBeTCTBHH C 

paCXO)J;OM TellJIOHOCHTeJIH; 'IT06hl H36emaTh TCII

JIOBhlX yp;apoB, Ha CKOpOCTb H3MCHCHHH MOII\

HOCTH HaKJia,n;LIBaiOTCJI orpaHH'IeHHJI. B aToM 

,n;HanaaoHe MO~HOCTH HaH6oJI·ee l\eJiecoo6paaeH, 

Ha Ham B3fJIH)J;, paaroH 110 JIHHeHHOMy 38KOHY 

H3MeHeHHJl MO~HOCTH. 

Tpe6oBaHHH coqeTaHHJI MHHHMaJibHoro ape

MeHH BhlXO,n;a Ha MOII\HOCTb C 6eaonaCHOCTbiO 

YCT8HOBKH H yp;o6CTBOM ee 3KCIIJiyaTal\HH MOryT 

6biTh y,n;oBJieTaopeHLI ocy~ecTBJieHHeM paaroHa 

110 3KCIIOHeHI\HaJihHOMy 3aKOHy llpH nycKaX H 

Ha M8JihiX ypOBH.RX H paaroHa 110 JIHHeHHOMy 

aaKoHy B pa6o1JeM p;wanaaoHe MOII\HOCTH. B cooT

BeTCTBHH C 3THM BeCb KOHTpOJIHpyeMhlH ,ll;Halla30H 

MO~HOCTH paa6HBaeTC.R Ha ,ll;Be 06JiaCTH: ny

CKOByiO H pa6oqyiO. IJyCKOBaH CHCTeMa )J;OJiii\Ha 

o6ecne'IHBaTb ynpaBJieHwe B p;HanaaoHe OT noJI

HOCTbiO OCTaHOBJICHHOfO peaKTOpa ,ll;O 1-;-10% OT 

HOMHHaJibHOH MOII\HOCTH, pa6oqaJI CHCTCMa -

B ,ll;Halla30HC OT 1-;-10% ,ll;O HOMHHaJibHOH MOII\

HOCTH. fpaHHI\a nepexop;a OT IIYCKOBOH CHCTCMbl 

K pa6oqeft onpe,n;emiCTC.R B Kail\,ll;OM KOHKpeTHOM 

cJiyqae. 

OCHOBHbiE UlYHKU.I-11-1 CI-1CTEMbl 

IJyCKOBa.R CHCTeMa ,ll;OJiii\Ha o6eCIIC'IHBaTh H3Me

peHHe MOII\HOCTH B JIOrapHI}>MH'ICCKOM M8CIDTa6e, 

HaMepeHHe nepHop;a paaroHa, Bhlcao6om,n;eHHe 

peaKTHBHOCTH ,ll;JI.R KOMIICHCal\HH IIO,ll;KpHTH'I

HOCTH H C03,ll;aHH.R Ha,n;KpHTH'IHOC'IH, o6ecne

'IHBaiOII\eH aa,n;aHHhlii nepHo.n; paaroHa, no,n;,n;ep

maHHe aap;aHHoro nepHop;a p;o Bhlxo,n;a Ha Heo6-

xo,n;HMLiii ypoBeHh H ,n;aJiee CTa6HJIH3al\HIO 

MO~HOCTH Ha 3TOM ypOBHC, IIOCTYIIJICHHe CHrHaJIOB 

B CHCTCMhl llpe,n;ynpe,n;HTCJibHOH 3aii\HThl H aBTOMa

TH'IeCKOH aRapHHBOH OCTaHOBKH peaKTOpa 11p11. 

npeBLIIDCHH.RX ,ll;OIIYCTHMOH CKOpOCTH paaroHa HJIH 

aa,n;aHHOfO ypoBH.R MOII\HOCTH. ~JI.R nyCKOBOH 
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CHCTeMbl MOiKHO Ct:[HTaTb DpHeMJieMOll TOt:[HOCTh 

TIO)J;]J;epmaHHH nepHO)J;a H ypOBHH MOIIl;HOCTH 20--;-
--;--25% OT aa)J;aHHoro 3HaqeHHH. 

CncTeMa, ;o;eiicTBYIOIIl;aH B pa6oqeM )J;HanaaoHe, 

;o;oJimHa o6ecneqnnaTb H3Mepemm MOIIl;HOCTH, no;o;

]J;epmaHne H H3MeHeHHe ypoBHH MOIIl;HOCTH, ROM

TieHCaiJ,HKl BCeX B03MYII1;6HI-fii peaRTHBHOCTH, TIO

CTyTIJI6HHe CHrHaJIOB B CHCT6Mhl npep;ynpe)J;H

TeJihHOii 3aiil;HThl II aBTOMaTllt:[6CROll anapHllHOll 

OCTaHOBRH peaRTOpa npH IIp6BhiiiieHHHX MOIIl;

HOCTII. ToqHoCTh no;o;;o;epmaHnH ypoBHH MOIIl;HOCTH 

o6hl,t:[HO nopa;o;Ra 1% oT aa;o;aHHoro aHatie

HHH. 

<flopMHpOBaHHe CllrHaJIOB npeBbiiiieHII.H MOIIl;

HOCTH B paootieM p;Hana30He 006CTI6t:[HBaeTCH 

CHCT6MOH ROHTpOJIH npeBhiiii6HHH MOIIl;HOCTH. 8Ta 

CHCTeMa MOIJ\6T pearHpOBaTh Ha OTHOCHT6JlhHhl6 

HJIH a6cOJIIOTHble npeBhiiiieHHH MOIIl;HOCTH BO 

seeM ;o;HanaaoHe ee pa6oThl. Ilpe)J;nOtiTeHHe, Ha 

Haiii B3rJIH;IJ;, CJiep;yeT OTp;aBUTh CliCTeMaM, pearH

pyKliil;HM Ha a6COJIKlTHhl6 npeBbiiiieHHH MOIIl;HOCTII. 

Ha HOMHHaJibHOM yponHe MOIIl;HOCTH 3TH cncTeMhl 

paBHOIJ,6HHhl, Ha ypoBHHX HH/J\6 HOMHHaJibHOro 

tiyBCTBHT6JlbHOCTh CHCT6Mhl, pearnpyiOIIl;eH Ha 

a6COJIIOTHhle npeBhiiiieHHH, HMiKe, tieM qyBCTBH

T6JlhHOCTb CHCT6Mhl, pearnpyiOIIl;6II Ha OTHOCH

T6JlbHhl6 npeBh!IIIeHuH. TaKoe CHHmemm 

qyBCTBHTeJibHOCTII yMeHbiiiaeT BepOHTHOCTh TIOHB

JI6HHH anapHllHbiX CHrHaJIOB II3-3a ne60JihiiiHX, 

He OTiaCHhiX ;IJ;JIH peaKTOpa, Dp6Bhiiii6HHii MOIIl;

HOCTH, TO eCTh ,D:eJiaeT CHCT6MY 6oJiee Ha,D:eiKHOH. 

KpoMe Toro, no.HBJIHeTcH B03MOII\HOCTb ynpoiu;e

HHH npn6opa B CBH3H C TeM, t:[TO He rpeoyeTCH 

peryJinpoBaTh Koacpcpnu,HeHT nepe)J;atin B aann

CHMOCTU OT ypOBHH MOIIl;HOCTH H TI03TOMY nopor 

'IYBCTBHT6JlhHOCTU npnoopa MOII\eT 6b1Th C,!l;eJiaH 

Bhiiiie npnMepHo B 100 paa (ecJIH ,a;Hanaaon 

pa6otiero npn6opa cocTaBJIHeT 2 ,a;eKap;hl). TaRoe 

ynpOII1;6HHe TaKil\6 CTIOC06CTBY6T llOBhiiii6HHIO Ha

,!l;6JKHOCTH CHCT6Mhl. 
Cnrnam>I npeBhliiieHHH cKopoCTH napacTaHnH 

MOIIl;HOC1'H HJIH npeBhiiii6HHH ypOBHH MOIIl;HOCTH 

H3 nyCKOBOH CHCTeMhl H CHrHaJibl npeBhiiiieHnH 

MOIIJ;HOCTH M3 CHCTeMhl, ,a;efiCTBYIOIIl;eH na pa6otinX 

ypoBHHX, nocrynaror B cncTeMhl npe)J;ynpe,a;n

TeJibHOH 3aiil;HThi H aBTOMaTnqeCKOH aBapHHHOH 

ocranoBKn peaKTopa. CncTeMa npe,a;ynpe,a;nTeJib

Hoii aarn;nThl npe,a;ynpem,a;aeT onepaTopa o6 OT

KJionennn KOHTpoJinpyeMhiX napaMeTpon n 6Jio

KHpyeT nepeMeiu;enne cTepameii BBepx, TO ecTh 

He ll03BOJI.HeT yBeJIH'IHBaTh H36h!T0t:[HYIO peaK

TliBHOCTb. CncTeMa aBTOMaTntiecKoii anapniinoii 

ocTaHOBKH peaKTopa o6ecnequnaeT raiiienne pe

aKu,nn BBe)J;enneM TOro IIJIH nnoro ROJIMqecTna 

CTepmnefi B 3aBHCIIMOCTH OT XapaKTepa aBapnfi

HOH cnTyau;nn. 

TaK KaK pa6otine yponnn JiemaT R npe,a;eJiax 

]J;BYX ]1;6Ka,!l;, a CHCTeMa aBTOMaTH'IeCJ\OH OCTa

HOBKH ]J;OCTaTOt:[HO 6biCTpO,!l;ellCTBYIOIIJ;aH, TO eCTh 

yBepeHHOCTh, 'ITO CHrHaJI 0 np6BbiiiieHHH MOIIJ;

HOCTH o6ecne'IHT OCTaHOBRY peaKTOpa npem,a;e, 

qeM nepno]J; paarona ,a;ocTnrHeT onacnhlx ana

qeHnii, a TIOTOMY 3aiil;HTa TIO CKOpOCTH paaroHa 
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B paooqeM ,a;nanaaone, RaK npannJio, He npe]J;y

cMa TP HnaeTCH. 

CncTeMa, ,a;eiicTByrorn;aH B paooqeM )J;nanaaoHe 

MOID;HOCTeH, ]J;OJI/HHa yp;OBJieTBOp.HTh TIOBhiiiieHHhiM 

TpeooBaHIIHM na,a;emHOCTII, TaK 1\81\ OHa KOHTpO

JIIIpyeT peaKTOp B HaiiOOJiee 3HepreTIIt:[eCKII na

IIpH1n6HHbiX pemi1M8X II paCC'IIITaHa Ha ,!l;JIJITeJib

HYIO pa6oTy (B OTJIHtiJie OT nyCI\OBOH CIICTeMhl). 

TpeoyeMaH ua,a;eii\HOCTh o6ecne•msaeTCH naJiutiueM 

MIIHIIMyM ,ll,BYX aBTOM8TII'IeCJ>IIX peryJIHTOpOB 

MOIIJ;HOCTII H Tpex He3aBIICUMhiX KaHaJIOB KOHT

pOJIH npeBhiiiieHIIH MOID;HOCTn. HaJinqne aecKOJih

KIIX He3aBHCIIMhiX ,a;yoJiupyiOIIl;IIX KaHaJIOB 

TpeoyeT corJiacosannH ux paoOThl. ,Il;oJiiKHhl npe

,a;ycMaTpnBaThCH cpe,a;cTBa aBTOMaTnaau;nn, o6ec

neqnBaroiu;ne y,a;o6cTBa o6cJiy»mnaHIIH TaKoii cu

cTeMhl H npe,a;oTnpaiiJ;arorn;ne napyiiieHIIH pa6oTo

cnoco6HOCTH CUCTeMbl 113-3a HenpaBHJlhHhiX 

]1;6fiCTBIIH onepaTOpa. 

TPE50BAHI--1fl K 3AIJ.AT41--1KY 
MOW,HOCTI--1 

Kam,ll,hlii ItanaJJ anToMaTntiecRoro peryJJnpo

sannH H KOHTpOJJH npeBbiiiieHHH MOIIl;HOCTH 

)J;OJIJKeH TIOJJyqaTh CHrHaJI 1 COOTBeTCTBYIOIIJ;Hll 

aap;aHHOMY ypoBHIO MOIIl;HOCTH. 8TOT CHrHaJJ 

cpaBHI1BaeTCH C CHrHaJJOM, TIOCTynaiOII.J;HM OT 

HOHH3ai.J;IIOHHOH KaMephl, HBJIHIOIIl;ellCH )J;aTt:[H

KOM cpaKTnqecKoii MOID;HOCTH peaKTopa. EcJJn 

B Kamp;OM KaHaJJe HM6IOTCH CBOH H63aBHCHMhl6 

opraHhi aa,a;annH cnrnaJJa ycTaBKn, npn nepexo,a;e 

Ha HOBhiH ypoBeHh MOII.J;HOCTII onepaTOp ,!l;OJJiK6H 

BhiTIOJJHHTh onepau;nn, aaKJiroqaroii.J;uecH B nooqe

pe,a;HoM II3M6H6HIIH ycTaBOK B Kamp;OM RaHaJJe 

,!l;O ycTpaHeHIIH paa6aJJaHCOB Ha COOTB6TCTBYIOIIl;IIX 

npu6opax. Ilpu aToM so ua6emaHne JJOJKHhiX 

ocTaHonoK peaKTopa Bamao co6JJro,a;aTb onpe,a;e

JieHHYIO Otiepep;HOCTh B aap;aHHII HOBhiX yCTaBoK: 

npii yBeJJH'I6HIIII ypOBHH MOII.J;HOCTII peaRTOpa 

CHatiaJJa HY/HHO H3M6HHTh YCTaBKH KaHaJJOB ROH

TpOJJH npeBhiiiJeHHH MOIIIHOCTII, 3aT6M KaHaJJOB 

aBTOMaTntiecKoro peryJJuponaHnH, paooqero n 

peaepBHOro; IIpii CHII£K6HHH ypOBHH MOIIJ;HOCTH 

peaRTOpa CHatiaJJa HYIKHO H3MeHHTh ycTaBKII 

peryJJHTopos, pa6otiero n peaepsnoro, a aaTeM 

KaHaJJOB KOHTpOJJH npeBhiiii6HHH MOIIJ;HOCTII. IJpH 

TaKOH CHCTeMe aa,a;aHHH ycTaBOK HemeJiaTeJJbHhl 

naMeHeHIIH MOIIl;HOCTn cpaay B ooJJbiiiOM ]J;na

naaone, TaR KaK npn 3TOM oy,a;eT HM6Th M6CTO 

cyiiJ;eCTBeHHOe CHIIIK6HH6 qyBCTBIITeJJhHOCTH CH

CT6Mhl ROHTpOJIH IIp6BhiiiieHIIH MOIIl;HOCTH H, CJJe

,II;OBaTeJJbHO, CHHiK6HIIe OeaonaCHOCTH ycTaHOBKH. 

Heo6xop;nMOCTh BhiiiOJJHeHHH 6oJJhiiioro KOJJn

qecTBa onepau;uH Bpytiayro OTBJJeRaeT onepaTopa 

OT ,ll,pyrnx o6HaanHocTeii. Or OIIhiTa onepaTopa 

TaKme 3aBHCHT Hap;e!HHOCTh CHCT6Mhl H 6eao

naCHOCTh ycTaHOBKn: OIIIIIOKH onepaTopa MoryT 

npHBO]J;IITh K JJOiKHhiM OCTaHOBKaM peaKTOpa. 

B aan6onee pacnpocTpaneHHhiX cxeMax aa)J;aT

tinKOB MOII.J;HOCTII B KatieCTBe aa,a;aiOIIJ;HX aneMeH

TOB HCTIOJih3YIOTCH Ha6opbi COTipOTIIBJI6HHH C 

nepeKJJroqaTeJieM (cTyneH'IaThle aa,a;aTtiHRH) n no

TeHu;HoMeTphl HJIH Bpaii.J;aiOII{HeCH TpaHCcpOpMa-
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TOphi c py'IHLIM ynpasJiemteM (nJiaBHLie 3ap;aT-

1JHKH). lf3MeHeHHe ycTaBKH B CTyneHlJaThlX 

3ap;aT1JHKaX DpHBO)J;HT K OTKJIIO'leHHIO aBTOMaTH

qeCKOfO peryJIHTOpa H3-3a DOHBJieHHH 6oJibiiioro 

pa36aJiaHca. 

lfcnOJib30BaHHe UJiaBHOfO 3ap;aT1JHKa MOill;HO

CTH D03BOJI1!eT OCylll;eCTBJIHTb H3MeHeHHe MOill;

HOCTH peaKTOpa BCJiep; 3a H3MeHeHHeM yCTaBKH 

B 3ap;aT1JHKe, HO p;onyCTHMhlH p;Hana30H H3Me

HeHH1I ycTaBKll orpaHHlJeH ll3-3a B03M0Jl{H0CTH 

OTKJIIOlJeHHH aBTOMaTHlJeCKOfO peryJIHTOpa DpH 

6oJihiiiHX pa3oaJiaHcax (oonilJHO 20% OT 3ap;aH

Horo ypoBHH). 

EcJin CHCTeMa aBTOManPiecKoro peryJIHposa

HHH He o6ecne1JHBaeT CJiemeHHH MOill;HOCTH 3a 

ycTaBKOH 3ap;aT1JHKa MOill;HOCTH, TO H3MeHeHHe 

ypOBHH MOill;HOCTH onepaTop f];OJIIlWH ocyru;eCTB

JIHTb UpH BhlKJIIOlJeHHOM aBTOMaTII'leCKOM pery

JIHTOpe C DOMOill;biO CTepmHeH pylJHOfO ynpaBJie

HHH. iho TaKa-;e CHHmaeT 6e3onaCHOCTb yCTa

HOBKH: Oll!HOKH onepaTOpa MOryT npHBCCTH K 

pa3rOHaM C Hep;onyCTHMOH CKOpOCThiO. 

lfa H3JIOlliCHHOfO MOffiHO cp;eJiaTb BhlBO)J;, 'ITO 

CHCTeMa, p;e:ii:CTBYIOIU;aH B pa6o1JeM p;HanaaoHe, 

p;oJimHa nMeTb ooru;Hii: aap;aT'IUK Molll;HOCTH, o6ec

ne1JHBaiOm;H:ii: DJiaBHOe ll3MeHeHHe ycTaBKil C OD

pep;eJieHHOH, He 3aBHC1!IU;e:ii: OT onepaTopa CKO

pOCTbiO, ra paHTHpyiOil~eii: OTCYTCTBHe pa36aJiaHCOB 

KOTOphle MOfYT npHBeCTH K OTKJIIOlJeHHIO KaHaJIOB 

aBTOMaTH'leCKHX peryJIHTopos. Onpep;eJIHIOill;HMH 

DpH BhlOOpe CKOpOCTH ll3MeHeHHH MOIU;HOCTH, 

I<ai< yme oTMelJaJIOCb, p;oJiifiHLI 6LITb ycJioBHH 

c'beMa TenJia, BLip;eJIHeMoro B peaKTope. 

H. fl. EMEJlbfiHOB et az. 

TaKoii 3ap;aT1JHK B co'leTaHHH c aBTOMaTHlJeCKHM 

peryJIHTOpOM o6ecne1JHT CJiemeHHe MOill;HOCTll 

pea:KTopa 3a ycTaB:Ko:ii: 3ap;aT1JH:Ka H cJiep;osamre 

ycTaBI\ll :KaHaJIOB I\OHTpOJIH npeBLIIIIeHHH MOill;

HOCTll 3a YCTaBI\OH aBTOMaTHlJeC:KOfO peryJIHTOpa. 

nPVIHL.I,l;1nbl nOCTPOEHVIA CVICTEMbl 
3AAAHII1A MOW,HOCTVI 

Y'lllTLIBaH sa11mocTn lf>yHin~a:ii:, BhiDOJIHHeMLIX 

3ap;aT1JllHOM MOill;HOCTH, ll TO, 'ITO O)J;HH 3ap;aT1JllH 

o6CJIYffiHBaeT BCIO CllCTeMy, 'Ipe3BhllJaHHO Banmo 

rapaHTHpOBaTb Hap;emHyiO pa6oTy CllCTeMLI 3a

p;aHH1I MOill;HOCTH. Hap;emHOCTb :no:ii: CHCTeMLI 

o6ecne1JHBaeTC1I MaHCHMaJibHbJM DOBbTIUeHHeM Ha

p;eiKHOCTll caMoro 3ap;aT1JHHa aa c'leT ynpom;eHHH 

ero cxeMLI H HCDOJib3oBaHHH Hap;emHLIX ;me
MeHTOB, a TaHme peaepBHpOBaHHeM 3ap;aT1JllHOB: 

ycTaHaBJIHBaiOTCH 2 3ap;aT1JHHa, BhlXO)J;hl HOTOphlX 

aanapaJIJieJieHLI qepea JIOfHlJeci<yiO cxeMy HJIH 

Ha p;Hop;ax. Ilpn ncqeaHoBeHnn HanpHmeHnH Ha 

BLixop;e op;Horo aap;aTlJHHa HanpJimeHne Ha o6m;eM 

BLixop;e CHCTeMLI OCTaeTcH 6ea uaMeHeHHH. Paa

sepHyTaH 6JIOH-CXeMa CllCTeMLI 3ap;aHHH MOill;HOCTll 

DpHBep;eHa Ha pHC. f. 
OcHoBHLIM aJieMeHTOM aap;aTlJH:Ka MOill;HOCTH HB

JIHeTCH oec:KOHTaKTHhlH ceJibCHH 1 ', ynpaBJIHeMLIH 

p;sHraTeJieM 6 (6JioH IV). HanpHmeaHe Memp;y 

lf>aaaMH ooMOTHH ceJibCHHa HBJIHeTcH IJ>YHK~Heii 
· noJiomeHHH poTopa. 8To HanpHmeHHe qepea ne

peHJIIOlJaTeJib p;HanaaoHoB 9, TpaHclf>opMaTopLI 

_ ___j-~~~6' Vlll 

I 't :> 
IS Jill 

PHc. 1. Pa3BepHyTaJI 6noK-cxeMa cHcreMbl 3aAaHHJI MOlliHOCTH: 
-·-· - CllrHaJI Ba):laHH.II MOIJ:{HOCTU, llOCTyrraiOill;l!H B RaHaJihl aBTOMaTH'lt'Cl\H:X: peryJI.HTOpOB;.-· ·-• • - CllrHaJI 

peryJinpOBKll l\03iflifln~IICHTOB nepc]J.a'lH aBTOMaTI!'lCCI\UX pery.'I.HTOpOB;-• • ·-· • •- CHrHaJI Ba}J.aHH.II MOIJ:{HOCTH, llOCTy
naiOIJ:{IIU B KanaJihl npeBhlillt>HIIH MOIJ:{HocTu; I- 6JIOR ycTaHOBoR; 11-nepe:KJIIO'laTeJib peamMoB; III-6Jio:K cJie}J.HIJ:{e:ii 
cncTeMhl; IV-Ba}J.aT'lU:K MOIJ:{Hocrn; V- :KoppeKTop MOIJ:{Hocrn; VI- aBTOMaTn'lec:Ku.il: :KoppeKTOp ycTaB:Ku; VII -ycn
Jil!TeJib peryJIHTOpa; VI II- yen miTe Jib KOI!TpOJI.fl rrpeBhliDCHif.H MOIJ:{HOCTH; 1- ceJibCHH; 2- curuaJI liB cncreMhl Ba
}J.aHHH paCXO}J.a TCTIJIOHOCHTeJIH; 3-CXcMa :KOMMyTa~l!ll H cpaBHeHHH; 4-yCHJIIITCJib CJIC}J.JIIJ:{eii: CHCTCMhl; 5-peJie; 
6- }J.BUfaTcJib; 7- CllrllaJI Ha 6blCTpoe CHIIJRCHI!e ycTaBKll Ba}J.aTqn:Ka MOIJ:{HOCTU; 8- pe}J.yKTOp; 9- nepe:KJIIO'laTeJII,; 
}J.llalla30HOB; 10-CXeMa. «IIJIII»; lJ-TpaHciflopMaTOp; 12-BhlllpJJMllTCJib; 13-TpaHCiflOpMaTOp C Bhlllp.HMHTCJI.IIMH; 
14 -y:KaBaTCJib Ba}J.aHHOII MOIJ:{HOCTn; 15- HOHHBaD;IIOHHa.H :KaMepa: 16- CXcMa cpaBHCHHH; 17- CXeMa rrepe:KJIIO'lCHllJJ 
«pa6oTa-pe3epB>'; 18-curuaJI IIa npyrne l(aHaJihl l(OHTpOJI.Il npeBI>IIDCHkR MOIJ:{HOCTII; 19-«JIIO'l PY'lHOro yrrpaBJIC
HH.II Ba}J.aT'lllHOM MOIJ:{HOCTH 
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II BLIIIpRMHT9JIH 11, 12,13 llOCTynaeT Ha BLIXO~LI 
aa~aTqnRa. 

CnruaJJ nocTORHHoro TORa c BLixo~on Tpauc
lflopMaTopa C BhlllpRMHTeJIRMH 13 llOCTyrraeT Ha 
yRaaaTem, aa~aHHOH MOII\HOCTH 14, qepea JIO
rHqecRyiO cxeMy HJIH 10' ua cxeMLI cpanueunn 16 
TOROB yCTaBOR C TORaMH HOHH3aiJ;HOHHLIX HaMep 
15 n qepea cxeMy,,nJin" 10" n u;enn peryJinponaHHR 
RoalfllflHn;neHTOB ycHJieHHR ycHJIHTeJieii perymr
Topon VII ~JIR o6ecneqeHHR o,D;HHaRonoii qyn
CTBHTeJILHOCTH aBTOMaTHqeCI\HX peryJIRTOpOB BO 
nceM ,D;Hanaaoue pa6oTLI aa,D;aTqHRa. CHrHaJI no
CTOHHHOro TORa C BLillpRMHTeJIR 12 qepea 
CXeMy, HJIH" 10"' llOCTynaeT B RaHaJibl ROHTpOJIH 
npeBLiill9HHR MOII\HOCTH. C TpauclflopMaTopa 11 
CHrHaJI nepeMeHHOfO TORa llOCTynaeT B CXeMy 
ROMMyTall;HH H cpaBHeHHR 3 6JIORa CJie,D;RIIJ;CH 
CHCTeMLI II I. 

,lJ;nanaaoH H3MCHCHHR BbiXO,D;HLIX TOROB 3a
,D;aTqHRa paneH 300 H COOTBeTCTByeT TORaM liO
HH3aiJ;JIOHHLIX RaMep OT 2 ,!1;0 600 JJt~a ,D;JIR aBTO
MaTnqeCRJIX peryJIRTOpOB ll OT 1 ,!1;0 300 JJt~a 
,D;JIR RaHaJIOB ROHTpOJIH npeBLIIIIeHHR MOII\HOCTJI. 
YRaaaHHLie TORR npHHRTLI cooTneTCTBYIOII\HMn 
MOII\HOCTH peaRTopa 0,5-+-150% OT NHoM' EcJIH 
rrpn CTOJIL 6oJILmOM ,D;nanaaoue naMeHeHHR yc
TanoR o6ecneqHTL O,!J;IIHaROBYIO CROpOCTL BO BCCM 
,D;nanaaoue, TO oRaaLinaeTCR npaRTnqecRn ue
noaMomuo y,D;onJieTnopHTL ,D;na rrpoTHnopeqHnLix 
Tpe6onaunn: MHHnMaJrLuoe npeMR nepexo~a ua 
HOBLiii ypoBeHL MOII\HOCTH n 6eaorracuocTL paa
roua. EcJin o6ecneqnTL 6eaonacuocTL paaroua, 
TO eCTL He ,D;OnycRaTL ROpOTRHX nepHO~OB paa
roua Ha MaJILIX ypOBHHX, TO 06ll\ee BpeMH li3Me
HeHHR ycTanRu oRameTCR oqeuL 6oJILmnM, qTo 
HeiipliCMJieMO B yCJIOBJIRX 3RCTIJiyaTaUHH. 

llpe,D;CTaBJIReTCR IJ;eJiecoo6pa3HLIM paa~eJIJITL 
necL ,D;nanaaou pa6oTLI aa,D;aTqnRa ua ~na ~na
naaoua: nepBLIH, COOTBeTCTBYIOII\HH ypOBHHM 
0,5..;-15%, ll BTOpOii:, COOTB9TCTByiOII\HH ypOBHHM 
15..;-150% OT HOMHHaJILHOH MOII\HOCTH. 

B aa,D;aTqnRe ncnoJILayeTCR cnuycon,D;aJILHan 
aanncnMOCTL cpe~uero auaqeunn uanpnmeunn 
Mem,D;y lflaaaMn Tpexlflaauoii: o6MOTRH ceJILCHHa 
OT yrJia llOBOpOTa pOTOpa OTHOCJITeJILHO CTaTOpa. 
Paa,D;eJieune ua ,D;nanaaoHLI ocyll\eCTBJIReTcn aa 
cqeT llO,!J;RJIIOqeHHR R BLIXO,!J;HLIM n;eiTRM pa3JIJiqHLIX 
lflaa ceJILcnua. YroJI nonopoTa n npe,D;eJiax Ram
.noro ,D;nanaaoua orpaunqeu 60°, qTo o6ecneqnnaeT 
npaRTJiqeCRll JIHHeHHLIH xapaRTep aaBJICJIMOCTH 
BLIXO,D;Horo uanpnmeunn OT yrJia nonopoTa poTopa 
C9JILCHHa. 

Ha pnc. 2 nao6pameHLI pacqeTHLie aanncnMOCTH 
TOROB B BLIXO,!J;HLIX n;enRX aa,D;aTqJIRa MOII\HOCTJI 
OT yrJia nonopoTa poTopa ceJILCnHa n aa,D;aHHoii: 
MOIII;HOCTH, a TaRme 3aBHCHMOCTJI TOROB RaMep 
OT MOII\HOCTH peaRTopa ua I H II ,D;Hanaaouax 
pa60TLI 3a,D;aTqnRa ,D;JIR RaHaJIOB aBTOMaTHqecRHX 
peryJIRTOpOB ll ROHTpOJIH npeBLIIIIeHJIR MOII\
HOCTH. 

Ha pnc. 3 npnne.o;eHLI RpnnLie naMeHeHHR TOKOB 
3a,D;aTqJIROB ll BXO,!J;HLIX TOROB yCHJIJITCJieH ITpH 
nepeRJIIOqennH ,D;nanaaou oB. 

I. Y. EMEL YANOV et al. 
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PHC. 2. a H Z-3aBHCHMOCTio cpeAHHX HanplUKeHHH M8>KAY 

cpa3aMH cenloCHHa U or yrna noaopora poropa a"; 6 H iJ-
3aBHCHMOCTio TOKOB 3aAaT'fHKOB I. H I, OT yrna a

0 
H 3aAaH

HOro ypo&Hll MOU4HOCTH peaKropa N' Anll KaHanoa aaroMa

TH'feCKHx perynliTOpOB H KOHTpOnll npeBioiW8HHll MOU4HOCTH 

COOTB8TCTB8HHOi 8 H e- 3aBHCHMOCTio TOKOB KaMeplol I n
1 

H I n
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or MOI14HOCTH peaKropa N" A"ll KaHanoa aaroMaTH'f8CKHX 

peryn.liTOpoB MOU4HOCTH H KOHTponll npeBioiW8HHll MOU4HOCTH 
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PHc. 3. KpHBiole H3MeHeHHll roKoB 3aAar'fHKtl (I1 H I 1) H 

BXOAHioiX TOKOB ycHnHreneit (I ox1 H f ox2) npH nepeKnto'f8HHH 
AHana3oHoa: 

1 H 4-0CHOBHNe; 2 H 3-npOMeil\yTO'lHble UOJIOil\e
HHH nepeKJIIO'laTeJIH AH8IJ830HOB; I 1 H I 8x

1
-AJIH K8H8JIOB 

aBTOMaTH'!ecKoro pery;mpoBaHnH; I 2 H I 8x'4,..,-AJIIf HaHa
JIOB KOHTpOJIH rrpeBbiiDeHHH MOIIJ;HOCTH. !.J,JIHTeJibHOCTb 
H8XOii\AeHHH nepeHJIIO'l8TeJIH B llpOMeil\yTO'lHblX IIOJIOil\e
HHHX IIpHHHTa paBHOH 0,5 ce" 
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TaK KaK npn nepeKJIIO'Iennn c I na I I ;wanaaon 

TO I\, DOCTyDaiOlll,HH B HaHaJihl aBTOMa TH'IOCKUX 

pery JlliTOpOB, yMOHbiiJaOTCH B 10 pa3, TO TOJ\, 

DOCTynaiOIIl;Uii OT IIOHH3all,HOHHOH HaMOphl, TO/He 

fl:OJiil\eH 6hlTh yMBHbiiieH B 10 pa3. 8To f);OCTll

raeTCH DOfl:HJIIO'IeHneM IIIYHTnpyroiii;ero conpo

THBJieHHH KO BXOfl:Y yCHJIHTBJIH peryJIHTOpa. 

XapaRTepncTnRa aanncnMOCTU TOROB aaf);aT

'IHRa oT yrJia nonopoTa poTopa fl:JIH HanaJioB 

1\0HTpOJIH DpOBhliiTeHIIH MOill,HOCTll (pHC. 2, 6) 
BhlDOJIHeHa HenpephlRHOH BO BCBM P,nanaaoHe 

pa oOThl a a f); a T'IHJ\a. 

Coxpanenne neJIHlJIIHhl nwxot~Horo ciirHa.na npii 

nopoKJIIO'IOHllll lj>aa II IIO.TIY'IOHIW Tpo6yeMoii aa

BIICHMOCTH BhlXOAHOrO CHrHaJia OT yrJia IIOBO

poTa pOTOpa CCJihCIIHa o6oCJTB'IIIBaiOTCH HaJIHlJIIBM 

n BhlXOfl:Hoii u.onn I fl:IIanaaona racHlll,oro co

npoTHBJICHHH. 

ITpoMomyTOlJHhle rroJIOJJ.\OHHH 2 n 3 rrepeKJIIO

'IaTOJIH f);Hana30HOB 060CDO'IHBaiOT H3MeHOHHO Bhi

XOf);HhlX TOI\OB 3af);aT1JHI\a, DOCTyDaiOlll,HX B HaHaJihl 

1\0HTpOJIH DpOBhliiiOHHH MOIIl;HOCTH, TOJihl\0 B 

CTOpOHy YBOJIH'IOHHH, 'ITO HCI\JIIO'IaOT DOHBJIOHHO 

JIOffiHhlX anapniiHhlX curHaJIOB npn nopoHJIIO

qonnn p,nanaaonon. 

3af);aT'IHK MOffiOT BhlDOJIHHThCH C pa3HhiMII 

CHOpOCTHMH U3MOHBHHH ycTaBOK. 0f);Ha 113 MOf);H

Ij>nHall,HH aaf);aTlJHHa o6ecneqnnaoT cHopoCTh 0,02% 
OT noMnHaJihHoii MOIII;HOCTU n ceHyHAY na I .n:na

naaono H 0,2% OT HOMHHaJihHOH MOill,HOCTH B 

coHyn.n;y na II p,nanaaono (npn o.n:nnaHonoii 

cKopoCTII nonopOTa COJihCnHa). Paa.n;eJioHno na 

f);Ba f);HanaaoHa D03BOJIIIJIO 3Ha'IHTOJihHO DOBhl

CllTh TOlJHOCTh 3af);aBaeMoro ypOBHH MOlll,HOCTil 

DpH pa60TO Ha HII31\HX ypOBHHX. 

HapH,n:y c nopMaJihHoii cKopocThiOII3MeHoHIIH 

ycTaBI\II npo,n:yCMOTpeHa H DOBhliiiOHHaH Dpii

MOpHO B 10 pa3 CROpOCTh. llOBhliiiOHHaH CKOpOCTh 

HCDOJih3YOTCH )J;JIH 6hlCTporo CHIIffiOHHH MOlll,

HOCTII pa6oTaiOlll,oro poaKTopa IIJIII nopono.n:a 

ycTaBI\11 3a)J;aT1JHI\a MOill,HOCTII B Tpe6yeMOO DO

JIOffiOHIIO npu OTKJIIO'IeHHOH CHCTOMe poryJinpo

BaHHH. YnpanJionno coJihCIIHaMn 1 n 1' B aToM 

CJiyqae OCYIII;OCTBJIHOTCH OT OT)J;OJihHOrO f);BnraTeJIH 

6' CO CBOHM pe,n:yHTOpOM. 

)J;JIH coxpanemm nomt'IHHhl BhlXOfl:HhlX cnr

HaJion CHCTeMbl 3a)laHHH ypoBHH MOIIl;HOCTH npu 

OTI\JIIO'IOHHH UJIU HencnpaBHOCTH OP,Horo H3 )J;ByX 

napaJIJIOJihHO pa6oTaiOIIl;HX aa.n;aTlJHHOB npnMe

nena cxeMa HoMnencau.un, B KOTopoii ncnoJih

ayoTCH naMonenuo BOJIH'IHHhl aannparolll;ero na

npHmoHHH B CJiyqao OTKJIIOlJOHUH O)J;HOrO 3a,n:aT

'IIII\a. 

B Ra'IOCTBe yHaaaTeJIH aa.n:annoii MOlll.HOCTU 

IICDOJihayoTCH BOJihTMOTp co IIIHaJioii 270". BoJihT

MOTp H3MCpHOT BhiXO)J;HOC HanpHil.\CHHO 3a,D,aT

'IHKa. YRaaaTCJih aaf);annoii MOlll.HOCTH HMCCT 

)J;Ba f);Hana30Ha H3MepeHHH COOTBOTCTBCHHO fl:BYM 

f);nanaaonaM pa6oThl aa,uaT'InHa. BoJibiiiOii yroJI 

IIIHaJihl n ,una f);Hanaaona naMepenuil: o6ecneqnnaroT 

y)IOBJIOTBOpHTBJI hHYIO TO<JHOCTh OTC'IOTa. 

)J;JIH y,D,06CTna pa60Thl B CHCTOMO HMOOTCH UJIOK 

ycTaBoK I, c noMOlll.hiO KOToporo aa.n;aeTCH ypo-

J..1, fl. EMEJlbHHOB et al. 

BCHh MOIII;HOCTH, Ha 1\0TOphlH Tpe6yCTCH Bb1BCCTU 

poal\Top. BJioi\ ycTaBoK cof);opmnT 6ociwHTaKTHhiii 

COJihCHH 1, poTOp 1\0TOpOrO COO,li,UHOH C BHCIIIHOii 

pyKOHTiwii. llpn nonopOTo pyHOHTim .n:o Tpc6y

eMoro DOJIO/KOHHH (110 HMCIOill,OHCH Ha 6JIOI\C 

mRaJio) na Bhlxo.n:e oJioHa noHBJIHOTCH nanpHme

Hno, nporropu.nonaJihHoo ycTaBHo. Ono nocTynaoT 

B CXOMY 1\0MMyTall,HU H cpaBHOHHH 3 6JIOI\a 

cJJe,n:HIII;ei{ cncTeMhl III, rf);o cpannnnaeTCH c 

HanpHmOHilHMH, DOCTynaiOill,HMI1 C BhlXO)IOB 3a-

1~aT1JliKOB MOIII;HOCTIL CJIOAHIII;aH CIICToMa, nrwroqaH 

l~BuraTOJIII aa,D,aT'IHKOB, o6ocno'InnaeT npuno,rt;onno 

ycTaBOK Ka/HJ\Oro 3a)laT'IlUH\ B COOTBOTCTBIIO C 

aatWHHhiM noJioiHoHnoM pyKoHTJ\ll oJIOKa ycTanoK. 

l1MCIOTCH TaKii{C KJIIOlJH 19 HeaannCIIMoro yn

paBJIOHHH 1\ati\)J;hlM II3 3af);aT1JUKOB. llpu TaKOM 

CDOC06e ynpaBJIBHHH TOT aap,aTlJHK, 1\JIIOlJOM 1\0-

TOporo no.n;eTCH ynpanJionno, npuHIIMaeT Ha ce611 

lj>yHKll,HH no.n;y~I~;oro. CJie,n:HIII;aH CIICTOMa nwpa6a

ThlnaoT cnrHaJI paccorJiaconaHHH 3af);aT'IIIIWB n, 

BI\JIIO'IaH fl:BHraTOJih BTOporo (BBf);OMOro) 3af);aT

'IHKa, OUOCDO'IliBaeT DpHBef);CHilO ero ycTaBKH B 

COOTBB1 CTBHe C ycTaBHOii BeP,yiii;ero. llpn aTOM 

cnoco6o ynpanJieHHH onopaTop p,oJimon f);opmaTh 

HamaThlM 1\JIIO'I ynpaBJIOHHH Ha npOTHJIWHIHi 

BCero BpOMBHII ll3MOHCHHH ypOBHH MOill,HOCTII; 

npn ynpanJionnu OT OJIOHa ycTaBOH BMeiiiaTeJih

CTBO onepaTopa Tpe6yeTCH TOJihl\0 )J;JIH H3MeHeHHH 

DOJIOfHBHHH PYKOHTI\H, 

C11rnaJI n cJIOfl:HIII;yro cMcTeMy III MomoT no

cTynaTh n na CHCTOMhl 2 peryJinponamm pacxo.n:a 

TBDJIOHOCHTOJIH (BMOCTO CllrHaJia C 6Jiol\a ycTaBOI\). 

B aToM cJiyqae ocylll;OCTBJIHOTCH cnnxponnoe IW

Monenne pacxo,n:a TODJIOHOCliTBJIH II MOII\HOCTU 

peaKTOpa. flpe,n:yCMOTpOHa Tal\il\0 B03MOII\HOCTb 

HOppOKll,HH ycTaBI\H MOIIl;HOCTH DO CllrHaJiaM 113 

CXCM poryJIHpOBaHUH TCMDepaTyphl IIJIH ,D,aBJICHUH 

TonJionocnTeJIH. CpaoaThlBaiOIII;He npn OTKJIOHo

HHHX poryJinpyoMoro napaMeTpa poJio 5 n Kop

poHTope V o6ecnoqnnaeT BHJIIO'IeHno .n;nHraTeJioi! 

aap,aT'IHKOB n, TaKHM o6paaoM, npnno.n:ouHo MOIII;

HOCTH poaKTOpa K Tpo6yeMOMY ypOBHIO. 

YliHThlBaH noaMomHOCTh naJIII'IHH pacxo;Hp,ounii 

B HaCTpOlll\0 YCHJIHTOJICH II B BOJlll'IUHaX TOKOB 

HOHH3all,HOHHhlX KaMep, a Tal\11\0 B03MOil.\HOCTh 

DOHBJIOHHH paCXOil.\fl:OHHH B BOJill'IIlHaX TOI\OB 

RaMop n npou.occo pa6oThl poaHTopa, npoAy

cMaTpnnaroTCH HH,li,HBH)J;yaJihHhlC ,li,JIH Kam,n:oro 

1\aHaJia py'IHhlO HoppOHTOphl TOI\OB 1\aMOp U 

aBTOMaTU'IOCI\IIe HOppOHTOphl aa,n:aHHOii ycTaBKII 

MO~HOCTH. PyliHhlo HoppoHTOphi TOIWB HaMop 

npo.n;cTaBJIRIOT co6oro IIIYHThl Ho nxo.n:y ycllJIU

TOJioii H D03BOJIHIOT II3MeHHTh IWJij>lj>nll,UeHT DC

pe,n:aqn u.enn OT HaMephl 1\ ycnJIHTemo 110 Tpex 

paa c TO'IHOCThiO .n:o 1%. AnToMaTnqocimo rwp

pernophl ycTaBRH VI HMOIOTCH TOJihHo n HaHaJiax 

peryJIHTOpOB H DpOf);CTaBJIHIOT co6010 CJIO,!IHill,YIO 

CHCTeMy, OUOCDB'IHBaiO~yiO 01CYTCTBHO paaoa

JiaHca na BhlXOfl:e ycMJIHTOJIH poryJIHTopa, na

XOfl:HIII;orocH n poaopno. 1\oppeRTop rapaHTHpyoT 

OTCYTCTBHO paa6aJiaHCa ll, CJie)J;OBaTBJihHO, B03-

MOfHHOCTh BI\JIIOl:JOHHH peaopBHOrO aBTOMaTa DIJU 

OTHaao paooqero. 
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OcnoBHLIM GJieMeHTOM RoppeRTopa RBJIReTcR 

ceJibCHH J'", BhlllOJIHJIIOID;HH ti>YHR~HH 6eCROH

TaRTHOrO HHAYR~Honnoro noTeH~HoMeTpa. YroJI 

noBopoTa poTopa ceJihCHHa orpanHqea TaR me, 
RaR H B aa.n;aTqHRe 60°. HanpHmenHe c ceJibCHHa 

qepea Tpanctl>opMaTop c BLinpRMHTeJieM 13' aa.n;aeT 

TOR RoppeR~HH B cxeMy cpaBnenHR 16. ToR 
RoppeR~HH RBJIJieTCR COCTaBHOH qaCTbiO TORa 

ROMIT8HCa~HH, C ROTOphlM cpaBHHBaeTCR TOR 

RaMepbi. Ha cTaTop ceJibCHHa 1"' nanpHmenHe 

no,n;aeTCR C OTA8JibHOrO C8JibCHHa aa.n;aT<JHRa MOIIJ;
HOCTH 1'', ;)THM o6ecneqHBaeTC11 3aBHCHMOCTb 

TORa ROppeR~HH OT YCTaBRH aa.n;aTqHRa H OAH

HaKOBaJI alfllfleKTHBHOCTb ROppeKTOpa BO BCeM 

.n;Hanaaone pa6oTLI aa.n;aTqHRa. 

PoTop ceJibCHHa 1"' CBR3aH qepea pe.n;yRTop 8 
c ABHraTeJieM 6''. ABHraTeJib BRJiroqaeTCR c 

noMOID;biO ABYX peJie 5", o6MOTRH ROTOphlx 

ITOAKJIIOqaiOTCR R BhlXOAY yCHJIHTeJIR peryJIJI

TOpa VII, ecJIH on naxo.n;HTCR B peaepBe. IlpH 

ITOJIBJieHHH Ha BhlXOAe yCHJIHT8JIJI paa6aJianca 

cpa6aTLIBaeT OAHO H3 peJie (B 3RBHCHMOCTH OT 

ITOJIHpHOCTH paa6aJiaHCa), BRJIIOqaeTCR ABHraT8Jib, 

ROTOphlH BpaiD;aeT pOTOp C8JibCHHa B HanpaBJI8HHH 

ycTpanenHR paa6aJiaHca. ABToMaTHqecRHH Rop

peRTop ycTaBRll HMeeT 30HY aeqyBCTBHTeJibHOCTH, 

npeBLimarorn;yro 30HY neqyBCTBHTeJibHOCTH aBTO

MaTJiqecKoro peryJIHTOpa. 11MeiOID;He MeCTO BRJII0-

'18HllR ROppeKTOpa npH OTRJIOH8HHRX MOIIJ;HOCTH, 

npeBLimaiOrr:t;HX ero 30HY He<JyBCTBHTeJibHOCTH, 

oKynaiOTCH ITOCTORHHOH rOTOBHOCTbiO peaepBHOrO 

aBTOMaTa R pa6oTe. 

oni-1CAHI-1E CI-1CTEMbl YnPABJ1EHI-1R 

Ha pHc. 4 npHBe.n;ena 6JioR-cxeMa CHCTeMLI 

ynpaBJieHHH, co.n;epmaiiJ;eii onHcannyro CHCTeMy 

aa.n;aHHH MOID;HOCTH, .n;Ba Rana.:Ia aBTOMaTR<JecRoro 

peryJIHpOBaHHJI MOID;HOCTH H TpH RaHaJia KOHT

poJIR npeBhlllieHHR MOID;HOCTH. ffam.n;LIH RaHaJI 

pa60TReT OT CBOHX neaaBHCHMhlX RaMep. 
B Ham.n;oM RanaJie HOHTpOJIH npeBLimenHH Mom

HOCTH HMeeTCJI ABR OAHHRROBhlX yCHJIHTeJIR 18. 
Bxo.n;LI ycHJIHTeJieii: BRJiroqenLI nocJie.n;oBaTeJibHO 

H ITOJiyqaiOT C 06ID;eHCXeMLICpaBHeHHR16 CHrHaJihl, 

paBnhle pa3HOCTH TOKOB RaMephl H aa.n;aTqHRa. 

BLixo.n;LI ycHJIHTeJieii: coe.n;HnenLI no cxeMe coB

na.n;enHR <<.n;Ba H3 ABYX>>. HeHcnpaBHOCTb npH6opa 

.n;aeT na BLixo.n;e cHrnaJI, ana.;wrHqnJ.Iii cHrHaJiy 

npeBLirneHHH MOID;HOCTH peaRTopa. O.n;uaRo na 

BhlXOAe CXeMhl COBna.n;eHHR CHrHaJia npH ()TOM 

neT. Ho .n;ocTaTO'IHO noRBHTbCR BLixo.n;noMy CHr

HaJiy OT BToporo ycHJIHTeJIR H3 napLI (Ha-aa ero 

HeHCllpRBHOCTH HJIH BCJieACTBHe lflaRTHqeCKOrO 

npeBLiilleHHR MOID;HOCTH peaKTOpa), RRR clflop
MHpyeTCR CHrHaJI, ROTOphlH IIOCTynHT B JIOrHqe

CKYIO cxeMy ynpaBJieHHR npHBo.n;aMH H y.n;epmH

BaiOID;HMH aJieRTpOMarHHTaMH. JlorHqecRRR CXeMa 

ynpaBJI8HHR MOmeT o6ecneqHBRTh OTITycRaHHe 

aJieRTpOMarHHTOB H BKJIIOqeaHe ABHraTeJieH npH

BOAOB cTepmneif no CXeMe <<OAHH H3 HecROJihKHXll> 

HJIH «ABR H3 HeCROJibKHXll>, HRllpHMep H3 Tpex. 
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BLI6op cxeMLI npoHSBOAHTCR B aaBHcHM:OcTH OT 

KOHRpeTHhlX OC06eHHOcTeii ycTRHOBRH. 

,lJ,JIR yBeJIHqeHHR CTeneHH RBTOMRTH3R~HH yc

TRHOBRH RBTOMaTHqecROe peryJIHpOBRHHe MOIIJ;

HOCTH H nepHo.n;a paarona ocyiD;ecTBJIReTcR RaR 

cTepmHRMH caMoro aBTOMaTHqecRoro peryJIRTopa, 

TaR H RoMnencHpyroiD;HM:H cTepmHRM:H. EcJIH B 

npo~ecce peryJIHpoBaHHR cTepmnH aBToM:aTHqe

cRoro peryJIRTOpa BhlXOART B Rpaifaee nOJIO

meHHe, TO npOHCXOAHT aBTOMRTHqecRoe ITOARJIIO

qenHe R CHCTeMe peryJIHpOBaHHR ROM:rreHCHpy

IOID;HX CTepmneii H nepeM:eiD;eHHe HX B TOM me 
HanpaBJieHHH, B ROTOpOM ABHraJICR CTepmeHb 

peryJIRTopa. RoJIHqecTBO o.n;noBpeM:eano nepeM:e

ID;aeMLIX ROMneHcHpyiOID;HX CTepmHeii H nocJie.n;o

BRTeJibHOCTb HX pa60Thl onpe.n;eJIRIOTCR aa.n;aHHOH 

nporpaMMoii. RoMnencHpyiOID;He CTepmnH nepe

MeiD;aiOTCR .n;o Tex nop, noRa cTepmHH aBTOMa

THqecRoro peryJIRTopa ne BepnyTCR B cpe.n;nee 
noJiomeaHe. TaRaR cxeMa CBR3H Mem.n;y cTepm

HRMH aRBHBaJieHTHa yBeJIHqenHIO alfllfleRTHBHOCTH 

opranoB peryJIHpoBaHHR caMoro aBTOM:aTa H no-

3BOJIReT OCyiD;eCTBJIRTb RBTOMaTHqecRH, 6ea BMe

maTeJibCTBR onepaTopa, nycR peaRTopa, H3Me

nenHe ypOBHR MOIIJ;HOCTH, ROM:ITeHCa~HIO afjlfjleRTOB 

BhlropaHHR, OTpaBJienHR, H3MeHeHHR TeMnepa

TypLI, H3MeHeHHR peaRTHBHOCTH npH .n;orpyaRe 

TenJIOBLIAeJIRIOID;HX aJieM:eHTOB Ha pa6oTaiOID;eM: 

peaRTOpe, TO eCTb OCyiD;eCTBJIRTb aBTOMaTHqecRoe 

peryJIHpOBaHHe peaRTopa llpH B03MyiiJ;eHHRX, 3Ha

qHTeJibHO npeBhllliRIOID;HX ROMITeHCHpyrorn;yro CllO

c06HOCTh cTepmneii caM:oro aBTOMaTHqecRoro pe

ryJIRTopa. 

O.n;naKo npH HaJIHqHH onHcannoii CBR3H M:em.n;y 

CTepmHRMH, Kor.n;a aBTOM:aTHqecKHH peryJIRTOp 

lflaRTHqecRH ynpaBJIReT ~eJioii rpynnoii cTepmneii, 

cnoco6nLix coa.n;aTb Ha6LIToqnyro peaKTHBHOcTb, 

anaqHTeJibHO npeBLirnaroiD;yro ~. oco6enno ocTpo 

BcTaeT Bonpoc o 6eaonacnocTH ycTanoBRH. AoJim

Hhl 6LITb HRJIOmeHhl orpanHqeHHR Ha BeJIHqHHy 

nOJIOiRHTeJibHOH peaRTHBHOCTH, ROTOpaR MOiReT 

6LITb BBe.n;ena npH nepeM:eiD;eHHH rpynnLI cTepm

neii, ~ Ha CKOpOCTb BBe.n;eHHR llOJIOiRHTeJibHOH 
peaKTHBHOCTH. 

EcJIH cTepmHH no afjlfjleRTHBHOCTH npHMepno 

OAHHRKOBhl, TO HCITOJibSyeTCR cxeMa, 6JIORHpy

IOID;RR nepeM:eiD;enHe cTepmneii, KOrAa rroAro
TOBJiennoe K HSBJieqenHIO qHcJio cTepmneii npe

BLimaeT AonycTHMoe. 

EcJIH cTepmnH no afjlfjleKTHBHOcTH paanLie, 

TO HCll0Jib3yeTCR CXeMa, B KOTOpOH yqHThlBaeTCR 

afjlfjleKTHBHOCTb KaiRAOrO CTepmHR H ITOACqHThl

BReTCR CyMMapnaR afjlfjleRTHBHOCTb CTepmneif, 
no.n;roTOBJieHHhlx R H3BJieqenHro. EcJIH cyMMa pna11 

afjlfjleKTHBHOCTb CTepmneii: rrpeBhlCHT rropor Ha

CTpOHKH cxeM:hl (qaiD;e Bcero 0,5-;-0,8 ~). TO 

6JIOKHpyeTCR BCRROe H3BJieqeHHe CTepmneif. 

BeaonacnocTb ycTaHOBKH o6ecneqHBaeTCR H 

HRJIMHeM B RaHaJiaX RBTOM:aTHqecKHX peryJIR

TOpOB peJie, cpa6aTLIBaiOID;HX rrpH llORBJieHHH 

60JiblliHX paa6aJiaHCOB, RBJIRIOID;HXCR RBHO CJie.n;

CTBHeM He:HcrrpaBHOCTH RaHaJia. 8TH peJie 6Jio

KHpyiOT BLIXO,ll; yCHJIHTaJIR H, TRKHM o6pa30M, 
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PHc. 4. SnoK-cxeMa CHCT8Mbl ynpaaneHHR: 

1-6JIOK ycTaBOK; 2-KJIIO'l pyqnoro yrrpaBJieHH11 3aAaT'lHKOM MOID;HOCTH; 3-aaAaTqHK MOID;TIOCTH; 4-6JIOK 
CJieA11ID;eH CHCTeMLI; 5-CXeMa «HJIH ~; 6- CXeMa cpa BHBHH11; 7-YCIIJIHTBJ!h pery JllJTOpa rrpeABa pnTeJihHLIH; 8- ycn
JIHTeJJh peryJI11TOpa BbiXOAHOH; 9-·CBpBOIIpHBOA aBTOMaTnqecKOfO peryJI11TOpa; 10-;~aTqHKU KOHe'lHLIX H rrpOMemy
TO'lHhiX rroJiomennii cTepmn11; 11-rrorJiom;aiOm;nii cTepmeHh aaTOMaTuqecKoro perymiTopa; 12-cxeMa rrepeKJIIOqenn11 
«pa60Ta- peaepB>>; 13- aBTOMaTH'l8CKHH KOppeKTOp ycTaBKH; J4- IIHAIIKaTOp paa6aJiaHca; 15 -HOHH3aiJ.HOHHa11 Ka
Mepa; 16 -KOppeKTOp TOKa KaMe phi; J7- yKaaaTeJih TOKa KaMepLI; 18-YCHJIIITBJ!h KOHTpOJJ11 npeBLilliBHH11 MOIII;HOCTII; 
19-cxeMa conrraAeHn11 «ABa na ABYX•>; 20-JIOrH'lec:P:a11 cxeMa ynpanJieHII11 rrpnBoAaMn n YAepmnnaiOm;nMn aJieKTpo
MarnnTaMn; 21- YABplKHBaiOIII;lle 3JieKTpOMarHHTLI anapHHHLIX CTepatneii; 22- IICTOqHHK IIHTaHJI11 HOHH3aiJ.HOHHbiX 
KaMep; 23- CB113h C CliCTeMOH yrrpaBJIBHIUI KOMIIeHCHpyiOIII;HMll CTeplKHHMH 

npe~OTBpa~aiOT B03~eHCTBHe Ha pea:KTOp JIOiRHLIX 

cnrHaJioB. Bee aTH MepLI aanpaBJJeHLI aa HCKJIIO

'leHne B03MOiRHOCTH noHBJieHHH onaCHOH If36LI

TO'IHOH pea:KTHBHOCTH. 

HA,O.E}f{HOCTb CJ..1CTEMbl 
YnPABJ1EHJ..1TI 

Ha~emaocTL cncTeMLI ynpaBJieHHH ~OCTHra
eTCH no:KaHaJibHLIM ~y6JIHpOBaHHeM, peaepBHpO

BaHHeM OT~eJILHLIX npn6opoB, o6ecne'leaneM ae

npepLIBHoro H nepHO~H'IeC:KOrO KOHTpOJIH OT

~eJJbHLIX npn6opoB, MaKCHMaJibHLIM nOBLimeHHeM 

Ha~emHOCTH OT~eJibHLIX npH60pOB aa C'leT Ma:K

CHMaJibHO B03MOiRHOrO ynpo~eHHH HX H npHMe

HeHHH Ha~eiRHLIX aJieMeHTOB, 

llaMepeane· JII06oro napaMeTpa ocy~eCTBJIHeTCH 
He MeHee 'leM ~BYMH aeaaBHCHMLIMH npn6opaMH 

c aeaaBHCHMLIMH ~aT'IH:KaMH cnrHaJia. KoHTpOJib 

npeBLiilleHHH MO~HOCTH OCy~eCTBJIHeTCH He Me

aee 'leM no TpeM He3aBHCHMLIM :KaHaJiaM. 1\0HTpOJib 

c:KopocTH paaroaa - ae Meaee 11eM no ~BYM 

aeaaBHCHMLIM :KaaaJiaM. B pa6o'leM ~nanaaoae 
aBapHHHLIH CHrHaJI no CKOpOCTH paaroaa 6JIO

KHpyeTCH BO H36emaHHe JIOiRHLIX cpa6aTLIBaHHH. 

JIOiRHLie cpa6aTLIBaHHH npe~OTBpa~aiOTCH H BBe

~eHHeM cxeM coBna,I\eHnii. TaK, aanpnMep, B 

cncTeMe A3 no npeBLimeanro MO~HOCTH B Ka{R~OM 
H3 Tpex HeaaBHCHMLIX KaHaJIOB HCnOJib3YIOTCH 

~Ba YCHJIHTeJIH, BLIXO~LI KOTOpLIX COe~HHeHLI 

no cxeMe coBna~eHHH <<~Ba na ~Byx». TaKaH 

CXeMa noaBOJIHeT CHHMaTb ~JIH peMOHTa npn6opb1 1 
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ITOChlJiaTh KOHTpOJihHhlH CUrHaJI ,!J;JIH npOBepKH 

npHOOpa oea CHHmeHHH Ha.rtemHOCTH CHCTeMLI. 

0 peaepBHpOBaHH11 3a,!taTqHKOB MOID;HOCTH yme 

ynoM11HaJioch. AaaJiorHqao peaepBHpyroTCH 11C

Toqa11K11 ll11TaHUH 110H113aiJ,HOHHhlX KaMep. ll pH 

11cqeaaoBea1111 aa BhlXOAe o.rtaoro 11a napaJIJieJihHO 

BKJIIoqeHHhlX 11CTOqH11KOB HallpHmeHHe Ha Ka

Mepax coxpaaneTCH. O.rt11H HCToqaHK MomeT Bhl

noJIHHTh .pyaKIJ,1111 peaepBHoro AJIH aecKOJihKHX 

IJ,eneft ll11TaH11H KaMep. 

On11caaaan C11CTeMa aa.rtemaa 11 B TO me BpeMH 

npocTa. C11cTeMa 11MeeT TaKoe peaepB11poBaHHe, 

qTO ReT HeOOXO,!tHMOCT11 opraR1130Bb1BaTb CKB03-

HyiO npoBepKy 11,ene:H. Coa.rtaH11e CKB03HLIX KOH

TpOJihHhlX IJ,eneft YCJIOilmHeT C11CTeMy H MOmeT 

np11BeCT11 K Cl.mmea11ro aa.rtemaocTH. Momao 

o6o:HTHCh npocThlM11 cpeJ:tCTBaM11 nepHOAHqecKo:H 

11JI11 aenpepbiBHOH npoBepKH OT,!J;eJihHhlX Ra1IOOJiee 

OTBeTCTBeHHhlX npHOOpOB. )l;pyr11e ;meMeHThl, Tpy

AHO ITO,!t,!taiOm;HeCH KOHTpOJIIO, B CJiyqae BLIXO,!ta 

11X 113 CTpOH llp11BOAHT K OCTaHOBKe peaKTOpa. 

O.rtaaKo 3TO oTHOC11TCH K oqeah orpaa11qeaaoMy 

q11CJIY 3JieMeHTOB, Hanp11Mep y,!tepm11BaiOID;11M 

3JieKTpOMarRHTaM CTepmaeft. 

Tm;aTeJihHoe HaroTOBJieH11e, npaB11JihHaH op

raa11aa11,11H 11CllhlTaH11H nepe,!t ycTaHOBKOH 11 CO

OJIIO,!J;eH11e ycJIOBHH aKcnJiyaTaiJ,H11 3T11X aJieMeHTOB 

,!teJiaiOT qpeaBhlqaftao pe,!tK11MH BhiXO,!thl 11X H3 

cTpon. llpH TaKoM noJiomeR11H OhlJIO Ohl aeon

paB.rtaHHhlM ycJIOmReH11e C11CTeMhl BBe.rte:a11eM 

CKB03HOrO KOHTpOJIH IJ,eneft. 

3aaq11TeJihaoe noBLimea11e aa.rtemaocT11 noJiy

qeao aa cqeT nepexo.rta aa TpaH311CTopahle H 

MarH11THhle CXeMhl np1100p0B BMeCTO JiaMITOBhlX. 

Ceftqac cym;ecTByeT IJ,eJiaH cep1111 np116opoB C11-

cTeM ynpaBJieH11H peaKTOpal.JH, BhlllOJIHeHHhlX Ra 

TpaH311CTopax 11 MarH11THhlX yc11JI11TeJIHX. Mar

H11THhle yc11JIHTeJIH 11CJ;IOJihayroTCH npe11Mym;e

CTBeaao B C11JIOBhlX IJ,eiTHX, ,!J;JIH ynpaBJieHHH 

AB11raTeJIHM11 11 aJieKTpoMarR11THhlM11 MY.PTaM11. 

)l;JIH aToll: me 11,eJI11 paapa6oTaHhl 11 cxeMhl aa 

ynpaBJIHeMhlX BeHT11JIHX, OTJIHqarom;11eCH OT CXeM 

Ha MarHHTHhlX yCHJI11TeJIHX rrpOCTOTOH H MeHh

ill11M11 ra6ap11TaMH np116opoB. 
Ha.rtemaocTh C11CTeMhl noBLimaeTCH H 6Jiaro

.rtapn CITOCOOHOCT11 np1100p0B paOOT3Th np11 3Ha
q11TeJihHhlX KOJie6aH11HX aanpnmeH11H ceT11; AO

nycKaeTCH ca11mea11e IT11Tarom;ero aanpnmeHHa 

aa 30-+-40% . 
Bee 6oJiee m11poKoe np11Meaea11e B np116opax 

H CXeMaX ynpaBJieH11H HaXO,!tHT oecKOHTaKTHhle 

aJieMeHThl. Paapa6oTaHhl cxeMhl ynpaBJieHHH npH

Bo.rtaM11 H rrp1100paM11 Ha TpaR311CTOpHhlX JIOr11qe

CK11X 3JieMeHTaX (BMeCTO peJie 11 KOHTaKTOpOB). 

licnoJihayeMLie B cxeMe Jior11qecK11e aJieMeHThl 

BhlllOJIHeHhl B BH,!te MO,!tyJieH, KOTOpble JierKO 

KoMnoayroTCH aa cTaH.rtapTHhlX naHeJIHX. CxeMa 

ynpaBJieH11H noJiyqaeTCH aaaq11TeJihHo 6oJiee KOM

naKTHOH, qeM npH 11CllOJih30BaH11H peJie H KOH

TaKTOpOB. 
Boo6m;e, nepeXOA Ha CHCTeMLI, BLIITOJIHeHHLie 

ITOJIHOCThiO Ha oeCKOHTaKTHhlX 3JieMeHTaX, npHBeJI 

6bl K rpoMoa.rtKo:H, cJiomaoii B o6cJiymHB&HHH 
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(Ha-aa TPYAHOCTe:H B aaxom.rteHHH nonpem.rteHH:H) 
H, B KoaeqaoM HTore, ae.rtocTaToqao aa.rtemaoii 

cHcTeMe. B Kam.rtoM OTAeJihHOM CJiyqae npHxo

AHTCH KOHKpeTHO pemaTh BOllpOC 0 paayMHOM 

oo'LeMe HcnoJihaoBaHHH 6ecKoRTaKTHhlX aJieMea

TOB. 3aaqHTeJibHOe qJICJIO KOHTaKTHhlX 3JieMeHTOB 

em;e npe.rtcTaBJIHeTCH IJ,eJiecoo6pa3HhlM coxpaHHTh 

B CXeMaX ynpaBJieHHH llpHBO,!taMH, B 33AaTqHKaX 

MOID;HOCTH, KOppeKTOpax (KOM8H,!J;OannapaThl: 

K,HOITKH, KJIIOqH, a TaKme peJie H KOHTaKTOphl). 

PE3Y Jlb TA Tbl I-1CnbiT AHI-'tft CI-1CTEMbl 

On11caaaan C11CTeMa OhlJia HCIThiTaaa c Mo.rteJibiO 

peaKTopa. 11cnLITaH11H nOATBep,!t11JIH pa6oTocno
co6aocTh CHCTeMhl. 

0TKJIOHeH11e MOID;HOCT11 MO,!teJI11 peaKTOpa np11 

OTKJIIOqeH1111 O,!tHOrO 3a,!taTq11K8 He npeBLimaeT 

2% OT ycTaHOBJieHHOfO ypOBHH, norpemHOCTh 

B KaHaJiaX KORTpOJIH npeBhlmeHHH MOID;HOCT11 He 

6oJiee 1% OT HOM11HaJihaoro yponan. llpH nepe

xo.rte C O,!tHOfO ypOBHH MOID;HOCTH Ha ,!tpyroft B 

npe.rteJiax o.rtaoro A11anaaoaa pacxom.rteH11H B 
OTAeJihHLix KaaaJiax ae npeBhlmaroT 1% OT 

HOM11HaJibHOH BeJI11q11Hhl. llp11 nepexo.rte C O,l:tHOfO 

,l:t11anaaoHa Ha ,!tpyroft OTKJIOHeHHH MOID;HOCT11 

He npeBLiill3lOT 1-+-2% OT ycTaHOBJieRHOfO ypOB

HH, norpemHOCTh B KaHaJiaX KOHTpOJIH npeBhlme

H11H MOID;HOCTH He OOJiee 0,5% OT HOMHHaJihHOH 

MOID;HOCTH. llpH KOJieOaH11HX HanpnmeRHH ceTH 

+10 11 -15% OTKJIOReH11H He 6oJiee ±1%, np11 

CHHmeRHH aanpnmeH11H ceT11 aa 40% ae 6oJiee 

+3%. 
B aacTonm;ee BpeMH on11caaaan C11CTeMa 11C

noJihayeTcH aa pn.rte ycTaHOBOK, B TOM q11cJie aa 
MaTepuaJioBe.rtqecKoM peaKTope MIIP. 

BbiBO.LJ.bl 
Paapa6oTaaaan C11CTeMa OTJI11qaeTcH yH11Bep

caJihHOCThiO, T&K KaK MomeT co.rtepmaTh paaaoe 
KOJI11qeCTBO K8H8JIOB aBTOM3T11qecKoro peryJI11-

pOBaH11H (AO 3) H KOHTpOJIH npeBblilleHHH MOID;

HOCTH (AO 6) H MOmeT npHH11M8Tb H3BHe C11fHaJILI, 

o6ecneq11BalOID;11e pa3Hble CllOCOObl peryJI11pOB8HHH 
napaMeTpOB YCTaHOBKH. 

B C11CTeMe AOBOJihHO mupoKo np11Meaeaa aB

TOMaT1138IJ,11H, qTo OCBOOOm.rtaeT onepaTopa OT 

PHAa .PYHKIJ,HH H peaKo ca11maeT · aaB11CHMOCTh 
Ha.rtemHOCTH C11CTeMbl OT OllhiT8 onepaTOpa. 

l1p11MeHeH11e TpaH311CTOpOB, MarH11THLIX yC11-

JI11TeJieH, ynpaBJIHeMLIX BeHT11Jieft, TpaH3BCTOp

HhlX JIOf11qeCKHX 3JieMeHTOB B coqeT&H11H C peJie 

H KOHTaKTOp3M11 (B Meaee OTBeTCTBeHHLIX IJ,eiTHX) 

ll03BOJI11JIO llOJiyq11Th Ha.rtemHyiO H cpaHHTeJihHO 
npOCTYIO C11CTeMy. 

)l;yoJI11pOB8HHe KaHaJIOB 11 peaepB11pOB8H11e OT
.rteJlhHbiX Ha1IOOJiee OTBeTCTBeHHhiX npu6opOB C 

np11MeHeH11eM npOCTLIX cpe,!tCTB nepUOA11qecKOH 

HJIB HenpepLIBHOH npOBepKU OT,!teJibHLIX npHOOpOB 

ll03BOJI11JIO ITOJiyq11Th H&,l:temayro C11CTeMy oea 

BBe,!teH11H CKB03HOH npOBepK11 KaHaJIOB. 

Paapa6oTaaaan C11CTeMa o6ecneq11BaeT 6eao
nacHOCTh p800Thl yCT&HOBKH. 
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ABSTRACT -RESUME-AHHOTALU11JI-RESUMEN 

A/330 USSR 

Control system of nuclear reactors 

By I. Y. Emelyanov et at. 

The paper briefly discusses the main design prin
ciples of nuclear reactor control systems. 

The requirements to the system design: maximum 
simplicity, channel duplicating, use of reliable 
elements (transistors, magnetic amplifiers, non-con
tact elements). The paper describes reactor monitoring, 
beginning from the subcritical condition, by means of 
instruments operating from the current ionisation 
chambers and gives the characteristics of the instru
ments which provide the means for the measurement 
of the period and power on a logarithmic and linear 
scale. 

Two systems of automatic power level control are 
described, one exponential with a preset period, and 
the other linear. An emphasis is made on the advan
tages of one power controller, common for the entire 
system, with automatic and manual level correctors. 
The paper describes rod interelation which enables 
automation of the processes requiring introduction of 
reactivity and compensation for the reactivity devi
ati.::>ns which exceed the effectiveness of one rod. 

The paper goes on to discuss the safety provisions, 
alarm system and emergency shut-down systems, the 
relation between the circumstances which require 
reactor shut-down and the means for quenching the 
reaction; specific features of the system for the power 
level overshoot control are noted. 

The paper shows the advantages of the actuator 
control schemes using transistorised elements as 
compared with the control schemes using relays and 
contactors. 

Systeme de controle des reacteurs 

par I. Y. Emelyanov eta/. 

A/330 URSS 

Les auteurs exposent brievement les principles 
essentiels de la structure des systemes de contr6le et 
de securite des reacteurs nucleaires. 

Les conditions que ces systemes doivent remplir 
sont mises en evidence: simplicite maximale, chaines 
doubles, fiabilite des elements (transistors, amplifi
cateurs magnetiques, elements sans contact). Ils 
decrivent le contr6le des reacteurs-en commen~;ant 
par l'etat sous-critique-au moyen d'appareils ali
mentes par des chambres d'ionisation a courant et 
donnent les caracteristiques des appareils d'enregistre
rn.ent lineaire et logarithmique du temps de double
ment et la puissance. 

Ils decrivent deux systemes de contr6le automatique 
du niveau de puissance, l'un exponential avec temps de 
doublement preregle, l'autre lineaire. Ils font valoir 

les avantages d'un appareil de contr6le de la puissance 
commun a 1' ensemble du systeme et muni de correcteurs 
de niveau automatiques et manuels. Ils decrivent la 
relation entre les barres qui permet d'automatiser les 
operations qui necessitent !'addition de reactivite 
et la compensation des ecarts de reactivite, superieurs 
a l'efficacite d'une seule barre. 

Les auteurs etudient ensuite les mesures de surete, 
les divers systemes d'avertissement et d'arret brusque 
du reacteur, l'interdependance des causes qui imposent 
un tel arret et les moyens d'arreter la reaction; ils 
signalent les particularites du systeme de contr6le 
des excursions de puissance. 

Enfin, ils font ressortir les a vantages que les systemes 
de contr6le par transmission a l'aide d'elements 
"logiques" transistorises et de soupapes commandees 
presentent par rapport aux systemes a ralais et a 
contacteurs. 

A/330 URSS 

Sistema de control de los reactores 
por I. Y. Emelyanov et at. 

En la memoria se exponen brevemente los principios 
basicos de la estructura de los sistemas de control y 
protecci6n de los reactores nucleares. 

Se enfocan las condiciones a que han de satisfacer 
esos sistemas: maxima sencillez, duplicaci6n de la 
indicaci6n, empleo de elementos fide dignos (transis
tores, amplificadores magneticos, elementos sin 
contacto ). Se describe el control de los reactores, 
partiendo del estado subcritico, mediante aparatos 
alimentados por camaras de ionizaci6n de corriente. 
Se presentan las caracteristicas de los instrumentos 
que permiten las medidas y el registro del periodo 
y de la potencia en las escalas lineal y logaritmica. 

Se describen dos sistemas de control automatico 
del nivel de potencia: uno exponencial, con un 
pedodo dado y otro lineal. Se seiialan las ventajas de 
un marcador de potencia, comun para todo el sistema, 
con correctores automaticos y manuales del nivel 
prefijado. Se describe la relaci6n entre las barras, que 
permite automatizar los procesos que exigen la 
introducci6n de reactividad, y la compensaci6n de su 
desvaci6n por encima del valor correspondiente a una 
barra sola. 

A continuaci6n se discuten las medidas adoptadas 
para la seguridad de la instalaci6n, los sistemas de 
protecci6n preventiva y de parada Crusca del reactor, 
la interdependencia de las causas que exigen la 
parada y los medios de parar la reacci6n; se seiialan 
las particularidades del sistema de control del exceso 
de potencia. 

Se indican las ventajas del sistema de control 
mediante circuitos 16gicos transistorizados y valvulas 
controladas, con respecto a los esquemas a base de 
reles y contactores. 



P/518 Belgique 

Resultats pratiques et perspectives de l'utilisation 
de poison en solution dans les reacteurs a 
eau sous pression 

par M. Plumier*, P. Stacquez*, P. Dozinel**, R. Muylle**, M. Preat**, 
G. Beuken***, M. Gueben*** et L. Maesen*** 

Le controle chimique est appele a jouer un role de 
plus en plus important dans !'exploitation des cen
trales nucleaires de puissance du type a eau sous 
pression. 

En vue de reduire le coilt du kWh, on a cherche a 
augmenter les durees d'irradiation du combustible 
ainsi que la puissance specifique du creur. Or les 
barres de controle n'ont qu'une efficacite limitee et, 
d'autre part, elles provoquent des pointes de flux de 
chaleur impliquant une reduction de la densite 
moyenne de puissance dans le creur. L'emploi de 
poison en solution pour controler la reactivite pendant 
toute la duree de vie du creur pallie ces inconvenients. 
En effet, un empoisonnement homogene de l'eau du 
circuit primaire permet une repartition plus uniforme 
du flux neutronique en eliminant les barres de com
pensation; il rend possible un plus grand exces initial 
de reactivite et conduit ainsi a une augmentation de la 
duree de vie du creur en se rapprochant de !'optimum 
economique. 

Un controle chimique est prevu dans les centrales 
du type a eau sous pression (PWR) actuellement en 
construction on en pro jet; il permettra de compenser 
l'epuissement du combustible et de suivre les trans
itoires lents, tels que ceux dus a l'effet xenon. La 
combinaison des proprietes neutroniques et chimiques 
de i'acide borique I' a fait choisir comme poison. 

D'autres poisons chimiques .sont cependant egale
ment utilises; par exemple, le sulfate de cadmium est 
utilise dans l'eau lourde du reacteur canadien de 
Douglas Point. 

Le controle chimique entraine un certain nombre de 
problemes relatifs a la chimie des eaux de refroidisse
ment du reacteur, a la corrosion des circuite, a la 
dynamique du reacteur, a la souplesse de la compensa
tion de reactivite, ainsi que certaines modifications 
dans la conception et !'exploitation des centrales, 
notamment en ce qui concerne le traitement des 
effluents radioactifs. 

La presente communication examine, dans une 
premiere partie, les problemes qui se sont poses lors de 

* Ateliers de constructions electriques de Charleroi. 
**Bureau d'etudes nucleaires, Bruxelles. 
***Groupe industriel pour !'exploitation du BR3, du centre 

d'etude de l'energie nucleaire, Mol. 
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l'essai de marche en puissance de la centrale nucleaire 
BR3 en presence de bore, puis, dans la seconde partie, 
les particularites introduites, par ce procede de 
controle, dans la conception des centrales a eau sous 
pression, ainsi que dans le traitement des effluents 
radioactifs. 

MARCHE EN PUISSANCE DE LA CENTRALE 
NUCLEAIRE BR3 EN PRESENCE DE BORE 

DANS LE CIRCUIT PRIMAIREa 

La centrale nucleaire BR3 possede un reacteur du 
type PWR d'une puissance thermique nominale de 
40,9 MW. La puissance electrique brute corres
pondante est de 11,7 MW. 

Mise en service industriel en fin 1962, la central a, 
pendant les 12 premiers mois demarche en puissance, 
produit 70 000 000 kWh electriques, soit I' equivalent 
de 6 000 heures a pleine charge. Il en resulte une 
utilisation moyenne proche de 70%. Les principaux 
resultats d'exploitation de la premiere annee de 
fonctionnement de la centrale sont decrits dans le 
document BLG 261 [1]. 

Le reacteur n'ayant pas ete con~u pour etre controle 
par voie chimique, avant de proceder aux essais 
pratiques, la securite des experiences envisgees a ete 
etudiee sur simulateur analogique.b 

Simulateur analogique 
Les principaux phenomenes examines sont: 
a) L'influence de la reduction, en valeur absolue, du 

coefficient negatif de temperature de l'eau (modera
teur) lors de transitoires importants de charge. On en 
conclut que !'introduction de bore, particulierement a 
des concentrations superieures a 100 ppm, conduit a 
une response transitoire du systeme moins favorable 
que lors du fonctionnement sans bore, mais neanmoins 
parfaitement acceptable. 

b) Les consequences de la disparition rapide du bore 
contenu dans l'eau du circuit primaire. Malgre des. 

• Les experiences menees sur le BR3 ont ete realisees sous les 
auspices de Ia Fondation nucleaire. 

b La simulation analogique a ete realisee sur les installations 
du CEN a Mol par J.P. Contzen et F. de Greef. 



-Puissance electrlque: Pe = 10 MW (e) 

• Temperoture moyenne : Tave = 262o C 
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· Figure I. Marche du reacteur BR3 en presence de 400 ppm de bore. 
Partie c) Reactivit6--Courbe A: burn-up: 110 EFPH = 0,123% t5k/k (100 ppm= 1% t5k/k), Sm: 1 OOOEFPH = 0,2% t5k/k; courbe B, 
Burn-up: 110 EFPH = 0,1% t5k/k (100 ppm= 1% t5k/k), Sm: 1000 EFPH = 0,2% t5k/k 
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hypotheses extremement pessimistes, aucune tempera
ture limite du combustible et de l'eau n'est atteinte. 
Cependant, afin de se premunir contre des variations 
«inexplicables» de la reactivite, l'exploitant fixe une 
limite (0,65% bkfk en 24 heures) a de telles variations. 
Cette limite n'est jamais atteinte au cours des essais, 
ainsi qu'en temoigne la fig. 1, extraite des documents 
BLG 205 et 262 [2]. 

Essais realises 

Ces essais ont ete realises par etapes successives afin 
de connaitre la repercussion de chacune des modifica
tions introduites dans le fonctionnement des systemes. 

1. Marche prealable a puissance normale, sans 
purification par le demineraliseur a lit melange, les 
resines echangeuses d'ions n'etant pas saturees en ions 
Bog- et, de ce fait, ne pouvant pas etre utilisees 
pendant le fonctionnement avec bore. 

2. Marche prealable a la puissance normale sans 
utilisation du demineraliseur, avec reduction du pH 
de 9,5 a 7 environ. 

Pendant ces deux etapes prealab1es, !'augmentation 
de l'activite de l'eau primaire, d'ailleurs previsible, est 
loin de conduire aux limites admissibles. L'activite 
de l'air, elle aussi, reste partout en dessous des 
concentrations maximales admissibles. 

3. Marche en puissance, l'eau du circuit primaire 
contenant 125 ppm de bore. Ce premier pas dans 
!'etude du controle chimique permet de determiner 
l'effet global du «by-passage» du demineraliseur, de 
la reduction du pH et de la presence de bore dans l'eau 
du circuit primaire. II donne des renseignements sur 
!'evolution des caracteristiques chimiques des eaux, 
de la concentration en bore, de la reactivite du noyau 
(camr) et sur la possibilite de compenser i'empoissone
ment Xe. 

4. Marche en puissance avec une concentration en 
bore plus elevee (350 ppm) dans l'eau du circuit 
primaire. 

Cette derniere etape, realisee apres un changement 
de configuration du noyau permet de pousser l'etude 
plus loin: 

- Demarrage et montee en puissance des installa
tions en presence de bore; 

- Compens~tion totale de l'effet Xe par reduction 
de la concentration en bore; 

- Fonctionnement en puissance, toutes les barres 
de controle etant hors du noyau a !'exclusion de 
deux barres de pilotage; 

- Compensation de l'empoisonnement Sm et de 
l'usure du combustible par elimination de bore. 
En outre, differents delestages et montees 
rapides en puissance permettent de tester le 
comportement dynamique du reacteur. 

lei encore, la reactivite du noyau, la concentration 
du bore, les produits en solution ou en suspension 
dans l'eau primaire, ainsi que les caracteristiques 
physico-chimiques et la radioactivite de cette eau 
sont systematiquement suivis pendant et apres les 
essais. 
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Examen des resultats obtenus 

Caracteristiques physico-chimiques 
et radiochimiques de l'eau primaire (tableau 1). 
Evolution du pH 

Le pH suite regulierement les variations de la 
concentration en bore. 11 est assez sensible a la presence 
de quelques traces de lithium et d'ammoniac. 
Evolution des constituants chimiques en solution 

a) Bore.-L'acide borique ne parait pas se de
composer: en effet, des analyses faites par des methodes 
differentes, l'une determinant la concentration du bore 
sous forme d'acide borique uniquement, !'autre 
determinant la concentration du bore sous ses 
differentes formes, donnent des resultats identiques. 

b) Chlorure.-La concentration en chlorure fluctue 
sans jamais atteindre la valeur maximale admissible 
de 0,1 mg CI- par litre. 

c) Silice.-La silice-sous forme colloi:dale-serait 
introduite dans le circuit avec l'eau demineralisee 
d'appoint. En marche normale, avec demineraliseur 
et a pH eleve, la silice passerait en solution avec une 
vitesse de reaction suffisamment faible pour etre 
retenue sur l'echangeur d'ions au fur eta mesure de sa 
dissolution. Ces conditions n'etant pas realisees lors 
des presents essais, la teneur en silice s'accroit et se 
maintient a un niveau relativement eleve. 

d) Oxygene.-La teneur en oxygene est toujours 
restee nulle au cours des differents essais. Rappelons, 
a ce sujet, que la quantite d'hydrogene contenue dans 
l'eau du circuit primaire s'eleve a 25 a 35 cm3/kg. 

e) Lithium.-La concentration du lithium, qui est 
utilise en fonctionnement normal comme regulateur 
de pH, avait ete abaissee a une valeur non detectable 
afin de controler sa production eventuelle par la 
reaction nucleaire 

1
50B + 5n --+ ~Li + ~He. 

Aussitot apres !'addition d'acide borique et avant la 
criticite de reacteur, la concentration du lithium 
remonte a 100 f.-lg/1 par remise en solution des depots 
fixes aux parois. Cet accroissement subit de la teneur 
en lithium a empeche toute possibilite de bilan de la 
production de lithium a partir du bore 10. 
f) Sodium.-Le sodium present dans l'eau primaire 

provient d'impuretes contenues dans l'acide borique. 
g) Ammoniac.-De !'ammoniac se forme a partir de 

l'azote present dans l'eau d'appoint sous l'action du 
flux neutronique; cette formation est, en regime, 
preponderante par rapport a la decomposition 
radiolytique sous !'action du flux gamma. Des 
transitoires de charge provoquent en consequence des 
variations de concentration, par suite de la modifica
tion du rapport de ces flux. 

h) Nitrates et nitrates.-Si les teneurs en nitrites 
sont restees nulles, les nitrates n'ont pas pu etre doses 
en presence d'acide borique par la methode d'analyse 
habituellement utilisee. 

i) Fer et autres constituants de l'acier inoxydable.
La quantite de fer soluble a bas pH est assez impor
tante; elle diminue lorsque le pH augmente, a cause de 
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Tableau I. Analyses chimiques et radiochimiques de l'eau primaire 

pH 9,72 9,72 9,70 6,75 6,0 8,12 8,86 8,85 

MATIERES EN SOLUTION DANS L'EAU PRIMAIRE 
Analyse chimique 

B (mg/1) 0 0 0 113,1 334 2,2 0 0 
CI- (ftg/1) . 24 12 80 10 40 0 68 28 
Si02 (ftg/1) 29 11 300 196 158 254 44 21 
o. (p,g/1) 0 3 0 0 0 0 
Li+ (p,g/1) . 780 780 430 100 135 0 180 175 
Na+ (p,g/1) 8 6 6 120 270 6 0 0 
NH3 (ftg/1) 171 160 220 180 125 208 0 0 
N02- (p,g/1) . 0 0 0 0 0 
No.- (ftg/1) . 0 0 30 
Fetot (p,g/1) . 25 12 12 38,5 35,5 44 44 

Analyse radiochimique 
Activite sol. (p,Ci/ml) . 7,1 X 10-• 2,0 X 10-3 

Activite gaz (p,Ci/ml) . 1,4 X 10-2 1,4 X 10-2 

12 x1o-• 
1,8 X 10-2 

17 X 10-• 
2,1 x w-• 

1 X 10-3 

o,86 x to-• 
8,4 X 10-4 

0,8 X 10-1 

22 X 10-2 

2,2 X 10-• 
6,1 X 10-• 

10,9 X 10-2 6,6 X 10-2 

1,4 X IO-• 1,4 X 10-2 
1,45 X 10-• 

1 X 10-2 
1311 (p,Ci/ml) . . 4,4 X 10-4 

133J (ftCifml) . . 0,8 X 10-3 

54Mn (p,Ci/ml) . 
24Na (p,Ci/ml) . 1,3 X 10-3 

133Xe (p,Ci/ml) . 1,1 X 10-3 

13"Xe (p,Ci/ml) . 2,0 X 10-3 

140La (p,Ci/ml) . 
18F (p,Ci/ml) 5,5 X 10-• 
41A (p,Ci/ml) 1,6 X 10-3 

0,6x 10-3 

2,0 X 10-3 

1,1 X 10-3 

2,6 X 10-4 

4,4 X 10-3 

1 X 10-• 
3,8 X 10-4 

1,5 X 10-1 

1,6 x1o-• 
1 x w-• 

3,3 X 10-4 

• Ces colonnes donnent les 
valeurs relevees apres purge du 
bore, mais avant addition de 
LiOH pour Ia correction du pH. 

MATIERES EN SUSPENSION DANS L'EAU PRI¥AIRE 

• b Ces chiffres ne sont pas 
d1rectement comparables a ceux 
resultant de l'essai avec 350 ppm 
de bore. En effet, contrairement 
aux autres elements de ce 
tableau, les donnees relatives 
aux analyses radiochimiques des 
matieres en suspension, preal
ables a l'essai a 350 ppm de 
bore, different sensiblement des 
memes donnees a Ia veille de 
l'essai a 125 ppm de bore, qui 
sont donnees ci-dessous: 

Analyse chimique 
Mat. en susp. (ppb) 2,1 4,2 
Fe(%) . 46,5 65 
Ni (%). 2,6 0 
Cr (%). 1,84 2,5 
Mn (%) 1,82 
B (%) 0 

Analyse radiochimique 
59Fe (ftCi/mg Fe) 1,28 X 10-1 

••eo (p,Ci/mg Fe) 1,42 X 10-1 

••co (1-tCi/mg Fe) 2,85 X 10-1 

51Cr (p,Ci/mg Fe) 2,3 X 10-1 

••Mn (p,Ci/mg Fe) . 0,75 X 10-1 

uomAg (p,Ci/mg Fe) 1,50 X 10-1 

la formation d'hydroxydes peu solubles. On constate 
egalement la presence de manganese en solution pour 
des pH voisins de 6; celui-ci passe so us forme d'hydro
xydes lorsque le pH croit. Le chrome et le nickel ne 
sont generalement pas detectables. 
Evolution des matieres en suspension 

Ainsi que le laissent prevoir les courbes de solubilite 
des hydroxydes, on constate le passage en solution de 
fer et de manganese tandis que les autres metaux 
constitutifs de l'acier inoxydable continuent a se 
retrouver sous forme filtrable. 
Evolution des elements radioactifs solubles 

Cette activite augmente rapidement au debut de 

0,42 
71 

0,9 
1,2 
0 

1,23} 1,33 
0,65 b 

5,7 
2,55 
0,27 

2,25 
59 

1,7 
1,6 
0 
6,65 

0,07 
2,6 
0,69 

45 
0,65 
6,8 

Avec demin. 
sans bore 

0,67 
2,60 
0,93 
3,40 
0,8 
0,014 

Sans d6min. 
sans bore 

1,02 
3,60 
1,76 
8,65 
1,27 
0,098 

l'essai et se stabilise a une nouvelle valeur corres
pondant a 0,24 ,uCi/ml environ, approximativement 
triple de l'equilibre atteint lorsque les resines sont en 
service. Cette variation est due a: a) la mise hors 
service de l'echangeur d'ions; les produits de fission ne 
sont plus elimines (1311, 1331, etc.) et atteignent un 
nouvel equilibre, de valeur plus elevee; b) la formation 
de 24Na provenant de I' activation du Na presentcomme 
impurete de l'acide borique; c) la presence de 58Co, 
54Mn, 56Mn provenant de la dissolution des matieres 
en suspension. 

Evolution des matieres en suspension 

Le fonctionnement a bas pH provoque, comme il 
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fallait s'y attendre, la liberation des produits de 
corrosion deposes sur les parois en acier inoxydable 
et leur passage progressif en solution. On y retrouve 
les composants de l'acier inoxydable (par exemple 51Cr) 
ainsi que }'isotope 110Agm, resultant de l'attaque des 
barres de contr6le Ag-ln-Cd a travers Ies defauts du 
recouvrement en nickel. De nombreuses mesures ont 
permis de verifier que Ia concentration en bore des 
matieres en suspension reste extremement faible. 

Variation de reactivite 

Pendant la marche en regime ou lors de transitoires, 
la reactivite varie de far;on limitee dans les deux sens, 
mais toujours tres Ientement (un facteur 2 ou 3 est 
toujours conserve vis-a-vis de la limite fixee). 

Le graphique donne ala figure 1 montre I' evolution, 
en fonction du temps, de la disparition «inexplicable» 
de reactivite lors de l'essai a 350 ppm de bore. Ce 
terme designe la difference entre, d'une part, la valeur 
deduite experimentalement de la position des barres 
et de la concentration du bore et, d'autre part, la 
valeur predeterminee a partir d'une position de 
reference, en tenant compte d'un taux depuisement 
constant du combustible tout au long de l'essai, du 
coefficient de puissance et des empoisonnements Xe 
et Sm. Aucune explication certaine n'a pu etre donnee 
pour ces variations; on peut tout au plus emettre 
!'hypothese d'une adaptation progressive du noyau du 
reacteur a son nouvel environnement tant au point de 
vue empoisionnement (Xe et Sm) qu'au point de vue 
thermique et metallographique. 

D'autre part, ces variations sont en partie imputables 
aux approximations faites et au manque de precision 
inherent aux methodes de mesure employees. Citons 
entre autres: 

a) L'etalonnage des barres a ete fait dans un noyau 
bore, mais a puissance nulle et sans xenon, c'est-a-dire 
dans un environnement bore seul, qui, du fait de sa 
repartition uniforme, donne une forme de flux plus 
pointue au centre du noyau que l'environnement 
borexenon et done une importance specifique trop 
grande aux barres de pilotage. 

b) La position des barres n'est definie qu'avec une 
precision de ± 1 em (ce qui correspond, en equivalent 
bore, a 5 ppm), tandis que la mesure de la concentra
tion du bore se fait avec une precision de l'ordre de 
1 ppm. 

c) La distribution de flux et la repartition du xenon 
changent avec la position des barres, c'est-a-dire avec 
le niveau de puissance et la concentration du bore. On 
conr;oit des lors que la valeur de la disparition in
explicable de reactivite soit plus forte dans les 48 
heures qui suivent un transitoire que lorsque le 
reacteur est stabilise depuis plus de deux jours. 

Influence sur les coefficients de temperature 
et de puissance 

La diminution du coefficient de temperature du 
moderateur (de I' ordre de 15 %) due a la forte con
centration du bore n'a pas d'incidence fiicheuse sur Ie 
comportement dynamique du reacteur. Un delestage, 

p 
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realise sans deplacement des barres de contr6le, a 
permis de s'en rendre compte. Le coefficient de 
puissance est inchange. 

Variation de Ia concentration du bore 

La concentration du bore est modifiee a differentes 
reprises, au cours des essais, pour compenser l'epuise
ment du combustible, les transitoires Xe et Sm et les 
modifications lentes de charge. La dilution s'opere 
aisement et ne pose aucun probleme particulier. 11 
semble cependant que le bore ait tendance a se 
concentrer progressivement dans le pressuriseur. Ceci 
ne constitue en aucun cas un inconvenient majeur. 

Les analyses chimiques de l'eau et le bilan de 
reactivite apres elimination du bore montrent qu'il n'y 
a pas retention dans le noyau ou le circuit primaire. 

Conclusions des essais de marche en puissance 
avec controle chimique 

Ces essais permettent notamment de se rendre 
compte de la securite de ce procede comme systeme de 
compensation de la reactivite: 

1. Les variations «inexplicables» de reactivite sont 
toujours restees d'amplitude limitee. Elles se develop
pent lentement, beaucoup plus lentement qu'un 
transitoire dit «lent» comme l'empoisonnement Xe. 
Il a toujours existe un rapport minimal de 2 a 3 entre 
leur vitesse de changement et la valeur de 0,65 okfk par 
jour admise comme etant la limite au-dela de laquelle 
l'essai devait etre interrompu. Un systeme de contr6le 
normal pourra done les compenser facilement. 

D'autre part, ces variations de reactivite ne depen
dent pas proportionnellement de la concentration du 
bore. On pourait done envisager de fonctionner avec 
des concentrations bien superieures, si toutefois la 
diminution du coefficient de temperature ne l'empeche 
pas. 

Des variations inexpliquees de reactivite se pro
duisent d'ailleurs en fonctionnement sans bore. 

Enfin, ces pertes de reactivite sont temporaires; on 
Ies recupere integralement apres !'elimination du bore. 
Un bilan de perte de reactivite en fonction du temps a 
permis de verifier ce fait. 

2. Aucune variation brusque et importante de la 
concentration du bore ne se produit. La concentration 
dans le pressuriseur est cependant toujours plus forte 
que dans le reste du circuit primaire. 

3. Le bore ne s'incruste pas de far;on appreciable a 
l'interieur du cceur ou sur les parois des tuyauteries. 

4. L'evolution du pH ne pose pas de probleme 
particulier pendant le fonctionnement. L'acide borique 
etant un acide tres faible, les hydroxydes LiOH et 
NH40H, meme en faible concentration, ont une 
influence non negligeable sur le pH. 

5. La corrosion de l'acier inoxydable ne pose pas de 
probleme. Seules les barres de contr6le Ag-ln-Cd 
gainees au nickel sont attaquees de far;on plus impor
tante lors d'une marche avec bore. 

6. L'activite de l'eau primaire reste inferieure aux 
limites admises, bien que le demineraliseur soit reste 
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hors service pendant plus de six semaines. L'activite 
ambiante reste normale egalement. 

CONCEPTION DES CIRCUITS HYDRAULIQUES 
DES REACTEURS PWR CONTROLES PAR 

POISON SOLUBLE 

Expose du probleme 
II serait judicieux de chercher a simplifier les 

circuits auxiliaires, tout en les adaptant aux sujetions 
du controle chimique, ce qui necessite de repenser 
chaque fonction a la lumiere des resultats d'experi
mentation et d'exploitation. 

Nous n'examinerons que le cas oil le poison soluble 
est un compose de bore, sans perdre de vue que 
d'autres elements pourraient etre envisages (Cd, 
terres rares, etc.). 

La concentration des effluents et leur elimination est 
relativement onereuse si I' on desire dimensionner les 
installations en fonction des hypotheses generalement 
admises pour le calcul d'un reacteur a eau sous 
pression, a sa voir 1% de gaines defectueuses d'elements 
de combustible. D'autre part, le controle chimique 
d'une centrale d'une puissance de l'ordre de 250 
MW(e) conduit a eliminer annuellement 2 a 10 t 
d'acide borique, selon le programme d'exploitation 
(variations de charges, arrets). 

Le nombre necessaire de ffits b1indes pour evacuer 
ces residus solides depend soit de Ia quantite de 
produits de fission liberes dans l'eau primaire si 
celle-ci est importante, soit de la quantite de B03H3 

si Ia contamination est faible. Etant donne Ia haute 
qualite technologique des combustibles actuellement 
fabriques et en service, les fissures de gaine sont 
estremement rares et l'eau primaire est peu radioactive. 
Dans ce cas, afin de reduire le nombre de ffits actifs, 
il faut tenter de separer B03H3 des produits de fission 
et des produits de corrosion. 

Procedes de concentration 

La concentration des impuretes contenues dans les 
effluents, telles que acide borique, produits de fission 
et de corrosion, peut etre obtenue par plusieurs 
procedes: 
Distillation 

Le choix du type d'appareil sera guide par des 
considerations techniques et economiques, dependant 
principalement des volumes a traiter. Si les variations 
de charge sont controlees a l'aide d'acide borique, les 
volumes a traiter sont relativement eleves, et il est 
recommande d'utiliser un type de distillateur d'exploi
tation peu coutelise. Parmi ceux-ci, le type a recom
pression de Ia vapeur est utilise notamment a Shipping
port aux Etats-Unis, et prevu pour Ia centrale SELNI 
en Italie. La' distillation a simple effet, d'un cout 
d'investissement plus reduit, presente certains avant
ages de simplicite de conception et d'exploitation, et il 
peut se justifier si les volumes a traiter ne sont pas trop 
importants et si le cout de la calorie-vapeur disponible 
est relativement faible (soutirage a Ia turbine par 
exemple). 
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On pourrait envisager egalement de greffer le 
distillateur sur le circuit primaire en mettant a profit 
les differences de pression et de temperature y existant, 
les c6nsommations de calories etant ainsi reduites au 
minimum. 
Electrodialyse 

Ce procede consiste essentiellement a faire migrer 
les ions dans un champ electrique et a les isoler 
ensuite a l'aide de parois de permeabilite selective. 
Quoique connu de longue date, il n'a ete developpe 
que recemment. Les progres de sa technologie ont 
permis ces dernieres annees de realiser des installations 
industrielles. 

Si 1'6lectrodialyse s'avere pratiquement applicable a 
la separation d'acide borique, on en retirerait les 
avantages suivants: a) un cout tres faible pour le 
traitement des effluents, la consommation d'energie 
electrique etant minime; b) la possibilite de traiter 
directement toute du purge circuit primaire en reduisant 
sensiblement le volume des reservoirs d'effluents et 
d'eau d'appoint ainsi que la station de traitement des 
effluents; c) Ia possibilite de recuperer l'acide borique 
ainsi concentre et de reduire Ia quantite des residus 
radioactifs solides. 
Echange d'ions 

Ce procede n'est economiquement acceptable pour 
l'enlevement de l'acide borique que si sa concentration 
est faible. Etant donne que, pour traiter des effluents 
a haute concentration, un autre procede est necessaire, 
plus celui-ci sera economique, moins Ia presence d'un 
demineraliseur sera justifiee. 

Purification de l'eau primaire 

La purification, telle qu'elle est generalement con\;ue 
pour les reacteurs a eau sous pression, suffit a diminuer 
Ia concentration des substances radioactives a un 
niveau acceptable, meme si I % des elements de 
combustible est endommage [3]. Cette hypothese 
parait pessimiste a Ia lumiere de !'experience acquise 
dans de nombreux reacteurs. Si la proportion d'ele
ments defectueux est inferieure a I%0 , Ia purification 
n'est plus indispensable, et l'echange ionique tel 
qu'utilise actuellement peut etre abandonne. Cepend
ants outre leur fonction d'echange, les demineraliseurs 
jouent vis-a-vis des produits de corrosion le rOle de 
filtres, par ailleurs difficilement colmatables. Ces 
produits se presentent, en general, sous forme d'oxydes 
et d'hydroxydes en grande partie insolubles, se 
deposant sur les parois des equipements dont ils 
restreignent l'accessibilite. Leur extraction est done 
indispensable et peut etre effectuee simplement sur des 
filtres adequats, places par exemple en derivation sur 
une des pompes de circulation du circuit primaire. 

De plus, l'enlevement du bore par purge du fluide 
primaire constitue un moyen de deconcentration 
supplementaire qui peut etre suffisant du point de vue 
des produits de fission, lorsque le nombre d'elements 
defectueux est relativement faible. 

Dechets solides 

Le controle de la reactivite par poison dissous 
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entraine la manipulation de quantites importantes de 
boues apres concentration des effluents. Si la radio
activit6 de l'eau primaire est elevee, la tolatite des 
boues doit etre traitee comme residu radioactif, 
necessitant un nombre eleve de ffits. L'insolubilisation 
et la prise en masse de ces boues posent certains 
problemes. Leur incorporation a du bitume plutot 
qu'a du ciment pourrait y apporter une solution 
interessante, tout en reduisant le nombre de ffits. Si au 
contraire, ainsi que le montre !'experience acquise, on 
pouvait reduire les valeurs maximales supposees pour 
le pourcentage de d6fauts d'elements de combustible 
on pourrait: soit reutiliser tel quel l'acide borique 
reconcentre; soit le separer des produits radioactifs par 
precipitation. Le nombre de ffits de dechets radioactifs 
s'en trouverait fortement reduit. Des essais ont 
montre qu'une telle precipitation pouvait etre effectuee 
sans entrainement de produits radioactifs. 

CONCLUSIONS 

Les experiences effectuees sur le reacteur BR3 ainsi 
que sur d'autres reacteurs a eau sous pression ont 
montre la facilite et la souplesse de fonctionnement du 
controle de la reactivite par acide borique dissous 
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meme avec des installations qui n'avaient pas ete 
specialement prevues a cet effet. Aucun inconvenient 
marquant n'a ete rencontre des points de vue: du 
controle de la reactivite; de la stabilite et de la securite 
du fonctionnement du reacteur; de la corrosion de 
l'acier inoxydable. 

Neanmoins, le controle chimique du reacteur peut 
conduire a la production de quantites d'effiuents 
liquides et residus solides assez elevees; il serait 
souhaitable d'avoir recours a des methodes de 
traitement et de separation susceptibles de reduire les 
couts d'investissements et d'exploitation corres
pondants. Ces simplifications d'equipements semblent 
d'autant plus facilement realisables que !'hypothese de 
calcul choisie comme fraction d'elements de com
bustible defectueux est faible. 
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A/518 Belgium 

Practical results and prospects for the use 
of a soluble poison in the pressurised-water 
reactors 
By M. Plumier eta/. 

The control by chemical shim is going to play an 
important role in the economics of pressurised-water 
reactor operation. The homogeneous poisoning of the 
primary circuit water, avoiding the perturbating 
action of control rods, allows a more uniform distri
bution of the neutron flux; it opens the way towards a 
large initial investment of reactivity, and leads to an 
increase of the core life-time. 

Chemical shim is provided in the pressurised-water 
plants now being erected or planned; it will compen
sate for the fuel burn-up and follow the slow transients, 
such as those resulting from the xenon effect. The 
combination of the nuclear and chemical properties 
of the boric acid designates it as poison. 

This paper covers, in the first part, the problems 
encountered with boron during the power operation 
of the BR3 plant and, in the second part, the influence 
of this type of control on the design and the operation 
of the pressurised-water type plants, as well as in the 
treatment of radioactive wastes. 

Power operation of the BR3 plant with boron in the 
primary loop 

After analogue computer studies and preliminary 

tests proved that power operation using boron was 
safe, two series of tests were run successively; the first 
one with 125 ppm, the second one with 350 ppm of 
boron (in boric acid form) dissolved in the water. Most 
practical cases have been covered: power operation at 
fixed load; operation. at reduced load; slow and fast 
load transients; slow reactivity transients; especially 
the xenon effect without rod displacement. 

The paper describes some of the problems encoun
tered and gives, with comments, the results of the tests 
showing the evolution of the primary loop parameters 
(reactivity, water chemistry, activities). 

Influence of the circuits 

The introduction of the chemical shim did not 
radically modify the auxiliary circuits of the reactors 
now being designed. However, it seems desirable to 
review the whole of the hydraulic circuits, especially 
the purification and the waste treatment system. 

Some solutions of the purification system problem 
are discussed in connection with the various methods 
of boric acid removal. 

Furthermore, feed and bleed needed for boric acid 
dilution increase the quantities of liquid wastes. The 
paper discusses the problem of the boric acid removal, 
either by concentration and separation (different 
methods are suitable: single pass distillation or 
vapour recompression, demineralization, electrodia
lysis,), or by controlled disposal, after storage and 
dilution. 
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npaKTH4eCKHe peaynbTaTbl H nepcneK
THBbl npHMeHeHHft nor nOTHTenH 8 pac
TBOpe B HAepHbiX peaKTOpax C BO
AOH noA AaaneHHeM 

M. nniOMbe et a!. 

XHMH'ieCKHii: KOHTpOJih npHaBaH HrpaTb Dec 

ooJiee Baamyro pOJih B 3KOHOMHKe 3KC11JiyaTau,un 

aTOMHhiX 3JICKTpOCTaHIJ,Uii: C peaKTOpaMH, OXJiaif\

p;aeMhiMH Dop;oii 11011: )l;aBJieHneM. foMoreHHhiii nor

JIOTHTeJih B DO)l;e UepBH'IHOI'O KOHTypa 1103BOJIH

eT llOJIY'!HTh 6oJiee O)l;HOpO)l;HhiH llOTOK HeiiTpOHOB, 

ycTpaHHH HapyrnaiOIIJ,ee )l;eHCTBHe peryJinpyiOIIVIX 

CTCpilmeii.; OH )l;aeT D03MOil\HOCTh yDeJIU'IHDaTb Ha

'IaJihHhiH BI\Jla)l; peaKTHDHOCTH If TaKHM o6pa30M 

HpHBO)l;HT K yneJin'feHniO cpmm cJiym6LI aKTHB

noii 30Hhi. 

XnMH'!eCI\Oe peryJiuponaHne npe)J,ycMaTpnDaeT

CH ,'I,JIH aTOMHhiX 3JieKTpOCTaHIJ,IIi[ THTia C DO)l;Oif 

HOp; )l;aBJICHHCM, CTpOHIIJ,HXCH HJIII npOeKTHpyeMhiX 

ll HaCTOHIIJ,ee BpCMH; OHO 1103BOJIIIT KOMTieHCHpO

Da Th HCTOIIJ,CHIIe TOllJIHBa II 6yp;eT CJIC)l;HTh a a 

MC)J,JICHHhiMII nepeXO)l;HhlMII }JCil\IIMaMH MOIIJ,HOCTII, 

R03HHKaiOIIJ,HMH B peayJihTaTe alf>lf>eKTa KCCHOHa. 

B KaTJeCTBe norJIOTHTeJIH 6hiJia Bhl6pana 6opHaH 

KHCJIOTa 6Jiarop;apH CO'IeTaHHIO ee H)l;CpHbiX If XU

MII'ICCKHX CBOHCTD. 

B nepBoii TJaCTn AOKJiap;a paccMaTpuBaiOTCn 

IIp06JICMhi, B03HHKliiHC DO BpeMH UCllhiTaHni( Ha 

MOIIJ,HOCTII aToMHOH aJieKTpocTaHu,nu DR-3 upu 

HaJIH'IHH 6opa; BO BTOpoii: 'laCTH- OCOOCHHOCTif, 

KOTOpbiC BBO)l;HT 3TOT MCTOA peryJIHpOBaHHH B 

1\0HCT}JYKIJ,HIO II 3KCnJiyaTaiJ,HIO aTOMHhiX 3JICKTpO

CTaHIJ,Hii TaKOI'O THlla, a TaKil\C D MCTOlJ:hl nepepa-

6oTKH il\HlJ:KIIX pap;uoaKTUBHhiX OTXOf];OB. 

A. 3KcnnyaTaU,IHI Ha MO~HOCTH aToMHOH 
3neKTpocTaHu,HH BR-3 B npHcyTCTBHH 6opa 

B nepBHYHOM KOHType 

IIocJie Toro HaK nccJiep;oBaHnH Ha C'ICTHo-perua

rom.nx MaillnHaX H npep;BapHTCJihHbiC HCllhiTaHUH 

:mcnJiyaTau,uu noKaaaJin, 'ITO pa6oTa peaKTopa Ha 

MOIIJ,HOCTH D IIpHCYTCTBHH 6opa CODepilleHHO 6eao

HaCHa, llOCJIC)l;OBaTCJihHO 6hiJIH npoBep;eHhl ,ll,BC 

cepun ncnhiTannlc op;Ha - upn HaJinTJnn 125 lla

cTeii oopa Ha MHJIJIHOH H DTOpaH - llpll HaJIH'Illll 

:"350 lfaCTeii 6opa Ha MHJIJIHOH (B nnp;e 6opnoii 

KHCJIOTbl), paCTBOpCHHOI'O B BO)l;e nepBH'IHOI'O KOII

Typa. If CCJICAOBaJIHCh CJiyqau, nan6oJiee D03MOil\

JihiC Ha npaKTHKe: 

- pa6oTa Ha MOIIJ,HOCTH npn llOCTOHHHOll Ha

rpyaKe; 

- pa6oTa npu coKpam.eHHoii: HarpyaKe; 

- Mep;JICHHble IIJIH 6hiCTphle H3MCHCHHH Ha-

rpyaKn; 

- Mep;JieHHble H3MeHCHHH peaKTHBHOCTH; D 'la

CTHOCTH, MOil\HO 6hiJIO IIpOCJICf];HTb alf>lf>eKT 

KCCHOHa 6ea nepeMeiiJ,eHUH CTepmHeii. 

M. PLUMIER et al. 

B AOKJia)J,e onucLmarorcn HeKoTopble noaHHI<

mue npo6JICMhi, npHBOf];HTCH peayJihTaTbl HCllb!Ta

HHH C KOMMCHTapHHMH H OllHChiBaiOTCH H3MeHeHUH 

napaMeTpOB nepBHlfHOI'O KOHTypa (peaKTHBHOCTh, 

XHMHH BOf];hl, pap;uoaKTHBHOCTb). 

B. BnHHHHe Ha KOHTyp~ 

Bnep;eHne xuMnllecKoro peryJiupoBaHHH He 

II}JHBeJIO K 60JihliiHM H3MeHeHUHM DO BCTIOMOI'a

TeJihHhiX KOHTypaX IlpOeKTHpyeMblX peaKTOpOB. 

Op;HaKo npep;cTaBJIHer HHTepec paccMoTpeTh D co

DOKYI1HOCTH rnp;paBJIH'!CCKue KOHTYPLI n oco6eH

uo CHCTCMbl O'IHCTKH H rrepepa6oTKII pap;uoai\

TJIBHhiX OTXOf];OB. 

II punop;HTCH HeKOTOpbiC perneHHH npo6Jie.Mbi 

0 1JHCTKII B 3aBIICIIMOCTH OT paaJIH'lllhlX MeTOlJ:OB 

Bhlf);eJICHHH 6opHoii KIICJIOThi. 

KpoMe roro, aHalluTeJihHO ynemiTJHBaiOTCH Ho

JTJPiecTBa OTXOf];OB B peayJihTaTe llOCJiep;oBaTCJihllbiX 

paa6aDJienuii:, Heo6xop;uMhiX p;JIH yp;aJieHIIH 6opa. 

B ,D,mmap;e paccMaTpnBaeTC.fl npo6JieMa yp;aJieHnH 

GopHoii: KHCJIOTbl MeTop;oM KOHIJ,eHrpau,nn u paap;e

·'ICHHH ( MOil\HO npHMCHHTh pa3JIH'IHhie MCTOlJ:hi: 

Hpocroe BhmapnBaHue HJIH co cmaTneM, ,!J;CMIIHe

paJiuaaiJHH, aJieKTpop;naJiua, ocamp;eHne) HJIII KOH

TpOJIHpyeMhiH c6poc IIOC.'Ie xpaHCHHH If paa6aB

JH'HIIH. 

B Konu,e paccMaTpHBaeTCH 3KOHOMuKa noro 

MeTop;a. 

A/518 Belgica 

Resultados practices y perspectivas del 
empleo de veneno en soluci6n en los 
reactores de agua a presion 

por M. Plumier et at. 

El control quimico habra de desempeiiar un papel 
de creciente importancia en la explotacion economica 
de las centrales nucleoelectricas del tipo de agua a 
presion. El envenenamiento homogeneo del agua del 
circuito primario permite repartir con mayor uni
formidad el flujo neutronico al eliminar la accion 
perturbadora de las barras de control: hace posible 
una inversion inicial mas elevada de reactividad y 
conduce asi a un aumento de la vida u.til del nucleo 
del reactor. 

En las centrales del tipo de agua a presion que 
actualmente se construyen o proyectan, esta previsto 
un control quimico que permitira compensar el 
agotamiento del combustible y seguir variaciones 
lentas como las debidas al efecto del xenon. Como 
veneno se ha escogido el acido borico debido a la 
combinacion de sus propiedades neutronicas y 
quimicas. 

En la primera parte, la memoria examina los 
problemas que se han planteado durante los ensayos 
de funcionamiento en carga de la central nuclear BR3 
en presencia de boro y, en la segunda parte, las 
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particularidades que este procedimiento: de control 
introduce en la concepcion y la explotacion de las 
centrales de este tipo y en el tratamiento de los 
efluentes radiactivos. 

Functionamiento en carga de Ia central nuclear BR3 
en presencia de boro en el circuito primario 

Los estudios analogicos y los ensayos preliminares 
de explotacion mostraron que el funcionamiento en 
carga en presencia de boro era posible en condiciones 
de perfecta seguridad; por consiguiente, se han 
realizado dos series sucesivas de ensayos, uno con 125 
y otro con 350 partes por millar de boro disuelto en el 
circuito primario (en forma de acido b6rico). Se ha 
examinado la mayor parte de los casos que podrian 
presentarse en la practica: funcionamiento a carga 
constante; funcionamiento a carga reducida; varia
ciones lentas o rapidas de la carga; variaciones lentas 
de la reactividad; se ha podido seguir el efecto del 
xenon sin desplazar las barras de control. 

La memoria seiiala algunos de los problemas que se 
han encontrado, indica y comenta los resultados de 
los ensayos, y describe la evolucion de los parametros 
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del circuito primario (reactividad, quimica del agua, 
actividades). 

lnfluencia sobre los circuitos 
La introduccion del control qmm1co no entraiio 

modificaciones fundamentales en los circuitos auxili
ares de los reactores en proyecto. Sin embargo, parece 
interesante revisar el conjunto de los circuitos hidrauli
cos y, en particular, los sistemas de purificacion y 
tratamiento de los desechos radioactivos. 

La memoria presenta algunas soluciones del 
problema de la purificacion en funcion de los diversos 
metodos de separacion del acido borico. 

Por otra parte, las diluciones sucesivas que exige la 
eliminacion del boro han hecho aumentar notable
mente las cantidades de desechos. La memoria 
examina el problema de la eliminacion del acido 
borico, sea por concentraci6n y separaci6n (lo que 
puede efectuarse por diversos metados: evaporaci6n 
simple o con recompresion, desmineralizaci6n, electro
dialisis, precipitation), sea por eliminacion controlada 
despues de un almacenamiento y dilucion. 

Por ultimo se examinan los aspectos economicos del 
procedimiento. 



P/52 France 

Les caissons en beton 
franc;:ais de Ia filiere 

precontraint des reacteurs 
uranium naturel -graphite-

gaz carbonique 

par G. Lamiral *, L. Laurent*, R. Bonnelle *, N. Beaujoint * et P. Faurot** 

Lors des etudes d'avant-projet des premieres 
centrales nucleaires fran<;aises de la filiere uranium 
naturel- graphite- gaz carbonique, le manque d'expe
rience en matiere de construction de tres grandes 
enceintes sous pression et les avantages techniques 
et economiques respectifs des diverses solutions en 
presence justifiaient la mise en concurrence de ces 
solutions. 

Cette mise en concurrence fut favorable a la 
solution « beton precontraint » pour les caissons des 
reacteurs des centrales G2, G3 de Marcoule; par 
contre, elle fut favorable a la solution « acier » pour 
les caissons des centrales EDFl et EDF2 de Chinon. 

Pour la centrale EDF3 de Chinon la conjoncture 
avait evolue; les centrales de Marcoule etaient en 
service, et les constructeurs de caissons en beton 
precontraint avaient pu tirer les enseignements de la 
construction de ces centrales; par ailleurs, les cons
tructeurs de caissons en acier avaient une connais
sance exacte des difficultes liees a la construction de 
grandes capacites sous pression en acier: la mise en 
concurrence fut favorable au beton precontraint et 
une solution sensiblement differente de celle de 
Marcoule fut adoptee. 

Pour la centrale EDF4 de Saint-Laurent-des-Eaux 
et les centrales suivantes, la mise en concurrence des 
deux solutions« beton » et « acier » aurait certainement 
ete envisageable si la decision n'avait ete prise pour 
ces centrales d'integrer les echangeurs dans le caisson 
du reacteur. 

L'augmentation des dimensions des caissons liee a 
cette integration proscrit !'adoption de solutions 
« acier »: les solutions « beton precontraint » sont les 
seules envisageables, et des lors !'evolution de la 
filiere uranium naturel- graphite- gaz carbonique se 
trouve etroitement liee a I' evolution de la technique de 
construction des caissons en beton precontraint. 

CAISSON DE LA CENTRALE EDF3 
DE CHINON (fig. I) 

Les caissons en beton precontraint des reacteurs 
des centrales G2, G3 de Marcoule, construits entre 
1956 et 1960 par le Commissariat a l'energie atomique 

* Electricite de France. 
** Commissariat a l'energie atomique. 
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Tableau I. Caissons en beton precontraint 
des centrales G2, G3 de Marcoule a 

Puissance thermique du reacteur: 250 MW (thermique). 
Pression nominale: 15 bars. 
Temperature entree C02 : 140 oc. 
Temperature sortie C02 : 350 oc. 
Forme du caisson: cylindrique a axe horizontal. 
Dimensions exterieures: diametre, 20 m; largeur hors tout, 

33,7m. 
Forme de Ia cavite interieure: cylindrique a axe horizontal. 
Dimensions de Ia cavite interieure: diametre, 14m; longueur, 

15,7 m. 
Nombre et dimensions des ouvertures: face de chargement, 

1 200, 0 107 mm; face opposee, 14, 0 1,2 m. 
Cables de precontrainte: 

Cerces: 57 (797' 0 5' par cable). 
Nombre: tirants longitudinaux: 46 (715, 0 5, par cable). 

tirants transversaux: 58 (715, 0 5, par cable). 
Type: monotoron. 
Tension a Ia precontrainte: 1 200 t. 
Charge de rupture minimale garantie: 2 200 t. 
Type d'ancrage: epanouissement dans culot de beton frette. 
Disposition des cables: cerces a l'exterieur; autres cables dans 

le beton sous gaine metallique. 
Protection contre Ia corrosion: circulation air sec. 
Epaisseur de la peau d'etancheite: 30 mm. 
Temperature maximale admise dans le beton: 50 oc. 
Mode de refrigeration: circuit auxilaire de C02 • 

Calorifuge employe: ALFOL entre circuit principal de C02 et 
circuit auxiliaire. 

a Bureau d'etudes: Societe Coyne et BeJlier. 

et dont les caracteristiques sont rappelees dans le 
tableau 1' com portent des cables de precontrainte de 
grande puissance (1200 t) repartis en cables rectilignes 
et en cerces, la precontrainte des cerces etant trans
mise aux caissons par des patins de glissement. 

L'experience de la realisation de ces caissons a 
conduit les constructeurs a proposer pour la centrale 
EDF3 des solutions mettant en reuvre des cables de 
puissance sensiblement plus faible et ne necessitant 
pas de patins de glissement (tableau 2). 

La solution retenue a sensiblement la forme d'un 
parallelipipede de 32,06 m de hauteur: les faces 
laterales vues en plan forment un carre de 27,45 m 
dont les angles sont abattus sur 1,59 m; les milieux 
des faces sont engraisses suivant des arcs de cercle don
nant une fleche de 0,8 m pour une corde de 15,54 m. 

La cavite interieure a la forme d'un cylindre de 
revolution a fonds legerement coniques et a axe 
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Figure 2. Caisson EDF4 
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Tableau 2. Caisson en beton precontraint 
de Ia centrale EDF3 de Chinon a 

Puissance thermique du reacteur: 1 560 MW (thermique). 
Pression nominale: 30 bars. 
Temperature entree C02 : 240 oc. 
Temperature sortie C02 : 410 oc. 
Forme du caisson: parallelepipedique. 
Dimensionsexterieures: 27,45 m x 27,45 m; hauteur, 32,06m. 
Forme de Ia cavite interieure: cylindrique a axe vertical avec 

parties tronconiques en haut et en bas. 
Dimensions de Ia cavite interieure: diametre interieur, 19m; 

hauteur, 21,09 m. 
Nombre et dimensions des ouvertures: 16 tubulures, 0 2,2 m; 

5 tubulures, 0 1 m; 211 tubulures, 0 0,47 m. 
Cables de precontrainte: 

Nombre: cables verticaux, 2 360; cables horizontaux dalles, 
2 360; cables horirontaux flit, 4 000. 

Type: monotoron de 810 mm• de section (61 fils en acier 180 
de 4,1 mm de diametre) .. 

Tension a Ia precontrainte: 115 t. 
Tension utile: 95 t. 
Charge de rupture minimale garantie: ~ 130 t. 
Type d'ancrage: SEEE a manchon file. 
Disposition des cabies: dans le beton, sous gaine metallique. 
Protection contre Ia corrosion: injection de coulis de ciment. 

Epaisseur de Ia peau d'etancheite: 25 mm. 
Temperature maximale admise dans le beton: 75 oc. 
Mode de refrigeration: circulation de liquide organique dans 

des tubes en demi-lune soudes sur la peau d'etancheite. 
Calorifuge employe: beton de ponce avec casing dilatable 

etanche en acier inoxydable. 

• Bureau d'etudes: Societe d'etudes et d'equipement d'entreprises. 

vertical, dont les angles superieurs et inferieurs soot 
abattus par des goussets tronconiques. Le diametre 
interieur est de 19m et la hauteur de 21,09 m; la cavite 
est tapissee par une enveloppe en tole soudee* de 
25 mm d'epaisseur, destinee a assurer une etancheite 
parfaite. 

L'enveloppe est traversee par 16 tubulures de 2,2 m 
de diametre pour la circulation du gaz carbonique, 
par 5 tubulures de 1 m de diametre pour le passage 
des tubes de detection de rupture de gaines et des 
cables de thermocouples, et la dalle superieure est 
traversee par 211 tubulures de 0,47 m de diametre 
pour le chargement du combustible et la commande 
des barres de controle. 

L'enveloppe est pr6contrainte par 8 720 cables en 
acier du type monotoron antigiratoire a torsions 
alternatives, formes, chacun, par 61 fils de 4,1 mm de 
diametre donnant une section de 810 mm2

, en acier 
clair de 170/190 kgfmm2 de charge de rupture. La 
tension unitaire des cables est de 115 t, donnant, 
apres deduction des pertes par frottement, retrait, 
fiuage, relaxation, une tension residuelle superieure 
a 95 t. 

Les ancrages soot realises par filage a froid sur les 
cables de manchons metalliques cylindriques, a 
travers la matrice d'un verin de filage; l'accrochage 
manchon -cable est assure par un ressort a spires 
jointives qui s'imprime dans le manchon et dans le 
cable au moment du filage. Les manchons des culots 

* Acierdoux Martin A48C3SR(norme AFNOR NF A36-205). 
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actifs soot filetes apres filage; le blocage a pres mise en 
tension des dl.bles est realise par des 6crous visses sur 
les manchons et s'appuyant sur des plaques metal
liques circulaires appuyees elles-memes sur le beton. 
Les manchons des culots morts s'appuient directement 
sur les plaques metalliques. 

Ces cables soot repartis suivant les six faces du 
parallelipipede; quatre nappes de cables horizontaux 
compriment les parois laterales; des cables verti
caux entourent la cavite interne et chaque dalle 
horizontale contient un reseau de cables suivant trois 
directions a 120 o. Le trace de to us ces cables est 
legerement courbe; ils soot to us disposes dans des 
gaines metalliques a l'interieur du beton, et une dis
tance minimale a ete respectee entre les armatures et 
les parois internes du caisson de fa~on que le rayonne
ment nucleaire re~u par les cables soit relativement 
faible et leur temperature en fonctionnement peu 
differente de la temperature ambiante. 

CAISSON DE LA CENTRALE EDF4 
DE SAINT-LAURENT-DES-EAUX 

(fig. 2, tableau 3) 

Pour la centrale EDF4 de Saint-Laurent-des-Eaux, 
!'integration des echangeurs dans le caisson en beton 
precontraint pouvait se concevoir suivant differents 
schemas: schemas a cavites reacteurs et echangeurs 

Tableau 3. Caisson en beton precontraint 
de Ia centrale EDF4 de Saint-Laurent-des-Eaux a 

Puissance thermique du reacteur: 1 560 MW (thermique). 
Pression nominale: 30 bars. 
Temperature entree C02 : 225 oc. 
Temperature sortie C02 : 400 oc. 
Forme du caisson: prisme droit a section hexagonale. 
Dimensions exterieures: largeur sur plats: 28,5 m en partie 

haute, 31m en partie basse; hauteur: 49,15 m. 
Forme de la cavite interieure: cylindrique a axe vertical avec 

partie tronconique en haut. 
Dimensions de Ia cavite interieure: diametre 19m, hauteur: 

36,275 m. 
Nombre et dimensions des ouvertures: 6 orifices 0 3,20 m a 

l'interieur, 0 2, 70 m a l'exterieur; 211 trous 0 0,4 m, et 
2 trous d'homme 0 0,5 m en partie haute; 211 trous 0 0,4 m 
en partie basse. 

Cables de precontrainte: 
Nombre: cables verticaux, 1 080; cables horizontaux dalles, 

1 566; cables horizontaux flit, 2 500. 
Type: F 16: 19torons de 7 fils de diametre 3,6mm en acier 190, 

6 fils intercalaires de 4,1 mm et 12fils intercalaires de2,4mm. 
Tension de precontrainte: 225 t. 
Tension utile: 185 t. 
Charge de rupture garantie: ~280 t. 
Type d'ancrage: SEEE a manchon file. 
Disposition: dans le beton, sous gaine metallique. 
Protection contre la corrosion: injection de coulis de ciment. 

Epaisseur de Ia peau d'etancheite: 25 mm. 
Temperature maximale admise dans le beton: 75 oc. 
Mode de refrigeration: circulation d'eau dans des tubes 

cylindriques soudes sur Ia peau d'etancheite. 
Calorifuge employe: beton de ponce. 

• Bureau d'etudes: Societe d'etudes et d'equipement d'entreprises. 
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separees; schemas a une seule cavite avec echangeurs 
disposes au tour du reacteur; schemas a une seule 
cavite avec echangeurs et reacteur superposes. 

Les solutions du premier type conduisaient a accoler 
plusieurs caissons et ne permettaient pas un dessin 
simple du circuit de C02 ; elles furent eliminees au 
profit des solutions a« cavite unique» et parmi ces 
dernieres solutions !'etude a finalement fait preferer les 
solutions du type «superpose» aux solutions du type 
« concentrique »: 

A volume utile ega!, les solutions superposees 
conduisaient a des caissons de 10 a 15% moins 
coGteux que les solutions concentriques; les problemes 
de precontrainte des dalles etaient plus faciles a 
resoudre ;enfin, les caracteristiques de Ia centrale EDF4 
etant identiques a celles de la centrale EDF3, la dis
position superposee permettait la reconduction d'un 
certain nombre de dispositions elementaires. 

Finalement, le caisson du reacteur de la centrale 
EDF4 de Saint-Laurent-des-Eaux se presente sous la 
forme d'un prisme droit de section hexagonale de 
28,5 a 31 m sur plats et de 49,15 m de hauteur. 

La cavite interieure a Ia forme d'un cylindre de 
revolution a fond plat et a axe vertical dont les angles 
superieurs sont abattus par des goussets tronconiques; 
le diametre interieur est de 19 m et la hauteur de 
36,275 m; Ia cavite est tapissee par une enveloppe en 
tole soudee de 25 ou 35 mm d'epaisseur. 

L'enveloppe est traversee par une ouverture 
provisoire de 2,5 m de diametre environ destinee a 
!'introduction des elements de calorifuge et de l'em
pilement du reacteur, et par 6 ouvertures de 2,7 m 
a -!1,2 m pour le logement des souffiantes, l'acces et la 
ventilation a !'arret. 

La dalle superieure, identique a celle du caisson de 
Ia centrale EDF3, est traversee par 211 tubulures pour 
le chargement du combustible et la commande des 
barres de controle, 3 tubulures pour les appareils de 
mesure de puissance (faible flux) et par deux trous 
d'homme. 

La dalle inferieure est traversee egalement par211 tu
bulures pour les entrees d'eau, sorties de vapeur des 
echangeurs, detection de rupture de gaine et cables de 
thermocouples du reacteur. Elle porte la jupe support 
de l'empilement de graphite par l'intermediaire de 
54 pieds d'appui encastres de 2,5 m environ. 

Les etudes ont conduit a !'adoption de cables plus 
puissants que ceux de la centrale EDF3, et la pre
contrainte est obtenue par 5 200cables ancres par man
chons filetes; leur tension unitaire initiale est de 225 t, 
donnant une tension residuelle superieure a 185 t. 

Ces cables sont repartis suivant les huit faces du 
prisme; le fGt est precontraint horizontalement par 
families couvrant chacune deux cotes de l'hexagone du 
caisson et verticalement par une famille de I 100 cables 
repartis en 7 nappes concentriques. Chaque dalle 
horizontale contient un reseau de cables suivant 3 
directions a 120°. Le trace des cables verticaux est 
quasi rectiligne; celui des cables horizontaux du fUt 
et des cables des dalles est courbe. 
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BASE DES CALCULS 
DES CAISSONS EN BETON PRECONTRAINT 

Reglementation en vigueur 

Lors des etudes des centrales de Marcoule et de 
Chinon, Ia construction des caissons en beton pre
contraint n'etait pas reglementee en France; Ia 
reglementation des appareils a pression de gaz, et 
notamment le decret du 18 janvier 1943 *, n'interessait 
que les « appareils metalliques de production, d'em
magasinage et de mise en reuvre de gaz com primes», et 
les constructions en beton precontraint n'etaient 
soumises qu'aux «instructions provisoires relatives a 
l'emploi du. beton precontraint» de la circulaire 
no 141 du 26 octobre 1953 du Ministere des travaux 
publics**. Cette circulaire, con<;ue en vue de la 
construction d'ouvrages d'art, ne s'appliquait que 
tres imparfaitement aux caissons en beton precontraint, 
et il devenait des lors indispensable de definir pour ces 
ouvrages particuliers des conditions de calcul et des 
conditions de verification de ces calculs. 

Conditions imposees au caisson de Ia centrale EDF3 
Les premieres conditions imposees ont concerne le 

mode de travail du beton du corps du caisson en 
beton precontraint pur (le coefficient d'homothetie 
definissant le domaine de securite a partir de la 
courbe intrinseque etant celui des instructions 
provisoires de 1953, soit 1/0,28) sous les sollicitations 
resultant du fonctionnement normal de !'installation, 
c'est-a-dire sollicitations dues a la pression nominale 
(30 bars), sollicitations dues a la temperature en 
absence de pression et a la pression en absence de 
temperature. 

Le calcul en phase elastique a ete conduit en 
admettant que l'enveloppe exterieure etait constituee 
d'un anneau cylindrique et de deux disques relies par 
deux ceintures annulaires. On a applique a ce solide 
les theories des voiles et plaques minces en tenant 
compte des corrections dues a l'epaisseur. On a pris 
pour inconnues intermediaires du calcul les para
metres definissant les deformations des deux ceintures 
annulaires, soit la variation du rayon de la fibre 
moyenne et la rotation de la ceinture autour de la 
fibre moyenne. 

Dans un premier stade de calcul on a determine les 
efforts dans le systeme en supposant les ceintures 
indeformables; dans un deuxieme stade on a deter
mine les efforts sous une deformation quelconque 
donnee aux ceintures; on a ensuite ecrit que les 
ceintures etaient en equilibre sous l'effet simultane des 
deux stades ci-dessus. Les equations ont donne la 
valeur des deformations d'equilibre, done les efforts 
dans le systeme. 

* Depuis ce decret, un autre decret en date du 21 septembre 
1961 a supprime le mot (( metallique >) du decret precite; toutefois, a 
!'exception des articles8 et 10, relatifs a Ia securite et aux declara
tions a faire en cas d'accident, le decret du 21 septembre 1961 
n "entrera en vigueur pour les appareils a pression non metalliques 
qu'i des dates ulterieures qui seront fixees par arrete ministeriel. 

* * Circulaire actuellement en cours de revision. 
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Les contraintes d'origine thermique ont ete prises en 
compte et calculees suivant !'hypothese elastique avec 
un coefficient d'elasticite de beton de 100 000 kg/cm2 

acceptable pour le beton mis au point*. 
Ces conditions n'etaient toutefois pas suffisantes, et 

il etait necessaire de definir des coefficients de securite 
globaux et des tests ou epreuves de verification des 
appareils. 

Le comportement du beton precontraint sous charge 
est tres different de celui de l'acier; les contraintes 
dans le beton sont maxim ales en absence de charge; 
elles diminuent avec la charge alors que parallelement 
les contraintes dans les dibles augmentent, ces 
dernieres restant inferieures aux valeurs correspondant 
a la mise en precontrainte pour autant que l'on ne 
depasse pas sensiblement la charge de service. La mise 
en precontrainte constitue de ce fait une premiere 
epreuve des elements de la structure. Par ailleurs, la 
fissuration du beton commence a se manifester alors 
que les cables sont encore dans le domaine elastique 
et que la structure n'a pratiquement pas perdu sa 
resistance. 

Des lors, les methodes utilisees pour les appareils 
metalliques sous pression ne sont pas transposables 
aux caissons en beton precontraint. 

Les caissons des centrales de Marcoule furent 
calcules avec des coefficients de securite tres larges, et 
l'un d'eux subit une epreuve a deux fois la pression de 
service; le cout relatif du surdimensionnement etant 
important, il s'avera necessaire pour les centrales 
suivantes, plus puissantes, de chercher a reduire ces 
coefficients. 

Les etudes faites pour le caisson de la centrale EDF3 
conduisirent a !'adoption, en plus de la condition 
de comportement elastique sous les sollicitations 
nominales, d'une condition de rupture, celle-ci ne 
devant intervenir que pour des pressions superieures a 
trois fois la pression nominale, soit 90 bars; et d'une 
condition intermediaire qui fut une condition de 
fissuration permanente, cette derniere ne devant etre 
atteinte que pour des pressions superieures a I ,6 fois la 
pression nominale, soit 48 bars. 

L'epreuve hydraulique d'un caisson metallique 
constitue une adaptation des points singuliers par 
deformation plastique; elle constitue aussi une 
verification globale des calculs et une verification 
globale de la construction si elle s'accompagne de la 
surveillance d'un nombre important de jauges de 
contrainte. 

Une epreuve a 1,5 fois la pression de service d'un 
caisson en beton precontraint calcule suivant les 
criteres ci-dessus provoquerait des phenomenes irrever
sibles (fissurations) sans toutefois alterer la resistance 
de Ia structure. Par ailleurs, l'heterogeneite de celle-ci 
et son epaisseur ne permettraient pas, meme avec un 
grand nombre de dispositifs de mesures (temoins, 
sondes, pendules), de conserver a l'epreuve ce caractere 

*Beton de porphyre ( "35 mm) dose a 375 kg/m3 de ciment 
CPAL de Ia classe 215/315 ayant une resistance a Ia rupture par 
compression de 450 kg/cm2 a 90 jours. 
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de test de verification des calculs qu'elle a dans le cas 
des recipients metalliques. 

Aussi a-t-il ete juge preferable de ne prevoir, sur 
l'ouvrage lui-meme, qu'une epreuve pneumatique a 
une pression inferieure a la pression de fissuration du 
beton (1,25 fois la pression de service pour le caisson 
de Ia centrale EDF3) en donnant a des essais hydrau
liques, conduits jusqu'a Ia rupture sur maquettes a 
echelle reduite, le caractere d'essais de verification 
globale des calculs. 

Ces dispositions purent etre adoptees compte tenu 
de la grande experience du Centre de recherches et 
d'essais de Chatou, acquise dans le domaine de 
!'experimentation des maquettes de barrages hydro
electriques. 

Deux maquettes furent realisees a l'echelle de 1/6; 
elles furent construites avec le meme beton et les 
memes armatures que l'ouvrage definitif. Ces dernieres 
sout, evidemment, en nombre 36 fois plus faible. Le 
poids propre de l'ouvrage n'etait represente que 
pour 1/6; les efforts dus ala pression interne etant pre
ponderants, la correction en resultant avait ete evaluee 
par un calcul qui avait montre que la resistance du 
caisson reel serait superieure d'environ 5% a celle des 
maquettes. Les dalles superieurescomportaient Jameme 
proportion de vide et de plein que les dalles du caisson 
definitif; la courbure et la tension des cables avaient 
ete ajustees pour tenir compte d'une correction de 
frottement. 

Par ailleurs, des dispositions avaient ete prises 
permettant de noter !'apparition des premieres 
tensions dans le beton et dans la tole, ainsi que I' appa
rition des premieres fissures; de suivre I' evolution de 
la tension des cables de precontrainte au cours de la 
montee en pression; de verifier si les points singuliers 
de l'ouvrage inaccessibles au calcul ne subissaient pas 
des contraintes inquietantes; cela au moyen de 
mesures de deformation au sein du beton, de mesures 
de deformations superficielles, de mesures des de
placements exterieurs et interieurs en certains points, 
et de mesures de la tension de certains cables. 

La premiere maquette avait ete revetue interieure
ment d'une peau en caoutchouc arme ne jouant aucun 
role de resistance mais assurant l'etancheite du beton 
jusqu'a une ouverture des fissures de 10 em. La 
seconde maquette avait ete revetue interieurement 
d'une tole de 5 mm d'epaisseur representant la peau 
d'etancheite de l'ouvrage definitif. La comparaison des 
resultats obtenus avec les deux maquettes devait 
situer le role de la peau d'etancheite dans la resistance 
d'ensemble. 

Les deux maquettes presenterent un comportement 
elastique pas toujours lineaire jusqu'a une pression 
situee entre 27 et 35 bars pour la premiere et entre 
35 et 40,5 bars pour la seconde. La pression n'entraina 
aucun accident generalise jusqu'a 48 bars pour la 
premiere maquette et 60 bars pour la seconde. 

La premiere fuite consideree comme test de rupture 
n'apparut qu'a 93 bars pour la premiere maquette et 
110 bars pour la seconde, sans qu'aucun cable ne se 
soit rompu. 
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Conditions imposees au caisson de Ia centrale EDF4 
Les principes directeurs du calcul du caisson de la 

centrale EDF4 de Saint-Laurent-des-Eaux sont tres 
semblables a ceux utilises pour le caisson de la 
centrale EDF3. 

Les cas de charge envisages sont: 
a) Les conditions nominales: pression 30 bars, et 

ecart thermique entre les faces interne et externe 50 °C; 
les contraintes du beton doivent etre inferieures aux 
contraintes limites admissibles en beton precontraint, 
Ia paroi interne etant toujours en compression; 

b) Le~ conditions de service exceptionnelles: pres
sion nominale augmentee de 2-0% et ecart thermique 
augmente de 50%; la contrainte limite admissible 
de compression du beton est augmentee de 50% et 
celle de traction de 150%; 

c) Les conditions de rupture: les conditions ci
dessus etant remplies, on doit verifier que la rupture 
n'intervient que pour une pression superieure a 2,5 fois 
Ia pression nominale. 

La grande importance relative des efforts d'origine 
thermique, dans les conditions de service exception
nelles en particulier, a pousse a chercher ales diminuer 
1e plus possible. Cela est obtenu par !'utilisation d'un 
beton ayant a la fois un module d'elasticite et un 
coefficient de dilatation faibles et de hautes perfor
mances mecaniques (resistance a la compression de 
l'ordre de 500 kg/cm2

) permettant de reduire l'epais
seur des parois. 

L'augmentation de precontrainte correspondante 
est possible dans de bonnes conditions d'emploi 
grace a la mise au point de cables plus puissants 
unitairement(tension initiale 225 t- tension residuelle 
superieure a 185 t). 

Le calcul est confirme et precise par experimentation 
sur une maquette au 1/5 construite avec le beton et les 
cables de l'ouvrage et essayee dans les meilleures 
conditions possibles de representativite des con
traintes d'origine thermique, de breve et meme de 
longue duree. 

PROBLEMES ANNEXES 
POSES PAR LA REALISATION DE CAISSONS 

EN PRECONTRAINT 

La construction de caissons de reacteurs en beton 
precontraint n'a pu etre envisagee qu'en fonction de la 
grande experience des constructeurs fran9ais dans 
!'utilisation de cette technique pour la realisation 
d'ouvrages d'art. 

Protection des cables contre Ia corrosion 

Pour les caissons des centrales G2, G3, le nombre 
relativement peu important des cables sous gaine a 
permis de realiser une protection des cables contre la 
corrosion par simple ventilation d'air sec; par contre, 
le grand nombre et la longueur des cables employes . 
dans les caissons des centrales EDF3 et EDF4 ont fait 
preferer Ia technique utilisee a peu pres systematique
ment pour les autres utilisations du beton precontraint 
et qui consiste a degraisser les cables au moyen d'une 
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solution detergente et a les injecter ensuite avec un 
coulis de ciment. 

Protection thermique du beton precontraint 

L'experience acquise dans le domaine du beton 
precontraint ne couvrait que des utilisations de beton 
a des temperatures relativement moderees. La securite 
demandee aux caissons en beton precontraint imposait 
de ne pas sortir du domaine d'utilisation experimente 
et par suite de prevoir, compte tenu des temperatures 
de fonctionnement du reacteur, une protection ther
mique de celui-ci. 

Pour les caissons des centrales G2, G3 de Marcoule, 
dont la temperature maximale de beton avait ete 
fixee a 50° C, cette protection fut realisee par circulation 
du gaz carbonique d'un circuit auxiliaire, solution 
simple dans son principe mais conduisant a une 
complication des circuits de gaz carbonqiue. 

Pour le caisson de la centrale EDF3, il fut prefere a 
cette solution celle comportant un circuit de refrigera
tion parcouru par un liquide entrainant !'utilisation 
d'un calorifuge dans la cavite interieure du caisson 
(fig. 3). Le circuit de refrigeration, constitue par des 
tubes en demi-lune de 50/60 soudes sur la peau 
d'etancheite, est parcouru par un liquide organique 
derivant de ceux utilises dans les reacteurs a modera
teur organique; il com porte deux series de circuits 
fonctionnant normalement en parallele, l'un d'eux 
etant suffisant pour maintenir le beton a une tempera
ture inferieure a la temperature de 75 °C, consideree 
comme etant la temperature a ne pas depasser pour 
rester dans les limites du comportement connu des 
structures. 

Contrairement a ce que l'on pouvait supposer, les 
principales difficultes vinrent de la conception du 
calorifuge. A l'epoque des etudes de la centrale EDF3, 
le comportement sous pression de gaz des materiaux 
habituellement utilises sans pression etait mal connu, 
et, les premiers essais realises ayant montre que le 
coefficient de conductibilite de ces materiaux aug
mentait tres fortement avec la pression par suite de 
!'acceleration des phenomenes de convection, l'Elec
tricite de France s'est rapidement trouvee dans la 
necessite d'entreprendre un programme d'etudes et 
d'essais tres important allant des etudes fondamentales 
en strioscopie interferentielle des phenomenes de 
convection dans des cellules contenant du gaz carbo
nique sous pression aux essais de conductibilite en 
temperature et en pression dans un reservoir de gran des 
dimensions (3m de diametre, 8 m de haut). 

Ces etudes et essais conduisirent a !'elimination de 
toutes les solutions primitivement envisagees: multi
couches en feuilles d'aluminium (Alfol) ou en feuilles 
d'acier inoxydable, paves en feuilles d'acier inoxy
dable et Iaine de verre; finalement, des considerations 
techniques et economiques conduisirent a !'utilisation 
d'un beton de pierre ponce specialement compose, 
coule, traite thermiquement et chimiquement, ayant 
une parfaite stabilite physique, chimique et dimension
nelle dans le gaz carbonique et sous rayonnement dans 
les conditions d'emploi. 
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Figure 3. Constitution interne de Ia paroi du caisson EDF3 

La densite du beton de pierre ponce est voisine de 1 ; 
sa porosite est de l'ordre de 1 000 fois celle du beton 
ordinaire; sa conductibilite pour les epaisseurs 
envisagees est de l'ordre de 0,45 kcal/hm2 °C, avec un 
coefficient de dilatation de 7 a 7,5 X 10-6, une 
resistance a la compression de l'ordre de 100 kgfcm2 

et un module d'elasticite de l'ordre de 40 000 kgfcm2• 

Le calorifuge est realise sous la forme de paves de 
1,5 m x 1,2 m et 0,5 m d'epaisseur controles au 
moyen d'un equipement sonique apres traitement 
thermique. Les paves sont montes sur des potelets 
soudes sur la peau d'etancheite et ma~.;onnes au 
mortier de ponce. La face interieure du calorifuge est 
protegee par des toles de repartition non jointives en 
acier doux, de 1 em d'epaisseur, qui supportent un 
casing etanche et dilatable en tole d'acier inoxydable, 
de 1,2 mm d'epaisseur. Le role principal de ce casing 
est de faire etancheite aux poussieres; il peut nean
moins supporter la pression interne du reacteur et 
permettre une utilisation du caisson du reacteur, le 
calorifuge etant a la pression atmospherique. 

Pour la centrale EDF4, les problemes de refrigera
tion du beton et d'isolation thermique sont resolus 
d'une fa~.;on semblable; le circuit de refrigeration est 
constitue par des tubes cylindriques soudes sur Ia 
peau d' etancheite; quant au calorifuge, les epaisseurs de 
beton de ponce sont plus faibles, car, compte tenu des 
dispositions adoptees, integration des echangeurs et 
disposition reacteur - echangeurs superposes, les parois 
de la cavite interne du caisson ne sont soumises qu'a la 
temperature la plus basse du gaz carbonique (225 °C). 

PROBLEMES DE SECURITE 

La securite d'emploi du beton precontraint a donne 
lieu a uncertain nombre d'etudes, et il e.st reconnu que 
la construction et la mise en precontrainte constituent 
deja a elles seules une epreuve des materiaux: a) pour 
les armatures de precontrainte, puisque leur tension a 
la mise en precontrainte est superieure a leur tension 
de service; b) pour le beton, puisqu'en general les 
contraintes du beton a vide sont superieures aux 
contraintes en service. 

Dans les caissons en beton precontraint actuellement 
en cours de realisation, les dibles de precontrainte 
sont en grand nombre et independants les uns des 
autres; ils travaillent en parallele et la rupture de l'un 
d'entre eux n'affecte pas les autres. Neanmoins les 
problemes de corrosion sous tension des cables ne 
sont pas encore connus de fa~.;on parfaite. 

Dans le but d~etudier les effets eventuels d'une 
corrosion etendue des dibles ou d'une detente genera
lisee des cables, la troisieme maquette du caisson de la 
centrale EDF3 a donne lieu a un certain nombre 
d'essais de detente de cables. 

Apres un premier essai a 25 et 30 bars, des cycles 
0- 25 bars ont ete faits successivement a pres detente 
de: 6 cables verticaux; 3 cables de la dalle superieure; 
8 dibles horizontaux du ffit; 10 cables verticaux; 
3 cables de la dalle superieure et 8 cables horizontaux 
du filt; 3 cables de la dalle superieure et 12 cables 
horizontaux du filt; 6 cables verticaux et 3 cables de la 
dalle inferieure. Pour ce dernier essai, correspondant a 
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la detente d'environ 10% des cables de la maquette, 
Ia pression a ete limitee a 20 bars. 

La premiere remarque faite a la suite de ces essais 
est que l'effet de la detente d'un cable du modele qui 
represente 36 cables de l'ouvrage n'a qu'une influence 
tres localisee; Ia tension des cables voisins n'est 
pratiquement pas modifiee et Jes contraintes dans le 
beton ne sont perturbees que de quelques kgjcm2 

dans la zone interessee par le cable; la representativite 
de la maquette peut toutefois etre mise en doute car 
les contraintes ne sont analysees qu'en des points 
espaces et il n'est pas certain que le maximum de 
l'effort supplementaire ait ete repere; neanmoins, le 
dernier essai, correspondant a la detente d'environ 
10% des cables symetriquement repartis, montre que 
la repartition des contraintes est tout a fait acceptable 
pour la pression de 20 bars et que les points les plus 
perturbes se comportent comme s'ils etaient sollicites 
par une pression de l'ordre de 25 bars sur le modele, 
aucun cable n'etant detendu. 

L'essai n'a pas ete poursuivi jusqu'a Ia rupture; de 
meme, les essais de rupture sous pression de gaz n'ont 
pas encore ete effectues. Neanmoins, les etudes, compte 
tenu des regles adoptees pour la conception des 
ouvrages, tendent a demontrer que, dans les cas tres 
improbables oil la resistance des cables viendrait a 
diminuer tres notablement, des fissures decelables a 
I' ceil apparaitraient sur les faces exterieures du caisson 
bien avant qu'il y ait des risques de rupture totale ou 
meme de fuite. Ce contr6le visuel, joint a la surveil
lance periodique des indications des temoins sonores et 
pendules disposes dans la structure, doit garantir une 
securite totale d'exploitation des ouvrages. 

ETUDES EN COURS 

L'avenir des reacteurs de Ia filiere uranium naturel
graphite - gaz carbonique parait actuellement oriente 
vers !'utilisation d'elements combustibles du type 
annulaire refroidis interieurement et exterieurement, 
conduisant a ]'adoption de pressions de gaz carbo
nique plus elevees: 40 a 60 bars. 

La puissance specifique des elements combustibles 
envisages est sensiblement plus importante que celle 
des elements combustibles des centrales EDF3 et 
EDF4; neanmoins, comme les puissances unitaires 
des n!acteurs risquent d'augmenter, les caissons en 
beton precontraint des reacteurs futurs semblent 
devoir se presenter comme ayant des dimensions 
utiles du meme ordre que celles de la centrale EDF4, 
avec des epaisseurs de parois plus fortes et un plus 
grand nombre de cables de precontrainte. 

L'emploi d'elements combustibles annulaires dimi
nue le nombre de canaux du reacteur; neanmoins, la 
recherche de la simplicite de l'appareillage de charge
ment et de dechargement du combustible ne diminue 
pas le nombre de puits traversant la dalle superieure 
du caisson; elle peut meme dans certains cas sensible
ment l'augmenter. Par ailleurs, !'integration des 
echangeurs dans le caisson conduit a un grand 
nombre d' ouvertures dans la dalle inferieure. 

G. LAMIRAL et a/. 

Dans ces conditions, les problemes les plus difficiles 
a resoudre deviennent ceux de la conception des 
dalles qui ne peuvent plus etre traversees par des 
reseaux de cables de precontrainte. 

L ·augmentation des· pressions rend le probleme de 
]'isolation thermique plus difficile a resoudre; les 
solutions du type EDF3 ou EDF4 paraissent toutefois 
extrapolables, et il n'est pas impossible d'envisager, 
pour un avenir plus ou moins lointain, un relevement 
des temperatures maximales admises dans le beton 
precontraint. 

Les developpements envisages pour les caissons de 
reacteurs en beton precontraint ont conduit le CEA et 
l'EDF a lancer un vaste programme d'etude et d'expe
rimentation sur la composition optimale de betons 
devant travailler en beton precontraint a differentes 
temperatures et sous differents gradients thermiques, 
sur la corrosion des cables de precontrainte, sur la 
conception de nouveaux cables avec des aciers autres 
que ceux utilises jusqu'a present, enfin sur le com
portement des structures. 

Des essais en temperature ont ete executes jusqu'a 
140 oc sur une troisieme maquette du caisson de la 
centrale EDF3; parallelement, le CEA a essaye une 
maquette de 2,62 mm de diametre et 5 m de haut avec 
des gradients thermiques allant jusqu'a 160 oc 
pendant des durees variant de deux a six mois. 
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A/52 France 

The prestressed concrete pressure-vessels of 
the French natural u rani u m-g raph ite-carbon 
dioxide gas sequence reactors 

By G. Lamiral eta/. 

The first prestressed concrete pressure-vessels for 
nuclear reactors were built at Marcoule between 1956 
and 1960 by the French Atomic Energy Authority 
(CEA). 

After recalling the features of these pressure-vessels, 
the report defines the basic components and describes 
the pressure-vessels of the reactors of EDF3 and 
EDF4, built respectively at Chinon and at Saint
Laurent-des-Eaux by Electricite de France. 

The pressure-vessel of the EDF3 reactor, designed 
for an operating pressure of 30 bars, has approxi
mately the shape of a square prism with a base having 
sides 25 m long, and its height is 32 m; its effective 
capacity is bounded by a cylinder 19m in diameter 
and 21 m high. 

The pressure-vessel of the EDF4 reactor, which 
houses the reactor core and the heat exchangers, is 
designed for an operating pressure of 30 bars; its 
effective capacity is bounded by a cylinder 19m in 
diameter and about 37m high. 

The design of these structures sets many problems, 
which can only be overcome after trials on scale 
models. 

Since the high temperatures reached by the carbon 
dioxide gas are today considered incompatible with 
prestressed concrete, the concrete has to be insulated 
from the gas and cooled; many tests have been carried 
out and new solutions found for these problems. 

The inclusion of the primary circuit within the 
reactor pressure-vessel meant such huge dimensions 
that prestressed concrete was the only feasible 
solution; any development of natural uranium
graphite-carbon dioxide gas type reactors are 
therefore tied to the development of this technique; 
problems concerning the use of prestressed concrete 
for reactor pressure-vessels are at present being 
subjected to various studies in France. 

A/52 ttlpaH4HR 

Kopnyca AaBlleHHH H3 npeABapHTellb
HO HanpH}f{eHHOrO 6eTOHa Ha £flpaH
u,y3CKHX ypaH-rpalfJHTOBbiX peaKTOpax, 
OXJla>KAaeMbiX yrlleKHCllbiM ra30M 

}t{. naMHpanb et al. 

llepBhie Hopnyca )l;aBJieHHH n3 upe)l;BapHTCJih
no HaiipHif\eHHOrO 6eTOHa )l;JIH H)l;CpHhiX peaHTO-

poB 6hiJIH co3)1;aHhi HoMnccapnaToM no aTOMHOii 
:meprnn B MapKyJie B nepHOJJ: 1956-1960 ro,[l,oB. 

llocJie KpaTKOrO OIIHCaHHH xapaKTCp11CTIIK KOp
nycoB, pa60TaiO~HX IIO,[l, ,[J,aB.'ICHIICM, paCCMaTpi!
BaiOTCH OCHOBHhiC ;;)JieMCHThl KOpnycoB peaKTOpoH 
qmpMhl <<8JieKTpiiCJfTe ll:C <!>pane>>: EDF-3 B IIIH
none II EDF-4 B Cen-JlopaH-)l;C3-0. Hopnyc l!;aB
.JieHIIH peaKTopa EDF-:~. pacc'IHTaHnhrii: na pa6o
'ree p;aBJICHHe 30 6ap, nMeeT «fJopMy uapaJIJICJII.'
nnnep;a C KBa)l;paTHhiM OCHOBaHHCM CO CTOpOHOIL 
25 .M If BhiCOTOii 32 .M; ee IIOJIC3Hhiii 06'heM OllpP
~(PJIHCTCH ~HJIHH;J:pOM, JfMCIO~llM ~~liaMeTp 19 .'It 

l! BhiCOTY 21 .M. 

Hopnyc p;aBJICHHH EDF-4. B KOTopoM pa3Ml'
HWIOTCH aKTHBHaH 30Ha II TCIIJI006MCHIIUKH, pae·· 
C.'IHTana ua pa6oqee ;J:aBJieHue 30 6ap; ee noJiea
Hhiii o61>eM onpe;J:eJI'aeTCH ~IIJIIIH)J,pOM ,n;n::n-teTpoM 
19 .M H BhiCOTOii: OKOJIO 37 .M. 

llpn rrpoeKTnpoBannn nnx coopymennii no3HJI
I\aiOT MHOfO'IJICJICHHhl<' IIp06JICMhi, KOTOphiC MO/n
HO pPTTlHTh TOJihKO C IIOMO~hiO IICilh!TaHIIii Ha Ma-
1\<'TaX yMeHhiiiennoii: B<'JIJI'IHHhT. 

YrJTPKHCJIMii raa JJ:OCTuraeT BhiCOKoii: TCMnepn
TYPhi, KoTopaH n nacnm~ee BpeMH C'InTaeTCH Hl.'

coBMeCTJtMoi1: C IIpe)J,BapHTCJihHO HaiipHIKCHHhBI 
6eTOHOM; HC06XOJJ:HMO npe)J,yCMOTpCTh ycTpOiicTBa 
~~JIH H30JTH~HU II OXJiaJKi],ClHIH 6eTOHa; 6LIJIII IIpO
RCiJ,CHhl MHOro'IHCJICHHbiC IICCJIC)J,OBUHIIH, II ;)Til 

npo6JICMhi IIOJIY'IHJIJI opHrHHHJihHOe pemeune. 
Y cTaHoBKa nepBn•moro KonTypa BHYTPII I->op

rryca peaKTopa iJ,OBOiJ,HT ero JJ:O TaKnx pa3Mepon, 
KOTOJlhle MOIKHO ocy~CCTBHTh TOJihKO C IIOMO~hiO 
npeJJ:BapiiTCJJbHO nanpmrwnnoro oeTona; H03TOMY 
pa3pa6oTKa ypan-rpa«fJHTOBhlX peaKTOpOB, OXJiil
JK)J,aCMhiX yrJICKIICJihlM ra30M, CBH3ana C pa3pa
OOTKOH :lToii TexnnKH; npo6Jieliii.I ucnoJJL3onauu n 
upe)J,BapHTCJihHO nanpHmeuuoro oeTona iJ,JIH Kop
nycoB ~aBJIPHHH peaRTOpa, HB:IIOTCH B HaCTOH~<'C 
RpCMH 06'hPT,TOl\1 o6mnpHJ,lX IICCJICiJ,OBUHIIli: BO 
ctlpam~nn. 

A/52 Francia 

Las vasijas de hormig6n pretensado de los 
reactores franceses del tipo uranio natural
grafito -gas carbonico 

por G. Lamiral eta/. 

Las primeras vasijas de hormig6n pretensado para 
reactores nucleares han sido construidas por el 
Commissariat a l'energie atomique, en Marcoule, 
entre 1956 y 1960. 

Despues de recordar las caracteristicas de estas 
vasijas, la memoria trata de los elementos que los 
definen y hace una descripci6n de las vasijas de los 
reactores de las centrales EDF3 y EDF4, construidas 
por Electricite de France en Chinon y Saint-Laurent
des-Eaux, respectivamente. 
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La vasija del reactor EDF3, proyectada para una 
presion de trabajo de 30 bares, tiene, aproximada
mente, la forma de un paralelepipedo de base cuadrada 
de 25 m de lado y 32 m de altura; su volumen util 
esta limitado por un cilindro de 19 m de diametro y 
21m de altura. 

La vasija del reactor EDF4, que contiene el nucleo 
del reactor y los cambiadores de calor, esta proyectada 
para una presion de trabajo de 30 bares; su volumen 
util esta limitado por un cilindro de 19m de diametro 
y unos 37 m de altura. 

La concepcion de estas obras plantea numerosos 
problemas que no pueden resolverse mas que haciendo 
ensayos en maquetas a escala reducida. 

G. LAMIRAL et al. 

El gas carbonico alcanza temperaturas elevadas 
que, segun se estima actualmente, son incompatibles 
con el hormig6n pretensado, por lo que se deben 
proveer medios para aislar y refrigerar el hormig6n. 
Se han efectuado muchos ensayos y se han obtenido 
soluciones originates para estos problemas. 

La integraci6n del circuito primario en la vasija 
del reactor obliga a dar a esta dimensiones tales que 
solo parecen realizables soluciones en las que se 
utilice hormigon pretensado; por lo tanto el desarrollo 
del tipo de reactores de uranio natural - grafito - gas 
carbonico, depende de los adelantos de esta tecnica; 
los problemas relativos al empleo del hormigon 
pretensado en vasijas de reactores, actualmente son 
objeto de muchos estudios en Francia. 



P/140 United Kingdom 

The design and construction of prestressed concrete 
pressure vessels with particular reference to 
Oldbury nuclear power station 

By A. Houghton Brown,* J. D. Hay,** R. B. Hyde* and T. W. Spruce* 

The nine commercial size nuclear power stations 
constructed or under construction in the UK are 
based on gas-cooled, graphite-moderated reactors. 

The first seven in the series have reactors contained 
in steel pressure vessels connected by external ducts to 
heat exchangers. The increase in pressure vessel size 
with the progression in station capacity, coupled with 
an upward trend in coolant gas pressure, made the 
design of steel vessels reach towards practical limits 
for their construction. This inspired the consideration 
of prestressed concrete vessels. 

It was soon established that, if the whole pressure 
circuit, embracing reactor and heat exchangers, was 
placed within one concrete vessel which also provided 
the radiation shielding, then a practical and economi
cal design could be developed. This concept gave 
many advantages in cost, compactness and additional 
safety and a considerable potential for further increases 
in size. 

Sir. R. McAlpine & Sons Ltd., originated and 
developed this type of design for inclusion in The 
Nuclear Power Group's tender to the CEGB for the 
station at Old bury. This tender was accepted and 
construction on site started in April, 1962. 

BASIC REQUIREMENTS OF THE DESIGN 

The safety of a nuclear power station is the first 
consideration in every design. It follows that the 
modes of failure of a pressure vessel must be pre
dictable and it is highly desirable that warning should 
be given by failure being slowly progressive. 

These requirements can be attained with a pre
stressed concrete vessel. 

However, the use of concrete for this type and scale 
of structure is a new departure in civil engineering 
and the basic requirements are deemed to be: 

(a) The gas pressure shall be contained under 
working conditions throughout the anticipated life 
of the station; 
· (b) Under maximum credible fault condition the 

gas pressure shall be contained without nearing 
ultimate failure; 

• The Nuclear Power Group, Knutsford, Cheshire. 
•• Sir Robert McAlpine & Sons Ltd., London. 

(c) The mode of ultimate failure shall be progressive 
without sudden rupture. The practical requirements 
are that: 

(d) The vessel can be constructed in a way that 
satisfies the design requirements; 

(e) The plant requirements can be met with respect 
to support, penetrations of the vessel and access for 
installation and maintenance. 

To meet the requirements the structural behaviour 
of the vessel should be substantially elastic up to 
proof test pressure (say 1.15 X design pressure). 
Analysis of the behaviour of the vessel in this range is 
necessary but difficult to carry out fully and accurately 
even with the extensive use of computers, photo
elastic analysis and other techniques. This is due to the 
massive nature of the structure, the pattern of penetra
tions and the lack of precise knowledge of the short 
and long term behaviour of concrete under operating 
conditions due to shrinkage, creep, thermal stresses 
and moisture movement, particularly as the strains 
due to these phenomena are of the same order as the 
strains due to design loadings. It is therefore, at 
present, necessary to supplement mathematical analysis 
with model testing in confirmation of results. 
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For requirements (b) and (c) an ultimate load 
analysis is carried out in which various modes of 
failure are examined and the necessary forces provided 
to maintain equilibrium at the load factor decided 
upon. In the ultimate, the design should be such that 
the prestressing cables determine the failure. The 
ultimate tensile strength of a cable is easily determined 
by testing; in the Oldbury design, every cable can be 
withdrawn and tested at any time during the life of 
the vessel. It is suggested that the load factor could 
safely be 2.0 to 2.5. The ultimate load factor was taken 
as 3.0 for the Oldbury design as this was the first 
vessel to be designed and a conservative approach was 
made as methods were not fully developed. 

There is no great problem in producing concretes 
of adequate workability with compressive strengths 
of up to 7 000 psi (490 kg/cm2) at 28 days, and such 
concretes are more than adequate for a satisfactory 
vessel design. The physical properties of these high 
strength concretes for normal structures are well 
known, but there is little information with regard to 
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their performance in large masses at elevated tempera
tures. Consequently an insulating and cooling system 
to reduce temperatures to an acceptable level, and an 
impermeable lining to avoid the effects of hot C02 

upon the inner concrete surface and to ensure gas
tightness, are required. A steel membrane insulated 
on its inner face and with cooling water pipes attached 
to its outer face satisfies these requirements. Further 
advantages of a steel lining are gained by its use as 
concrete shuttering, and its convenience for the fixing 
of attachments, such as cooling pipes, insulation studs, 
brackets and penetration liners. 

The basis for the design of a liner is the calculated 
strain distribution to which it is subject, due to 
straining of the inner surface of the concrete vessel, 
and due to restrained differential thermal expansion 
between the liner and the concrete. It is anchored to 
the concrete at points such as penetrations, and it is 
considered necessary to further key it to the concrete 
at intervals over its surface in order to cause its 
strain distribution to approximate to that of the 
vessel inner surface, and so limit any accumulation of 
strain, and excessive shear load on any particular 
attachment. In addition to the keys, ties are necessary 
to keep buckling within acceptable limits. 

The liner thickness is chosen taking account of the 
desirability of it being thin to minimize the loads on 
the keys, the need for it to withstand evacuation of the 
vessel without collapse, and its use as concrete 
shuttering. 

PRESTRESSING MATERIALS AND METHODS 

The ideal prestressing system for a PCPV should 
have cables which are sufficiently flexible for each 
handling, the cable and anchorage should be as 
compact as possible, and the cable should have small 
relaxation under load and temperature; such a system 
would have a GUTS (Guaranteed ultimate tensile 
strength) in the range of 300-500 tons per cable. 
Irradiation tests carried out to date have not indicated 
any significant effects on concrete or high tensile wire 
at the flux level to which they are likely to be subjected. 

The prestressing force may be applied to the 
pressure vessel either externally or within the thickness 
of the concrete. Cables applied externally would be 
very large cables on special saddles or many layers of 
smaller cables wrapped on to the concrete or arranged 
so that they may be jacked off the concrete at frequent 
intervals. Cables may be accommodated within the 
thickness of the concrete in ducts, thus giving a very 
compact arrangement albeit with an associated problem 
of placing the concrete around the ducts. 

THE INTERRELATION OF VESSEL SHAPES, 
PRESTRESSING METHODS AND PLANT 

ARRANGEMENT 

There are two basic shapes for the pressure vessel, 
the cylinder and the sphere. 

The reactor core, in this type of reactor, is a right 
vertical cylinder requiring access from the top for fuel 
handling, control, etc. In the integral design the 
boilers are best placed surrounding the core as great 
complication is introduced to the plant if placed 
above or below. The cylinder is the obvious choice to 
contain, with economy of space, plant arranged in 
this way. If the ends are closed by flat slabs, there is 
the further advantage of a flat floor which can accept 
plant supports in any location and a flat soffit parallel 
to the top of the core which simplifies the design of the 
fuel handling plant and reduces the length of charge 
tubes, hence the height of the charging machine and 
of the building generally. 

The authors have carefully investigated the relative 
costs of spherical and cylindrical vessels to contain 
equivalent plant in the range from 200 to 800 psig 
(14 to 56 kgfcm2

) design pressure and for sizes from 
50 to 100 ft (15.3 to 30.5 m) diam and in all cases 
find the cylinder to be the less costly. These costs 
took into account the effect on station layout and 
probable construction methods. 

For pressure containment a simple sphere is the 
mathematical optimum. It would at first appear to be 
amenable to detailed stress analysis but this advantage 
fades when a prestressing system is imposed. Whatever 
arrangement of prestressing cables is adopted, it is 
necessary to provide for anchors and the only solution 
appears to be the addition of ribs to the outside of the 
sphere, and the uncomplicated stress pattern immed
iately disappears. 

With increase in size and pressure the problem of 
disposing the anchorages becomes more acute and it 
would seem that the external shape of the vessel 
would become increasingly cubical or at best a series 
of right vertical cylinders. 

It is generally considered that the major problems 
in cylindrical vessels are associated with the ends and 
the conditions of fixity at the junction of wall and ends. 
Various schemes have been proposed to avoid this 
problem by introducing a hinge at this junction, but 
no satisfactory solution has been found. However, 
detailed analysis and model testing have shown that 
the stresses in areas of fixity are not excessive when a 
suitable prestressing arrangement is used. 

The two basic structural forms available for closing 
the ends of the cylinder are the flat slab and the dome. 
Various forms of hemispherical dome have been 
suggested, such as the Marcoule hemisphere and the 
tension dome. These systems result in a considerable 
increase in the over-all height of the vessel with extra 
length of prestressing cables. They also result in 
increases in the length of the standpipes and the 
distance from the top of the core to the charge floor. 
This, in turn, has an adverse effect on rates of charging 
and discharging, increases the height of the charge 
machine and charge hall, and of course gives con. 
siderable cost penalties. 

A thick flat slab can be designed with greater ease 
of construction and a smaller over-all height. The slab 
can be prestressed with cables in two or more directions 
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across the slab, or circumferentially outside the 
standpipe zone. 

The basic way of stressing a cylinder is to dispose 
the cables vertically and circumferentially, the 
circumferential cables being anchored on a series of 
vertical ribs on the external surface of the walls. 

A more elegant solution is to combine vertical and 
circumferential prestress by using cables in a helical 
pattern with layers of cables alternately clockwise 
and anti-clockwise, thus giving anchorages at the ends 
of the vessels only. This results in a very compact 
arrangement in which access to the anchorages may be 
obtained from permanent galleries which are used for 
the insertion and stressing of cables during con
struction and are a permanent feature for inspection, 
testing and replacement at any time if required. This 
is the system which has been adopted for the vessels 
at Oldbury. To achieve a comparable facility with 
the circumferential and vertical stressing system for 
the cylinder or any system for the spherical vessel 
would require a complicated arrangement of galleries 
with the consequent expenditure of valuable space. 

A reactor pressure vessel is of necessity penetrated 
at several places, the design of small openings is 
simply effected by replacing the concrete displaced 
by the opening with a steel tube the wall thickness of 
which is about 1/10 of its radius-the ratio being that 
of Young's moduli for concrete and steel. For larger 
penetrations the plate thickness so assessed would 
be beyond practical limits and in such cases secondary 
reinforcing steel could be introduced to reduce 
concrete stresses to acceptable levels. 

DESIGN OF OLDBURY PRESSURE VESSELS 

General description 

A typical cross section of the vessel is shown in 
Fig. 1. The vessel is a vertical cylinder of 77ft (23.5 m) 
id and 60ft (18.3 m) internal height. The cylinder wall 
is 15ft (4.6 m) thick and the end slabs 22ft (6.7 m) 
thick. The vessel is constructed of high strength 
concrete, using limestone aggregate and sulphate 
resisting cement to give a minimum cube strength of 
6 000 psi ( 420 kgfcm2) at 28 days. 

Each prestressing cable is composed of twelve 
0.6 in nominal diameter high-tensile steel strands; 
each strand is of 7 wires and has a minimum GUTS 
of 51 000 lb (23 200 kg) giving a guaranteed minimum 
ultimate load for the cable of 273 tons. The cables 
are contained within seam welded mild steel tubes of 
3! in (8.9 em) od which are jointed by means of 
reinforced rubber sleeves, which locate the ends and 
form a seal against ingress of grout during concreting. 

The multistrand anchorage shown in Fig. 2 is 
composed of two forged steel components between 
which the twelve strands of the cable are gripped and 
spaced circumferentially by grooves in the male and 
female components. The grooves of the male cone are 
roughened to improve the grip on the strands. 

The grip is obtained by jacking the inner cone into 
the outer with the stressed strands of the cable lying 

between them. A steel bearing plate is supplied under 
the anchorage. The entire anchorage remains outside 
the concrete and is arranged so that the specially 
designed stressing jack can be used at any time to lift 
the anchorage off the bearing plate without upsetting 
the grip on the cable between the male and female 
cones. With a calibrated jack and pressure meter the 
force to do this can be ascertained to give a measure 
of the load in the cable. Means are available (by shims 
between the anchorage and the bearing plate) to 
adjust the cable load in event of relaxation. 

Arrangement of prestressing cables 

The prestressing cables are arranged in two principal 
systems, one approximately helical within the wall 
thickness and continuing to the outer surface of the 
slabs and the other horizontally within the end 
slabs as shown in Fig. 2. In the helical system, the 
layers are arranged alternately clockwise and anti
clockwise, with 160 cables in each of 22layers on a 45° 
helix. In the slabs, the cables are arranged horizontally 
in layers, the direction of the cables in the centre part 
of the layers alternating at right angles. 

The arrangement of the prestressing cables was 
adopted as being the most satisfactory after the study 
of several alternatives. It fully satisfies the structural 
requirements in an economical manner, and gives a 
reasonably uniform distribution around penetrations. 

Structural analysis for ultimate load 

The vessel is designed to withstand an ultimate 
pressure up to 1 155 psig (81 kgfcm2) at ambient 
temperature, which is three times the maximum 
operating pressure. 

The ultimate analysis is based on a consideration 
of the forces required to maintain equilibrium of the 
structure at failure. The mode of failure has been 
indicated in model tests, but other modes of failure 
have also been examined. 

The forces acting on the concrete were simplified 
to the reactions of a single anchorage at the centre of 
the helical system, a reaction between the helical 
cables and the concrete of the cylinder wall and the 
forces from the equivalent number of vertical rows of 
anchorages of the horizontal cable system on the edges 
of the slabs. At failure, the wall was assumed to be 
cracked into vertical strips with horizontal cracks 
providing hinges at the first line of slab cable anchor
ages and at the mid-height of the vessel. By equating 
moments about hinge points the number of helical 
cables required was derived. 

Similarly, for the slabs, sufficient cables are provided 
to maintain equilibrium. The slabs were also checked 
to ensure they will not fail in shear due to the domed 
configuration of the maximum principal stresses. 

Elastic analysis 

A preliminary analysis was made in which the 
vessel was split into three structurat elements, a thin 
cylindrical shell and two circular plates. All sections 
were considered as thin with regard to rotations and 
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Figure I. Old bury power station. Prestressed concrete vessel transverse elevation 

1: Prestressed concrete pressure vessel; 2: Graphite core; 
3 : Core support grid; 4: Boiler; 5 : Boiler shield wall; 6: Boiler 
end piece; 7: Gas circulator outlet duct; 8: Gas circulator; 
9: Boiler feed penetrations; 10: HP and LP steam penetrations; 
11: Boiler loading slot; 12: Charge standpipe; 13: Control 
standpipe; 14: Debris mortuary tube; 15: Pressure vessel 
stressing galleries; 16: Gas circulator shield doors; 17: Gas 

circulator pony motor; 18: Gas circulator turbine; 19: Gas 
circulator auxiliaries; 20: Gas circulator crane 25 T; 21: Steaip 
and feed pipework; 22: Boiler start-up vessels; 23:· Reactor 
safety valves and filters; 24: Relief valve pipes to atmosphere; 
25: Charge floor; 26: Charge/discharge machine; 27: Charge/ 
discharge machine gantry; 28 : Charge hall crane 25 T; 

29: B.C.D. room; 30: Transformers; 31: Stressing cables 
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HALF DEVELOPED ELEVATION OF PRESTRESSING CABLE NET. 

REF DESCRIPTION 
A STEAMPII'E PEIIETRATIONS 

8 FEED & REHEAT PEIIETRATIONS 

C BLOWER PENETRATIONS 

0 BOILER /11/XESS OPENING 

£ BEARING RING 

F FEMAlE~ CONE 

G BRIDGING STOOL 

H 12x 0·6" STRANDS 

J MALE CONE 

K 3~· 0.0. DUCT 

Figure 2. Old bury power station. Prestressed concrete vessel. Details of cables and anchorages 
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deformations but for direct stresses in the cylinder, 
thick cylinder theory was adopted. The rotations and 
displacements at points of connexion of the three 
systems were equated. This method gave a pessimistic 
indication of the stresses at the junction of wall and 
slabs. 

A more sophisticated analysis has been carried out 
with the aid of the computer. The results of both 
methods compare satisfactorily with observations 
from model tests. 

Liner 

The liner strains vary considerably over its surface, 
the greatest value which has been considered is one of 
1 710 microstrain (compressive) in the vertical 
direction near the bottom of the cylindrical wall. In 
operation, large parts of the liner will be beyond 
compressive yield strain. 

The liner top and side wall is keyed and tied to the 
concrete by flat fins and hooked bars, whilst the bottom 
is keyed and tied by its attachment to a framework 
set into the concrete. At the stiffened junctions of the 
side wall with the top and bottom liners, large keys 
have been incorporated on to which the concrete 
bears in order to strain the liner. 

The liner materials, tin (12.7 mm) mild steel for the 
top and side wall and a 7/16 in (11.1 mm) Fortiweld 
for the bottom, were chosen for ductility and weld
ability; the use of Forti weld, a high yield steel, 
permitting a 1 ft (30.5 em) pitch of bottom framework 
members. 

Penetrations 

Penetrations of the vessel fall into two categories, 
the first consisting of the eight large openings for 
boiler access and the gas circulators; these, being 
closed at their inner ends, are not subject to gas 
pressure and temperature along their lengths; and the 
second consisting of the numerous relatively small 
openings for steam and water feed pipes, charge and 
control rod tubes, instrumentation pipes, etc., which 
are closed at their outer ends. 

The closures for the circulator openings are the 
circulator casings themselves, whilst the closures for 
the rectangular boiler access slots are made by 
plating against a rigid grillage which is supported 
across the inner end of each penetration. 

Cooling system and insulation 

Both the vessel and smaller penetration liners are 
insulated from the hot gas and have completely 
duplicated cooling water pipes welded to their external 
surfaces. The cooling system and insulation were 
primarily designed to ensure that the temperature 
distribution in the concrete is acceptable, but they also 
determine the liner temperatures and hence the thermal 
component of the liner strains. The design conditions 
were that the bulk concrete temperature in the top 
and side walls should not exceed 55 °C and the 
temperature difference across the walls should not 
exceed 30 °C. The bulk concrete temperature in the 

floor is limited to 60 °C. It was possible to achieve 
these conditions without exceeding a liner mean 
temperature of 65 °C. 

The primary cooling medium is demineralized de
aerated water of boiler feed quality, dosed to give a 
high pH for corrosion inhibition. Tests have shown 
that for the water quality used, radiolysis has little 
effect on tube corrosion. The secondary cooling 
medium is river water, with a maximum temperature 
of 24 °C, the heat being transferred from primary to 
secondary coolant in shell and tube type heat 
exchangers. 

The insulation on the liner inner surface is made up 
of layers of thin stainless steel sheet with suitable 
spacers incorporated between each layer. 

RESEARCH AND TESTING 

As the vessel design evolved each step was consoli
dated by a series of tests mounted either to obtain 
realistic parameters or to prove and develop the 
components. 

Cables and ducts 

With the adoption of the helical cable pattern it 
was decided in 1959 to construct a full scale test bed 
consisting of a 3ft 9 in (1.14 m) square helical section 
of the vessel wall containing five pairs of different 
types of cable duct. This test bed was used to determine 
the relative suitability of various types of cable, ducts 
and jack and to establish the friction and anchorage 
losses developed and the effect of various lubricants. 

Other full-scale models of parts of the vessel 
structure were made to examine the feasibility of duct 
erection and concreting in areas of apparent congestion. 

Anchorages 

The final design of anchorage and bearing ring 
adopted is shown in Fig. 2. Various anchorage designs 
were tested in order to arrive at one which might be 
readily manufactured and yet be capable of with
standing at least 95% of the guaranteed minimum 
ultimate strength of the cable and this standard has 
been obtained with the first production anchorages. 

Concrete 

Research into the properties of concrete has 
concentrated on those using limestone aggregates 
obtained from quarries located near Oldbury. Mixes 
having adequate site workability and compressive 
strength have been tested to determine their properties 
of creep, moduli of elasticity, Poissons ratio, shrinkage, 
thermal expansion, thermal conductance and their 
relative variation with moisture content, temperature 
and age. 

Liner 

To allow a margin above the calculated concrete 
strain values and the predicted temperature distri
bution, it was decided that the liner design should be 
demonstrated to be adequate for strains of 1.5 times 
the calculated strains. As the buckling behaviour of 
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panels at biaxial strains well beyond compressive 
yield strain is not amenable to simple calculation, it 
was necessary to undertake an extensive test pro
gramme in order to determine this. Plates, both flat, 
and with various forms of initial bowing and dimpling, 
including under-thick and over-thick specimens of 
nominally ! in (12.7 mm) mild steel and 7/16 in 
(11.1 mm) Fortiweld were tested. Simulated vacuum 
conditions were included in some of the tests. 

This programme, together with tests to determine 
the load deflection characteristics of the keys into the 
concrete, enabled simple calculations to be made 
demonstrating the adequacy of the liner design. 

Vessel models 

A concrete model vessel to k scale of an early 
design was built in 1959 at Hayes in Middlesex. This 
model preceded the settlement of detail of the Old bury 
design but is a near simulation in general. 

The prestressing cable arrangement and levels of 
prestress simulated as nearly as possible those em
ployed in the full-scale design using a ! in diam, 7 wire 
strand (having a 36 000 lb (16 300 kg) guaranteed 
minimum ultimate strength) in 6 helical layers in the 
walls. It was necessary, from practical considerations, 
to use an out-of-scale model steel liner thickness of k in. 

The model vessel was subjected to a protracted 
series of onerous tests for pressure, temperature and a 
combination of the two. The pressure was hydraulic
ally applied and temperature effects were simulated by 
heating the water. However, to investigate reactor 
fault conditions, pneumatic testing was employed 
and high temperatures induced by internal heaters. 

The Hayes model vessel was designed for an 
ultimate pressure of 675 psig (47 kg/cm2). Cracking 
of the vessel concrete was first observed at a pressure 
of 470 psig (33 kgfcm2

). This pressure was equivalent 
to a concrete tensile stress of about 700 psi ( 49 kgfcm2

), 

a figure which previously had been obtained in tensile 
tests of concrete specimens. 

At an average temperature in the concrete of 100 °C 
there was no measurable increase in the forces in the 
cables. No damage was detected in the model structure 
as a result of application of heat, with peak tempera
tures of about 180 oc and local recorded gradients of 
18 °Cfin (7 °Cfcm). Extensive cycling of pressure at 
ambient temperature and with the water at 90 oc 
indicated only small changes in the deflection charac
teristics in the cylinder wall. 

A similar model vessel to i scale but constructed to 
simulate closely the Oldbury design was built at 
Leatherhead, Surrey, for the CEGB. In this case, 
the ultimate pressure was I 155 psig (81 kgfcm2

). 

Testing continues but the behaviour pattern of the 
Hayes model is expected to be repeated. 

To avoid the cost of constructing complete model 
pressure vessels, several small-scale end slabs, each 
about 2ft (61 em) diam were tested. The tests of these 
prestressed concrete discs have confirmed the methods 
of end slab failure and the influence of the varying 
boundary conditions. It is considered that the general 

pattern of cracking can be forecast, together with the 
corresponding pressures and the deflected forms, at 
any stage up to failure. 

CONSTRUCTION 

Oldbury power station (Fig. 3) is located in flat 
farming country on the south bank of the Severn 
estuary just north of Bristol. 

The construction cranage for the reactor buildings 
is a system of fixed monotower cranes, of which two 
of 15 tons capacity with 130ft ( 40 m) high towers 
serve each of the two pressure vessels (Fig. 4). 

All the concrete at Oldbury is mixed in a central 
weighbatcher plant having two 2 yd3 (1! m3) tilting 
drum mixers, transported to the various parts of the 
site in Dumpcrete lorries, tipped into laydown 
hopper-bottomed concrete skips and hoisted into 
position by the cranes. 

Foundations 

The pressure vessels are supported by! in (12. 7 mm) 
thick Neoprene mats which cover the top surface of 
80ft (24.5 m) diam mass concrete bases and which 
reduce the resistance to radial movement on both 
prestressing and pressurization. 

Ground exploration revealed that at Oldbury about 
13 ft ( 4 m) thickness of recent alluvium overlay 
Keuper Marl which, in turn, at a great depth rests 
upon sandstone. A series of layers of siltstone and 
sandstone were found in the marl containing solution 
cavities which by their interconnexion formed 
horizontal aquifers at some levels. 

The mass concrete bases were founded directly 
upon the hard surface of one of these sandstone layers 
at an average bearing pressure of 12 tons/ft2 (13 kg/ 
cm2

). 

Vessel 

The part of the vessel base slab which extends 
radially outwards beyond the mass concrete founda
tion contains, on the underside, the bottom anchorages 
for the helical stressing cables (Figs. 5, 6). There are 22 
circumferential rows of anchorages; each row facing 
in the opposite direction at right angles to the adjacent 
row and at slightly different angles in plan and 
elevation. The accuracy called for in placing and 
fixing these anchorages was achieved by forming 
radial precast concrete beams which each contained 
two radial rows of II anchorages. The beams were 
temporarily supported at their outer ends on timber 
props, which were removed when the vessel walls 
reached mid-height. As prestressing cannot start 
until the vessel structure is complete, high tensile 
reinforcement was built into the lower part of the walls 
to make the vessel self-supporting (Figs. 7, 8). 

The base slabs were poured in 5 lifts, each lift being 
broken into pours with a maximum size of 290 yd3 

(225m3). The stressing ducts which were fixed in 
position either on precast concrete stools, or tempor
arily held by scaffolding, were cut into lengths 
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Figure 3. A model showing the Oldbury station completed. 
The blower houses form square plinths for the two reactor 
buildings, the upper parts of these being halls for the charging 
machines. A block for fuel handling and charge machine main
tenance stands between the two circular buildings, forming a 
complex 480 ft long, IS7 ft wide and 193 ft above ground level. 
The control room block stands in front of this, facing the turbine 
house which is 380ft long, ISS ft wide and 67ft 6 in above ground. 
Workshops, stores, welfare and administration buildings run to 

the right of the turbine house 

Figure S. Construction of the foundation for the first vessel, in 
a battered excavation 2S ft deep. The central mass foundation is 
encircled by the wall of the lower stressing gallery. On the 
further side can be seen the first of the precast beams from 

which the helical stressing system starts 

Figure 7. Concrete in the form of a ring is here placed to contain 
the ducts of the helical stressing system, in advance of the 
central lifts of the bottom disc. The bearing plate for the hori
zontal stressing system of the bottom disc can be seen at the 

bottom of the photo 

Figure 4. An aerial view of the Oldbury site, taken from the 
opposite direction to Fig. S. The main buildings are seen in the 
centre, with working sites around them to a total area of about 
60 acres. The camp and offices are in the top left corner and the 

River Severn is seen on the right-hand side 

Figure 6. A closer view, showing the precast beams in more 
detail. Short lengths of the ducts for the cables, with temporary 

caps on them, can be seen cast into the beams 

Figure 8. Prestressed concrete vessel construction; the stage 
following that shown in Fig. 7 
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Figure 9. The position immediately before placing the top lifts 
of the bottom disc. In the upper half, steel framing is in position 
for concreting-in, and this receives the plating of the bottom of 

the liner 

corresponding to the size of each pour and bent to 
shape on site with a hydraulically operated pipe 
bending machine. 

Before casting the top lift of the base a steel frame
work ofT-section joists was constructed at the upper 
surface. The concrete which anchored the framework 
was accurately trowelled to be flush with the top 
surface of the Ts, which were later used as backing 
strips for the butt welding of the steel floorplates of 
the liner (Fig. 9). 

Whenever possible timber stop end shutters were 
used. However, throughout the vessel at positions 
within the helical cable zone expanded metal shuttering 
was used which was left permanently in position. 

The liner side wall, and top centre disc without 
penetrations, together with other internal structures 
such as the graphite support grid, were concurrently 
fabricated on temporary works areas near the reactor 
locations. 

Figure II. A closer view than in Fig. 10, at Reactor 2 where 
liners for blower penetrations were at•ached to the main liner 

before roll-in 

J : • 
• i" ..._ 

Figure 10. Rolling-in the vessel liner on Reactor I 

This completed 77ft (23.5 m) diam fabrication 
weighing about 1 000 tons, suitably braced, was 
rolled on to the reactor floor using winches and bogies 
on rails (Figs. I 0, II). When in position it was jacked 
down, and the liner bottom corner angle was butt 
welded to the floor plating using the annular plate 
forming the framework ring member as a backing 
strip. The walls were then concreted in lifts 6ft (1.8 m) 
high, each broken into four parts of about 230 yd3 

(180m3). Work proceeded in a spiral sequence 
climbing between the base and top slabs of the 
vessel (Figs. 12, 13, 14). 

Shortly in advance of the concreting, the roof 
plating was completed and the penetration liners for 
the side walls and top slab were welded in (Figs. 15, 16). 

At the time of writing the roof slab is temporarily 
supported by the vessel liner which is propped inter
nally to act as a soffit shutter. These props are to be 
removed after some 12ft (3.7 m) depth of top slab 

Figure 12. A close-up of ducts for the wall helices. The method 
of temporary attachment to radially fixed scaffold poles can be 

seen 
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Figure 13. The concreting of the walls approaching the level of 
the top of the liner. The upper surface of the liner can be seen 
in the right foreground, with two men standing on it in front 
of a boiler-loading slot. Upper steam pipe penetrations are in 

the left foreground 

has been poured, the liner itself temporarily acting as 
constructional reinforcement before prestressing. 

The liner inspection was aimed at the detection of 
any possible leakage paths. All butt welds in the liner 
wall and top, and in penetrations, were radiographically 
examined. All butt welds in the liner floor made 
against a framework set in the concrete, were ultra
sonically crack detected. The pressure-retaining fillet 
welds were subjected to magnetic crack detection. 
Weld quality control was maintained by the usual 
tensile and bend tests and macro-section examinations. 

Figure 15. The top of the vessel, preparing for the last lifts of 
concrete. Standpipes occupy the central zone; linings for the 
four boiler slots can be seen. The structural steelwork for the 

charge hall forms the periphery 

__ .. ~~~.-~ 
Figure 14. A general view of the station with Reactor 2 in the 
foreground. The liner has been rolled in and a temporary 
housing erected on top of it to proceed with standpipe erection 
and welding. Beyond, and above, four beams are prominent, and 
these are to carry the rails for traversing the charge machines 
to the fuelling positions in the central block or to the other 
charge hall. Structural steelwork is erected over the central 

block 

Threading and stressing 

The strand for the stressing cables is delivered to 
site on drums in 5 000 ft (1 500 m) lengths. The 
cables are made up by drawing off twelve drums 
simultaneously on to a table where the strands are 
bundled and the cable cut to length. The cables are 
transported in to the works on a reel and pulled into 
the ducts by winch-operated ropes. 

The stressing sequence is arranged so that disparity 
between zones does not exceed 10%. Jacks for 
stressing are carried on gantries or bogies with 
hydraulic lifting arms where required. A jack is 
attached to both ends of a cable by temporary anchors 

Figure 16. A closer view than Fig. IS at a slightly later stage. 
The last lift of concrete has been placed in the outside annulus, 

at the right in the photograph 
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and the two jacks are operated together to stress the 
cable to 210 tons (i.e., 77% GUTS). This loading is 
maintained for two minutes, when the male cone of 
the permanent anchorage is driven by hydraulic jack 
into the female cone to form the grip on the cable, and 
the cable loading is then relaxed into the permanent 
anchorage. The anchorage is then retracted as a unit 
until a force of 191 tons (i.e., 70% GUTS) is in the 
cable and shims of suitable thickness are inserted 
between the anchorage and the bearing plate to 
maintain this extension in the cable. This last operation 
can be repeated at any time to test the load in a cable 
with readjustment if necessary by variation in the 
shims. 

A system of sonic strain gauges, thermocouples and 
moisture cells are built into the concrete of the vessel 
and resistance and mechanical strain gauges fixed to 
the surface of the liner. These are read at intervals, at 
the same time as vessel surface deflections are measured, 
to compare the actual performance of the vessel and 
liner with calculated predictions and results from 
model testing. 

Pressure testing 
Following the completion of prestressing, the 

vessel will be subjected to a proof pressure test. As 
clean conditions have been established within the 
vessel and as a graphite core will be installed, a 
pneumatic pressure test will be carried out. The 
pressure is expected to be raised in successive stages 
from zero to 130, 260 and 385 to 443 psig (zero to 
9, 18 and 27 to 31 kgfcm2) which is 1.15 times the 
design pressure (385 psig 27 kgfcm2). At each of these 
stages the vessel and liner strain measurements will 
again be compared with those obtained by calculation 
and from the model testing. 

Progress 

At the time of reading this paper, pressure vessel 
No. 1 concrete work will be complete, threading and 
stressing of cables will be proceeding, the enclosing 
building will be completed up to pile cap level and 
preparations will be in hand for the erection of the 

charge hall. The construction of pressure vessel No. 2 
will be following No. 1 closely, with half the top slab 
completed. 

CONCLUSION 

The adoption of prestressed concrete pressure 
vessels enclosing the complete reactor, coolant gas 
circuits and boilers is a major advance in the design of 
nuclear power stations. 

The principal advantages are: 
(a) A high standard of safety ansmg from the 

containment of the coolant gas circuit in a single vessel 
capable of withstanding the pressure under ·the maxi
mum credible fault conditions. 

(b) The vessel may be designed so that ultimate 
failure is progressive and gives ample warning. 

(c) The massive nature of the structure gives 
assurance against accidental damage from large 
external forces such as earthquakes. 

(d) The thick concrete vessel required structurally 
gives a standard of radiation shielding several orders 
of magnitude in excess of international requirements. 

(e) Large vessels for high pressures outside the range 
of practical steel designs are possible. 

(f) The integral design with a concrete vessel gives a 
significant reduction in the over-all station costs, 
compared with designs using steel or concrete pressure 
vessels with external gas ducts and boiler shells. 

(g) The facilities for testing, retensioning or 
replacing the stressing cables ensure that the life of the 
vessel may be extended without limit. 

(h) Prestressed concrete vessels may be economically 
constructed with semi-skilled labour and using local 
concreting materials in any part of the world. 

(i) There is no foreseeable gas-cooled reactor design 
advance in either pressure or size which cannot be 
contained within a prestressed concrete pressure 
vessel. 

The Oldbury pressure vessel described in the paper 
has proved that the design and construction of 
prestressed concrete vessels can be carried out 
successfully in practice. 

ABSTRACT -RESUME-AHHOTAL.ti-1R-RESUMEN 

A/140 Royaume-Uni 

Etude et construction de cuves sous pression 
en beton precontraint, notamment pour Ia 
centrale nucleaire d'Oidbury 

par A. Houghton Brown et a/. 

Le memoire commence par un apen;u historique du 
developpement des centrales nucleaires commerciales 
en Grande-Bretagne, qui a abouti a !'adoption de 
cuves sous pression en beton precontraint contenant 
Ia totalite du circuit sous pression des gaz refrigerants. 

U n examen des principales exigences auxquelles 
doit repondre Ia construction est suivi d'un rappel des 

principes du comportement de la structure de la cuve 
en de~;a de Ia charge limite et au point de rupture. On 
decrit la conception generale de la gaine d'etancheite 
et du systeme de refroidissement. On enumere les 
exigences auxquelles doivent satisfaire les materiaux 
et les systemes de precontrainte. 

La correlation entre la forme de la cuve, les methodes 
de precontrainte et !'implantation des installations est 
examinee pour les cuves spheriques et cylindriques, et 
on compare leurs prix de revient. On discute du choix 
des fermetures d'extremite et des systemes de pre
contrainte pour cylindres et on donne les raisons de la 
preference des auteurs pour les solutions adopt~es a 
Oldbury. 
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La these generale est alors illustree par l'exemple de 
l'etude et de la construction de Ia centrale d'Oldbury. 

Une breve description de Ia cuve indique les 
principales dimensions et l'agencement du systeme de 
precontrainte. On decrit les methodes utilisees pour 
l'analyse ala charge limite et a Ia charge de rupture, 
ainsi que Ia conception de Ia gaine d'etancheite, des 
orifices de penetration, du systeme de refroidissement 
et de l'isolement. 

On decrit les recherches sur le beton et les essais de 
possibilite de construction. D'autres essais ont porte 
sur les elements du systeme de precontrainte et de la 
gaine d'etancheite, ainsi que sur des maquettes des 
dalles d'extremites et des cuves completes. 

Un apen;u de la construction de la centrale d'Old
bury, qui a commence en 1962, decrit le plan de 
construction, la disposition des fondations et la 
preparation du radier de la cuve, la mise en place de la 
partie prefabriquee de la gaine d'etancheite, l'acheve
ment de celle-ci et la coulee du beton. On decrit 
ensuite la technique de precontrainte et les essais de 
pression proposes. 

Le memoire se termine par une description des 
avantages des cuves sous pression en beton pre
contraint pour contenir les circuits d'un reacteur 
nucleaire, et par une estimation des possibilites 
qu'offre ce mode de construction. 

A/140 CoeAHHeHHOe KoponescTBo 

npoeKTHpOBaHHe H CTPOHTenbCTBO 
Kopnycos noA AasneHHeM H3 npeABa
pHrenbHO HanpH}KeHHoro 6eroHa; co
opy}KeHHe Kopnyca aroMHOH 3neKrpo
craH~HH B 0nA6epH 

A. XoyTOH cpayH et al. 

J_],mma;:~; HR'IHHaCTCH KpaTRHM HCTOpH'ICCJ'HM 
o630pOM pa3pa60TKH npOMhllliJICHHhiX aTOMHhlX 
::mexTpocTaH~Hii B Coe)],HHCHHOM RopoJieBCTBe, Ko
TopaH TipHBeJia K BBC)J,CHHIO peaRTOpHhiX Kopnycon 
IIO)J, )J,aBJieHHCM II3 TipC)J,BapHTCJihHO HaTipHiKCHHO
fO 6eToHa, BMe~aro~nx nech KOHTYP ra3onoro 
TCTIJIOHOCHTCJIH, HaXO)J,H~CfOCH TIOA ,n:aBJICHHCM. 

OcHOBHhle JWHCTPYKTHBHhie Tpe6onaHHH pac
cMaTpunaroTCH B )J,OKJia)J,e O)J,HOBpeMeHHO C KpaT
RHM 0630pOM npUHIIHIIOB CTaTH'ICCROii pa60Thl 
1wpnyca B ynpyroii: 30He, a TaRme n cJiy'lae MaK
CHMaJihHoii anapnn. OnHChiBaeTCH KOHCTPYK~HH 
~ICHHI~pa J:\Opnyca H CHCTCMhl OXJlaiR)J,CHHH H He
pe'IUC.JIHIOTCH Tpe6oBaHIIH, npe,n:'hHBJIHCMhiC K Ma
TCpHaJiaM li npep;BapiiTeJihHO HaTipHii\CHHbiM CH
CTCMaM. 

B3aUMOCBH3h <IJopMLI Kopnyca, MeTO)J,OB npe)J,Ba
pHTeJihHoro HaTipHii\CHHH H KOMTIOHOBKH YCTaHOB
RII aHaJIH3UpyeTCH IIpHMCHHTCJihHO K c<IJepH'IC
CRHM H ~UJIHH)J,pH'ICCRHM KOpnycaM H C yqeTOM 
pacxo,n:on. B p;oKJiap;e o6cym)J,aeTCH Bhl6op KOH-

l~CBbiX KphiiiieK H CHCTCM npep;BapHTCJihHOfO Ha
HpHiKCHIUI p;JIH IIHJIHHAPH'IecKnx Kopnycon n npH
'lHHhi npe;J,nOlJTCHH.R, OT)J,aBaeMOfO aBTOpaMH KOH
CTPYHIIHH rwpnyca B OJI11,6epn. 

OeHOBHaH TeMa )J,OKJiap;a HJIJIIOCTpnpyeTCH cchiJI
uaMu Ha KOHCTPYKIIHIO n CTponTeJII>CTBO aToMHOii 
::menTpOCTUHIIHH B 0Jip,6epn. 

HpaTiwe onncanne Kopnyca BKJIIO'!aeT ocHoB
Hhie napa_.\feTpbi H ycTpOMCTBO CHCTCMbi npe)J,Ba
pHTCJihHOrO uanpHmeHnH. OmiChiBaiOTCH MeTO)J,hl 
aHaJIH3a CTaTIIlJCCKOM pa60Tbi KOpnyca B ynpyroii 
:JOHe, a TaKme npn MaKCIIMaJibHOM anapHH, KOH
CTPYKIIHU JieiiHepa, <IJnTTIIHron, CHCTeMhi oxJiam
)J,eHn.R H II30JI.RIIIIH. 

B )J,OKJiap;e omiChlBaiOTC.R pa6oTLI no nccJie)J,o
naHHIO 6eTOHa H HCnhiTaHH.R, KaCaiO~HeCH p;e
MOHC.TpaiiHH B03MOiKHOCTH CTpOIITCJihCTBa KOpny
ca TaKOfO TUna. J_],oTIOJIHIITCJihHhlC IICCJICAOBaHIIH 
BKJIIOlJaJIU UCTihlTaHII.R Y3JIOB CIICTCMhl npep;napii
TCJihHOfO Hanp.RmeHII.R KOpnyca, lJaCTCH JieiiHepa, 
a TaKme MOf];CJICll KOHIICBhiX TIJIII1' II IICJJhiX KOp
uycon. 

J_],aeTC.R o6~ee onHCaHHe CTpOIITCJihCTBa aTO&I
HOII <WCKTpOCTaHIIHII B 0Jip;6epH, ROTOpOe HalJa
JIOCh B 1962 rop;y. 8TO OTIHCaHHC BRJIIOlJaCT CTpO
JfTCJlhHOe o6opy)J,OBaHHe, ycTpOHCTBO <IJyHp;aMeHTa 
H IIOf);l'OTOBKY ROHIICBhlX IIJIHT Ropnyca, a TaKil\e 
coep;HHCHHC BaJib~OBKOH npep;BapHTCJihHO H31'0-
TOBJICHHhiX lJaCTCii JICMHCpa, ycTaHOBKY Jieii:Hepa 
I;opnyca II 6eToHHpoBaHHe. 3aTeM o6cym)J,aeTcn 
MCTOf];HKa npep;napHTCJihHOfO HaiipHiRCHHH ROp
nyca. B AOKJia,n:e p;aiOTCH npep;JiomeHHH, KacaiO
li~HecH npo6HhiX HCnhlTaHHH liOp; p;aBJICHHeM. 

B 3anJIIOlJeHne RopOTKO roBopHTCH o npeHMY
I~ecTnax Kopnycon nop; p;aBJieHneM II3 npe;:~;napH

TCJihHO HaiipHiRCHIIOfO 6eTOHa npH pa3Me~eHHU 
BHYTPH nux ROHTypoB peaKTopa H p;aeTCH o~eHRa 
JIOTCIIIIJJaJihHhlX B03MOiKIIOCTe:if KOpnycoB TaiWro 
nma. 

A/140 Reino Unido 

Proyecto y construcci6n de vasijas de presion 
de hormig6n pretensado referidos particular
mente a Ia central nuclear de Oldbury 

por A. Houghton Brown et a/. 

La memoria comienza con un breve resumen 
historico del desarrollo de las centrales nucleares 
comerciales en el Reino Unido, que condujo a Ia 
adopcion de vasijas de presion de hormigon pre
tensado conteniendo todo el circuito de presion de los 
gases refrigerantes. 

Se establecen y explican los requisitos basicos de 
proyecto, junto con un breve resumen de los funda
mentos del comportamiento estructural de la vasija 
en la zona elastica y a Ia rotura. Se describe el proyecto 
general del revestimiento y del sistema de refrigera
ci6n. Se mencionan las condiciones a cumplir por los 
materiales y los sistemas de pretensado. 
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Se examina la relacion entre la forma de Ia vasija, 
metodos de pretensado y disposicion del equipo para 
vasijas esfericas y cilindricas y se comparan los costes. 
Se discute la eleccion de los cierres terminales y los 
sistemas de pretensado de los cilindros y se dan las 
razones de la preferencia de los autores por la solucion 
adoptada en Oldbury. 

Se aclaran despues los principios generales expuestos 
haciendo referencia al proyecto y construccion de la 
central de Oldbury. 

Se da una descripcion breve de la vasija incluyendo 
las dimensiones principales y la disposicion del sistema 
de pretensado. Se senalan los metodos empleados para 
los amllisis elasticos y ala rotura y tam bien el proyecto 
de revestimiento, penetraciones, sistema de refrigera
cion y aislamiento. 

Se describen los trabajos de investigacion de 
hormigones y ensayos sobre posibilidad de construe-

cion. Se emprendieron otros ensayos tales como 
los de componentes del sistema de pretensado, detalles 
del revestimiento y modelos de las losas extremas y 
vasijas completas. 

Se da una descripcion esquematica de la construe
cion de Oldbury, iniciada en 1962. Esta descripcion 
comprende las instalaciones de construccion, la 
disposicion de la cimentacion y la preparacion de la 
losa base de a vasija. Continua con la conforma.cion de 
la parte prefabricada del revestimiento, la terminacion 
del revestimiento de la vasija y el hormigonado. Se 
describe despues la tecnica de pretensado y se 
establecen las propuestas para los ensayos de prueba 
de presion. 

La memoria termina con un resumen de las ventajas 
de las vasijas de presion de hormigon pretensado para 
la contencion de los circuitos de un reactor nuclear y 
con una estimacion de sus posibilidades. 



P/141 United Kingdom 

The design of prestressed concrete pressure vessels, 
with particular reference to Wylfa 

By R. S. Taylor* and A. J. Williams** 

The first generation of power producing gas-cooled 
reactors follow closely the design of Calder Hall, the 
principal developments having been increased output, 
improved layout and higher component performance. 

Parallel development has proceeded towards com
bining the biological shield and the pressure vessel in 
a prestressed concrete vessel, a system pioneered at 
Marcoule. 

In Britain, the flexibility of design conferred by 
prestressed concrete has been exploited to integrate 
reactor components in a single vessel. Two such 
reactors are under construction for the 600 MW(e) 
Oldbury station. A second British station, designed 
to produce 1 180 MW(e) from two reactors, is being 
built for the Central Electricity Generating Board at 
Wylfa Head by the English Electric/Babcock & 
Wilcox/Taylor Woodrow Construction Consortium. 
This paper describes the development of prestressed 
concrete vessels for the Wylfa design. 

Advantages of prestressed concrete 
pressure vessels 

Common features of early stations are steel pressure 
vessels containing the reactor core, connected to 
external boiler and circulator vessels by heavy ducting, 
the whole complex being surrounded with massive 

- concrete shielding. 
For the range of gas pressures currently considered, 

it is possible for concrete vessels to be made large 
enough to accommodate not only the reactor core, but 
also the boilers and circulators. This layout eliminates 
all external gas circuits, which in itself, is an important 
contribution to the safety of the system. 

A concrete pressure vessel is inherently safe. The 
progressive deformations with pressure, as shown in 
Fig. 1, are characteristic and give clear warning of 
overstrain or impending failure. The failure of a single 
prestressing tendon or component would have an 
insignificant effect on the strength of the structure, 
and would not lead to sequential failure of other 
tendons. 

The shielding provided by the vessel concrete 
permits inspection of surface concrete and pre
stressing components during reactor operation. If 

• Taylor Woodrow Construction Limited, Southall. 
• • The English Electric Company Limited, Whetstone, 

Leicester. 

required, tendons may be retensioned or even replaced 
in service. Further, internal shielding permits the 
greater part of the vessel internal surface to be 
inspected during reactor shut down. 

446 

The construction of a concrete vessel employs well
proved civil and mechanical engineering materials 
and techniques, enabling simple and established 
inspection procedures to be used during construction. 

Functional requirements for prestressed 
concrete vessels 

Balanced specifications for vessel and reactor are 
achieved by including the vessel parameters in over-all 
optimisation studies. With fixed output and fuel 
element conditions, the internal dimensions of the 
vessel are governed mainly by plant arrangement. 

The vessel design is influenced considerably by 
penetrations. The stand-pipe array is affected by 
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reactor optimisation, the design of fuelling plant, the 
structural behaviour of the top cap of the vessel and 
the feasibility of construction. 

Current safety considerations require at least four 
main gas circulators, whilst economy requires the 
minimum number consistent with reasonable develop
ment costs. The size of circulator openings is such as to 
influence profoundly the arrangement of prestressing 
tendons. Both spherical and cylindrical vessels with 
square standpipe lattices are well suited to accommo
date four circulators. 

Boiler penetrations are significant on account of 
their number rather ~han their size, and thus the 
once-through boiler is preferable to the forced
circulation type. 

Boiler quality steel provides a satisfactory vessel 
liner which is impervious to carbon dioxide. Vessel 
and linear designs must be such that the latter ex
periences acceptable deformations. Similarly, the 
movement imposed on plant accommodated by pene
trations must be acceptably small. 

Optimisation of system pressure, vessel diameter 
and temperature crossfall has favoured high pressures. 
In Wylfa the working pressure has been limited to 
400 psia (28.3 kg/cm2 (a)) by consideration of graphite
carbon dioxide reaction. 

Gas temperatures reach 400 oc in a uranium
magnox reactor. The concrete temperature must be 
limited to about 70 °C to avoid deterioration of its 
properties and to lower values in most areas to 
control thermal stresses. This requires internal 
insulation and an elaborate cooling system, the cost 
of which are significant. The temperature crossfall 
through the concrete is usually controlled to between 
15 °C to 25 °C. 

In the Wylfa design an internal shield controls the 
radiation levels over most of the vessel, and thermal 
shielding elsewhere ensures that no part of the liner 
or concrete receives· a radiation dose exceeding 
3 x 1019 nvt, at which value their properties do not 
appear to be significantly affected. The prestressing 
tendons are sufficiently shielded by vessel concrete to 
ensure that radiation effects are negligible. 

The vessel design is influenced in detail by con
struction considerations, and the construction pro
gramme must be carefully phased to take account of 
the concentration of men and materials implicit in an 
integrated scheme. 

Development of the Wylfa vessel design 

The final design of the Wylfa vessels was selected 
after an extensive programme Of development in 
which various possible vessel types were examined. 
This work was carried out concurrently with the 
development of the reactor layout and the structures 
described were conditioned by the requirements of 
the latter. A design pressure of 300 psi (21.1 kgfcm2) 

was generally used, with internal plan diameters of 
between 100ft (30.5 m) and 110ft (33.5 m). 

This development is illustrated in Fig. 2 together 

with comparative specific quantities for each type of 
vessel. The first four vessels have cylindrical walls 
and various forms of end closure were investigated, 
(Figs. A1-4, Fig. 2). These vessels were characterised 
by the high specific quantities and large concrete 
thicknesses required. It should be noted that the 
specific quantities of the cylindrical design A2 appears 
to decrease at a rate somewhat greater than a pro
portional reduction in vessel diameter. Prestress 
efficiencies were found to be relatively low and bending 
moments and shear forces large. The strains imposed 
on the vessel liners were subject to heavy peaks at the 
junctions of walls and end closures, and the structural 
behaviour of the vessels when approaching ultimate 
pressure was difficult to predict. 

Development of the reactor layout enabled a 
spherical vessel to be considered and further work was 
concentrated in this direction. 

It was clear that the specific quantities and concrete 
thicknesses of a spherical vessel were notably less than 
in the cylindrical designs previously considered. 
Furthermore, the mode of behaviour-at operating and 
ultimate load conditions was essentially similar and 
capable of confident prediction. In the designs 
illustrated (Figs. B1 and 2, Fig. 2), the internal surface 
is truly spherical, whilst the external surface approxi
mates to a series of concentric right cylinders. 

Design criteria 

There are no existing codes of practice which deal 
adequately with the design and construction of pre
stressed concrete pressure vessels, and in designing the 
Wylfa vessels it has been necessary to consider all 
design criteria objectively and in detail. 

A prestressed concrete pressure vessel should 
satisfy three basic design criteria: 

(a) It should behave in a substantially elastic 
manner under test conditions, and under all 
operating conditions throughout its working 
life. 

(b) No sudden increase in strain or deformation 
should occur under conditions of over load. 

(c) Final failure of the vessel should be associated 
with a satisfactory level of vessel strain, and an 
acceptable load factor. 

Compliance with these criteria must be demonstrated 
for any particular vessel design by theoretical analysis, 
supported, if necessary, by model tests. The range of 
elastic behaviour is primarily determined by the 
level of prestress available. This must be chosen, and 
applied, so as to control the direct and bending 
stresses induced by gas pressure, temperature dis
tribution and temperature crossfall, to levels which 
do not induce irrecoverable deformations. In the case 
of a spherical vessel, membrane stresses predominate, 
and the application of efficient prestress is accordingly 
made easier. 

Sudden increase of strain or deformation under 
overload conditions is avoided by ensuring that 
cracking or rupture of the concrete is well distributed 
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and controlled, by the provision of adequate bonded 
steel reinforcement. A typical load-deformation curve 
for a spherical vessel is shown in Fig. 1. Subject to 
any requirement that prestressing tendons should be 
capable of retensioning or replacement, most of the 
required bonded reinforcement can be obtained by 
grouting the prestressing tendons. If grouting is not 
permitted, it will be necessary to provide bar reinforce
ment in quantities sufficient to ensure compatibility of 
strain with the prestressing steel up to ultimate load 
conditions. Whilst shear stresses are generally minimal 
in a spherical vessel, they can be heavy in cylindrical 
designs, and security must be obtained by the pro
vision of adequate prestress, or additional bonded bar 
reinforcement. 

The gas pressure necessary to cause failure of a 
spherical vessel can be closely determined by reference 
to the membrane forces carried by prestressing steel, 
bonded reinforcement and the vessel liner, and it has 
been found that theory and experiment show good 
agreement. Re-distribution of moments and shear 
forces in a cylindrical vessel make it more difficult to 
determine the mode of failure and the failure pressure 
by purely theoretical means. It is, therefore, most 
desirable to demonstrate the behaviour of the vessel 
at ultimate load by adequate model testing. 

In the Wylfa design, compressive stresses in con
crete have been limited to 1/3 of the cube strength at 
28 days, an increase of I 0% being permitted under 
transient conditions. For local stress concentration at 
penetrations, double these values are permitted. 
Tensile stresses of up to 200 psi are allowed on the 
outer surface of the concrete but no tensile stresses are 
permitted adjacent to the vessel liner. Reinforcement 
is provided where local tensile stress concentrations 
exceed 1/10 of the concrete cube strength. 

Since prestressing cables are subject to temperatures 
above ambient, allowance is made for the additional 
relaxation losses which occur. The use of stabilised 
prestressing strand, which has a maximum relaxation 
loss at 60 °C of 5% after I 000 hours under load, has 
been found to be advantageous. 

The proof test pressure should be selected sufficiently 
above the design pressure to allow the vessel 
performance to be checked against design predictions. 
If the proof test pressure is selected at too high a 
value, this may impose uneconomic consequences on 
the design. In the Wylfa vessels the proof test pressure 
has been selected at 1.15 times the design pressure. 

The Authors consider that the ruling criterion for 
the selection of the ultimate load factor should be 
that the load factor at the time of proof testing should 
be at least 2. The ultimate load factor of the 
Wylfa vessel is 2.65 times the design pressure. 

Design and Research 
An extensive research programme was undertaken 

to obtain the necessary information upon which 
competent design could be based. This programme was 
not directed at any single type of vessel, but was 
designed to cover as wide a field as possible. 

Epoxy resin model vessels 

A series of model vessels was made in epoxy resin 
with the object of determining stress patterns in 
vessels of complex shape. This work has enabled 
analytical tools to be developed which closely re
produce the behaviour of these model vessels. Three 
models, corresponding to Fig. 2 (A2, A3 and BI), 
have been examined, using frozen stress photo-elastic 
techniques. Stresses have also been measured in 
a series of models whose internal surfaces were 
spherical, and whose external shapes varied from true 
cylinders to the generator form of the Wylfa vessels. 

Pile cap behaviour 

The presence of the standpipe penetrations in the 
top cap of the vessel produce stress concentrations 
and a change of rigidity which must be fully considered 
in the design. 

The problem was studied by subjecting zircon-filled 
epoxy resin discs to edge moments and radial forces. 
Each disc was tested before and after an array of holes 
was drilled through it. The holes were then lined with 
steel tubes and the test repeated. Comparison of the 
measured strain patterns indicated that for the 
Wylfa vessel the rigidity of the pile cap was reduced to 
65% of the unperforated cap. Reduction of the 
effective modulus ofthe concrete due to creep increases 
the degree of compensation afforded by the liners to 
the standpipe. The initial loading condition is thus the 
most critical. 

Stress concentrations 
The Wylfa design is characterised by the large 

number of penetrations in the vessel walls. The most 
important of these are the standpipe penetrations in 
pile cap and the four 10ft (3.05 m) id circulator 
penetrations. These penetrations produce stress con
centrations in the concrete, the magnitude and 
distribution of which must be kept to specified limits. 
It has been found desirable and economic only 
partially to compensate these penetrations, and to 
accept relatively high levels of stress which are limited 
to localised zones. Photo-elastic techniques have been 
used to study the stress concentrations occurring in 
plates under uniaxial tension containing various 
patterns of holes. Varying degrees of compensation 
were provided by lining the holes with a magnesium 
alloy which gave a modular ratio lying in range 
expected to occur in the Wylfa vessel. A further study 
has been made of the stress concentration around 
single circular openings in concrete blocks subjected 
to biaxial compression. This showed agreement with 
results obtained using elastic materials. 

Concrete models 
Experiments with relatively small models of elastic 

material provided results to check and modify the 
analytical studies, but it was also essential to carry 
out tests on models made of concrete. These models 
allow the effects of concrete creep, prestress and 
thermal loadings to be studied, and so demonstrate 
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vessel behaviour under working and ultimate load 
conditions. 

Five such models have been tested. These comprise 
two spherical vessels generally similar to the Wylfa 
design, and three cylindrical vessels corresponding to 
Fig. AI, Fig. 2. One vessel of each type was tested at 
operating and moderate overload conditions. The 
remainder have been tested to destruction. In this 
paper it is only possible to give brief descriptions of 
the spherical vessel models. 

(a) If 12th scale concrete model: This model resem
bled the Wylfa vessel in structural shape and general 
arrangement of prestressing cables. A simulated 
standpipe pattern was constructed on the top cap of 
the vessel and the four major circulator penetrations 
were reproduced in simplified form. The vessel was 
pressurised with water and the inner spherical surface 
lined with a rubber membrane. A temperature crossfall 
through the concrete wall was produced by heating the 
water with immersion heaters. The vessel was generally 
stressed by 0.6 in (15.3 mm) diameter strand and was 
reinforced with a total of 0.5% ribbed high tensile 
bar. All instrumentation was situated on two meridians 
approximately normal to each other. 

The behaviour of the vessel under the application 
of prestress was studied and a comprehensive series of 
pressure tests with and without a temperature crossfall 
have been carried out. 

Accepting the limits of stress used in the Wylfa 
design, the theoretical working conditions in the 
model were 300 lb/in2 (21.1 kgfcm2

) internal pressure 
plus 15 oc crossfall. The maximum loadings applied 
were 550 lbfin2 (38.8 kgfcm2) at ambient conditions 
and 400 lb/in2 (29.2 kgfcm2

) with a 25 °C crossfall. 
The theoretical stresses have been translated into 

strain for comparison with the experimental strains 
and are indicated in Fig. 3 for internal pressure loading 
and prestress. These results, from 18 individual 
pressure tests, have been normalised to a pressure of 
100 lb/in2 (7.03 kg/cm2). The normalised curve is given 
as well as the maximum and minimum values rec(')rded 
during all the tests. 

The whole series of tests indicated a close correlation 
between theory and experiment. 

(b) lf40th scale concrete model: A l/40th scale 
model similar in shape to the l/12th scale model has 
been built and tested to destruction. This model had 
an inner diameter of 28! in (72 em), wall thickness of 
3 in (7.6 em), and was reinforced with a total of 0.2% 
mesh reinforcement. Meridional prestress was by 
means of 5/16 in (8 mm) diameter high tensile strand 
and 8 swg wire. Hoop prestress was applied by winding 
on 20 swg wire under tension. A preformed copper 
liner was used and structural failure occurred before 
rupture of the liner. 

The equivalent working pressure of the vessel was 
270 lb/in2 (19.0 kgfcm2) and failure occurred at 
820 lb/in2 (57.8 kgfcm2). During the test, cracking 
developed gradually and without any sudd~n release 
of energy. Figure I shows the deflection of the top 
cap of the vessel with increasing pressure and indicates 

that the behaviour of the vessel followed a progressive 
deformation pattern giving adequate warning of 
impending failure. 

Bonded reinforcement 

A minimum of 0.3% of bonded reinforcement has 
been provided in the Wylfa vessel in order to control 
cracking in the working range and to ensure that the 
integrity of the liner is maintained until structural 
failure occurs. 

Uniaxial tensile tests on a series of large reinforced 
concrete beams have suggested that compatibility of 
strain between bonded reinforcement and prestressing 
steel will be achieved at the failing pressure. 

Properties of concrete 

The concrete materials and mix for the vessel were 
designed to meet structural and site requirements, 
and the physical properties of this material were fully 
studied. An important factor in the vessel design was 
the effect of temperature on the creep behaviour of 
concrete. Knowledge of this particular aspect was 
necessary in order to predict: 

(a) The deformation pattern of the vessel and liner 
with time, particularly as the expected life of 
the structure is 30 years. 

(b) Losses in prestress. 
(c) The re-distribution of stress in the vessel caused 

by the change in temperature through the shell 
of the structure producing different rates of 
creep strain. 

Concrete specimens were made using the concrete 
specified for Wylfa. These specimens were sealed to 
simulate the condition in mass concrete and were 
subjected to a sustained compressive stress whilst 
maintained at various temperatures within the range 
20-95°C. Stress was applied at various ages after 
casting, and deformations have been recorded over a 
period of two years. This work showed that: 

(a) Creep deformation, but not initial elastic 
deformation, was significantly increased for concrete 
maintained at elevated temperatures. For example, 
concrete one year old, loaded for 100 days at 93 °C, 
deformed 50% more than the same concrete at 20 °C. 

(b) At 20 °C, the greater the specimen age at load 
application, the lower was the creep rate. This 
reduction with age occurred less at the higher temper
atures. For example, at 20 °C, the 100 day deformation 
for concrete aged 180 days prior to loading was 
50% less than concrete aged 7 days. At 93 °C the 
corresponding figure was only 16% 

(c) The application of heat to cortcrete already under 
sustained load caused an increase in the creep rate. 

Prestressing system 
Since, in the Wylfa design, the prestressing tendons 

are ungrouted, it was necessary to demonstrate 
rigorously the ultimate strength and strain capacity of 
the prestressing system. The 12/0.6 in (15.3 mm) 
strand Freyssinet system was adapted by using three 
such cables to form each tendon; this tendon has an 
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Figure 3. Experimental results If 12th scale model 

[Key] 
(a): Internal meridional strains due to application of equatorial band of hoop prestress; (b): Internal 
hoop strains due to application of equatorial band of hoop prestress; (c): Internal meridional strains 
due to pressure. Experimental results are the average of 14 sets of results between 250 Ib/in2 and 
350 lb/in2 each normalised to 100 lb/in•; (d): Internal hoop strains due to pressure. Experimental 
results are the average of 18 sets of results between 250 lb/in• and 350 lb/in• each normalised to 100 
lb/in•; Theoretical strain; -0-: Average experimental strain (limits of strain shown on c and dby ex) 

p = strain = 10-4 ; 0 = angle from equator of vessel 
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initial force of 615 tons (630 tonnes) and is contained 
in a 5! in (14.0 em) diameter duct. 

The tests were designed to establish the efficiencies 
and ultimate strain capacities of the 36 strand tendons 
in straight and curved ducts, the strength of the 
specially developed concrete bearing plate, friction 
coefficients and the long term security of the system. 

Analysis of vessel 
A method of calculation based on the standard 

methods of analysis of indeterminate structures was 
developed, and a computer programme written to 
obtain a solution. The accuracy of the assumptions or 
approximations used in the ca.lculations was checked 
against the behaviour of the various models and the 
experiments previously described. 

Liner and closures 
The vessel liner carries various construction loads 

but the main strains are imposed by the deformation 
of the concrete. A typical strain history indicates a 
maximum value of 2 000 X 10-6 • This exceeds the 
compressive yield strain but the cyclic component is 
well within the limit of fatigue failure. 

A more important consideration is the buckling of 
the liner, which must be prevented by tying the liner 
back into the concrete. The design should, however, 
be such that: 

(a) The strain at any point lies within the limit of 
high strain fatigue. 

(b) The ties will not fracture if buckling does occur. 
As the onset of buckling cannot be theoretically 

predicted, compression tests have been carried out on a 
series of specimens formed by placing concrete between 
two 6ft (1.83 m) diameter portions of the full size 
liner. These specimens have been subjected to strains 
of 2 800 x I0-6 before buckling. 

In the detailed design of penetrations it is generally 
necessary to compensate for the opening in the liner, 
provide support for equipment in the opening, anchor 
the penetration liner in the concrete, isolate the closure 
from concrete deformations and provide radiation 
shielding. 

Cooling system 
Control of concrete temperature and hence thermal 

stresses is most positively achieved by insulating the 
liner and the providing of cooling pipes buried in the 
concrete. Demineralised, de-oxygenated water treated 
to a pH value of about 10.5 appears to give the best 
performance. 

Optimisation of the Wylfa system has led to an array 
of square pipes of I. 7 in2 (11 cm2) section area, welded 
to the liner and penetrating at a pitch not exceeding 
12 in (30.5 em), giving a local mean concrete tem
perature of 35 °C. The standpipes, which present a 
special problem, have annular water jackets. 

To ensure that the liner and concrete are never 
overheated, alternate pipes are connected to separate 
systems, and pumps, coolers, power supplies, control 
and instrumentation equipment are duplicated. Poten
tial hazards lie in the aggravation of corrosion of pipes 

by radiolysis. The provision of internal shielding and 
an overpressure of hydrogen in the coolant, however, 
reduces the corrosion rate to a predicted 0.001 in (0.025 
mm)fyear. A treatment loop is fitted with centrifuges 
and ion exchange units to remove both insoluble and 
soluble impurities. 

Insulation 
Insulation must be compatible with fuel element 

materials and of a non dusting nature. Stainless steel 
foil is the only currently acceptable insulating material 
inside reactor vessels. The low conductance required, 
combined with material costs, make accurate pre
diction of performance essential. This is made 
difficult, however, by the results of convection, 
particularly leakage convection, aggravated by high 
system pressure and large vertical heights involved. 

Tests have been carried out specifically to evaluate 
leakage convection, and advantage has been taken of 
the results of pressurised tests of large representative 
panels. 

Wylfa vessels 
The two reactors at Wylfa are each housed in a 

reactor hall, and served by a common reactor equip
ment building. The reactors are illustrated in Fig. 4. 

Each reactor vessel has a spherical internal surface 
of 96ft (29.2 m) diameter and a minimum concrete 
wall thickness of 11 ft (3.35 m). The external shape of 
the vessel has been evolved to facilitate construction 
and in order to accommodate plant, penetrations and 
prestressing components. The external surface of the 
vessel thus approximates closely to five concentric right 
cylinders with 16 vertical ribs. All external surfaces are 
plane, and either vertical or horizontal. The internal 
surface of the vessel is formed by a ! in (19 mm) thick 
steel liner, which maintains gas tightness and also 
serves as formwork against which the concrete is cast. 
The liner is tied to the concrete by angle-bars welded 
at a maximum pitch of 2ft (61 em). 

The vessel is prestressed by three systems of tendons. 
One system consists of external hoop tendons, 
anchored on the vertical ribs. The other two systems 
are located within the concrete structure, and generally 
lie on vertical planes. In the first of these, tendons are 
arranged on vertical great circles in the barrel region 
of the vessel and the second provides an orthogonal 
grid of tendons in the upper and lower caps of the 
vessel. The latter grid conforms to the arrangement of 
18 in (45.6 em) od standpipes on a square lattice of 
31 in (78.5 em) pitch. The 36/0.6 in (15.3 mm) strand 
tendon was developed in order to achieve the necessary 
concentration of prestress, without undue congestion 
of ducts and anchorages. 

The core and associated shielding are carried on a 
radial grid supported on rollers from the vessel at 
sixteen points. Access to the core from the standpipes 
is provided by guide tube assemblies carrying thermal 
shield plates. 

The once-through boiler tubes are accommodated 
in the space between the shield tank and a cylindrical 
outer casing. This presents a single gas passage, but 
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Figure 4. Wylfa nuclear power station reactor 
1 : Core; 2: Shield; 3: Boilers; 4: Standpipes; 5: Blowers; 6: Ribs; 7: Cables; 8: Equipment building 

the boiler feed and steam pipes are arranged to give 
effectively four separate but interwoven boilers. 
Bypassing of the boilers is prevented by a gas seal 
between the casing apd the vessel. 

The circulators are supported from their closure in 
the cylindrical part of these penetrations. They draw 
from the common boiler outlet into hemispherical 
volutes and discharge into a common plenum sealed 
to the radial grid. 

Two construction access penetrations are fitted in 
positions corresponding to the circulators above the 
vessel equator. One of these accommodates the duct to 
the safety valves. 

The interior of the vessel is accessible except above 
the core. Isolation of boiler tubes and routine main
tenance, however, can be achieved without such 
access. 

FUTURE DEVELOPMENT 

The development of the Wylfa vessels shows that, 
for uranium-magnox applications, the present design 

has not reached limiting conditions of dimensions and 
pressure, and hence reactor output. 

Prestressed concrete pressure vessels can be readily 
designed to meet the requirements of the advanced 
gas-cooled reactor (AGR). Although reactor gas 
outlet temperatures will be higher-about 600 °C-it 
appears to be economically preferable to provide a 
"hot-box" over the core, thus exposing the vessel to 
gas at inlet temperature only. Hence the duty on 
insulation and cooling system is decreased. The 
improved thermal performance of AGR leads to a 
reduction of vessel dimensions for a given output. 

The most critical design problem arises in the pile 
cap region, where the high ratio of fuel element dia
meter to lattice pitch and the desirability of single 
channel access for fuelling, lead to very small concrete 
ligaments. This results in a notable loss of rigidity 
of the top cap and considerable construction problems. 

Water cooled reactors are likely to require vessels 
with diameters and pressures variously in the ranges 
12 to 25ft (3.6 to 7.6 m) and 1 000 and 2 000 psi 
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(70 to 140 kgfcm2) respectively, whilstfastreactors may 
require larger vessels carrying much lower pressures. 
Preliminary studies indicate the prestressed concrete 
vessels would be generally feasible for these duties, 
although insulation would doubtless be a problem. 

Until detailed designs are prepared, it is not possible 
to say whether they might offer an attractive alternative 
to steel. Over-riding considerations of reactor safety 
may well be an important influence in favour of 
prestressed concrete. 

ABSTRACT -RESUME-AHHOTALU!IR-RESUMEN 

A/141 Royaume-Uni 

Etude de cuves sous pression en beton 
precontraint, notamment pour Ia centrale 
de Wylfa 

par R. S. Taylor et A. J. Williams 

Le memoire decrit brievement !'evolution des cuves 
sous pression en beton precontraint pour les reacteurs 
nucleaires moderes au graphite a refrigerant gazeux, 
en se referant tout particuliereQient aux cuves des 
reacteurs jumeaux en construction a la centrale 
nucleaire de Wylfa. 

Un apen;u des caracteristiques et des limitations des 
cuves en acier est suivi d'une recapitulation des 
principaux avantages des cuves en beton precontraint. 
On examine l'interet de ces cuves pour les systemes 
de reacteurs integres ainsi que leurs avantages du 
point de vue de la surete de ces reacteurs et de la 
souplesse dans la conception de ceux-ci. 

On decrit comment la conception de la cuve est 
influencee par celle du reacteur. On examine !'optimi
sation d'une centrale nucleaire comprenant des cuves 
sous pression en beton precontraint, ainsi que les 
problemes que posent les orifices de penetration, les 
effets de !'irradiation, l'enveloppe de securite du 
systeme et le controle de la temperature de la cuve. 

On passe en revue les differents systemes de cuves 
sous pression en beton precontraint etudies avant 
!'adoption du type de Wylfa. On donne les avantages 
et les limitations de chaque type, et on compare les 
diverses valeurs. 

On examine les principaux facteurs influen~Yant le 
choix des criteres de construction des cuves sous 
pression en beton precontraint, et on recapitule les 
efforts admissibles pour le beton, l'acier de precon
trainte et !'armature de renforcement. On etudie le 
comportement de la cuve au cours de sa duree utile 
en service et les deformations imposees a la garniture 
de la cuve et des orifices de penetration, ainsi que la 
maniere de determiner le facteur de charge limite. 

On decrit les principaux problemes poses par 
l'etude et la construction de cuves sous pression en 
beton precontraint, ainsi que les recherches qui ont 
ete entreprises pour arriver aux solutions adoptees. 
On examine les problemes particuliers que posent les 
efforts et deformations de la cuve, les proprietes du 
beton, les concentrations de contraintes et le renforce
ment des orifices de penetration, !'armature de 
renforcement, les organes de precontrainte, le com
portement et l'etude de la gaine d'etancheite et des 

fermetures, le systeme de refroidissement et l'isole
ment. On decrit ensuite le comportement des ma
quettes de cuves dans les conditions de service 
et de charge limite. 

On explique comment les resultats de ces recherches 
et perfectionnements ont ete appliques dans la 
conception des cuves pour les reacteurs de Wylfa. 

On decrit les cuves jumelles de 96 pieds (29 metres) 
de diametre en construction a Wylfa, ainsi que 
l'agencement de l'installation.principale des reacteurs. 

Le memoire se termine par une analyse sommaire 
des possibilites d'evolution des cuves sous pression en 
beton precontraint pour les centrales nucleaires. 

A/141 CoeAHHeHHoe KoponeBCTBO 

npoeKTHpOBaHHe 6aKOB BbiCOKOro Aa
aneHHH H3 npeABapHrenbHO HanpH
meHHoro 6eTOHa.KOHCTpyK~HH 6aKOB 
a YHmpe 

P. C. T311nop et al. 

B ~oKJia~e KpaTKo npe~cTaBJieHo paaBHTHe Tex

HHKH 6aKOB BhlCOKOrO ~aBJieHHH H3 rrpe~BapH
TeJibHO uarrpHmeuuoro 6eToHa ~JIH H~epHhix pe
aKTopoB C raaOBhlM OXJia)R~eHHeM H rpacpHTOBhlM 

aaMe~JIHTeJieM. Oco6oe BHHMaHHe y~eJieHo ~BYM 
peaKTOpHhlM 6aKaM, CTpO~HMC.II Ha aTOMHOii 

:meKTpocTaH~HH B YHJicpe. 

llpHBO~HTC.II KpaTl(HH o6aop xapaKTepHCTHK H 

OrpaHHqeHHH ~JI.II CTaJibHhlX CHCTeM, COITpOBO)R~a
eMhlH yKa3aHHeM OCHOBHhlX rrpeuMym;eCTB 6aKOB 

ua rrpe~BapHTeJihltO Harrp.11meuuoro 6eToHa. 06-

cym~aeTCH ITpHrO~HOCTh TaKHX 6aKOB ~JI.II HH

TerpupoBaHHhiX peaKTOpHhlX YCTaHOBOK H ITOJiy

qaiOm;eeC.II B peayJILTaTe rroBMmeuue 6eaorracHo

CTH H rn6KoCT:b KOHCTPYK~HH peaKTopa. 

OrrncMBaeTC.II BJIH.IIHHe, KoTopoe KOHCTPYK~HH 
peaKTopa oKaai:.IBaeT Ha KOHCTpyK~HIO 6aRa. Ha

p.II~Y C rrpo6JieMaMH, CB.JrnaHHhlMH C rrpoHH~aeMO
CT:biO, pa~Hai~HOHHhlMH acpcpeKTaMH, ITO~~epmaHH
eM ~aBJieHH.II H KOHTpOJI.II aa TeMrrepaTypoif 6aKa, 

o6cym~aeTC.II OITTHMH3a~H.II aTOMHOH 3JieKTpO

CTaH~HH C 6aKaMH BhlCOKOrO ~aBJieHHJI H3 rrpe~Ba
pHTeJI:bHO uarrp.11meuuoro 6eToHa. 

llpHBO~HTC.II o6aop paaJIHqHMX KOHCTPYKTHBHhiX 

pemeHHH 6aKOB BhlCOKOro ~aBJieHH.II H3 rrpe~Ba
pHTeJibHO HarrpJI.meHHOrO 6eTOHa, HMeBillHX MeCTO 
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,!l;O npHHHTHH KOHCTPYKIJ;HH n YnJI!fle. OnHCbiBa
IOTCH npeHMym;eCTBa H orpaHHqeHHJI Kaffi,!l;Oro H3 
IIHX, H cpaBHHBaiOTCH OT,!l;eJibHbie BeJIHqHHbi. 

06cymp;aiOTCH OCHOBHbie lflaKTOpbi, BJIHHIOID;He 
Ha Bhl6op KOHCTpyKTHBHbiX KpHTepHeB, H paCCMa
TpHBaiOTCH ,!l;OTIYCTHMbie HanpHmeHHH B 6eTOHe 
co cTaJibHoii apMarypoii. 06cym,!J;aerca nonep;eHHe 
6aKa 3a npeMJI! ero mnaHH npH pa6oqnx ycJIOBH
HX, B03HHKHOBeHHe p;elflopMaiJ;HH B CaMOM oaKe H 
n lflnTTHHrax H onpep;eJIHIOTCH BeJinqHHbi npe
AeJibHbiX HarpyaoK. 

PaccMarpnnarorca ocHoBHbie npo6JieMbi, ncrpe
qarom;neca TipH KOHCTpyHpOBaHHH H CTpOHT{'JibCT
Be cucTeM H3 npep;napureJibHO HanpameHHoro 6e
ToHa, H npHBO,!J;HTCH HCCJie,!J;oBaHHJI, npe,!l;TipHHHTbie 
n rroucKax KOHCTPYKTHBHbiX pemeHHii. Paa6upa
IOTCH OTp;eJibHbie BOTipOCbJ, TaKHe KaK HanpJime
HHH H p;elflopMaiJ;HH B oaKe, CBOHCTBa oeTOHa, 
KOHIJ;eHTpaD;HH HaiipameHHH, npOHHIJ;aeMOCTb, ap
MaTypa, npep;napuTeJibHO HanpameHHhle yaJihl, 
paooTa H ycTpOHCTBO JieiiHepoB H KpbillieK, CHCTe
Ma oxJiam,!J;eHHH H H30JIHIJ;HH. PaccMaTpnnaeTcH 
none,!l;eHue Mop;eJieii 6aKoB n pa6oqnx ycJioBHHX II 
11pn npe,!J;eJibHOii HarpyaKe. 

IIpuno,!J;HTCH onncaHHe roro, KaK uccJie~oBaHH.II 
H paapa6oTKH 6biJIH o6'bep;uReRbi B KORcrpyKn;HH 
fiaKOB peaKropa B YuJI!fle. 

B p;oKJiap;e p;aerca onucaRHe 6aKon ,!J;HaMeTpov 
29 M, crpoam;uxca n YuJI¢e, H cnoco6a paaMem;e
HHH l'JiaBHOH peaKTOpROH ycTaHOBKH. 

B KoRu;e p;oKJiap;a KparKo o6cymp;aiOTCH noaMo
}KHOCTH paapaoOTOK oaKOB BbiCOKOrO p;aBJieHHH H3 
npep;napnTeJibHO HarrpHmeHoro 6eroHa ;J;JIH aTOM
JibiX aJieRTpOCTaHIJ;HH B 6yp;ym;eM. 

A/141 Reino Unido 

El proyecto de vasijas de presion de hormig6n 
pretensado, referido particularmente a Wylfa 
por R. S. Taylor y A. J. Williams 

Esta memoria describe brevemente la evolucion de 
las vasijas de presion de hormigon pretensado para los 
reactores nucleares moderados por grafito y refrigera
dos por gas y se refiere, en particular, a las vasijas de 
los reactores gemelos, en construccion, en la central 
nuclear de Wylfa. 

Despues de pasar una breve revista a las caracteris
ticas y limitaciones de los sistemas en acero, ex pone las 

ventajas principales de las vasijas de hormigon 
pretensado. Se discute la adecuacion de dichas vasijas 
para sistemas de reactor integrados y las caracteristicas 
de la mejora de la seguridad que resultan, asi como la 
flexibilidad de proyecto del reactor. 

Se describe en que forma influye el proyecto del 
reactor sobre el de la vasija. Se considera la «optimiza
cion» de una central nuclear que emplee vasijas de 
presion de hormigon pretensado, junto con los pro
blemas relacionados con penetraciones, efectos de la 
radiacion, contencion de la presion del sistema y 
control de la temperatura de la vasija. 

Se pasa revista a los diversos conceptos sobre 
proyecto de vasijas de presion de hormigon pretensado, 
estudiados antes de la adopcion del proyecto Wylfa. 
Se exponen las ventajas y limitaciones de cada con
cepto y se comparan cantidades especificas. 

Se discuten los factores principales que influyen en 
la eleccion de los criterios de proyecto de las vasijas 
de presion de hormigon pretensado y se consideran las 
tensiones admisibles en el hormigon, en el acero de 
pretensado yen la armadura de adherencia. Se discute 
el comportamiento de la vasija durante su vida en las 
condiciones de servicio y las deformaciones impuestas 
a la vasija y a los revestimientos de penetracion, junto 
con la determinacion del factor de carga de rotura. 

Se describen los problemas principales planteados 
en el proyecto y construccion de un sistema de vasija 
de presion de hormigon pretensado y la investigacion 
emprendida para obtener solucion al proyecto. Se 
examinan problemas individuates incluidos las de
formaciones y tensiones de la vasija, propiedades del 
hormig6n, concentracion de tensiones y armadura de 
las penetraciones, armadura de adherencia, compo
nentes del pretensado, comportamiento y proyecto del 
revestimiento y cierres, sistema de refrigeracion y 
aislamiento. Despues se describe el comportamiento 
de modelos de vasijas en condiciones de servicio y de 
carga de rotura. 

Se expone la forma en que se ha incorporado esta 
investigacion y desarrollo al proyecto de las vasijas del 
reactor Wylfa. 

Se describen las vasijas gemelas de 28,8 m (96 pies) 
de diametro que se construyen en Wylfa y la forma 
en que se ha dispuesto el equipo principal del 
reactor. 

La memoria termina con una estimacion sucinta del 
posible desarrollo futuro de las vasijas de presion de 
hormig6n pretensado para centrales nucleares. 



P/144 United Kingdom 

Investigations to predict the performance of steel 
reactor pressure circuit components in service 

By C. H. A. Townley and E. Procter* 

As owner and operator of a large number of 
nuclear power stations, the Central Electricity 
Generating Board has a responsibility to ensure the 
safety and integrity of its plant throughout its whole 
working life. The purpose of this paper is to outline 
the structures research work which the Board is 
undertaking, with this object in view, in the field of 
pressure circuit equipment. 

The reactor pressure vessels and the pressure 
circuits generally are designed according to BS 1500 
fusion welded pressure vessels for use in the chemical, 
petroleum and allied industries supplemented where 
appropriate, and where this is possible, with a detailed 
elastic stress analysis of certain features. Each vessel 
and each separate portion of the pressure circuit is 
subjected to an overpressure proof test before being 
put into service, and, in most cases, there is little doubt 
that initially the equipment is satisfactory for the 
duties imposed on it. However, neither a code of 
practice based largely on experience, nor a proof test 
of this nature, is adequate guarantee that the pressure 
parts will remain satisfactory throughout their 
working life. In the case of conventional plant, the 
annual statutory inspection provides a means of 
checking deterioration of the structure. For reactor 
pressure vessels and certain other parts of the pressure 
circuits, no inspection is possible once the plant has 
been in operation, and continued confidence in the 
integrity of the equipment must be sought indirectly. 

A large part of the Board's pressure circuit research 
programme is, therefore, directed towards obtaining 
as detailed a knowledge as is possible, of the behaviour 
of the plant in service, taking into account, where 
necessary, changes in operating conditions and 
changes in material properties. In this context the 
main areas of interest are creep distortion, creep 
rupture and high strain fatigue. In some cases, it has 
also been necessary to investigate the margins between 
operating conditions and those which create distortion 
by short-term yielding. All of these effects are critically 
dependent on the geometry of the component and on 
the loading system, and must be given as much 
consideration as the purely metallurgical considera
tions of the material properties. 

* Central Electricity Generating Board, Research and 
Development Department, Berkeley Nuclear Laboratories. 
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As well as leading to an improved understanding of 
pressure vessel performance in service, an important 
by-product of the work is the contribution it makes to 
the improvement of future designs. This is likely to be 
of importance in the conventional as well as the 
nuclear fields. 

THE IMPORTANCE OF INELASTIC EFFECTS 

As far as elastic stress analysis is concerned, the 
design of reactor pressure vessels has provided a 
stimulus for developing new mathematical techniques, 
particularly in the field of thin shells. Examples of this 
are the investigations by Hicks [I] on the discontinuity 
stresses at the intersections between the support skirt 
and the reactor vessel shell, by Rose [2] and by Penny 
[3, 4] on the stresses at nozzle penetrations, and the 
more recent work on the same subject by O'Connell 
and Chubb [5, 6]. On the experimental side, elastic 
stress analyses have been carried out on features such 
as support systems [7] and standpipe nozzles [8], and 
a more extended treatment of the latter feature is in 
progress at the Board's Leatherhead Laboratory. In 
addition, much information on the initial elastic 
stresses in the vessels is also now available from 
measurements taken during proof testing. Here, in 
addition to the strain gauges necessary for control 
purposes, it has been the Board's policy to provide 
comprehensive strain gauging round one particular 
feature in each vessel, such as a standpipe nozzle or a 
support skirt intersection, in order to obtain basic data. 

Nevertheless, these elastic analyses are, in them
selves, insufficient to provide a full understanding of 
the performance of the plant in service. Because of the 
high stresses which exist in certain parts of the 
vessels, a knowledge of inelastic behaviour is essential. 
For example, although creep rates at nominal design 
stress and design temperature are generally low, high 
discontinuity stresses of unknown magnitude, prob
ably greater than yield, will tend to relax, and in so 
doing will cause distortion of such areas as the stand
pipe nozzles. Since any marked distortion of the 
standpipe nozzles will interfere with the correct 
operation of the refuelling machinery, no estimate of 
the useful life of a reactor vessel can be made without 
considering creep. In a similar way, when estimating 
the probability of high strain fatigue cracking at 
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discontinuities such as the vessel support, a further 
knowledge of inelastic behaviour is required. 

Unfortunately, it is only recently that some attention 
has been directed to creep and plasticity effects in 
pressure retaining structures, and very little informa
tion is yet available which is of direct application to 
the problems under consideration. The Board's 
present research programme embraces two lines of 
approach: the theoretical and experimental. 

The theoretical work is aimed at providing means 
of calculating strains and distortions in a complex 
shape using the data obtained from simple uniaxial 
materials tests. Once this has been done, it will be 
relatively simple to allow for changes in material 
properties brought about by irradiation. Progress is 
being made in this direction for simple shell structures 
with discontinuities such as nozzles operating in both 
inelastic regimes, but owing to the nature of the work, 
it will be several years before results are available. 

In the immediate future, therefore, predictions about 
the performance of pressure circuit plant in service 
must be obtained from the experimental work. This 
involves testing models, or actual components, under 
a variety of loadings so as to induce creep and plas
ticity effects. 

The experimental work has so far been concentrated 
on those component parts of the pressure circuit 
which are likely to be of critical importance in service. 
Because this represents a considerable departure from 
previous experimental stress analysis, the remainder 
of this paper deals, in some detail, with tests which 
have so far been completed. While the quantitative 
results apply only to the shapes tested, it is considered 
that some of the deductions made can be applied, in 
general terms, to other shell structures. 

In some of the experiments, additional work has 
been undertaken to provide data which will be of use 
in future designs of pressure vessels. This is particularly 
the case in the tests concerned with short-term 
yielding. As well as demonstrating that the shapes 
tested had adequate ductility near to design conditions, 
and defining the limiting pressure range for high 
strain fatigue to occur, pressurization has been 
continued to pressures well above those which could 
credibly be applied in service. The object of this has 
been to observe the redistribution of stresses and 
strains which occur due to inelastic material properties. 
This is of considerable fundamental importance, since 
creep and plasticity are beginning to feature promi
nently in advanced thinking of shell structures. 

YIELD TEST ON DUCT ELBOW 

The corner unit in the coolant ducts are portions of 
the pressure circuit for which a detailed elastic stress 
analysis cannot be carried out. A unit of each design 
is, therefore, subjected to a proof test before type 
approval is given by the insurance authority. 

In the case of one-design, localized yielding occurred 
at 1 t times design pressure. This cast doubts on the 
fitness of the unit for the duty imposed on it, and 

Figure I. Duct elbow prepared for test 

further tests were carried out at the Board's Berkeley 
Nuclear Laboratories. Since the unit concerned was 
intended for operation at temperatures not exceeding 
250 °C., creep was not involved. The work at Berkeley 
was purely concerned with short-term plasticity and 
consisted of pressurizing beyond yield and ultimately 
to complete failure, at ambient temperature, using 
water as the working fluid [9]. Strains at critical 
points in the structure were monitored by electric 
resistance strain gauges and by replica gauges, at each 
stage of the pressurization. 

The unit prepared for test is shown in Fig. I. 
Figure 2 gives the dimensions of the vt:ssel and the 
positions of the strain gauges. The unit has been 
manufactured from BS 1501/161C. steel and had been 
stress relieved prior to the test work at Berkeley. 

The unit behaved in a perfectly elastic manner up to 
a pressure of 350 psig (24.6 kgfcm2 ) when the strain 
gauges at the intrados started to show deviations from 
linear behaviour. As pressures were increased further, 
the strains in thrs region increased very quickly and, 
at the same time, the zone of yielded material spread 
to other parts of the structure. A typical plot of strains 
in the duct leg adjacent to the discontinuity is shown in 
Fig. 3 while Fig. 4 shows how the stres~es on the same 
section are redistributed as yielding proceeds. 

Significant distortion first began to appear at a 
pressure of 700 psig ( 49.2 kg/cm2), and at 800 psig 
(56.2 kgfcm2

) the curve of pressure versus volume of 
water pumped (Fig. 5) shows that general yielding of 
the whole vessel took place. The vessel finally failed 
at a pressure of 1 390 psig (97 /7 kg/cm2) when a fast 
running crack propagated from a point at the intrados 
where two welds joined. Adjacent to the point of 
failure, the reduction in plate thickness was approxi
mately 20% in the duct leg, and approximately 10% 
in the reinforcing band. Measurements at positions 
remote from the failure point showed reductions of 
thickness of between 6% and 7%, which can be 
compared with an 8% reduction of thickness on a 
simple tensile test piece of the vessel material. The 
results illustrate the capacity with which a structure 
in a ductile material, such as mild steel, can accommo
date large overloads through redistribution of stress 
by yielding. The initial elastic stress concentration 
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Figure 2. Duct elbow. Dimensions and strain gauge positions 

was 2.1, and at failure this had been reduced to 
approximately 1.1. 

The design pressure for the duct corner is 295 psig 
(20. 71 kg/cm2). In addition to the internal pressure, 
the corner unit is subjected to external bending 
moments, under certain service conditions. However, 
from work previously carried out, the effect of this 
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Figure 3. Hoop strains on duct leg 

bending moment, when added to the pressure stress, is 
inconsequential. Thus for the unit tested, after making 
allowance for corrosion, there is a factor of 2.2 
between the pressure at which distortion occurs and 
design pressure. The factor between failure pressure 
and design pressure is 4.4. 

The experiment clearly demonstrates that the unit 
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Figure 4. Hoop stresses on duct leg 
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is satisfactory for operation at the design pressure of 
295 psig (20.71 kgfcm2) in that it has adequate 
ductility to sustain accidental overpressure. Detailed 
considerations of the strain gauge readings, dealt 
with more fully in reference [9], also show that at this 
pressure, there is no problem from high strain fatigue. 

TESTS ON STANDPIPE NOZZLES 

Yield test on standpipe nozzle cluster 
Because it was known that high stresses exist in the 

regions of reactor vessels, which include the standpipe 
penetrations, it was decided to carry out a series of 
preliminary tests at a relatively small scale. These were 
intended to show in which direction, if any, further 
large-scale work would be required. lt was recognized 
that to make predictions about high strain fatigue and 
creep rupture, a certain amount of work on fully 
strain-gauged, large-scale vessels would be necessary 
at a later date. 

Due to the availability of press dies, and also because 
of the size of vessel which could be safely shielded 
during subsequent tests, using gas as the pressurizing 
medium, the vessels, for the preliminary tests, were 
designed to ljl3th scale size. A carbon/manganese 
steel similar to that used in the full size reactor vessel 
was chosen for the models. Special attention was given 
to procedure to ensure that the areas to be tested were, 
as far as possible, geometrically identical to the full 
sized vessel. Figure 6 shows a section through a 
typical nozzle area prior to test. While the scale was 
too small to permit comprehensive strain gauging 
of the highly stressed areas, a number of gauges were 
attached to give an over-all indication of vessel 
behaviour. 

In the first test, the vessel was pressurized beyond 
yield, and eventually to failure at ambient tempera
ture [10, 11]. The object was to find the margin 
between operating pressure and failure pressure and 
to observe the way in which the standpipe nozzle area 
behaved as yielding proceeded. The latter object, as 
well as being of fundamental value, had a more 
immediate interest. Since creep and plasticity are 
both examples of general inelastic behaviour, the test 
permitted a qualitative prediction of creep distortion, 
which was required in advance of the long-term creep 
experiments. 

In general, the vessel behaved in a similar way to 
the duct corner unit described previously. Failure 
occurred at a pressure of l 670 psig (117.4 kgfcm 2

), 

which is 5.58 times the design pressure. The membrane 
stress in the shell remote from the nozzle at failure was 
36.6 tons/in2 (5 765 kg/cm2), and when this is compared 
with the ultimate tensile strength of the material of 
between 36 tonsfin2 (5 670 kgfcm2) and 37 tonsfin2 

(5 828kg/cm2),it is quite clear that yielding has reduced 
the stress concentration factor to a little over unity. 
The initial elastic stress concentration factor was 
approximately 2 and the result is somewhat surprising. 
The geometry is such that from an initial consideration 
it might be concluded that yielding would not re
distribute the forces as readily as in the case of the 
duct corner. 

The experiment shows that the nozzle region has 
adequate ductility to sustain occasional overpressure, 
and dispels any doubts about the presence of triaxial 
stress effects, which would cause sudden failure 
without significant yielding. The tests were carried out 
above the transition temperature of the material used 
for the construction of the model vessels. This is 
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Figure 6. Section through a typical nozzle area prior to test 

consistent with the Board's practice for operation of 
the reactors. At all times when the vessels are pres
surized, they are maintained above their transition 
temperature. 

The failure was caused by a fracture in the hoop 
plane of the outer nozzle welds. This is shown in 
Fig. 7, which also gives an indication of the distortion 
which took place prior to failure. The position and 
direction of the fracture are what would be expected 
from elastic considerations. This means. that although 
the relative magnitude of the maximum stresses are 
reduced as yielding takes place, their position and 
direction are unchanged. 

Creep test on standpipe nozzle cluster 

A second spherical vessel, identical to that pre
viously described, was subjected to a long-term test 
under creep conditions [12]. The purpose of this was 
to form an estimate of the amount of creep distortion 
likely to take place in the vicinity of the standpipe 
nozzles during the working life of the reactor, assuming 
that the top of the vessel was operated continuously 
at its design temperature. 

On the full-size vessels, material properties are 
such that the creep strain in the unpierced membrane 
portion of the vessel will not exceed 0.05 %. or in some 
designs 0.1 %. in 200 000 hours. The test conditions 
were chosen so that, in the model, about 0.07% 
creep strain was obtained in the unpierced portion of 
the vessel in 3 000 hours. Most of this acceleration was 
achieved by increasing the temperature of the test 
vessel, but because of limitation of the equipment, a 
further acceleration was obtained by increasing the 
pressure 20% above the operating pressure of the full
sized vessel. 

Because of the nature of the test, gas pressurization 
was the only feasible method and for safety reasons 
the test was carried out in an underground pit, to 
prevent damage in the case of failure. The heating 
was by means of electric blanket heaters, and apart 
from one shut-down during running, for readjustment, 
the temperature was maintained to within ±2 oc 
of the desired value. 

[n addition to the pressure loading, an external load 
was applied to one nozzle to simulate the restraint of 

Figure 7. Section through nozzles showing failure 

the top of the standpipe in the pile cap. This load was 
progressively increased as the test proceeded, since the 
restraining force varies as the vessel creeps. 

The area of the vessel containing the nozzle cluster 
was surveyed before and after the test. The data 
obtained show that the circumferential growth of the 
vessel in the standpipe region is approximately three 
times that of the unpierced portion of the vessel. This 
is thought to be pessimistic because the amount of 
flattening of the shell profile which occurred during 
the manufacture of the model vessel was greater than 
on a full-sized reactor vessel. However, using this 
factor of 3, and assuming that the unpierced portion 
of the reactor vessel creeps by 0.1 % in 200 000 hours, 
then it can be predicted that the maximum outward 
displacement of an outermost standpipe nozzle will 
not exceed 1 in (2.54 em) in twenty years. 

The rotation of the nozzles in the test vessel was less 
than 1 °, There was difficulty in obtaining accurate 
measurements with such small deflections, but the 
indications were that the more oblique standpipes 
rotated to a greater extent than the less oblique ones. 
The direction of rotation was in the sense of decreasing 
the angle of obliquity and this adds to the effect of 
outward displacement as far as restraining forces at 
the pile cap are concerned. Calculations show that 
even relatively small angular rotations can produce 
high stresses in the standpipes, and that the rotations 
are more important in this respect than the outward 
deflections [13]. 

The experimental results serve to disprove pessi
mistic speculation about large distortions in the region 
of oblique nozzles. Nevertheless, because even small 
rotations could give rise to embarrassment in oper
ation, provision is to be made on the reactor vessels 
to check the deflection of representative standpipes. 

Cyclic load test on standpipe nozzle cluster 

A third spherical vessel has been tested under 
conditions identical to those in the steady creep test 
already described. The main difference is that the 
pressure is reduced to atmospheric forty times during 
the period of the experiment to simulate the effect of 
reactor shut-downs. 

The results so far obtained show that distortions are 
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generally similar to those which took place during the 
steady-state creep test. It seems that such elastic
plastic shakedown as has occurred has been small 
compared with creep relaxation. 

SKIRT TO SHELL INTERSECTION 

Yield test 

Elastic calculations show that, under operating 
conditions, on several reactors, the stresses in the 
vicinity of the intersection between the main pressure 
shell and the support skirt approach yield [14]. This 
particular situation is unusual, in that the overpressure 
acceptance test is, in itself, no conclusive proof that 
the vessel is satisfactory from the start. Although the 
proof test is carried out at 1 t times design pressure, 
the maximum stress at the intersection, under these 
conditions, differs insignificantly from that when the 

A. 8 

vessel is operating. This is because additional items, 
such as standpipes, added to the vessel after the proof 
test, increase the self-weight and because severe 
temperature gradients occur near the intersection 
when the vessel is hot. 

Calculations of the behaviour of the intersection 
after yielding has occurred was· not possible, and it was, 
therefore, decided to carry out experimental work to 
establish the margin between operating pressure and 
the pressure at which distortion of the vessel first 
becomes significant [15]. Considerations of cost and 
convenience led to the choice of a small vessel which 
would provide information of a general nature and 
show whether operational problems were of sufficient 
magnitude to justify more detailed research. The scale 
was finally decided to suit availability of components 
and machining facilities. The portion of the vessel 
containing the intersection and the support skirts was 

c 
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Figure 8. Distortion of intersection and lower portion of vessel at various test pressures 
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reproduced accurately at If 44th full size. The steel used 
for this part of the model was a carbon/manganese 
steel typical of that used in the full sized vessels. 

The vessel was hydraulically pressurized at ambient 
temperature. In order to obtain correct stresses at the 
intersection due to the self weight of the vessel and 
attachments, an external load of 0.81 tons (823 kg) 
was applied at the top of the model. Shape changes 
were measured by means of dial gauges, and by taking 
plaster casts of the intersection at various stages of the 
pressurizatiOn. Figure 8 gives a general indication of 
how the distortion of the intersection proceeded with 
increasing pressure. Significant distortion did not 
occur until I} times design pressure was reached, and 
at 4 times design pressure, there was no sign of failure 
in the vicinity of the intersection. 

It is concluded that the vessel design is satisfactory 
in this respect despite the high surface stresses. The 
explanation appears to lie in the relatively large ratio 
between the pressure to cause first yield and the 
pressure to form a plastic hinge circle. 

Cyclic load test 

As well as short-term plastic deformation, cyclic 
loading is important in structures which contain 
zones of material initially above the yield point. 
Even if such a structure eventually shakes down into 
a pseudo-elastic state, this may be accompanied by 
significant distortion. 

A second test was, therefore, set up with an identical 
model, which was subjected to forty pressure cycles 
from atmospheric pressure up to design pressure and 
back to atmospheric pressure. The test was carried 
out at a temperature of 225 °C and a temperature 
gradient was introduced in the outer skirt to simulate 
that occurring in practice. 

The measurements so far made of the model after 
the test suggest that the distortion due to this shake
down is so small as to be of no practical importance. 
There is no evidence of continued plastic cycling of 
a sufficiently large magnitude to cause high strain 
fatigue. 

CONCLUSIONS 

The work reported here has mainly been concerned 
with plastic effects and creep distortion, and, to a 
lesser extent, high strain fatigue. The results so far 
obtained are encouraging, in that in most of the 

components tested, high local stresses do not lead to a 
deterioration in integrity under the service conditions 
investigated. 

Further experimental work is required to predict 
fully the behaviour in service of the whole of the 
reactor plant. Large-scale tests are now in progress 
to examine strain concentrations around the standpipe 
nozzles in detail, from the point of view of high strain 
fatigue and creep rupture. It is likely that the range of 
components tested will need to be extended to include, 
for example, parts of the vessels where operational 
data shows that there are high thermal stresses. Also, 
because there is a strong economic incentive for 
moderate increases in operating pressures and tempera
tures, further work will be required in this direction. 
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ABSTRACT-RESUME-AHHOTAUl-,UI-RESUMEN 

Ajl44 Royaume-Uni 

Recherches tendant a prevoir le comportement 
en service de composants en acier des circuits 
sous pression des reacteurs 

par C. H. A. Townley et E. Procter 

Le nH~moire traite des recherches dans le domaine 
mccanique concernant les cuves sous pression et Jes 

composants du circuit primaire de refroidissement. II 
indique Jes problemes qui sont d'un interet primordial 
pour le Central Electricity Generating Board, c'est-a
dire ceux concernant Ia sfirete et l'integrite de !'instal
lation pendant sa duree utile. II decrit Ie travail 
effectue jusqu'ici dans cette direction et passe en 
revue ce qui reste a faire. 

A l'heure actuelle, il n 'est generalement pas possible 
de calculer a l'avance Je comportement en service de 
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composants du circuit sous pression, specialement 
s'il faut tenir compte du fluage et d'autres formes de 
comportement inelastique. C'est pourquoi dans 
l'avenir immediat les donnees requises doivent 
provenir d'essais, sur les pieces elles-memes et sur des 
maquettes, effectues le cas echeant dans des con
ditions d'environnement simulees. 

Les etudes de ce genre dont traite le memoire 
comprennent: 

a) Trois essais au-dela de la limite de resistance 
de pieces soumises a des efforts eleves: un coude de 
conduite, un groupe de tubulures des canaux 
de chargement et une jonction entre une bordure de 
support et une coque spherique. 

b) Un essai de fluage sur un groupe de tubulures des 
canaux de chargement. 

c) Deux essais de charge cyclique sur un groupe de 
tubulures des canaux de chargement et sur une 
intersection entre une bordure de support et une 
coque spherique. 

A/144 Coe,o,HHeHHOe Kopo11escrso 

VICCJleAOBaHHfl, CBs:t3aHHbl8 C npeACKa-
3aHHeM xapaKTepHCTHK AeHCTBYIOW.HX 
yanos cTaJlbHbiX peaKTopHbiX 6aKOB Aa
sneHHfl 

C. X. A. TayHJIH, 3. npoKTep 

B ~o:nna;~,e npe;~,cTanneHhi HCCJie;~,onaHHJI HHme

HepubJX npo6JieM, CBH3aHHblX C fiaHaMM BblCOJWro 

~aBJ!CHMH Ji yaJiaMH nepBMlJHhlX KOHTypon TCIIJIO

HOCUTPJIPif n HiJ.I:'pHhiX peaHTopax. KpaTKo paccMa

TpHBaiOTCH llpo6JICMbi, IIpeP,cTaBJIHIOl~He 6oJihlliOiL 

uuTepec P,JIH QeuTpaJibuoro :mepreTJPICCHoro yu

panJieHHH, a MMCHHO 1Ip06JTeMbl 6eaoiiaCHOCTM 11 

HCrrpaBHOCTJI yeTaHOBOl\ B T!''ICHHC BC,CI'O nepHOJia 

:JI\CJJJJyaTa~IHI. flpMBOJIHTCH pa60Tbi, BbliTOJIHl'll

llbll' B 3TOM HanpaBJI!'HlUI, II paeCMaTpMBHIOTCH aa

;(a'llf, TJJCOYIO~Jf(' CB0£'1'0 JWIII!'Hl!H. 

B uacToH~ee npeMH o6hl'IHO He yp,aeTcH c Ho

~foll~biO paC'!CTa 11Jll'il,CKa3bJB<lTb 31\C,J!JlyaTa~HOII

IIblC xapai\TepncTlfKH ,J,eiicTBYIOH\11.'\ yaJion JWH

Typa )l,aBJJCHUH, OC06PHHO l'CJTII Ha6JIIOP,aiOTCH 

IIOJI3Y'!l'CTh MPTaJIJHl II ;wynH' HH)l,hl Heyrrpynt '\ 

,'(eiflopMa~uii. flonoMy ueo6xo;~HMbll' ~aHHbiC 11 

6numaiimeM 6yil,YW.l'M )(OJJif\fii,J 6h1Th llOJJY'I!'Hbl 

Ha lfCilb!TaHJiii ,'.\P~iCTB\tTl'JlhHbL\ y:J.TIOH II MO)Il'Jieii, 

WITOpbiP B CJJY'Hit' lll'OOXOj(IIMOCTll 6y;WT HpOBo

i(HTbCH n Jumn•ponauHhlx yc.'IOBIIH\ ol>pymaio

ll(eii cpe,u,hl. 

PaccMaTpliHaeMhll' B ~~Ol>Jiii;(P Hcc:u•;(oBaHIIH 

;lT()l'O THfJU BKJIIO'IHIOT: 

a) Tpn lfCHbiTaHliH 3a HpCqCJTOM Tl'KY'IPCTJI Tii

JnfX Y3JJOB KOHTypa BhlCOl\01'0 P,aBJICHIJ.ff, Kat\ KO

.liOH'!HThiii Tpy6onpoBOA, ny'loi~ BP}lTHKaJJhllbJX IIcl-

1\0Hll'IHIII\oB Tpy6 Jl COC,'J,HHCHMC OllO}lHOL'O J~II
JIIfH]..(pa CO CI}ICJHt'IPCKoii o60JJO'Il\Oit; 

b) JICllbiTaHJil' Ha UOJI3Y'ieCTJ, (' ny•mo~l Bl'p

TII 1\HJlbllhiX HUKOHC'lHJfKOB Tpy6; 

c) il,Ba HCJlbiTHHHH HH JlliKJIIt'-IPCKyiO Harpy3KY 

C IIY'IKOM BCpTllliHJlhllhiX HHI\OHI:''IHifi\OB Tpy6 JI C 

eoe,U,HHeHlll'M MPif\,'IY OliO}llfhlM WIJJIIH)J.pOM II 

clflepiPI('CIWii o60.JJOlJIWii. 

Ajl44 Reino Unido 

Investigaciones para predecir el comporta
miento en servicio de las componentes del 
circuito de presion de acero de los reactores 

por C. H. A. Townley y E. Procter 

Esta memoria trata de Ia investigacion, desde un 
punto de vista tecnico, de las vasijas de presion de los 
reactores nucleares y de las componentes del circuito 
primario de refrigeracion. Se perfilan los problemas 
que son de mayor interes para Ia Central Electricity 
Generating Board, problemas que conciernen a Ia 
seguridad e integridad de Ia central durante su vida de 
funcionamiento. Se describe el trabajo que en este 
sentido se ha terminado ya, y se revisa lo que todavia 
debe hacerse. 

Actualmente, por medio del calculo, no es posible 
predecir de un modo general el comportamiento en 
servicio de las componentes del circuito de presion, 
especialmente si aparece Ia fluencia lenta u otras 
formas de comportamiento inelastico. Por tanto, en 
un futuro inmediato, la informacion necesaria debe 
obtenerse a partir de las pruebas en las componentes 
reales y en los modelos, efectuadas, si fuese necesario, 
en condiciones de ambiente simuladas. 

Las investigaciones de este tipo, tratadas en Ia 
memoria, comprenden: 

a) Tres ensayos por encima del punto de fluencia en 
componentes sometidas a tensiones elevadas ~ una 
zona angular en un tubo, un conjunto de toberas 
adyacentes, y una interseccion entre un soporte 
circular y una vasija esferica. 

b) Una prueba de fluencia lenta en un conjunto de 
toberas adyacentes. 

c) Dos pruebas de carga ciclica en un conjunto de 
toberas adyacentes y en una intersecci6n entre un 
soporte circular y una vasija esferica. 
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Problems in the design and construction of large 
reactor vessels 

By A. L. Gaines* and L. Porse** 

The Atomic Energy Commission of the United 
States has encouraged and assi~ted in the development 
of nuclear plants for the production of electrical 
power. In the past two years, however, many utility 
companies have signed contracts for nuclear-fueled 
power stations for a purely economic reason, without 
Government funding being a factor in their decision. 
Although prototype plants using liquid metal and 
gaseous coolants have been built, commercial 
application of atomic energy in the United States has 
concentrated on water systems for economical 
production of electrical power from nuclear fuel. The 
commercial plants being constructed use either 
pressurized water or boiling water reactor systems, 
therefore the vessels for other systems will not be 
discussed. 

Increasing the ~ize of the reactor system greatly 
reduces the cost of nuclear power generation. The most 
recent nuclear ~tations in the 500 to 600 MW(e) 
capacity range are advertised as capable of producing 
electricity at a cost that will be competitive with 
fossil-fueled power plants even in the coal mining 
regions of the Umted States. Vessel designs now 
permit construction of water system plants in capaci
ties of 1 000 to 1 500 MW(e). Fossil-fueled plants will 
have difficulty in competing with nuclear-fueled plants 
in sizes of 600 to 700 MW(e) capacity. 

The relation between reactor vessel size and the 
power rating of the two water cycle systems is illus
trated in Fig. I. Only the large power producing 
systems that are built or are being built are plotted 
on this figure. The band width covers plant sizes 
being investigated for current and future offerings to 
the utility industry. 

DESIGN CONSIDERATIONS 

Until very recently, the design and fabrication of 
reactor vessels in the United States have conformed to 
the basic requirements of Sections I or VIII of the 
ASM E Power Boiler and Unfired Pressure Vessel 
Codes. Additional precautions, considered advisable 
in consultation between responsible system designers 
and governmental agencies, have been taken due to 

*Combustion Engmeering, Inc., Chattanooga, Tennessee. 
**Westinghouse Electric Corporation, Pittsburgh, Pennsyl

vania. 
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concern for the public' interest and have resulted in 
components of exceptionally high integrity. This need 
for higher standards led, in 1956, to the initial formula
tion of ASME Code Cases, which gave supplementary 
requirements for nuclear vessels, and later, to the 
preparation of Section III, Rules for Construction of 
Nuclear Vessels. Section III was approved by the 
ASME late in 1963 and issued in March of 1964. 

The rules of Section Ill differ from those of the 
older sections of the Code in the following respects: 

(a) Section Ill requires the detailed calculation and 
classification of all stresses and the application of 
different stress limits to different classes of stress. On 
the other hand, the older sections," I and VIII, gave 
formulas for minimum allowable wall thicknesses. 
The higher, more localized stresses were controlled by 
a safety factor and a set of design rules for determining 
the shape of details such as heads and nozzles. The 
major stress categories used in Section III are primary, 
secondary, and peak. Their chief characteristics may 
be described briefly as follows: 

(i) Primary stress is that developed by the imposed 
loading necessary to satisfy the laws of equilibrium 
between external and internal forces and moments. 
The basic characteristic of a primary stress is that it is 
not self-limiting. If a primary stress exceeds the yield 
strength of the material through the entire thickness, 
the prevention of fracture depends entirely on the 
strain-hardening properties of the material. 

300 900 1500 
NET ELECTRIC POWER CAPACITY, MW tel 

Figure I. Reactor vessel diameter vs. plant power rating 
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(ii) Secondary stress is a stress developed by the 
self-constraint of a structure. It must satisfy an 
imposed strain pattern rather than being in equilib
rium with an external load. The basic characteristic of 
a secondary stress is that it is self-limiting since minor 
distortions can satisfy the discontinuity conditions or 
thermal expansions which cause the stress to occur. 

(iii) Peak stress is the highest stress in the region 
under consideration. The basic characteristic of a 
peak stress is that it causes no significant distortion 
and is objectionable mostly as a possible source of 
fatigue failure. 

Secondary stresses are assigned higher allowable 
values than primary stresses. Peak stresses are limited 
only by fatigue considerations. The allowable value of 
primary-plus-secondary stress is three times as high as 
the allowable value of primary stress. 

(b) Because of its more detailed stress analysis, the 
rules of Section lll necessitate the use of the maximum 
shear stress (Tresca) theory of failure instead of the 
maximum stress (Rankine) theory. 

For the simple analyses on which the thickness 
formulas of Sections l and Vlll are based, it makes 
little difference whether the maximum stress theory 
or the maximum shear stress theory is used. When a 
more detailed stress analysis is made, however, the 
difference between the two theories becomes important. 
A good example is the knuckle region of a dished head, 
where the largest stress is meridional tension on the 
inside surface. This stress is accompanied by a 
circumferential compression, so that the stress 
intensity is larger than the highest stress component. 
For one particular case, a 2: 1 ellipsoidal head on a 
48 in (I 219 mm) diameter vessel designed for 133 psi 
(0.0934 kg/mm 2 ), calculations indicated that the 
maximum stress was 23 480 psi (16.5 kgfmm2

) and 
that the highest stress intensity was 33 360 psi (23.4 
kg/mm2). The basic design stress in the cylinder was 
20 000 psi ( 14.05 kgfmm2

); thus the maximum stress 
theory would indicate that the stresses exceeded the 
basic design stress by only 17 %, but the maximum 
shear stress theory shows that the basic design stress 
was exceeded by 67 ~~· 

(c) Section Ill requires the calculation of thermal 
stresses and gives allowable values for them. Thermal 
stresses fall into either the secondary or peak stress 
categories depending on how much general distortion 
they might produce. 

(d) Section lli considers the possibility of fatigue 
failure and gives rules for its prevention. Design 
fatigue curves based on strain-controlled fatigue tests 
are provided, but the strain values are multiplied by 
the elastic modulus of the material to give values which 
have the dimensions of stress. Direct comparison can 
therefore be made to stress values calculated by the 
usual methods of the theory of elasticity. 

(e) Basic stress limits of Sections I and VIli for 
ferritic materials below the creep temperature range 
are the lower of ± of the specified minimum tensile 
strength or ~ of the specified minimum yield strength 
at the temperature. In Section Ill these factors have 
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been increased to 1 and i, respectively. Therefore, 
vessels designed to the rules of Section Ill will usually 
have thinner walls than those designed to the older 
sections. Higher integrity is obtained by replacing a 
large safety factor to cover unknown localized 
stresses with a detailed stress analysis. 

(f) Requirements for materials, fabrication and 
inspection are more restrictive in Section lll than in 
Sections l and VIII, and reflect the practices which 
have been developed and used in the United States 
during the past several years in the construction of 
reactor vessels. 

For each of the Code Sections, the designer must 
select pressure vessel details to meet all Code require
ments, while striving for optimum utilization of 
available materials and fabrication facilities. Figure 2 
illustrates reactor vessel cross sections for 1 000 MW(e) 
capacity, water reactor systems. The left side of these 
cross sections shows the design made to Section Vlll 
requirements, while the right side shows the redesign 
to Section lll requirements. These designs are typical 
of present United States practices. Although the 
weights are great and the materials are of unusual 
thickness and dimension, careful investigations have 
verified the present capability to produce either vessel. 
Under Sections l or VIII, all nozzle opening rein
forcement was permitted to be in the nozzle-now, 
under Section Ill, the reinforcement must be nearer 
the vessel wall. Therefore, the nozzles are much 
shorter and thicker for Section Ill designs. For 
example, the upper nozzle on the illustrated BWR 
vessel extended 42± in (1 073 mm) from the inside 
diameter and was 35~ in (911 mm) maximum diameter 
for the Section VIII design. This nozzle extended only 
28± in (819 mm) out from the inside diameter but had 
to be 42~ in (1 076 mm) maximum diameter for the 
Section Ill design. Fabrication costs are greater for 
the shorter, larger-diameter nozzles. Savings in total 
material weight obtained by using Section Ill require
ments result from the thinner vessel walls. The PWR 
vessel weight was reduced by 16% (from 1 407 000 lb 
or 637 000 kg to 1 189 000 lb or 540 000 kg). The 
BWR vessel weight was reduced 25% (from 2 088 000 
lb or 948 000 kg to I 558 000 lb or 706 000 kg). 

MATERIAL CONSIDERATIONS 

Large vessels require wall thicknesses in excess of 
the thicknesses referenced in the ASME Material 
Specifications for each grade of material used. The 
availability of acceptable materials, therefore, must 
be determined. Three types of problems are associated 
with materials: 

(a) designing the vessel to utilize materials that can 
be manufactured with the needed dimensions, and 
that will satisfy the exacting requirements of chemical 
and mechanical properties; 

(b) inspecting the vessel to assure that the !>pecified 
quality is obtained in materials, and maintained 
through all phases of fabrication; and, 

(c) planning each operation to permit handling and 
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Figure 2. Typical reactor vessel designs for I 000 MW(e) capacity plants, comparing ASME Code 
Sections VIII and Ill 

transporting materials and assemblies of such large 
sizes and weights. 

Large reactor vessels for nuclear service are fabri
cated from ASME SA-302, Grade B, carbon-man
ganesemolybdenum low alloy plate material, and/or 
ASME SA-336 carbon-manganese-molybdenum and 
nickel-chromium low alloy forged materials to ASME 
Code Case 1236. These materials have a minimum 
specified ultimate strength of 80 000 psi (56.3 kgfmm2) 

and a minimum specified yield strength of 50 000 psi 
(35.2 kg/mm2). A design stress value of 20 000 psi 
(14.05 kg/mm2

) is permitted by Sections I or VIII of 

the ASME Codes, and 26 700 psi (18.78 kgfmm2) is 
permitted by Section Ill. The mechanical properties, 
in the extreme material thicknesses delivered for large 
vessels, are obtained by restricting the limits on 
certain chemical elements within the range permitted 
by ASME Material Specifications. 

Of the materials accepted by the ASME Codes, only 
SA-302 Grade B is suitable for fabrication of large 
reactor vessels. Carbon steels, having ultimate 
strengths of 70 000 psi (49.2 kgfmm2) and yield 
strengths of 38 000 psi (27.7 kg/mm2), would require 
wall thicknesses too great for quality procurement and 
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fabrication. The high strength properties of low alloy 
steels, obtainable by quenching and tempering heat 
treatments, are not recognized by the Codes in the 
thicknesses required for reactor vessels. Thus, the 
alloy compositions producing minimum ultimate 
strength of 80 000 psi (56.2 kgfmm2) and minimum 
yield strength of 50 000 psi (35.2 kg/mm 2) are the only 
practical, economic choices under present regu
lations. 

Plate manufacturers can produce plates, in the 
maximum finished sizes obtainable, weighing only 
100 000 1b ( 45 300 kg). Furthermore, considerable 
research has shown that materials of the normal 
chemical composition specified by the ASME Material 
Specifications will develop the required mechanical 
properties only in thicknesses up to approximately 
12 in (305 mm). 

Forging manufacturers can produce parts weighing 
up to approximately 140 000 Ib (63 500 kg). If mandrel 
forged, the largest outside diameter that can be 
secured is 205 in (5 200 mm). Rolled-ring type 
forgings can be secured to approximately 325 in 
(8 225 mm) outside diameter. For diameters exceeding 
325 in (8 255 mm), one-piece forged flanges cannot 
now be obtained. Therefore, these flanges must be 
fabricated from multi-piece formed forged bars. The 
United States' present material suppliers do not all 
have the capability for machining these forged flange 
segments in the necessary diameters. Therefore, the 
responsibility for acceptable flange segment material 
may be divided, and final material processing and 
qualification may be performed in the vessel manu
facturer's plant. 

DESTRUCTIVE MATERIAL TESTING 

Qualification testing of materials is based on both 
destructive and non-destructive testing. Quality 
control begins with the raw materials at the steel mill. 
Normal ASME Code requirements include chemical 
composition analyses and verification of minimum 
mechanical properties, which include values for 
ultimate and yield strength and percentages for 
elongation and area reduction. For the low alloy 
steels used in reactor vessels, toughness properties also 
must be ascertained as acceptable. Both mechanical 
and toughness properties must be obtained from 
samples that are representative of the material in the 
vessels. The location from which sample materials are 
taken and the simulation in the sample of the heat 
treatments anticipated for the material are both of 
great concern. 

Sampling practices in the forging industry permit 
removal of sample material for mechanical and impact 
testing (for toughness) at a distance below the heat 
treated surface equal to the distance below this heat
treated surface at which the most highly stressed area 
in the completed vessel exists. Forging practices 
require ! in of excess material during quenching and 
tempering heat treatments to provide for dimensional 
changes during quenching. (The quenching and 
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tempering are performed to obtain the desired 
toughness properties, but no advantage is taken in the 
design of the higher strength simultaneously obtained.) 
These practices result in the samples being removed 
approximately ! to 1 t in (19 to 38 mm) below the 
surface of the material. 

Sampling practices in the plate industry, on the 
other hand, require samples for material qualification 
to be taken from the region midway between the 
center of thickness and the surface. These samples 
must be taken from material integral with the pro
duction part during quenching and tempering opera
tions and no closer to the plate edges than one plate 
thickness (T), or from a separate plate from the same 
heat treated in identical manner and 3T x 3T X T 
in dimensions. For materials under 6 in ( 154 mm) 
thick, the sampling practices for plate material are 
comparable to those for forgings. At the thicknesses 
required for large reactor vessels, the sample location 
is much less demanding in forgings than in plate. At 
1 t in (38 mm) below the surface, excellent values for 
strength and toughness are obtained from both 
material types. At one-quarter thickness locations in 
material greater than 10 in (254 mm) thick, the 
temperature at which acceptable toughness values are 
obtained is often higher than the desired 10 oF 
( -12.2 °C). 

Toughness properties are usually determined by 
Charpy V-notch impact tests and furnish a measure
ment of the brittle fracture characteristics. Through 
correlations with NDTT (Nil-Ductility Transition 
TemP.erature) for each grade of steel, the required 
Charpy V-notch impact requirements are obtained. 
For 35 000 psi (24.6 kgfmm2) yield strength steels, the 
generally accepted equivalent Charpy V-notch test 
value at a given temperature is 15ft lb (26 kgfcm2

). 

For 50 000 psi (35.1 kgfmm 2
) yield strength steels, the 

value is 30ft lb (5.18 kgfcm 2
). Recent plant operation 

iimitations ·concerning stress loadings at a given 
temperature have been based on these notch toughness 
properties. This transition temperature approach, 
illustrated in Fig. 3, gives a stress/temperature relation
ship for safe reactor vessel operation. The transition 
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Figure 4. Fracture strength vs. defect size for various fracture 
toughness values 

temperature approach established three temperature 
ranges corresponding to three types of fracture 
behaviour: (a) the subtransition temperature range, 
in which the material will fracture in a brittle manner at 
relative low stresses; (b) the transition temperature 
range, in which the material shows a rapidly increasing 
rise in fracture strength; and (c) the ductile temperature 
range in which the material will fracture only by 
ductile tearing. Plant operating limitations based on 
transition temperature approach maintain low stresses 
in the reactor vessel wall throughout the subtransition 
and transition temperature ranges. 

In the future, destructive testing of materials 
probably shall include determination of fracture 
toughness properties. Fracture toughness is considered 
a basic property for strain rate sensitive materials, 
very much like the yield strength and quite different 
from the notch toughness criterion determined by 
Charpy impact testing. The fracture toughness value, 
generally referred to as Gc, has the potential of being 
very useful to the designer and plant operator. Through 
application of fracture mechanics (Griffith-Irwin 
theory) a critical fracture stress can be equated to a 
specific flaw size and geometry. When further devel
oped,fracture mechanics may be used to establish plant 
operational limitations. These limitations may permit 
higher stress levels while the vessel is operating in the 
transition temperature range. The permissible stress 
level is a function of flaw size and the fracture tough
ness value, Ge, as shown in Fig. 4. The fracture 
toughness value, Gc, is established for each material at 
temperatures covering the anticipated operational 
temperature range. The development of this theory 
will require establishing the changes in Gc occurring 
because of exposure to various levels of nuclear 
radiation throughout the operating temperature range. 
The application will require determination, in each 
-area being considered, of: (a) the initial Gc value for 
all materials used; (b) the maximum size of flaws 
originally existing as well as growth of flaw size, if 
any; and, (c) knowledge of the total nuclear radiation 
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accumulating during service. Initial determination of 
flaw size and location is accomplished by nondestruc
tive testing techniques. 

NONDESTRUCTIVE TESTING 

Nondestructive testing is intended to assure that 
quality materials are obtained and that the quality is 
maintained throughout fabrication. Therefore, these 
tests are performed after several stages of manufac
turing. 

Ultrasonic testing techniques are used in many 
investigations of vessel quality. A complete ultrasonic 
survey is made upon receipt of all materials to 
predetermine quality prior to fabrication. This survey 
discloses the location, depth, size, and orientation of 
defects, if any, in the materials. If other inspection 
methods, such as radiography of welds, disclose 
defects, ultrasonic examination is used to furnish 
additional information regarding the defect. Corrosion
resistant surfaces on the inside of reactor vessels are 
inspected using special ultrasonic equipment. Weld
deposited stainless steel cladding is examined for 
continuity of bonding in the as-deposited surface 
condition using a wheel-type device containing the 
transducer. Double crystal devices have been developed 
to disclose defects, if any, in the cladding. (These 
devices require a machined clad surface, however.) 

The surfaces of weld joint preparations are examined 
by magnetic particle inspection. Surface discon
tinuities and sub-surface flaws can be detected by 
magnetic particle inspection and removed prior to 
welding. Critical areas of welds, such as the root 
section, can be examined as an in-process inspection. 
Thus welding operations will not cause extension of 
imperfections in the material adjacent to the joint. 
After the hydrostatic test, magnetic particle inspection 
may also be performed on all magnetic material of 
pressure boundaries, and on discontinuities, such as 
supports. 

Surfaces of nonmagnetic materials and welds are 
examined for cracks and imperfections by liquid 
penetrant inspection. The final surfaces of vessel 
cladding and nozzle extensions are examined for 
surface defects, repaired, and re-examined until accept
able. Liquid penetrant inspection serves the same 
purpose on nonmagnetic materials for surface indi
cations as magnetic particle inspections serve on 
magnetic materials. 

Radiographic examination is performed on all 
pressure-containing welds in the vessel. The designer 
must exercise great care during detailing to obtain a 
weld geometry suitable for radiographic examination. 
The more stringent requirements for nuclear reactor 
vessels are exemplified by the mandatory radiography 
of all nozzle attachment welds, while, for non-nuclear 
vessels, Sections I or VIII of the ASME Code require 
mandatory radiography only of attachment welds for 
nozzles larger than 10 in (254 mm) in diameter. One 
exception, however, is permitted by a Nuclear Code 
Case; nozzles, such as control rod penetrations and 
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Figure 5. Relative cost for various weld inspection methods 

instrumentation wells, on which there are substantially 
no applied moments or forces, are not required to be 
attached by full penetration welds. Since interpretation 
of radiographs of such welds would be questionable, 
progressive inspection of the attachment weld is 
required by liquid penetrant or magnetic particle 
means. One per cent radiographic sensitivity is 
required for weld thicknesses in excess of 6 in (152 mm). 
This sensitivity is often difficult to obtain and requires 
the use of high energy precision built equipment. The 
relative costs of various weld inspection methods is 
shown in Fig. 5. 

Upon completion of each assembly machining 
operation, dimensional verification must occur. 
Complex dimensional inspection techniques are 
required to assure matching of large-diameter, close
tolerance component assemblies. Optical tooling is a 
necessity in obtaining component alignment. 

One of the last nondestructive tests for integrity 
given to the vessel is a hydrostatic test at either one 
and one-half times the rated pressure for Sections I or 
VIII, or one and one-quarter times the rated pressure 
for Section III, each pressure corrected for the 
temperatures involved. Hydrostatic testing will flex 
the vessel and result in local yielding of material at 
points of large local discontinuities. It will result in a 
vessel of quite stable dimensions; one not likely to be 
further affected by operational service. After this test, 
the surfaces may be inspected for material flaws which 
might not have been detectable before this flexing of 
the vessel. 

Radiographic inspection considerations 

Since the reactor vessel has the longest fabrication 
time of any nuclear plant component, all time
consuming inspection techniques must be critically 
examined. With the wall thickness necessary for the 
typical 1 000 MW(e) PWR system reactor vessel 
designed to Section VIII, the exposure time needed for 
radiography may amount to 2 500 hours or more when 
using a 15 MeV betatron. For inspection of segmented 
flange welds and nozzle attachment welds on large 
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vessels, other equipment for radiography or other 
inspection techniques should be considered. 

Equipment for radiographic examination has been 
undergoing rapid development. Betatron devices 
themselves were a major advance of ten years ago. 
At present, most promising equipment utilizes the 
principles of linear acceleration of particles. A limited 
number of these very powerful linear accelerators are 
in use in the United States. These machines may reduce 
exposure time for the large;: vt:~~d fwm 2 500 h to 
250 h. 

Other inspection techniques (to substitute for time 
consuming radiographic examinations) are not gener
ally approved in the United States. Considerable work 
is, however, being done by the ASTM and ASME in 
preparing specifications for techniques and acceptance/ 
rejection criteria for ultrasonic testing. Individual 
companies are investigating comparative capabilities 
of ultrasonic and radiographic examinations (see 
Fig. 5). Ultrasonic examination can be used to 
examine areas that cannot be radiographed. It can 
detect defects that are not properly oriented for 
radiography, and can examine thicknesses beyond the 
capability of radiographic equipment. It is at a 
disadvantage in obtaining a consistently reliable and 
well-defined permanent record. Such records, however, 
are possible to obtain, and will permit comparison of 
initially existing flaw indications with indications 
determined after various service periods by remote, if 
necessary, ultrasonic inspection. This record will 
permit re-establishment of operational limitations 
during the service life, by application of fracture 
mechanics. 

MATERIAL DEVELOPMENTS 

Another development area for future application is 
the use of high-strength steels. In the thicknesses 
required for reactor vessels, the Code does not now 
accept the mechanical properties obtained in alloy 
steels by quenching and tempering heat treatments. 
Certain steels having nickel, chromium and molybde
num constituents have yield strengths of 85 000 psi 
(59.8 kgfmm2

) and ultimate strengths of 105 000 psi 
(73.8 kgjmm2

) and higher in the quenched and tem
pered condition. The high strengths are maintained 
throughout simulated fabrication heat treatments and 
are obtainable in the welds and heat affected zones 
in the desired thicknesses. Reactor vessel designs 
using these steels will reduce the material weight by 
approximately one-fourth. Reduction in material 
thickness also reduces the amount of welding and the 
radiography time. These reductions are offset in part 
by a threefold increase in cost per pound for the 
material and increase in welding costs. 

Before such materials will be accepted by Code 
authorities, extensive test results must be available 
on high-temperature strength values, on fatigue 
properties, and on the effect of probable fabrication 
and heat treatment errors. Data on the effects of 
radiation on this material are now being obtained; 
some information has already been acqouired on steels 
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of comparable analysis. ln particular, changes in 
mechanical and toughness properties because of 
radiation effects must be established. These higher 
alloy steels have exhibited lower transition tempera
tures than the lower alloy steels such as SA-302 
Grade B in the extreme plate thicknesses since 
hardenability due to alloying is considerably improved. 
However, it appears that, although the transition 
temperature is lower, the upper shelf of the impact 
energy versus temperature curve is also lowered. 
Additional investigation of this lower upper shelf 
energy is required before full advantage can be taken 
of the higher strength steels. Low cycle fatigue tests 
of pressure vessel steels performed at the Southwest 
Research Institute, under Atomic Energy Commission 
Contract No. AT(ll-1)-1228, Task A, have shown 
premature failure in a vessel fabricated from one of the 
high strength quenched and tempered steels. lt has 
been postulated that the observed low upper shelf 
energy may have contributed to this failure; therefore, 
care must be exercised in the design and operation of 
vessels made from these potential steeb. 

MANUFACTURING AND HANDLING 
CONSIDERATIONS 

Fabrication techniques for the large vessels have 
evolved from the techniques used on large boiler 
drums. Base metal welding and joint designs were 
proved in the lighter walled drums and gradually 
enlarged for the thick walled reactor vessels. Cladding 
techniques have been developed in each supplier's 
shop especially for this service. The first vessels were 
built from roll-bonded mill clad plate. Economics and 
quality required that weld deposited cladding tech
niques be developed for thick-walled vessels. Machine 
tools are large versions of horizontal and vertical 
boring mills but have much more stringent precision 
capabilities than similar tools used in boiler manu
facture. The greatest change has come in floor space 
requirements and crane capacities. A reactor vessel 
may have from five to eight full diameter sub-assem
blies proceeding in parallel toward final assembly. One 
such sub-assembly may weigh over 200 000 lb (90 700 
kg). The completed vessel may weigh over l 600 000 lb 
(725 metric tons). These problems are being solved in 
the new facilities being built by the manufacturers of 
large reactor vessels. 
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Flanges can be transported from the forge shop to 
the fabricator by rail, only if the diameter does not 
exceed 205 in (5 210 mm). Larger diameter ring 
forged flanges are shipped by inland waterways. 
Completed vessels exceeding II ft 3 in (3 429 mm) in 
inside diameter usually have nozzle clearance dimen
sions that prohibit rail movement. Therefore, for a 
shop fabricated and inspected vessel to be used in a 
power plant, the plant must be close to navigable 
water. Movement of the very large and heavy vessels 
by trailer from a barge unloading facility to the site is 
technically feasible. In the United States, the authority 
to issue permits for such moves is not centralized, a 
situation that would probably result in prohibitive 
cost for the transportation. Field fabrication of large 
reactor vessels is also technically feasible. However, 
field assembly of the large vessels to the quality 
required will result in great expense and delay of 
plant start-up. 

SUMMARY 

Large reactor vessels present complex problems and 
require more lead time than other components for 
nuclear systems. Therefore, the fabrication span for 
the vessel makes it the first component purchased. 
Because the combination of vessel diameter and 
design pressure requirements offset each other, 
vessels for either boiling water or pressurized water 
systems require roughly the same fabrication spans for 
a given power capacity. These spans are as follows: 

P1ant capacity Section VIII Section III 

250 MW(e} net 100 weeks 95 weeks 
500 MW(e} net 125 weeks 120 weeks 
750 MW(e) net 155 weeks 145 weeks 

I 000 MW(e) net 175 weeks 165 weeks 
I 500 MW(e} net 220 weeks 205 weeks 

Due to paralleled operations on most welding opera
tions, Section Ill schedules are not reduced by the 
same factor as the weight is reduced. To the above time 
must be added approximately 20 weeks for initial 
engineering and material procurement. 

In conclusion, the authors wish to thank the many 
engineers who have generously contributed to this 
paper. Particular recognition is given to the contri
butions of Messrs. B. F. Langer, of Westinghouse 
Electric Corporation, and T. F. Robinson, of General 
Electric Company. 
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A/227 Etats-Unis d'Amerique 

Problemes de conception et de construction 
de cuves de reacteur de grandes dimensions 

par A. L. Gaines et L. Porse 

Des cuves de reacteur pour des centrales nucleaires 
a eau SOUS pres~IOn OU a eau bouillante de 500 a 

600 MW(e) sont en construction aux Etats-Unis. On 
acheve les plans de cuves de reacteur pour des cen
trales de I 000 MW(e) et !'on etudie des cuves pour des 
centrales allant jusqu'a I 500 MW(e). On indique le 
rapport entre Ia taille de Ia centrale et la tailie de Ia 
cuve sous pression du reacteur pour les reacteurs a eau 
pressurisee (con<;us pour 175 kgjcm2, 2 500 psi) et a 
eau bouillante (con<;us pour 88 kgjcm2, I 250 psi). 
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La conception des cuves sous pression est en train 
de changer. Les sections I et VIII du code ASME 
exigent que les cuves soient dimensionnees selon la 
« theorie de la contrainte maximale ». Le nouveau 
principe de la section Ill du code est base sur la 
« theorie de la contrainte de cisaillement maximale». 
On discute les raisons de ce changement de principe, et 
l'effet de ce changement sur la conception des cuves de 
reacteur de grandes dimensions. 

Une cuve de reacteur pour une centrale a eau sous 
pression de 1 000 MW(e) con9ue en fonction des 
sections I ou VIII du code ASME utiliserait des 
plaques epaisses d'environ 35 em (14 pouces). La 
virole de la cuve aurait un diametre exterieur de 
585 em (230 pouces) et une epaisseur d'environ 46 em 
(18 pouces). Une cuve de reacteur pour une centrale a 
eau bouillante suivant les memes exigences du code 
aurait des plaques dont l'epaisseur serait d'environ 
23 em (4 pouces). La virole de la cuve aurait un 
diametre exterieur de 750 em (292 pouces) et une 
epaisseur de 38 em (15 pouces). On examine le 
probleme de l'etude detaillee des cuves de grandes 
dimensions en vue de l'achat de materiaux de qualite 
pour leur construction. Les differentes nuances d'acier 
acceptable sselon le code et utilisables pour les cuves 
de reacteurs sont comparees du point de vue econo
mique et du point de vue industriel. 

On decrit les problemes que pose !'inspection de ces 
materiaux en vue de s'assurer que leur qualite corres
pond aux exigences particulieres d'utilisation. Le 
memoire n'analyse pas l'effet des radiations sur les 
materiaux des cuves de reacteur. L'influence de 
!'utilisation d'aciers a haute resistance, obtenus par 
trempe et par traitement thermiques, sur la conception 
des cuves est examinee ainsi que les problemes de 
charge pour cycles Ients. 

On passe en revue !'evolution des methodes de 
construction de cuves lourdes de grandes dimensions. 
Les problemes d'encombrement et de manutention 
que pose l'emploi de plus en plus frequent de cuves de 
4,5 a 7 metres de diametre (15 a 22 pieds) pesant 
jusqu'a 800 tonnes sont discutes. On precise les 
conditions auxquelles doit repondre !'implantation des 
centrales pour permettre la fabrication complete en 
usine, les essais et le transport de ces cuves. On donne 
une estimation des delais entre la commande et la 
livraison pour les cuves des reacteurs qu'exigent des 
centrales nucleaires allant jusqu'a 1 500 MW(e). 

A/227 CWA 

BonpOCbl pacYera H crpoHTellbCTBa 
60/lbWHX peaKTOpH~X KOpnyCOB 

A 11. r eHHC, 11. nope 

B HaCTOHIQee upeMH B CiliA cTpOHTCH Kopnyra 

R,UepHbiX peaKTOpOB, OXJiam_uaeMbiX BO~Wif IIOP, 

;~aBJJeHHeM, H BOl(HHbiX KHIIH~HX peaKTOpOB :J.'IeK

TPH'ICCKOH MOIQHOCThiO 500-600 Mer. B CTal(HH 

01\0HqaTeJibHOfO npoeKTHpOBaHHH HaXOl(HTC.Ii KOp-
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li,YCa peaKTOpOB :meKTpHqeCKOH MOIQHOCTbiO 

1000 Mer, HayqaroTCH TaKme KOHCTPYKQHH Kop

uycoB l(JJH pcaKTOJlOB :JJJCKTpHqeCKOH MOIQHOCTbiO 

1500 Jfer. B IWKJJap,e yKa3hiBaeTcR: cooTHOIIICHHe 

Memp,y MOIQHOCTbiO :lJJeKTJlOCTaHQHH H paaMepaMH 

KOJlliYCOB BbiCOKOfO l(aB.TTPHIHJ, IIJll'l(Ha3HaqeHHbiX 

lHIK l(JJH peaKTOpOB, OXJJamp,aeMbiX BO/{Oif liO;( 

;{aBJJeHlfl'M ( pacqeTHOP l{aBJieHHe 175,8 K2fC.M2 ), 

THK H ;J;JIH KHITHII{HX JH'al{TOJlOB (paC\fl'THOl' ;(aB
.lll'Hlfe 87,9 Kz/c.M2). 

B nop,xop,e K paC'leTy HopnycoB Br.tCoKoro ;~aB
.TJeHHH AJJR: R:l(epHbiX ycTaHoBoK HpoHcxo;J.HT nepP

Ml'Hbr. Tm<, corJJacno paap,eJJaM I H VIII Kop,m<ca 

AMepHKancKoro o6nwcTBa HnmenepoB-MexaHHKOB, 

HbiOOp paaMepa lWpnycoB Bf>ICOKOfO l(ClBJli:'HHH 

;{oJimen ObiTh ocnoaan Ha TeopHH IIJlCl{PJJhHoro Ha

HpR:meHHH. Op,naKo HOBbie Tpe6oBanmr B paap,eJIC 

1I I 3TOfO KOl(l'KCa OCHOBaHhl na TCOJlHH JJ JlCl(CJJ h

Horo HanpHmeHHH rrpH Cl(BHre. B ;(oKJial(e paccMa

TJlHBaiOTCH IIJlHtiJfHhi, Bbi3BaBIUHC 3TH HepeMCHbi, 

:11 »X BJIHHHHe na IWHC.TPYI\QHIO ooJJhJJmx JWaKTop

Ht.lx IwpuycoB. 

Kopnyc peaKTopa, oxJiam,!{aeMoro Bol{oii 110~1 
;ut BJJenneM, 3JICKTpHqecKoii: MOIQHOCTI>IO 1000 Mer, 
paCCtJHTaHHMH corJJacno paap,PJJaM I H VII I yno

liiHHyToro KOl(CKCa, UOTpCOOBaJJ OM JJHCTOHOI'O Ma

TPpHaJJa TOJJII\HHoii oKoJJo 36 CM. Bncmn11ii l{11a

MeTp TaKol'O Koprryca oKaaaJJCH Obi paHHhiM 

584,2 C.M, a TOJJIQHHa <fiJJaHQeB - 45,7 C.M. J\opnyc 

noi{HHoro IUflTHII{ero peaKTopa Toii: mP MOIQHOCTII, 

paeC\fHT<lHHOI'O COfJJaCHO TCM 11\l' pH3/{CJJHM KOJ{CI,;

Ca, JJ<>Tpe6ooaJJ Obi IIJlHMeHPHHH JIHCToBoro MaTc

JHtaJJa TOJJ~Hnoi1 2 c.M. BnPwnnii: AHaMeTp u TO.TI

ll(HHa <f>JJaHQa 11 :1ToM cJJyiJae OhJJJH Obi 741,7 c:u 

H 38 C.M COOTBCTCTBl'HHO. PaccMaTpHB<lPTOI BOIIJ10C 

o l(eTaJJHX IWHCTPYKQHH 6oJJhUIHX Kopiiyeon, •no

obi OOCCfll'\fHTh IIOCTaBKY J{aqeCTBCI!HblX IWHCT

JlYKI{HOHHhiX MaTepHaJJoB. 8KOHOMH1l{'CI\Hl' IH)J{a

:IHTl'JJH H KOHCTJJYKQHOHHhl{' 1\a'H'CTBa pa3JIHtiHbiX 

lltapOK CTHJJlf, peKOMCHAYPMblC l\0/{CKCOM, cpaBHII

IIaiOTCH 11pHMCHJITI'JJbHO 1,; }JCiH\TOJlllhiM lWpnycaM 

BhiCOKOI'O ;\HBJICIIJIH. 

OnHcanhi aonpocbi, CBH3aHHble c KOHTpOJieM Ka

'tt'CTBa aTHX MaTepnaJioB l(JJR: p,annoro rrplfMenc

IIHR:. lfccJiei{OBaHHH pai{HaQHOHHbiX IIOBpC/1\i{CHRK 

MaTCpHaJIOB l(JIH peaKTOpHbiX KOpnyCOB B l(OKJia

;lC He paCCMaTpRBaiOTCH. lfccJiep,yeTCH BJIHHHHe 

na KOHCTPYKQHIO BhiCOKorrpoqHhiX cTaJieii, noJiy

'ICHHbiX 3aKaJIKOH H TepMnqeciWH o6paooTKOH, d. 

TaKme oupep,eJIR:IOTCH Bonpochl, CBR:3aHHhle c HHa

KHMH ycTaJIOCTHhiMH QHKJIHqecKHMH HarpyanaMH. 

,lJ;aeTCH 0030Jl pa3BHTHH MCTOl(OB ITpOH3BOl(CTBa 

GoJJbiiiHx n TR:meJJbiX KopnycoB. PaccMaTpnnaroT

CH BOIIpOCbl pa3MeiQeHHH H ycTaHOBKH peaKTOtJ

IIhiX KOJlllYCOB l(HaMeTpOM 4,57-6,70 .M H BCCOM 

725,7 r. PeKoMeHAYIOTCR: TaKme ycJioBHH Bhl6opa 

MCCTa ;J.JIH IlOJIHOfO 3aBOl(CKOfO 1IpOH3BOl(CTBa H 

HCUhiTaHHH peaKTOpHbiX KOpiTyCOB, a TaKme npa

RJIJia HX nepeB03KH. Orrpep,eJIR:cTCH npeMR: c Mo

MenTa ITOCTYITJieHHH 3aKa3a 1(0 i{OCTaBKH l(JIH HC

CKOJibKHX BapHaHTOB peaKTOpHbiX KOprrycoB, IIpH

MCHHeMhiX B aTOMHblX :JHepreTHqeCKHX YCTHHOB

KHX aJieKTPHtJeCKOH MOIQHOCTbiO p,o 1500 MBr. 
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A/227 Estados Unidos de America 

Problemas en el proyecto y Ia construcci6n 
de grandes vasijas de presion para reactores 

por A. L. Gaines y L. Porse 

En Ia actualidad se est{m construyendo en los 
Estados Unidos vasijas para reactores de centrales 
nucleares de agua a presion y de agua en ebullicion 
con potencias del orden de 500 a 600 MW(e). Estan 
practicamente terminados algunos proyectos de 
vasijas para reactores de centrales de 1 000 MW(e) y 
se estan realizando estudios sobre vasijas para centrales 
con potencias de hasta 1 500 MW(e). La memoria da 
Ia relacion entre Ia potencia de Ia central y el tamaiio 
de Ia vasija de presion para los reactores de agua a 
presion, con presiones de proyecto de 170 atm 
(2 500 lb/in2) y de agua en ebullicion, con presiones 
de proyecto de 85 atm (1 250 lbfin2

). 

Esta cambiando el criterio en el proyecto de 
vasijas de presion para aplicaciones nucleares. Las 
secciones I y Vlll del Codigo ASME exigian que 
las vasijas de presion tuviesen dimensiones con 
arreglo a Ia teoria del esfuerzo maximo. El nuevo 
criterio de Ia seccion Ill del Codigo utiliza Ia teoria 
del esfuerzo cortante maximo. Se discuten en Ia 
memoria las razones para este cambio de criterio y el 
efecto de dicho cambio sobre los proyectos de 
vasijas para reactores de gran tamaiio. 

Una vasija para un reactor de una central de agua a 
presion de 1 000 MW(e), proyectada de acuerdo con 
la seccion I o la VIII del Codigo ASME, requeriria 
chapas de unos 350 mm ( 14 in) de espesor. Las 
bridas de Ia vasija serian de unos 6 m (230 in) de 
diametro y de unos 460 mm (18 in) de espesor. Una 
vasija para un reactor de una central de agua en 
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ebullicion de 1 000 MW(e), proyectada de acuerdo con 
las exigencias de dicho Codigo, requeriria chapas de 
230 mm (9 in) de espesor, y bridas de 7,5 m (292 in) 
de diametro exterior y de unos 380 mm (15 in) de 
espesor. Se discuten los problemas de redaccion de 
proyectos de vasijas de gran tamaiio de manera que se 
puedan acopiar materiales de buena calidad. Se 
comparan, desde los puntos de vista economico y de 
proyecto, los diversos tipos de aceros admisibles en el 
Codigo para su empleo en vasijas de presion de 
reactores. 

Se describen los problemas de inspeccwn de 
dichos materiales para lograr que Ia calidad cumpla 
con los requisitos especificos da esta aplicacion. Nose 
incluye en esta memoria Ia investigacion del deterioro 
por irradiacion de los materiales que forman Ia 
vasija de presion. Se da cuenta del efecto que tiene 
sobre los proyectos Ia eleccion de aceros de alta 
resistencia producidos por tratamientos termicos de 
temple y revenido, y al mismo tiempo se presenta un 
bosquejo de los problemas asociados con los ciclos de 
fatiga provocados con esfuerzos pequeiios. 

En la memoria se hace una revision de como han 
evolucionado las tecnicas de fabricacion de las 
grandes vasijas. Se discuten los problemas de espacio 
y de manejo que se presentan con el creciente uso de 
vasijas para reactores de 4,5 a 6,7 m (15 a 22ft) de 
diametro y de mas de 800 t de peso. Los requeri
mientos de emplazamiento de Ia central estan con
dicionados, pues han de permitir la fabricacion 
completa en taller, ensayos y transporte de las 
vasijas de presion. Se predice el tiempo que se requiere 
desde Ia fecha en que se ordena Ia construccion de Ia 
vasija hasta su entrega dentro del intervalo de 
dimensiones requeridas en centrales nucleares con 
potencias hasta de 1 500 MW(e). 



P/331 CCCP 

Kopnyca BOAO-BOAJIHbiX 3HepreTM'IeCKMX 

peOKTOpOB BbiCOKOrO AOBneHMJI 

B. B. CTeKOnbHMKOB, A. A. Xoxna~tea, B. n. AeHMCOB, 

10. B. BMxopea, H. H. npMrOpOBCKMA, H. A. flyroa, 

&. H. KoaaneHKo, B. &. Ao6poHpaaoa * 

BBE,D,EHHE 

Ropnyca MOID;HLIX ao~o-Bo~HHLIX :mepreTu<re

CKHX peaKTOpOB BhiCOKOrO ~aBJieHHH npoeKTH

poBaJIHCb a CCCP ~JIH HoaoaopoHemcKoii: A3C, 

A3C B r ,Il;P H onLITHO-npoMhiiDJieHHOH ¥ JibHHOB

CKOH A3C. Ilph npoeKTHpoaaHHH npe~ycMaTpH
BaJIHCb aaKOH'IeHHhiH D;HKJI aaBO~CKOrO H3rOTOBJie

HHH, 'ITOOhl Ha MOHTamHLIX nJiom;a~KaX ocym;e

CTBJIHJIHCb JIHIDb ycTaHOBO'IHhle, COOpO'IHhle paoo

Thl H no~coe~HHeHHe KOMMYHHKaD;HH, a TaKme 

TpaHcnopTaoeJibHOCTb no meJieaHo~opomHLIM ny

TJIM ~o MecTa MOHTama Ha OOJibmerpyaHLIX 

TpaHcnopTepax. 
CpoK cJiymoLI Kopnycoa B cooTBeTcTBHH c Tex

HH<recKHM aa~aHHeM ~oJimeH cocTaBJIHTb 20 JieT, 

<reM H onpe~eJIHJICH BeCb KOMnJieKC npoeKTHO

HCCJie~OBaTeJibCKHX paooT. 

OCHOBHbiE OCOEEHHOCTH 
KOPnYCOB BbiCOKOrO ,D,ABnEHI-1fl 
CJiomHOCTb npoeKTHpoaaHHH H H3rOTOBJieHHJI 

KopnycoB KpynHLIX BO~O-BO~HHhiX peaKTOpOB, 

paooTarom;Hx no~ BLICOKHM ~aaJieHHeM, onpe~e

JIHJiach CJie~yiOID;HMH OCOOeHHOCTHMH: 
BhiCOKHM paOO'IHM ~aBJieHHeM TenJIOHOCHTeJIH, 

<rTo npH 6oJibiDOM ~HaMeTpe o6ycJioBJIHBaeT aHa<ru

TeJILHYIO TOJIID;HHY cTeHoK Kopnyca; aTo ooCTOH
TeJibCTBo ycJIOII\HHJIO pemeHHe TeXHOJIOrH<reCKHX 

H CBapO'IHhiX npOOJieM, TaK KaK CBH3aHO C yBeJIH

<reHHeM HanpHmeHHH OT TeMnepaTypHLIX nepena

~OB, OCOOeHHO npH nepeMeHHhiX pemHMaX; 
BhiCOKOH TeMnepaTypoii: TenJIOHOCHTeJIH, 3Ba'IH

TeJibHhiM oo'beMoM nepBH<rHoro KOHTypa H KaK 

cJie~cTBHe ooJibiDHM aBa<reHHeM aKKYMYJIHpoBaH

Hoii: aBeprHH, npe~cTaBJIHIO:m;eii: cepbeaByiO onac

BOCTb B CJiy<rae gapymeHHH nJIOTHOCTH KOpnyca; 

BaJIH'IHeM pa~HOaKTHBHOrO H3Jiy<reHHH, Bhl3hl

BaiO:m;ero ~onOJIBHTeJibHhiH TeMnepaTypBLIH nepe

na~ ga CTeBKe Kopnyca B paii:oBe aKTHBHOH 30Hhl 

H H3MeHeBHe lj;IH3HKO-MeXaBH'IeCKHX CBOHCTB Me-

* focy~~:apcTBeHHhTH ROMHTeT DO HCDOJih30BaHHIO 

aTOMHoii aaeprnu CCCP. 
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TaJIJia B npou;ecce aKcnJiyaTaD;HH, H Heo6xo~HMo
CTbiO B CBH'3H C 9THM OCyll\eCTBJIHTb nepHO~H'Ie

CKHH KOHTpOJib aa H3MeHeHHeM CBOHCTB MeTaJIJia; 

YCJIOBHHMH HarpymeHHH Kopnyca, CBH3aHHhl

MH C nepHO~H'IeCKHM H3MeHeHHeM HarpyaoK OT 

p;aBJieHHH H TeMnepaTypLI. 

RoJIH<recTBO n;HKJIOB HarpymeBHH ~JIH pac<reT

Boii: H 9KCnepHMeBTaJibHOH npoaepKH paOOTOCno

COOHOCTH MaTepuaJia Kopnyca B npe~eJiax aa~aH
Horo cpoKa cJiymoLI ou;eHHBaJiocL: 

1) C KOJie6aHHeM p;aBJieHHH ± 5 10e/c.M2 npH 

ycTaHOBHBIDeMCH pemHMe pa60Thl BCJie~CTBHe He

H~eaJibHOCTH CHCTeMLI aBTOperyJIHpOBaHHH npH 

no~~epmaHHH MOID;HOCTH Ha aa~aHHOM ypoBHe -

BeJIH'IHHOH 101; 
2) To me c KoJie6aBHeM ~aBJieHHH ± 7 10e/c.M2 

npH nepexo~BLIX pemHMaX - BeJIH'IHHOH 103; 

3) C llOHHmeBHeM ~aBJieBHH )l;O aTMOC<j;lepBOrO 

H TeMnepaTypLI ~0 60-70° C, npH nJiaHOBLIX 

H aBapHii:HLIX ocTaHOBKax annapaTa c pacxoJiamH

BaBueM - BeJIH'IHHOH 200 D;HKJIOB. 

HeMaJiosamHoii: oco6eHBOCTbiO HBJIHeTcH TaKme 

He~ocTynHocTL ~JIJI peMOHTa H ocMoTpa ooJib

IDHHCTBa aJieMeBTOB H coe~HBeHHH Kopnyca nocJie 

Ba<raJia 9KCnJiyaTaD;HH. 

3TH oco6eHHOCTH KopnyCOB BhiHY~HJIH npe~'bH
BHTb K HX npoeKTHpOBaHHIO, BLI6opy CTaJIH H TeX

HOJIOrHH H3rOTOBJieBHH ~OnOJIHHTeJibHhle Tpe-

6oBaBHH, 6oJiee mecTKHe, <reM npe~nHcaHHJI 
rocropTeXHa~aopa, no KOTOpLIM 06LI'IHO Be~eTCJI 
npoeKTHpOBaBHe napoBLIX KOTJIOB H COCY~OB, pa-

6oTaiOID;HX no~ ~aBJieBHeM. 
B Ka<recTBe MeTaJIJia ~JIH KopnycoB peaKTopoB 

60JibiDHX ra6apHTOB MOrJIH 6LITb HCnOJib30BaHLI 

KaK o6LI'IHLie KOTeJibHLie CTaJIH, TaK H cnen;HaJib

HLie CTaJIH, HMeiOJ.D;He 6oJiee BLICOKHe MeXaBH'Ie

CKHe CBOHCTBa. IloCKOJibKY 6LIJIO npHHJITO peme

HHe 00 H3rOTOBJieHHH KOpnyca B aaBO~CKHX 
ycJIOBHJIX, <rTo o6ecne<rHBaeT 6oJiee BLICoKoe Ka

<recTBO, TO ~JIJI CHHII\eHHH Beca H3 ycJIOBIIH TpaHC
nopTaoeJibHOCTII KOpnyCOB 6LIJia BLI6paHa JierH

poBaHHaH CTaJIL, npeJJ;JIOII\eHHaJI npolj;l. 11. r. Ilam

KOBLIM 11 HHm. E. fl. TenJioBoii, caapo<rHLie 

MaTepHaJILI IIHII\eBepaMH A. r. MoJI<raHOBOH H 
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T. l1. l1BaHoBoii:. 8ro ,n;aer aecoBoii BhiHrphlm 
npnMepHo B 2 paaa. 

BhlopaHHaH xpoMo-MoJm6p;eHo-BaHap;neBaH 
craJib ooJiap;aer BhiCOKHMH npo'IHOCTHhiMH H nJia
CTH'leCKHMH CBOHCTBaMH. 

TaK, HanpnMep, npe,n;eJI reKy'lecrn npn paoo'leii: 
TeMneparype COCTaBJIHeT BeJIH'lHHY ::;? 50 KZ/MM2, 
a npep;eJI npO'IHOCTH 70-80 Kz/.MM2 npH OTHO
CHTeJibHOM Y)J;JIUHeHHH ::;? 20% H yp;apHOH BH3-
KOCTH He MeHee 10 KZfCM 2• llpn'leM XHMH'le
CKIIH COCTaB onpep;eJIHJI noJiy'leHHe O)J;HOpO)J;HhiX 
MeXaHH'leCKHX CBOHCTB no BCeMy CelJeHHIO 
p;eraJIH. 

IIoMHMO BJ>ICOKHX MexaHn'leCKHX H nJiaCTH'le
CKHX cBoiicTB craJib ooJiap;aer renJioycTOH'IHBo
CTbiO npn paoo'leii reMneparype n p;onycKaer 
neperpeBhl p;o 450° C. CraJib :na ooJiap;aer BCeMH 
TpeoyeMhlMH TeXHOJIOI'H'leCKHMH CBOHCTBaMH, a 
HMeHHO: CBapHBaeMOCTbiO, B03MOmHOCTbiO Ka'le
CTBeHHOI'O HaHeCeHHH Ha Hee nJiaKnpyiO~ero CJIOH 
H noJiy'leHHH nOKOBOK BeCOM 100 m H OOJiee npH 
TOJI~HHe )1;0 600 MM. 

IIpn paapaoorKe KOHCTpyKu;nn KopnycoB peaK
ropoB o~>m BM,n;epmaH pH,n; cneu;mlm'lecKnx rpeoo
BaHniL TaK, ooe'laHKH KopnycoB BbiTIOJIHeHhl Bee 
KOBaHhiMH Oe3 npO,Il;OJlbHhiX illBOB. 

Y'IHTMBaH Hep;ocraTO'IHhle BoaMomHocrn KOHT
poJIH Kopnyca B npou;ecce :mcnJiyarau;nn, na
rpyoKH no)J;BO)l;a H OTBO)l;a BO)l;hl )J;JIH OXJiam,n;eHHH 
aKTHBHoii aoHhl OhlJIH BMHeceHLI B cpe,n;HIOIO oTHo
cnreJibHO p;ocrynHyiO 'laCTb Kopnyca, 'ITO yBeJIH
'IHBaer TaKme Ha,n;emHOCTb C TO'IKH apeHHH OOe3-
BOmHBaHHH aKTHBHOH 30Hhl. 

8JieKrpocaapHhle mBhl npe,n;ycMorpeHhl co cnJiom
HhiM npoBapoM Ha BCIO l'JIYOHHY II paBHOnpo'IHhl 
OCHOBHOMY MeTaJIJiy. B rex me Mecrax, r,n;e cBapKy 
MomHo o~>mo BhlnoJIHIITb TOJibKO o,n;HocropoHHeii, 
npep;ycMaTpiiBaJIOCb y,n;aJieHIIe KOpHH mBa MeXa
HH'leCKIIM cnocoooM. 

IIarpyoKH BhlnoJIHHJIIICb c )J;BOHHhlMH cBap
HhlMII mBaMII. IIpn raKoii KOHCTPYKIJ;IIH B cJiy'lae 
HapymeHHH nJIOTHOCTII O)J;HOI'O 113 mBOB ero 
~YHKIJ;HII nepeXO)J;HT K ,n;pyroMy H TOJibKO nocJie 
HapymeHHH nJIOTHOCTH BTOpOI'O mBa B03MOmHa 
npore'IKa cpe,n;M B arMoc<Jlepy. 

,il;JIH yaJioB, BhlnoJIHeHHhiX 113 craJieii: c paa
HhlMII Koa<Jl<Jlnu;neHTaMH JIHHeHHOI'O pacmnpeHHH, 
npep;yCMOTp8Hhl MeponpHHTIIH, CHIIMaiO~He ,ll;O
nOJIHHTeJibHble HanpnmeHHH B paoo'leM pemnMe 
BBe)J;eHHeM TepMH'leCKOI'O HaTJII'a. 

Y'IHTMBaH Heooxop;nMoCTb no,n;p;epmaHIIH p;ocra
TO'IHoii 'IHCTOThl rerrJioHocnreJIH, OJ>IJIO pemeHo 
BHyrpeHHIOIO noBepXHOCTb KOpnyCOB nJiaKnpo
BaTb HepmaBeiO~eif CTaJIJ>IO aycTeHHTHOI'O KJiaC
ca. B TO me BpeMH, IIMeH B BH)J;Y He3Ha'IHTeJIJ>HYIO 
)J;OJIIO noBepXHOCTII Kopnyca ( ~ 1 %) B OO~eif 
noBepXHOCTII nepBII'IHOI'O KOHTypa, KOTOpaH B OC
HOBHOM onpep;eJIHeTCH noBepXHOCTbiO rpyOOK na
poreHeparopoB, npMmJIOCL npe,n;ycMorperb Bcecro
pOHHIIe HCCJie,n;oBaHHH Kopp03HOHHOH CTOHKOCTH 
KOpnyCHOll CTaJIII II no,n;oop onTHMaJibHOI'O BO,Il;
HOI'O pemHMa, ooecne'IIIBaiO~He MHHHMaJibHOe 
aarpH3HeHHe KOHTypa npo,n;yKTaMH Kopp03HH. 

B. B. CTEKOnbHI-1KOB et al. 

B peayJibTaTe arnx nccJJep;oBaHnii: BhiHCHH
JiocL, 'ITO Kopp03HOHHaH CTOHKOCTb BhiOpaBROH 
MapKH CTaJIH ,ll;OCTaTO'lHa, lJTOOhl B ,n;aJihHeii:meM 
OTKaaaThCH OT npHMeH9HHH nJiaKHpOBKH. 

RoHcrpyKTHBHhle paaMephl Kopnyca onp.e,n;e
JIHJIHCb1 B OCHOBHOM npHHIJ;HnHaJibHOH CXeMOH 
peaKropa: 

BHyTpeHHHH )J;HaMeTp - paaMepaMH aKTIIB-
HOH aoHM annapara, BLITeKaiO~HMH na <Pnan'le
CKIIX H TenJIOBbiX paclJeTOB H TOJI~HHOH 8KpaHa 
,n;JIH aa~HThl MeTaJIJia Kopnyca or pa,n;nau;noHHhiX 
noBpemp;eHIIii; 

Bhlcora - npHHHTMM cnocoooM peryJinpoBaHnH 
Mo~HOCTH peaKTopa, cnocoooM neperpyaKn, a 
TaKme BhiCOTOii CJIOH Ha,n; aKTHBHOH 30HOH )l;JIH 
ooecne'leHHH HeOOXO)J;HMOH OIIOJIOI'H'leCKOH aa~H
Thl Bepxa peaKropa; 

TOJI~HHhl 3JieMeHTOB - pac'leTaMH Ha npO'l
HOCTb no HOpMaM rocroprexHa)1;30pa Ha aa,n;aHHhle 
paoo'lne ycJIOBIIH, a B Heooxop;nMhiX cJiy'laHx 
II )J;JIH 8JieMeHTOB, K KOTOphiM peKOM9H)l;aiJ;HH roc
I'OpT9XHa)1;30pa He MOI'JIH 6h1Th npnMeHeHhl,
no cneu;naJIJ>HhiM Merop;nKaM, paapaooraHHhiM Ha 
Oa3e TeopHH ynpyrOCTH 2. 

OnJ.1CAHHE KOPnYCA PEAKTOPA 
HOBOBOPOHE>+<CKOVI ASC 

Kopnyca ,n;JIH rpex BO)J;O-BO,Il;HHhiX aHepreTn'le
CKHX peaKTOpOB paapaOOTaHhl H H3l'OTOBJieHhl 
Ha OCHOBe O)l;HHaKOBhiX npHHIJ;HnHaJibHhiX peme
HHH, 'ITO n03BOJIHJIO COKpaTHTh KOJIH'leCTBO 8KC
nepnMeHTaJIJ>HhiX II onhiTHhiX T9XHOJIOI'H'leCKHX 
pa6or n y,n;eJIHTh 6oJihmoe BHIIMaHIIe 11x rJJyonHe 
II Ka'l8CTBy. 

Ropnyc peaKropa, ycraHOBJieHHhlii: Ha HoBo
BopoHemcKoii A8C, npe,n;craBJJeH Ha pnc. 1. 

Ropnyc npep;craBJIHeT coooii: BepTIIKaJIJ>Hhlii 
IJ;HJIHH)J;pH'leCKHH cocyp; C 8JIJIHnTH'leCKHM )l;HH~eM 
n nJiocKoii: KphlmKoii:. ITo Bhlcore Kopnyc pa30HT 
Ha rpn 30HM. HnmHHH 30Ha Bhlcoroii: 6000 .MM, 

K KOTOpoif npnBapeHo 8JIJIHnTH1JeCKoe )l;HH~e TOJI
~HHOH 120 .MM, HMeeT HapymHhlH ,n;naMeTp 3800, 
TOJI~HHY CTeHOK 100 .M.M H COCTOHT 113 Tpex u;eJib
HOKOBaHhiX ooe'laeK. IIarpyoKH H OTBepcTHH 
B HHmHeif 30H9 OTCYTCTByiOT. 

Cpep;HHH aoHa Bhlcoroii 2900 MM cocronr na ,n;Byx 
u;eJibHOKOBaHMX 009'laek HapymHhlM )J;HaMeTpOM 
3880 H TOJI~HHOH CTeHKH 180 M.M. Ha HIImHeif 
ooe'laHKe CHapymn HMeeTCH KOJibiJ;eBOH BhlCTyn, 
CJiyma~nii: onopoii: Kopnyca. B HHmHeii n Bepx
Heii OOe'laifKaX cpep;Heif 30Hhl pacnoJiomeHo no 
6 narpyoKOB )l;y 500 )l;JIH BXO)l;a H BhiXO,n;a BO)J;hl. 

BepxHHH 3oHa npep;craBJIHeT coooii: u;eJihHO
KoBaHhiH tPJiaHeu; BhiCOTOH 1100 .MM C HapymHhiM 
)J;HaMeTpoM 3900 M.M. Ha BepXHeii ooelJaii:Ke 
(<JIJiaHu;e) HacameH C HaTJII'OM OaHp;am, yMeHh
maiO~HH p;e<JlopMau;nii <JIJiaHu;a or pacnopHoii: cii
Jihl KJIIIHOBOH npOKJia)l;KII II TeM CaMMM . II3I'IIO
Hble HanpHmeHIIH B miiiiJihKaX Kopnyca II CBapHOM 
mBe npnBapKII <JIJiaHu;a, n npoi13Bep;eHa nporo'!Ka 
nop; ynJIOTHeHne KphlmKII. Heooxop;IIMOCTb ycra
HOBKH OaH,n;ama Ha <JIJiaHu;e )J;IIKTOBaJiaCb T9XHO-
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PHc. 1. Kopnyc peaKTopa HososopoHemcKo~ A3C: 
1 - HlllKHJUI 30Ha; 2 - CpeAHHH 30Ha; 3 - BepXH.R.II 
30Ha; 4 - HalKHMHOe KOJib~O; 5 - IDlliiJILRa; 6 - raii:Ra; 
7 - RphlmKa; 8 - RJIHHOBHAHa.R IIpORJiaARa; 9- RaHa
Jlhi IIO,!J; aarpyaRy o6paa~oB Roprrycuoii cTaJin; 10 -

Tpy6a npO,!J;YBRH H OIIOpOmHeHH.R 

V. V. STEKOLNtKOV et at. 

PHc. 2. PeaepBHbl~ sapHaHT ynnoTHe
HHJI: 

1 - lf>JiaHe~; 2 - RphlrnKa; 3 - BRJiaAhliD; 
4 - IIOJIYTOpOBhiH ROMIIeHCaTop; 5 - Ha

)KilMHOe ROJib~O 

PHc. 3. YcTpo~cTBo ,o.na KOHTpona 
y,o.nHH8HHJI WnHnbKH: 

1- IDIIHJibRa; 2-H3MepnTeJibHhiH CTepmeub; 
3 - fHe3AO 110,!1; YCTaHOBRY HHAHRaTopa 

475 
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JioruqecKHMH Tpy~aocTJIMH uaroToBJieHHJI cfiJiaa~a 
TOJIIIJ;HHOH 500 .MM. 

YnJioTaeaue MecTa paa'I>eMa KphliiiKH H ciiJiaa~a 
BhlTIOJIHeHO B BH~e caMOYTIJIOTHJIIOIIJ;ero aaTBOpa 
c KJIHHOBHAHOii: anKeJieBoii: npoKJiaAKoii: 4. II pumuM 
npOKJiaAKH K KphliiiKe H <IJJiaH~Y ocym;ecTBJIJieT
CJI rnnuJILKaMu .Jepea aamuMaoe KOJIL~o. CyM
Mapaoe ycHJIHe aaTJiiKKH IIITIHJieK DpHHJITO 1,25-
1 ,5 OT CHJihl AaBJieHHJI aa KphliiiKY. ,1J;JIJI KOMTieH
ca~HH aeToqaocTeii:, noJiyqarom;uxcJI npu uaroToB
Jiemm IIITIHJieK, raeK H HaiKHMHOrO KOJib~a, TIOA 
raii:Ku ycTaaaBJIHBaeTCJI no ABe cc~JepuqecKue rnaii:-
6hl, npocKaJib3hlBaaue KOTOphlx npu c6opKe ra
paaTupyeT IIITIHJILKH OT uaru6a. 

0TcyTcTBHe onhlTa AJIHTeJILaoii: aKcnJiyaTa~HH 
KJIHHoBoro ynJioTaeauJI TaKHX 6oJILIIIHX paaMepoB, 
HeCMOTpJI Ha TIOJIOiKHTeJibHhle peayJILTaThl HCTihl
TaHHH, BhlHYAHJIO C03AaTb peaepBHhlH BapuaaT, 
OCHOBHOH qaCTbiO KOTOporo JIBJIJieTCJI TIOJIYTOpOBhlH 
KOMTieHCaTOp, npHBapHBaeMhlH C O~HOH CTOpOHhl 
K <IJJiaa~y Kopnyca, a c ~pyroii: K aaiiJiaBKe 
KphliiiKH (puc. 2). PeaepBHhlii: BapuaaT YIIJIOTHeHHJI 
IIOJIHOCTLIO BaauMoaaMeaJieM c KJIHHOBhlM YIIJIOT
aeaueM, 11puqeM npuMeaeaue ru6Koro aJieMeaTa 
B TIOJiyTope 1103BOJIJieT KOMIIeHCHpOBaTb CHJIOBhle 
u TepMuqecKue ~ec~JopMa~HH <IJJiaa~a Kopnyca 
H KphliiiKH. 

,1J;JIJI KOHTpOJIJI BeJIHqHHhl aaTJira IIIIIHJieK 11pe~y
CMOTpeHhl uaMepuTeJILHhle ycTpoii:cTBa, 11pua~u11 
.n;eii:CTBHJI KOTOphlX OCHOBaH Ha KOHTpoJie Y~JIHHe
HHJI IIIIIHJibKH. TaKue ycTpoii:cTBa 11oaBOJIJIIOT 
o11pe~eJIHTb BeJiuquay aaTJira c ToqaocTbiO .n;o 
5--;-- 10% (puc. 3). 

KphlmKa Kop11yca BhllloJiaeaa B BH~e IIJIOCKoii: 
KOBaHOH IIJIHThl TOJIID;HHOH 500 H ~HaMeTpOM 
3350 MM. KphlmKa uMeeT 55 cKBoaahlx oTBepcTuii: 
AHaMeTpOM OT 90 AO 200 .M.M, Ha KOTOphlX ycTa
HOBJieHhl llaTpy6KH opraHOB yllpaBJieHHJI H KOHT
pOJibHO-H3MepuTeJibHhlX llpu6opoB. IJaTpy6KH 
BhliiOJIHeHhl B BHAe ~BOHHhlX <<KOJIOKOJibqHKOB», 
aaxoAJim;uxcJI oAHH BHYTPH Apyroro, a IIIBhl llpH
oapKn ux K KphlmKe Bhlaeceahl ua aoahl aau6oJib
rneii: KOH~eHTpa~HH, TO eCTb YA3JieHhl OT KOHTypa 
OTBepCTHii:. 

BcJI BayTpeaaJIJI IIOBepxaocTL Kopnyca IIOKphl
Ta aHTHKoppoaHOHHOH HaiiJiaBKOH, BhliiOJIHeHHOH 
aycTeHHTHhlMH <lJieKTpO~aMH Bpyqayro HJIH aBTO
MaTuqeCKH JieaToii:. HaiiJiaBKa BhliiOJIHeaa TOJI
m;uaoii: ~ 20 .MM. IIaroTOBJieaue, KOHTPOJILaaJI 
c6opKa H rHApOHCIIhlTaHHe KOpllyca IIOJIHOCTbiO 
BhlTIOJIHeHhl Ha aaBOAe-uarOTOBHTeJie. 

Ilpu paapa6oTKe 11poeKTa Kop11yca o6pam;aJioCL 
BHHMaaue aa o6ec11eqeaue ero aa~emaoii: pa6oThl, 
B CBJI3H C qeM 6hlJI npeAyCMOTpeH PJIA Mep 110 KOHT
poJIIO aa cocToaaneM Kopnyca B npo~ecce aKcnJiya
Ta~uu. K HHM cJieAyeT oTaecTu ycTaHOBKY B Kop
nyce 24 KaaaJIOB ~JIJI aarpyaKH o6paa~oB-CBH
AeTeJieii:, BhliiOJIHeHHhlX ua npu11ycKoB ~eTaJieii: 
Kopnyca. IIpe~ycMoTpeaa B03MOiKHOCTb nepuo~u
qecKoro BhleMa o6paa~oB ~JIJI KOHTpOJIJI aa uaMe
aeaueM MeXaauqeCKUX U nJiaCTUqeCKUX CBOHCTB 
MeTaJIJia Kop11yca u CABura KpuTuqecKoii: TeMne
paTypbl xpynKOCTU. 

B. B. CTEHOnbHHHOB et al. 

,1J;JIJI KOHTpOJIJI aa HanpameHHLIM COCTOJIHUeM 
Kopnyca B llepBLiii: nepuo~ aKcnJiyaTa~uu aa aeM 
ycTaHOBJieHO aeCKOJibKO TeaaoMeTpOB B TOqKaX, 
aan6oJiee qyBCTBHTeJILHLIX K UaMeHeHHIO TeMIIepa
Typaoro pemuMa. TaKuMu ToqKaMH JIBJIJIIOTCJI 
CTe6JIH IIIIIHJieK U IIIBLI llpHBapKH <IJJiaH~a K o6e
qaii:Ke cpeAaeii: aoaLI. 

¥ CT3HOBJieHHble Ha IIIIIHJibKaX TeaaoMeTpLI 110~
KJIIOqegLI K 11pH6opaM, HMeiOIIJ;HM aanUCb U 3BY
KOBYIO curaaJiuaa~uro. ,D;Jia yMeabrneaua aanpJI
meauii: B miiHJILKax 11pu nepeMeaaLix pemuMax 
(IIYCK H OCTaHOBKa peaKTopa) npeAyCMOTpeaa 
cne~uaJibHaJI cJie~am;aa cucTeMa paaorpeBa -
OXJiamAeHHJI HaiKUMHOrO KOJIL~a, KOTOpaJI JIHK
BHAHpyeT paaau~y TeMnepaTyp MeiKAY <IJJiaa~eM 
H HaiKHMHLIM KOJib~OM, TaM CaMLIM yMeH~maJI 

AOTIOJIHHTeJILHLie HallpameHHJI B IIIIIHJILKaX. 
IIpuMeaeaue aToii: cucTeMLI noaBOJIJieT npu ae

o6xoAHMOCTH npOH3BO~HTb paaorpeB H paCXOJia
iKHBaHHe peaKTOpa C 6oJILmeii: CKOpOCTbiO, qeM 
<ITO npe~yCMOTpeao <lKCnJiyaTa~HOHHLIMU HH
CTpyK~HJIMH. 

IloKaaaaaLie B onucaauu peaKTopa HoBoBopo
aemcKoii: A8C c11oco6LI pemeaua npo6JieM, CBJI
aaaaLix C IIOCTpoii:Koii: KpyiiHLIX KOpnyCOB, JIB
JIJIIOTCJI o6m;HMU JIHIIIb B 11pUH~HIIHaJibHOH qa
CTU. 

BcJie~cTBue Clle~u<IJuKu peaKTopoB oT~eJibHLie 
::lJieMeHTLI KOpllyCOB OTJIUqaiOTCJI KaK no CB06MY 
KOHCTpyKTUBHOMY HCnOJIHeHUIO, TaK U no cnOCO-

PHC. 4. HpbiWKa peaKTOpa, noCTaBneHHOro B rAP 

6y pemeaua aeKoTopLix yaJioB. HanpuMep, ecJiu 
ua-aa cpaBauTeJibHO auaKoro aanpameaaoro co
CTOJIHUJI aa peaKTopax HoBoBopoaemcKoii: u ¥ JIL
JIHoBcKoii: aTOMHLIX CTaH~UH npuMeaeaa nJIOCKaJI 
KpLIIIIKa, OTJiuqarom;aJICJI npOCTOTOH U3rOTOBJie
HHJI, TO Ha peaKTope, noCTaBJieHHOM B r,n;p 1-

c<IJepuqecKaJI (puc. 4). oTo BLiaBaao TeM, qTo 
aa IIOCJie~aeM aanpoeKTupooaaa neperpyaKa 6ea 
C'I>eMa KpLimKu, qTo noTpe6oBaJio yBeJiuquTb .n;u
aMeTp oTBepcTuii:. Cc~JepuqecKaJI KpLimKa noaso
JIJieT <ITO BLinOJIHUTb, COXpaHJIJI HeBLICOKUH ypo
BeHb aanpameauii:. 

Ha ¥ JibJIHOBCKoii A8C ycTaaooJiea peaKTOp 
KUnJim;ero Tuna, a nO::lTOMY npu KOHCTpYKTUBHOM 
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ocf>OpMJieuuu naTpyt'hwu Kopnyca npuuHTLI AonoJI· 
HUTeJILHLie MepLI no HX TerrJIOBOH aam;UTe. 

HCCnEAOBATEnbCKHE PA60Tbl 
HapHAY c 6oJILmuM o6'LeMoM npoeKTHLIX u pac

'leTHLIX pa6oT 6LIJia BLinOJIHeua HaMe'leHHa.fl npo
rpaMMa uccJieAoBauuii no uay'leHD:ro uanpHmeu
uoro cocTOHHUH Kopnyca npu pa6oTe B cTa~Ho
uapuLIX u uecTa~uouapRLIX pemuMax, no uayqe
uuro npO'lHOCTU BLI6paliHLIX ~JI.fl U3fOTOBJieHJl.fl 
OCliOBHLIX U CBapO'lllhlX MaTepuaJIOB, a TaKme 
npouepKe ynJioTHHrom;eii cnoco6uocTu MecTa paa'L
eMa MemAy KpLimKoii u I}IJiau~eM Kopnyca. BcH 
nporpaMMa 6LIJia paa6uTa ua cJieAyrom;ue aTanLI. 

1. IlpouepKa uanpHmeuuoro cocTOHHU.fl Kopny
coB Ra MO)WJIHX H3 TIJiaCTMacC C nOMODJ;LIO TeB30-
MeTpOB U Ha CMOJI.fiHLIX MOAeJIHX onTU'leCKUM Me
TOAOM. 

2. IlpouepKa nanpHmeunoro cocTOHHUH Kopny
coB ua cTaJILRLIX MoAeJIHX B pa6o'lux ycJIOBHHX, 
BKJIJO'la.fl MoAeJinpouaune uecTa~nouapnLix pemu
MOB pa6oTLI Kopnyca. 

3. IIccJie~osauue npoquocTu BLI6pauHLIX MaTe
pHaJioB B pa6o11ux ycJIOBHHX. 

4. IIccJie~osauue pa6oTocnoco6uocTu ynJioTue
HU.fl KphlmKU Ha CTeH~e HaTypHOR BeJIU'IHRLI, 
UMUTUpyrom;eM BepXHIOIO 'IaCTL KOpnyca; OTpa-
6oTKa BCnOMOraTeJILHhlX ycTpORCTB ~JI.fl o6cJiy
iRHBaHH.fl yaJia ynJIOTHeHH.fl H CJie~Hm;eii CUCTeMLI. 

5. KouTpoJILHaH nposepKa uanpHmeuuoro co
CTOHHH.fl U nepeMem;eHUH aJieMeHTOB KopnyCOB B 
nepno~ ru~paBJIU'lecKux ucnLITauuii ua aauo~e
uaroToBuTeJie. 

Hume KpaTKo uaJiomeuLI aa~a'Iu, pemaeMLie 
Ha Kam~OM 8Tane OnhlTHhlX pa6oT U OCHOBHLie 
peayJILTaTLI l:IX. 

nposepKa HanpH}t{eHHOrO COCTOHHHH 

Kopnycos Ha MOAenHx H3 nnacrMacc 

Ha ~aunoM aTane onpe~eJIHJIHCL uanpHmeuuH 
B paROHe naTpy6KOB BXO~a H BhlXO~a TenJIOHOCH
TeJI.fl, aaBUCUMOCTL HanpHmeHHH B BepXHeR 'IaCTH 
Kopnyca OT ueJIU'IHHLI pacnopuoii CHJILI np1:1 aa
THmKe KJIHHOBH~HOR npoKJia~KH, a TaKme HanpH
meHU.fl oT uaca~KH 6au~ama ua I}IJiaue~ Kopnyca. 
Tm;aTeJILHo uay'IaJiuCL nporu6LI H uanpHmeunH 
B KpLimKe B MeCTe pacnoJiomeHH.fl KJIHHOBOH 
npoKJia~Ku u oKoJio oTuepcTnii. IIccJie~osaunH 
npouo~UJIUCL ua Mo~eJIH na oprauu'IecKoro cTeK
Jia, BhlnOJIHeHHOR B MacmTa6e 1 : 20, U Ha Mo~e
JI.fiX H3 anOKCH~HOR CMOJihl. 

B peayJILTaTe aKcnepuMeHTOB 6LIJIO ycTauosJie
uo, 'ITo uce AeTaJIH Kopnyca pa6oTaiOT B ynpyroii 
o6JiaCTH U HMeiOT ~OCTaTO'IHLIH aanac ynpyrHX 
cuoiicTB ~JIH o6ecneqeunH pa6oTLI B uecTa~uouap
HOM pemuMe, KOr~a B03HHKaiOT ~OnOJIHHTeJILHLie 
TepMH'IecKue uanpHmeuuH. B unmueM ~uum;e 
Kopnyca 6LIJIU o6uapymeuLI cym;ecTBeHHLie ua
ru6uLie uanpHmeuuH B ~euTpe, cocTaBJIHIOm;ne ~o 
25% OT MeM6paRHLIX, KOTOpLie He y'IHTLIBaJIUCL 
npuMeueuuoii MeTOAHKO:ii pac'leTa AHHm;a. Ha 
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PHc. 5. Mo,o,enb Kopnyca HS CMOnbl H amopa Ha-
npRmeHHH B ,O,HHllle: 

1 - KOJibD;eBLie HanpnmeHH.Il no BHyTpeHHeMy KOHTypy; 
2 - MepHAHaHaJibHLie HanpH»<eHH.Il no BHyTpeHIIeMy KOH
Typy; 3 - MepH~HaHaJibHble Hanp.ll»<eHH.Il no Hapy»<HOMY 
KOHTypy; 4 - KOJibD;eBLie Hanp.llmeHH.Il no HapymHOMY 

KOHTypy 

puc. 5 noKaaau acKH3 MOAeJiu u npuBeAena anropa 
uanpHmeuuii. ,r:J;auuLie pac'IeTa, npose~euuoro c 
Y'leTOM H3rR6a OT )l.aBJieHU.fl, y)J.OBJieTBOpHTeJihHO 
COBUaJIH C peayJILTaTaMH, noJiy'IeHHhlMH rrpH TeH-
30MeTpHpOBaHHU HaTypHOrO KOpnyca. 

npoBepKa HanpH}t{eHHOrO COCTOHHHH 
KOpnyCOB Ha CTanbH~X MOAenHX 

ITpe~sapuTeJILHLie pac'IeTLI ua npo'IHOCTL noKa
aaJiu, 'ITO BBH~Y CJIOiRHOH l}lopMLI KOpnycoB, ua
JIH'IH.fl ~eTaJieR 6oJILillOH TOJIDJ;HHhl H nepeMeHHhlX 
ce'Ieuuii, conpHraeMLIX Mem~y co6oii, MoryT no
HBHTLCH aua'luTeJILHLie uanpHmeunH npn nycKe 
peaKTopa HJIH ocTauoBKe ero c nocJie~yrom;uM pac
xoJiamuBauneM. ,lJ;JIH npoBepKu uanpHmeuuoro 
COCTOHHH.fl 6LJJJa U3fOTOBJieua CTaJILHa.fl MO~eJIL 
Kopnyca B MacmTa6e 1 : 4,5 (puc. 6), KoTopaH 
6LJJia nO~BeprRyTa BCeCTOpOHHHM HCnLITaHH.fiM. 
Mo~eJIL uaxo)J.HJiacL no~ ~aBJieuue:M 100 ~>e!c.u2 

R paaorpeBaJiacL aJieKTpouarpesaTeJieM. 11pu .no
CTumeuun TeMnepaTypLI 275° C nponaBo)J.:uJIC.fl 
c6poc ropH'Ieii BO~LI c O)J.HoBpe:Meuuoii no~a11eii 
B MO~eJIL XOJIO~HOH BO~LI H3 6yl}lepuoro 6aKa, 
KOTOpaH ua BhlXO~e B MO~eJIL nepe:MeillHBaJJaCL 
c uaxo)J.Hm;eiicH B ueii ropH'Ieii Bo)J.oii. CKopocTu 
OXJiam)J.eHH.fl BO~hl B MO~eJIH BLI6upaJIHCL npo
nop~HOHaJILHO KBa)J.paTy MaCmTa6a, TO ecTL 
bm = bn · m2, r)J.e bm, bn - CKopoCTL OXJiam~e
HH.fl BO~hl B MOAeJIH li HaTypHOM Kopnyce COOT
BeTCTBeHRO; m - :MaCmTa6 MOAeJIH. 
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PHc. 6. CTanbHaR MOAellb Hopnyca HoaoaopoHem
cHoi1 A8C: 

J - KOprryc; 2 - HaJRHMHOe KOJib~O; 3 - KphiiiiKa; 
4 - OXJiap;HTeJih; 5 - BhiTeCHHTeJih; 6 - B03p;ymHHK; 

7 - :meKTponarpeBaTeJih 

,l(JIH pernCTpaiJ;IIH HanpHmeHIIH npiiMeHHJIHC.b 

TepMOCTOHKIIe TeH30MeTphl C 6aaoii 10 .U.U, KOTO

phle ycTaHaBJIIIBaJIIIC.b KaK BHYTPII Mo,n;eJin, TaK 

II CHapymii B cneu;IIaJI.bHhlX aam;IITHhlX KOJinalJKaX. 

3annc.& noKaaaHnii nponaBo,n;nJiaC.b noTeHu;noMeT

paMII qepea Kamn;Me 2 ce~;. 
PeayJI.&TaTM o6pa6oTKn naMepeHnii noKaaaJIII, 

liTO HanpHmeHnH B paiioHe naTpy6KoB Kopnyca 

CHHmaiOTCH npii OXJiam,n;eHHII Kopnyca MO)l;eJIH, 

lJTO Bb16paHHaH pactJeTOM CKOpOCT.b OXJiam,n;eHHH 
30° C/•t HBJIHeTCH ,n;onycTIIMoii ,n;JIH ,n;aHHoii KOH

CTpyKIJ;IIII Kopnyca, TaK KaK He Bhl3hlBaeT HanpH

meHIIll, BhlBo,n;Hm;IIx OCHOBHoii MeTaJIJI aa npe,n;eJI 

TeKytJeCTII, a nporii6hl KphlWKJI aa ycTaHOBJieHHhle 

HopMhl no ycJIOBIIHM pa6oThl MexaHIIaMoB ynpaBJie

HIIH, MOHTIIpyeMhlX Ha Heii:. BMJIO noKaaaHO TaR

me, liTO ynJIOTHeHJie MO,Il;eJIJI pa6oTaeT y,n;OBJieTBO-

B. B. CT EKOnbHI-1KOB et al. 

pnTeJI.bHO, HeCMOTpH Ha aaMeTHhle B3aHMHhle ne

peMem;eHIIH ynJIOTHIITeJI.bHhlX noBepXHOCTeH. 

J.1ccneAOBaHHe npo~HOCTH BbiOpaHHbiX 
MaTepHanos s paoo~Hx ycnoBHflX 

Ha 6aae aa,n;aHHoro cpoKa cJiym6M Kopnyca 

onpe,n;eJIHJIOC.b B03MOmHoe lJIICJIO KaK nJiaHOBhlX, 

TaK II aBapiiHHhlX pemiiMOB, npii KOTOphlX KOp

nyca HapH,n;y C BHyTpeHHIIM ,n;aBJieHJieM JICnhlThl

BaiOT Haii60JI.bWIIe BJIIIHHIIH Harpy3KJI H TepMH

lJeCKIIe BOa,n;eiiCTBIIH. 3a,n;aqa JICCJie,n;oBaHIIH npoq

HOCTII MaTepiiaJioB pemaJiac.& no cJie,n;yrom;IIM Ha
npaBJieHIIHM: 

IICnhlTaHIIH CTaH,n;apTHhlX o6pa3IJ;OB OCHOBHOrO 

MeTaJIJia, HanJiaBKII II CBapHhlX COe)l;IIHeHIIH Ha 

npOlJHOCT.b; 

IIcnMTaHIIH o6paau;oB MaTepiiaJioB nocJie o6Jiy

tJeHIIH B KaHaJiaX OnhlTHOrO peaKTopa; 

nOBTOpHOCTaTIIlJeCKHe IICnhlTaHHH MaJiora6a

piiTHhlX o6paau;oB; 

nOBTOpHOCTaTJilJeCKHe JICnhlTaHJIH o6pa3IJ;OB C 

paaMepaMII, COOTBeTCTBYIOID;IIMII HaTypHhlM ,n;eTa

JIHM BnJIOT.b ,Il;O TOJIID;IIHhl 500 .U.U (piiC. 7); 
JICnhlTaHIIH o6pa3IJ;OB )l;JIH onpe,n;eJieHJIH KpiiTJI

lJeCKOH TeMnepaTyphl xpynKOCTH II C,Il;BIIra 3TOH 

TeMnepaTyphl B aaBIICHMOCTH OT paaMepa ,n;eTaJIH 

H CTeneHII o6JiytJeHIIH; 

JICnhlTaHJie o6pa3IJ;OB C HanJiaBKOH Ha TenJIOBOH 

y,n;ap c nepena,n;oM TeMnepaTyp 300° C. 
B peayJI.&TaTe npoBe,n;eHIIH aToii nporpaMMhl 6M

Jio ycTaHOBJieHo, lJTO npiiHHThle ,Il;JIH npoeKTa Ma

TepiiaJihl o6Jia,n;aroT ,Il;OCTaTOlJHOH TenJioyCTOHlJH

BOCT.biO, MaJIO li3MeHHIOT CBOH CBOHCTBa npH o6Jiy

lJeHIIII JIHTerpaJI.bHhlM nOTOKOM HeHTpOHOB, COOT

BeTCTBYIOID;eM 20-JieTHeMy cpoKy CJiym6hl KOpny

ca. IlOBTOpHOCTaTIIlJeCKJie IICnhlTaHJIH o6pa3IJ;OB 

noKaaaJIII, liTO JIMerom;IIiicH B Kopnycax ypoueH.& 

HanpHmeHHH C yqeTOM KOHIJ;eHTpau;nH HBJIHeTCH 

,n;onycTIIMhlM ,Il;JIH aa,n;aHHoro cpoKa cJiym6hl c 

10-KpaTHhlM aanacOM no lJJICJIY IJ;liKJIOB-OCTaHO

BOK peaKTopa. 

Ilpii IICCJie,Il;oBaHII'H 3HalJeHII11 KpiiTHlJeCKOH TeM

nepaTyphl xpynKocTII ycTaHoBJieHo, liTO Haii6oJiee 

TOJICThle ,n;eTaJIJI - KphlWKa H ciiJiaHeu;- HaKJia)l;hl
BaiOT Ha 3KCnJiyaTaiJ;JIIO KOpnyca orpaHIIlJeHHH, 

TaR KaK IIX KpiiTnlJeCKaH TeMnepaTypa xpynKOCTII 

~ ~'----------~--~----------_, ~ 
PHc. 7. KpynHorar>apHTHbiH or>paseu,: 

1 - OCHOBHOH MeTaJIJI; 2 - HaiiJiaBKa 

JiemiiT B npe,n;eJiaX 50 + 80° C B HCXO,Il;HOM CO

CTOHHHJI. 8TH me MaTepJiaJihl JICCJie,Il;oBaJIHC.b no,n; 

o6JiyqeHneM; )l;JIJI HHX C pOCTOM JIHTerpaJI.bHOH 
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,ll;OSLI o6Jiyqenua anaqenue KpuTuqecKoii TeMrre
paTypLI xpyrrKocTu BoapacTaeT ,ll;O 100-120° C. 

fiOCKOJibKy, KaK IIOKaaaJIH HCCJie)l;OBaHHH, He
C~aH crroco6nocTb KoprrycoB ne yMeHbiiiaJiacb, 
TO Ha aaBO)l;aX-H3fOTOBHTeJIHX KOprryca IIO)l;Bepra
JIHCb fH,ll;pOHCHLITaHHIO XOJIO]J;HOH BO]J;OH, aHa MeCTe 
MOHTama BO,ll;OH, IIO,ll;OrpeTOH ,ll;O 80-90° C. IJo,ll;'LeM 
)l;aBJienuH B )l;aJibneiiiiieM naMeqeno TaKme rrpoua
BO]J;HTb IIpH HaJiuquu IIO,ll;OrpeTOH BO,ll;LI B KOHType. 

RaK yKaaLIBaJiocb BLIIIIe, KOHCTPYK~HH rraTpy6-
KoB KoprrycoB BLIIIOJIHena c rrepexop;noii BTyJIKoii 
H3 aycTeHHTHOH CTaJIH, HMeiOm;eii K03tPtPH~HeHT 
Jiune:Hnoro paciiiupenua 17 ·10- 6 1;oc, a caM rra
Tpy6oK BLIIIOJIHeH H3 CTaJIH C K03tPtPH~HeHTOM 
12·10- 6 1;oC. fipoqHOCTb TaKOfO THIIa IIaTpy6KOB 
rrpoBepHJiacb na crre~uaJibHOM cTenp;e, r)l;e rraTpy-
6oK B naTypaJihnyro BeJiuquay IIO)l;BepraJicH rrepu
o)l;uqecKHM TeiiJIOCMeHaM, O]J;HOBpeMeHHO HCIILITLI
BaH HarrpHJKeHHH OT BHyTpennero ,ll;aBJieHHH. 

HccneAOBaHHe paoorocnocooHOCTH 
ynnorHeHHR KPbtWKH 

llpoBepKa yrrJioTnenua, ycTpoilcTB cucTeMLI aa
THJKKH IIIIIHJieK H ycTpOHCTB CJie)l;Hm;eii CHCTeMLI 
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rrpouaBO,ll;HJiacb na cTen)l;e, cxeMa KoToporo rrpu
Be)l;ena na puc. 8. CTenp; uaroTOBJieH ua )l;eTaJieil 
B naTypaJibHYIO BeJiuquny u cna6men neo6xo,ll;H
MOH TenaoMeTpnqecKoil arrrrapaTypoii:, rroaBOJIHIO
IIIeii CJie]J;HTb 3a HaiipHJKeHHLIM COCTOHHHeM H TeM
rrepaTypaMH B pa3JIHqHLIX TOqKaX KOHCTpyK~HH 
IIpH HCIILITaHHHX. 

McrrLITaHuH rrpoBop;uJIHCb B )l;Ba aTarra: cnaqaJia 
Ha XOJIO]J;HOH BO,ll;e IIpOH3Be)l;eHO 50 ~HKJIOB 
IIO,ll;'beMOB H c6poCOB p;aBJieHHH OT 0 ]1;0 100 RZ./c.M2, 

a aaTeM rrpoBO,ll;HJIHCb paaorpeBLI cTeH)l;a ,ll;O 275° C 
C IIOCJie)l;yiOID;HM OXJiaJK)l;eHHeM IIpH yBeJiuqeauH 
CKOpOCTH OXJiaJK)l;eHHH OT ~HKJia K ~HKJiy. 

B peayJibTaTe HCIILITanu:H 6LIJIO ycTanoBJieno: 
c6opKa yaJia yrrJioTnenua ,ll;OJIJKHa rrpouaBo

,ll;HTbCH BeCbMa TID;aTeJibHO, HeCOOCHOCTb 
KpLIIIIKH H tPJiaH~a )l;OJIJKHa 6LITb B IIpep;eJiaX 
0,1-0,2 MM; 

IIpOKJia)l;Ka MOJKeT 6LITb ycTaHOBJieHa IIOBTOpHO 
necKOJibKO paa; 

CJie)l;HID;aH CHCTeMa OXJiaJK)l;eHHH - paaorpeBa 
namuMnoro KOJib~a cnumaeT narrpamenua ua
ru6a B IIIIIHJibKaX H IIpH Heo6XO]J;HMOCTH MOJKeT 
rrop;p;epmuBaTb narrpamenua na ypoBne cTa~uo
napnoro pemuMa; 
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PHc. 8. HarypHbiH creH,o,: 
1 - HaTypHa.ll MOAeJib Kopnyca; 2 - npeAOXpaHHTeJibHhlH KJianaH; 3 - 6aK XOJIOAHOH B0Ahl; 4 - KOMnpeccop; 
5 - 3JieKTpOHarpeBaTeJIH; 6 - TenJI006MeHHHKH; 7 - llOAllHTO'IHLIH Hacoc; 8 - ~HpKyJIJI~HOHHLIH Hacoc; 

9 - BLITeCHHT8Jib 
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nJioTHOCTL paa'LeMa He HapymaeTc.R Ha scex 

npoBe,D;eHHhlX peiKHMaX BnJIOTL ,ll;O OXJiam,D;eHH.Il 

co CKOpOCTLIO 120° C/tt; 
onpe,D;eJieHo Hanp.RmeHHoe cocTOHHHe yaJioB 

H ,D;eTaJieii BepxHeii 'IaCTH Kopnyca B paaJIH'IHLIX 

peamMax oxJiam,D;eHHH; noKaaaHo, 'ITO HaMe'IeH

Ha.R pac'IeTOM CKOpOCTL OXJiam,D;eHH.Il C TO'IKH 

apeHH.Il npO'IHOCTH, .IIBJI.ReTC.Il ,ll;OnyCTHMOHj 

onpe,D;eJieHa BeJIH'IHHa aaT.RiKKH mnHJieK, o6ec

ne'IHBaro~a.R llJIOTHOCTL COe,ll;HHeHH.Il, KOTOpa.R OKa

aaJiaCb paBHoii 0,7-0,9 MM npH aaMepe no HH,ll;H

KaTopy HJIH B nepecqeTe aa cyMMapaoe ycHJIHe 

PaaT = 1,5Prn,a;p, r,D;e PaaT- cyMMapaoe ycHJIHe 
aaT.RiKKH Bcex 60 mnHJieK; PrnJJ.p - ycHJIHe, ,D;eii:

CTBYIO~ee Ha KphliiiKY OT BHyTpeHHero ,D;aBJieHH.Il. 

HoHrponbHaH npoeepKa HanpfuHeHHoro 
COCTOHHHH KOpnyCOB Ha 3QBOAe·H3rOTOBHTene 

,1l;JI.R rOJIOBHhlX KopnycoB peaKTOpOB B Ka'Ie

CTBe o6.RaaTeJILHOrO HCnLITaHH.Il DpOBO,ll;.IITC.Il TeH-

30MeTpH'IeCKHe H3MepeHH.Il npH HX rH,ll;pOHCnLITa

Hll.IIX, a peayJihTaThl ll3MepeHHH .IIBJI.IIIOTC.Il OT'IeT

HhlMll npn npneMKe CJiym6aMH rocropTeXHa,ll;30pa. 

C TO'IKll apeHH.Il llCDOJib30BaHH.Il peayJILTaTOB 

naMepeHnii ,ll;JIH QeJieii ,D;aJibHeiimeii: :mcnJiyaTaQnn 

OHH .IIBJI.IIIOTC.Il BeChMa noJie3HhlMll ,ll;JI.Il OKOH'Ia

TeJILHOrO pemean.R Bonpoca o MecTe ycTaaoBKH 

KOHTpOJibHhlX TeH30MeTpOB, no KOTOphlM :mcnJiya

TaQHOHHhlll nepcoHaJI CJie,ll;HT aa npaBHJibHOCTLIO 

npoBe,D;ean.R pemnMa nycKa H ocTaHOBKn peaK

Topa. 

Ilpn rn,ll;pOHCllbiTaHH.IIX KopnycoB 6LIJIH npoBe

,D;eHhl naMepeHH.Il Hanp.Rmeanii B Tex TO'IKax, 

B KOTOphlX no TeXHH'IeCKllM npH'IHHaM He MOrJIH 

6LITb ll3MepeHhl Hanp.RiKeHH.Il Ha MO,ll;eJI.RX HJill 

CTeH,D;aX. 06~ee 'IHCJIO TeH30MeTpOB, ycTaHaBJIH

BaeMLIX aa Kopnyce, ae npeBLimaeT 100 mTyK. 

nOPfiAOK H3rOTOBnEHHfl 
H HOHTPOnfl HAI..fECTBA 

OpraHHaau.HH HccneAOBarenbCKHX pa6or 
no rexHonorHH 

IlpH Ha'IaJie opraHH3aQHH HCCJie,ll;OBaTeJibCKHX 
pa6oT no npoBepKe TexaonorHH BLI6paaaoro Me

TaJIJia 6LIJIO npHH.IITO pemeHHe, 'ITO OTpa6oTKa 

TeXHOJIOrHH DOJiy'IeHH.Il CJIHTKOB, noKOBOK, JIH

CTOB, OTpa6oTKa TeXHOJIOrHH CBapKH H CBapO'IHhlX 

MaTepHaJIOB, a TaKiKe H OTpa60TKa MeTO,ll;OB KOH

TpOJI.Il Ka'IeCTBa ,ll;OJliKHa DpOH3BO,ll;llTbC.Il Ha aaBO

,D;e-HaroTOBHTeJie aa ,D;eTaJI.RX H yanax mTaTHLIX 

paaMepoB DpH caMOM TeCHOM y'IaCTHH HayqHO

HCCJie,ll;oBaTeJibCKHX HHCTHTYTOB H KOHCTpyKTOp.

CKHX opraHH3aQHH. 

Ilpe,ll;CTO.IIJIO pemHTL BOllpOChl noJiy'IeHH.Il DOKO

BOK H nJIHT TOJI~HHOH ,ll;O 600 MM C HeaHa'IHTeJib

HhlM paa6poCOM MexaHH'IeCKHX CBOHCTB no TOJI~H
He, a TaKme Bhl6paTb Ha,D;eiKHhle MeTO,ll;hl KOHTpOJI.Il 

Ka'IeCTBa DOKOBOK H DJIHT. B o6JiaCTH CBapKH He

o6XO,ll;HMO 6LIJIO paapa6oTaTL MeTO,ll;hl pyqHOH 

H aBTOMaTH'IeCKOH CBapKH o6eqaeK TOJI~HHOH 

e. e. CTEHOnbHHHOe et al. 

,ll;O 180 MM H3 JiernpoBaHHOH CTaJIH H HanJiaBKH 

nJiaKnpyro~ero cJioH, a TaKme MeTO,ll;hl peMOHTa 

,D;e<}leKTHLIX IIIBOB. B o6nacTn TepMoo6pa6oTKH 

He06XO,ll;HMO 6LIJIO ,ll;06HTLC.Il TaKHX pemHMOB, KO

TOphle o6ecne'IHJIH 61>1 nony'IeHHe aa,D;aHHLIX Mexa

HH'IeCKHX CBOHCTB OCHOBHOrO MeTaJIJia H CBapHhlX 

COe,ll;HHeHHH npH O,ll;HOBpeMeHHOM rapaHTllpOBaH

HOM HeaHa'IHTeJILHOM yp.osae OCTaTO'IHbiX Hanp.R

iKeHHH B KOHCTPYKQHH. B o6nacTH KOHTpOJIH 

Heo6xo,D;HMO 6LIJio noKaaaTL BKJia,ll; paaaoro po,D;a 

,D;e<}leKTOB B npo'IHOCTL KOHCTPYKQHH, HaKonHTL 

CTaTHCTH'IeCKHe ,D;aHHhle ll Ha 6aae yKaaaHHblX 

MaTepnaJIOB C03,ll;aTL HOpMhl ,ll;Jl.ll OQeHKll Ka'IeCTBa 

KOHCTPYKQHH. IIporpaMMa 3THX nccJie,D;oBaTeJIL

cKnx pa6oT 6LIJia Han6onee ,D;oporoii: n o6mnpaoii. 

HarorosneHHe nony¢a6pHKaroe 

,[(nH nonyqean.R aeo6xo,D;HMhiX MexaHn'IeCKHX 

CBOHCTB DOKOBKH ll JIHCThl nO,ll;BepraJIHCb aaKaJIKe 

H nocne,D;yro~eMy oTnycKy. IlpH cBapKe Kopnyc

Hoii cfann Bhl.IICHHJIOCL, 'ITO ,ll;JI.Il noJiy'IeHn.ll Ka'Ie

CTBeHHoro cBapHoro coe,D;HHeHHH c aeo6xo,D;HMhlMH 

MeXaHH'IeCKHMH CBOHCTBaMH CBapHOro liiBa, a TaK

me ,ll;JI.Il OTDYCKa DO,ll;KaJieHHOH 30Hbl ll CH.IITH.Il 

Hallp.RiKeHHH Tpe6yiOTC.Il DOBTOpHble OTDYCKH. Ilo-

3TOMY B HCXO,ll;HOM COCTO.IIHHH OCHOBHOH MeTaJIJI 

(noKOBKH, JIHCTLI) HMeJI DOBLIIIIeHHhle 3Ha'IeHH.Il 

npe,D;ena TeKy'IeCTH H npe,D;ena npo'IHOCTH c TeM, 

'IT06hl DOCJie OTDYCKOB DpH CBapKe DOJiy'IaJIHCL 

Heo6XO,ll;llMhle CBOHCTBa. 

HarorosneHHe AeraneH Kopnycoe 

Bee ocHoBHLie ,D;eTaJIH H yanhl KopnycoB - <}lna

aeQ, 6aa,D;am, o6e'IaiiKH aoHhl naTpy6KoB n cpe,D;

Heii 'IaCTH Kopnyca, HaiKHMHOe KOJibQO, KphlJIIKa, 

Kpenem, naTpy6KH - H3rOTOBJI.IIJIHCb ll3 DOKO

BOK. ,[(HH~e Kopnyca H3rOTOBJI.IIJIOCL H3 ,ll;ByX 

JIHCTOB TOJI~HHOH 120 MM, CBapeHHblX Mem,D;y 

co6oii: aneKTpoiiiJiaKoBLIM cnoco6oM, c nocne,D;yro

~eii IIITaMnOBKOH DO,ll; npeCCOM. ,1l;JI.R aaroTOBKH 

,ll;HH~a HCnOJib30BaJIHCL JIHCThl HeTepMoo6pa6o

TaHHhle. Ilepe,ll; CBapKOH JIHCThl T~aTeJihHO KOHT

pOJIHpOBaJIHCL Ha OTCYTCTBHe <jiJIOKeHOB. 
Ilocne aneKTpoiiiJiaKoBoii cBapKH aaroTOBKa no,D;

Bepranacb TepMoo6pa6oTKe (aaKaJIKa H oTnycK) 

,ll;JI.Il DOJiy'IeHH.Il O,ll;HHaKOBhlX MeXaHH'IeCKHX 

CBOHCTB OCHOBHOrO MeTaJIJia ll CBapHoro IIIBa, aa

TeM npoHaBO,ll;HJIC.Il T~aTeJibHhlii: yJILTpaaByKoBuii 

KOHTPOJIL no Bceii: noBepxaocTH aaroTOBKH. H a 

OTIIITaMDOBaHHOM ,ll;HH~e MeXaHH'IeCKOH o6pa6oT

Ke" DO,ll;BepraJIHCL TOJILKO KpOMKH DO,ll; CBapKy 

C QHJIHH,ll;pH'IeCKOH 'IaCTbiO Kopnyca. 

l(HJIHH,ll;pH'IeCKHe o6e'IaHKH cpe,D;Heii: 'IaCTH KOp

nyca, o6eqaii:KH aoHbl naTpy6KoB, <}lnaaeQ, a 1 aK

me 6aH,D;aiK, HaiKHMHOe KOJibQO narOTOBJI.JI,'lllCL 

Kam,D;a.R H3 O,ll;HOH KOBaHOH aaroTOBKll nyTeM 

MexaHH'IecKoii o6pa6oTKH. Ilocne MexaHn'It·cKoii 

o6pa6oTKH Kam,D;a.R aaroToBKa no,D;Bepranacb KdH

TpOJIIO Ha OTCYTCTBHe <jiJIOKeHOB H ,ll;pyrHX ,D;e<}leK

TOB ynLTpaaByKoM. 
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Ceapo4H~e pa6or~ 

Ilpu uaroToBJieHHH Kopnyc 6hiJI paa,n;eJieH ua 
TPH TexuoJioru'IeCKHX yaJia: ,n;uum;e c o6eqaiJ:Koii; 
,li;Be o6eqaiiKH cpe,n;HeH qacTH Kopnyca; ,li;Be OOe
qaiJ:KH aoHhl naTpy6KoB c lflJiaun;eM. CuapKa ,n;eTa
Jie:ii Mem,n;y co6o:U: B Kam,n;oM ua aTHX yaJioB, a TaR
me cuapKa yaJioB npouauo,n;uJiacb c conyTcTBy~
m;uM no,n;orpeuoM ,n;eTaJie:ii B MecTax cuapKH ua 
cnen;uaJibHhiX KaHTOBaTeJI.JIX, CO CBapoqHhiMH H Ha
rpeBaTeJibHhiMH npucnoco6JieHHJIMH. CuapKa B 
ocuoBHOM OhiJia auToMaTuqecKaJI. IlocJie cnapKH 
KOJibiJ;eBhiX IDBOB yaeJI HanpaBJIJIJICJI B neqb Ha 
TepMoo6pa6oTKY (oTnycK) AJIJI o6ecneqeuuJI ueo6-
xo,n;HMhiX MexauuqeCKHX CBOHCTB CBapHOrO COe
,li;HHeHHJI. 

KoJILD;eBhle cuapuhle mBhl H oKoJiomouuaJI aoua 
cBapeHHhiX ,n;eTaJie:ii nocJie cuapKH H TepMoo6pa-
6oTKH no,n;BepraJIHCb Tm;aTeJibHOMY KOHTpOJI~ peHT
reHonpocBequBaHHeM H yJILTpaanyKoM. 

Ilepe,n; CBapKOH yaJIOB Kopnyca Mem,n;y COOOH 
ua BHyTpeuue:U: nouepxuocTH Kam,n;oro ua yaJioB 
uauocuJiacb aam;uTHaJI uepmaue~m;aJI uanJiaBKa. 
,L\JIJI o6ecneqeuuJI BhiCOKoro KaqecTBa uanJiaBJieH
uoro CJIOJI nepe,n; npone,n;euueM pa6oT no uanJiaBKe 
npOH3BO,li;HJICJI CeJieKTHBHhiH no MexauuqecKHM 
CBOHCTBaM OTOOp aJieKTpO,li;OB H CBapoqHhiX MaTe
pHaJIOB, npe,n;BapuTeJibHaJI OTpaoOTKa pemHMOB 
cBapKH u npouepKa KaqecTna ua o6paau;ax. 
HanJiaBKa npouauo,n;uJiacb no uce:U: BHyTpeuue:U: 
nonepxuocTH yaJia, KpoMe yqacTKa, pacnoJiomeu
uoro OKOJIO KpOMOK no,n; ,n;aJibHeHmy~ CBapKy. 
8ToT yqacToK aanJiaBJIJIJICJI nocJie cuapKH yaJIOB 
Mem,n;y co6o:U:. IlpouepKa MexauuqecKux cuoiicTB 
CThiKOBhiX CBapHhiX IDBOB npOH3BO,li;HJiaCb nyTeM 
HCnhiTaHHJI o6paan;OB, BhlpeaaHHhiX H3 KOHTpOJib
HhiX nJiaCTHH, CBapeHHhiX O,li;HOBpeMeHHO C H3rO
TOBJieHHeM KOHTpOJIHpyeMbiX IDBOB, C npHMeHe
HHeM TeX me HCXO,li;HhiX MaTepuaJIOB, MeTO,li;OB 
CBapKH, CBapoqHhiX pemHMOB H TepMOOOpaooTKH. 

)l;JUI o6ecneqeHHH HeOOXOAHMOH TOqHOCTH reo
MeTpuqeCKHX paaMepon Kopnyca oKouqaTeJILHaJI 
MexauuqecKaJI o6pa6oTKa AeTaJie:U: H yaJioB npo
uauo,n;uJiacb B OCHOBHOM nOCJie CBapKH H TepMO
o6paoOTKH. BoJILmoe BHHMauue o6pam;aJiocb ua 
TOqHOCTb BblnOJIHeHHJI onpe,n;eJIJI~DJ;HX paaMepOB 
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B Kam,n;o:U: ,n;eTaJIH H Kam,n;oM yaJie. B peayJibTaTe 
o6m;aJI KpHBH3Ha KOpnyca no BepTHKaJibHOH OCH 
npH ,li;JIHHe 11 M COCTaBHJia He 6oJiee 8 MM. 

nocaAKa 6aHAa>Ka; 
npo4He BHAbl KOHTpOil.R 

Ha oKouqaTeJibHO cuapeHHhiH H npouepeHHhiH 
Kopnyc 6biJia npouaue,n;eua uaca,n;Ka 6au,n;ama ua 
ci>Jiaue:o; c uaTJiroM 1 ,5 MM ua cTopouy. Bau,n;am 
nepe,n; uaca,n;Ko:U: uarpeBaJICJI B nequ. BJiaro,n;apJI 
6oJILmo:U: ToquocTH o6pa6oTKH noca,n;oqublx MeeT 
6au,n;ama H <!>Jiauu;a nocJie noca,n;KH ropJIOBHHa 
Kopnyca no ,li;HaMeTpy ycTaHOBKH KphlillKH HMeJia 
HeauaquTeJibHY~ :3JIJIHnTHqHOCTb - 0,2 MM. 

Ilpu uaroToBJieHHH KphiiDKH Kopnyca, uamuM
uoro KOJIL:o;a, Kpeneii\HhiX ,n;eTaJie:U:, naTpy6KoB 
H T. A· TaKme npOH3BO,li;HJICJI TDJ;aTeJibHhiH noone
paD;HOHHhiH KOHTPOJib, oco6euuo ua oTcyTcTBHe 
<!>JIOKeHOB H ,n;pyrHX BHyTpeHHHX ,n;e<l>eKTOB. 

lfaroTOBJieHHhiH KOpnyc nocJie KOHTpOJibHOH 
c6opKH no,n;uepraJICJI ua aauo,n;e-uaroTOBHTeJie ru,n;
paBJIHqecKoMy HCnhiTaHH~ C O,li;HOBpeMeHHOH npo
BepKOH uanpHmeHHOrO COCTOJIHHJI OCHOBHbiX :3Jie
MeHTOB Kopnyca C noMODJ;biO TeHaOMeTpHpOBaHHJl. 

3AHniOLfEHHE 
OnhiT uaroTOBJieuus noKaaaJI, qTo Kopnyca 

peaKTOpOB BbiCOKOrO ,n;aBJieHHJI, H3rOTOBJieHHble B 
aaBo,n;cKux ycJiouusx, o6ecnequna~T ,n;ocTaToquy~ 
ua,n;emuocTb, no,n;TBepm,n;eauy~ TexaoJioruqecKHMH 
HCnbiTaHHJlMH H pacqeTHO-HCCJie,li;OBaTeJibCI\HMH 
paooTaMH Ha o6paa:o;ax, MO,ll;eJIJIX, HaTypHOM CTeH
,n;e H BhlnOJIHeHHbiX H3,ll;eJIHHX. 
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A/331 USSR 

Vessels for power reactors cooled and 
moderated by water at high pressures 

By V. V. Stekolnikov eta/. 

The high-pressure vessels for water-water reactors 
built in the USSR have been designed to ensure their 
full manufacture at the works with the possibility of 
shipment over the USSR railways. 

The designers had to solve many problems (in
cluding metallurgical, engineering, welding, structural 
strength, etc.) and had to carry out research to deter
mine the structural features which would enhance the 
vessel reliability. 

The paper discusses the requirements for the 
materials of a vessel for a large water-cooled, water
moderated reactor; i.e. the problems involved in the 
choice of the materials, their corrosion resistance, etc. 

A great deal of attention is devoted to investigations 
of the vessel in a stressed condition, investigation of the 
material strength at repeated static loading under 
conditions which approximate to the actual working 
conditions, evaluation of the residual strength, and 
strength tests on full-size and scale models. Choice of 
the seals and seal performance tests on full-size and 
scale models are also discussed. 

The paper touches upon the vessel performance 
under alternating conditions, since large thicknesses 
and non-uniform heating of the vessel by the coolant 
result in considerable stresses caused by the differential 
temperatures at various parts of the vessel. A des
cription is given of the method of solution of these 
problems, including the reliability of electrically
welded butt joints from steels with different coefficients 
of linear expansion. 

The correct solution of the engineering problems 
determines, to a large degree, the performance, life 
and reliability of the vessel. Therefore, the paper 
deals with some of the key engineering problems and 
with the problems of quality control. 

A/331 URSS 

Cuves pour reacteurs de puissance refroidis 
et ralentis a l'eau sous pression elevee 

par V. V. Stekolnikov eta/. 

Les cuves sous pression elevee que l'on fabrique en 
Union sovietiqu~ pour les reacteurs ralentis et 
refroidis a l'eau ont ete etudiees de maniere que l'on 
puisse les monter entierement a !'atelier et les trans
porter par chemin de fer. 

Les ingenieurs d'etudes ont dil resoudre un grand 
nombre de problemes (de metallurgie, de mecanique, 
de soudage, de resistance, etc.); il leur a fallu, en 
outre, faire des recherches pour determiner les 

caracteristiques de construction speciales qui per
mettraient d'accroitre Ia fiabilite de l'ouvrage. 

Les auteurs examinent les conditions auxquelles 
doivent satisfaire les materiaux dont se composent 
les cuves destinees aux grands reacteurs ralentis et 
refroidis a l'eau, les problemes que pose le choix des 
materiaux, leur resistance a Ia corrosion, etc. 

On a consacre beaucoup de temps et d'efforts a 
etudier le comportement de Ia cuve sous contrainte 
et Ia resistance des materiaux utilises sous l'action 
repetee d'une charge statique dans des conditions 
voisines des conditions reelles de fonctionnement et a 
evaluer Ia resistance residuelle et les essais de resistance 
sur des maquettes de differentes grandeurs. Les 
auteurs discutent le choix du systeme d'etancheite et 
les essais de ce systeme sur un bane en vraie grandeur. 

Les etudes ont egalement porte sur le comportement 
de Ia cuve sous l'effet d'efforts alternes, car, etant 
donne Ia grande epaisseur des parois et le fait que le 
fluide de refroidissement ne chauffe pas Ia cuve 
uniformement, il en resulte des tensions considerables 
dues aux differences de temperature des divers 
elements de Ia cuve. Les auteurs decrivent Ia maniere 
de resoudre ces problemes, ainsi que ceux de Ia 
viabilite des soudures electrique d'aciers ayant des 
coefficients de dilatation lineaire differents. 

La solution des problemes technologiques determine 
dans une large mesure les performances, la duree et 
Ia silrete de Ia cuve. Aussi les auteurs traitent-ils 
egalement certains des problemes essentiels de 
technologie et de controle de la fabrication. 

A/331 URSS 

Yasijas para reactores de potencia de alta 
presion, refrigerados y moderados por agua 

por V. V. Stekolnikov et a/. 

Las vasijas de los reactores de alta presiOn, re
frigerados y moderados por agua, que se fabrican en 
la URSS, cumplen Ia condicion basica de su total 
acabado en fabrica y de la posibilidad de trans
portarlas por ferrocarril. 

Se ha exigido de los proyectistas la solucion de 
muchos problemas (metalurgicos, mecanicos, de 
soldadura, de resistencia, etc.); como tam bien Ia 
realizacion de estudios de los metodos de construe
cion, capaces de aumentar Ia seguridad de funcio
namiento de las vasijas. 

Los autores estudian las condiciones que deben 
satisfacer los materiales de las vasijas de los grandes 
reactores, moderados y refrigerados por agua, los 
problemas que plantea la eleccion de los materiales, 
su resistencia a Ia corrosion, etc. 

Se ha prestado gran atencion al estudio del 
comportamiento de la vasija sometida a tension, a 
la investigacion de Ia resistencia de los materiales 
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empleados bajo la acci6n de car gas estaticas repetidas, 
en condiciones pr6ximas a las de trabajo, a la 
evaluaci6n de la resistencia residual y a la compro
baci6n de esta sobre modelos de diferentes tamafi.os. Se 
estudia la eleccion del tipo de cierre y la comprobacion 
de su buen funcionamiento sobre modelos a escala 
naturaL 

En la memoria se ha prestado atenci6n al comporta
miento de la vasija en regimenes variables, puesto que 
los grandes espesores y la irregularidad de su calenta
miento por el refrigerante conducen, como se sabe, a 
la aparici6n de tensiones considerables provocadas 
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por la diferencia de temperaturas en los diferentes 
elementos de la vasija. Se describen metodos para 
resolver estos problemas, incluyendo entre ellos la 
seguridad en el trabajo de las soldaduras electricas 
de aceros que poseen diferentes coeficientes de dila
taci6n lineal. 

De la buena soluci6n de los problemas tecnol6gicos 
depende, en gran parte, la capacidad de trabajo, 
duraci6n y seguridad de funcionamiento de la 
vasija. Por consiguiente, los autores tambien estudian 
algunos aspectos esenciales de la technologia y del 
control de fabricacion. 



P/522 Czechoslovakia 

Pressure vessel for the first Czechoslovak nuclear 
power station 

By J. Hauer, St. Havel, J. Nemec and St. Stepanek* 

NOMENCLATURE 

x, y, z: orthogonal co-ordinates 
x, r, 0: polar co-ordinates 

a: radius of opening 
aN: radius of vessel 
ae: central radius of cylindrical shell (branch) 
b: pitch of openings 

tN: thickness of vessel wall 
te: thickness of cylindrical shell (branch) 
/: length of cylindrical shell (branch) 
t: temperature 
k: stress concentration factor 
P: internal pressure 

r A, rB: fillet radius 
p: radius of notch sharpness 
a: normal stress 

aK: yield point 
ap: breaking strength 

E: elongation per unit length 
o: ductility 
'P: contraction 
v: coefficient respected state of stress 

fJN4: = 3(1 - V2)aN2fN2 

v: Poisson's ratio 
£: Young's modulus 
K: central value of energy, consumed on 1 em• crack's 

surface 
V: volume 
F: surface of crack 
L: length of test piece 

M: bending moment 
RM: notch toughness 
YM: deflection 
L: energy of the state of stress 
X: =telae 
Y: = te/tN 
Z: = 1/(2aefe)112 

* 
* * 

The design of a pressure vessel for a heavy water 
moderated and carbon dioxide cooled reactor is 
unique because of the size and technical complexity. 

For an output of 150 MW(e), the reactor requires a 
pressure vessel of outer diameter 5 m and an over-all 
height of approximately 20 m, and for a working 
pressure of 65 atm(a), the thickness of the cylindrical 
shell would be 150 mm (Fig. 1). 

The pressure vessel is cylindrical with hemispherical 
top and bottom domes, the top dome being removable. 
The connection between the top dome and the vessel 
is provided by two loose flanges and by bolted joints. 

*V.I. Lenin Works, Pilsen. 
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The leak tightness of the connection is provided by a 
welded annular ring. 

The head is very difficult to manufacture. Internally 
and externally, there are more than 190 nozzles for 
the connection of charge tubes and the control system 
of the reactor. Inlet and outlet tubes for D20, burst 
can detection tubes, bottom tubes for inlet cooling 
gas, cable outlets and the drain are attached to the 
bottom nozzles by the same method. The bottom inside 
surface is the main support face, having internal lugs. 
The support system of the vessel is located on the 
bottom outer surface and is provided with a conical 
skirt well insulated to reduce thermal stresses. The 
cylindrical part of the vessel has in the upper region 
twelve inlet coolant nozzles and in the lower region 
twelve outlet coolant nozzles which are made by 
thickening the wall; and in addition the nozzles 
penetrate slightly into the vessel. 

r~. 
I 

~ I 
Lr 

?"' 

.PU_® _lSI) I ~ 

_E.: ~ 
~ t7 

j~ L 

Figure I. Section of the reactor pressure vessel 
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The cooling system keeps the temperature of the 
vessel within the range 120 to 150 °C. The vessel is 
designed so that at all openings there is a reduction in 
stress-concentration and the wall centre line is con
tinued through to the hemispherical top and bottom 
domes. 

To ensure the reliability of operation and to enable 
checks on the manufacturing technology of the 
pressure vessel to be carried out, a broad research 
programme was completed which was taken beyond 
that usual for design, calculation and research work; 
the aims were: 

(a) research on and proof testing of suitable shapes 
of the highly stressed parts of the pressure vessel; 

(b) development and consolidation of steel prop
erties; 

(c) research into and development of suitable 
welding techniques; 

(d) the manufacture of a shortened model of the 
pressure vessel to a scale 1: 1. 

Some of the results of this work are given below. 

Analysis of stresses in nozzle rings 

In the theoretical selection of the shape of nozzle 
rings from the point of view of their strength, the 
following factors were taken into consideration. 

The effect of a number of openings on the periphery 
of the vessel 

As a first approximation this problem was solved 
by considering a flat plate with a number of circular 
holes loaded at suitable points to stress levels equalling 
the membrane stresses of a plain cylindrical vessel. 

A calculated [1] maximum stress concentration 
factor in relation to a membrane periphery stress in 
the vessel is solved by: 

k = 2.5 _ 2(5:r(~r + ~:~(ir(~) 
The calculation was made on the assumption that 

the ratio afb is small; for greater values of afb the 
calculation was replaced by photoelastic measure
ments. The results of the calculations and experi
ments are given in Fi~. 2. 

The effect oft he curvature and thickness of the vessel 
wall 

The theoretical results of Lurje can be expressed 
as a factor of stress concentration 

a() 1 [ ( a
2

) ( a4) J k =PaN · IN = 4 3 1 + ,2 + 1 + 3 , 4 cos 20 

For large circular openings in a given cylindrical 
vessel relatively high stresses are obtained. 

An experimental confirmation of this calculation 
was made, with the help of space photoelasticimetry, 
on a model of a cylindrical pressure vessel with five 
circular openings of various diameters and by taking 
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the same boundary conditions as there were in the cal
culation. The model has been manufactured from trans
parent material, E 12-MF, which is a suitably hardened 
epoxy resin. Figure 3 is a photograph of "iced" iso
chromatic lines around a hole in a cylindrical shell. 

Figure 4 shows experimental results with a stress 
factor concentration round about the hole for a 
longitudinal plane() = 0 °, this is the plane containing 
the axis of the vessel and of the opening; and for the 
transversal plane () = 90 °, this is the plane perpen
dicular to the axis of the vessel and containing the 
axis of the op~ning; also plotted are the calculated 
values by Lurje and, for example, the value of an 
opening in a plane plate by Kirsch. The experimental 
values lie between the calculated values. A segment 
containing the opening was cut along the thickness of 
the wall of the cylindrical shell and in this segment the 
size of the added stresses were checked. In the longi
tudinal plane, there were no bending stresses, but in 
the transversal plane the bending stresses were as high 
as 40% of the membrane stress. 

The previous considerations lead to the conclusion 
that from a strength point of view in order to be 
certain of the value of afb it is preferable to have a 
large number of small holes in the periphery of a 
cylindrical pressure vessel, rather than a smaller 
number of large diameter holes. 

The effect of reinforcing and the local arrangement of 
nozzles passing into the vessel 

At the places where the nozzles are connected to 
the vessel the possibility of deformation due to 
internal pressure is reduced, but at these joints there 
are additional shell stresses. 

Direct and accurate calculation of this problem is 
very difficult. For consideration of the reciprocal 
effects an approximate calculation was used for one 
nozzle by Waters [2], the vessel has been replaced by 
the plane containing the holes and the nozzle by the 
cylindrical shell (Fig. 5). 

If we suggest that lA ~ 1B the maximum periphery 
stress in the plate is on the contour of the opening 
where the nozzle B is connected. 

For reasonably large nozzles, the change of stress
a 

concentration factor k = ~ , where s is a force in 
s 

the system in all directions, shown in Fig. 6, with 
variables ZB = 1B/(2actc)t, Y = tcftN, X= tc/ac. 

The nature of the dependence of the stress-con
centration factor on variable parameters remains the 
same for the stresses in the cylindrical shell of the 
pressure vessel. 

From the diagram it is evident that the pipe or the 
nozzle attached at one side to the pressure vessel 
causes a bending moment and in the thinner shell of 
the nozzles an increase of the stress-concentration 
factor. The most effective way of minimizing the 
stress-concentration factor is achieved by placing the 
nozzles symmetrically on both sides of the vessel shell. 

At every change of shape of the stressed vessel, the 
magnitude of the stress is dependent on the degree of 
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transition. This occurs where the nozzle is connected 
to the cylindrical vessel; at this joint, the degree of 
transition is given mainly by two radii r A and rn in 
Fig. 7. 

In general, it is considered that the bigger the radius 
of transition from one shape to the other, the more 
satisfactory is the change of stress. In the case con
sidered, this principle is valuable only for the radius 
r A· By increasing this radius, the stress is minimized 
in the "notch" on the outside surface and on the 
inside surface of pressure vessel, because the in
creased radius r A acts partially as a reinforcement. 

The effect of the size of radius 'n and the general 
effect of the form of transition on the inside surface 
of the vessel on the stress concentration factor were 
measured on five different forms of transition of the 
inside surface of one nozzle type R 25 in the cylin
drical vessel and on two different forms of another 
nozzle type R 58. For both types, all 12 nozzles were 
placed in one line on the periphery of the vessel, so 
that the lines of nozzles did not influence one another 
and they were not influenced by the flange joint and 
the bottom of the cylindrical vessel. In Figs. 8 and 9, 
the dimensions of the nozzles, their arrangement and 
type are given. The nozzle R 25-3 was developed from 
R 25-2. 

The stress was measured by means of electrical 
resistance tensometers always on the middle nozzle 
from the total number of three or six in order to 
eliminate the effect of the adjacent shape on measured 
values [3]. The results of the measurements indicate 
that the effect of the number of orifices, curvature and 
wall thickness is greatly reduced by the reinforcement 
effect of the nozzle. 

The results gained by measurements on the nozzles 
R 25-1, R 25-2 and R 25-3 indicate that a fixed 
optimum radius rn exists for any given type of 
nozzle (Fig. 10). 

The other nozzles R 25-4, R 25-5, R 58-1 and 
R 58-2 were already made with a constant ratio 
rnftN = 0.5 as well as the nozzle R 25-2, but on the 
inside surface of the vessel the shape of the opposite 
nozzle was marked. It is evident from the diagram in 
Fig. 11, based on the results of measurements, that the 
effect of the opposite nozzle on the reduction of the 
concentration stress factor is large and more effective 
for higher values tcfac. This factor is also evident 
from later calculations (Fig. 6). 

On the basis of these experiments and considering 
the other circumstances of manufacture, assembly and 
function, types R 25-4, R 58-2 were chosen (12 nozzles 
in one line) for inlet and outlet cooling gas nozzles. 
The rings, including nozzles, are made so that their 
rigidity measured by increasing the radius depending 
upon the inside overpressure is equal to that for 
rings without nozzles. In a similar way, the remaining 
highly stressed parts of the pressure vessel were 
dealt with. Complex states of stress verification in the 
pressure vessel were made on a metallic model 
(scale 1: 5) by tensometric measurement and on plastic 
models (scale 1: 20) by spacephotoelasticity. 
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The development of the steel and evaluation of 
its mechanical properties 

The modified boiler steel CSN 13030 containing up 
to 0.20%C, 1.10-1.40% Mn and with a maximum of 
0.01% Co plus aluminium and titanium to increase 
structural stability and give a fine grain structure was 
used. The steel, of "nonageing" quality, was made 
in open-hearth furnaces and the following steel 
casting of 45 ton ingots was achieved without using 
vacuum melting. 

The development of the steel and research into its 
properties was achieved in the laboratory, special care 
being given to development and technology under 
manufacturing conditions. Careful manufacturing 
operations and the appraisal of the effect of techno
logical deviations on resultant quality and properties 
became a very significant part of the steel development 
process. 

The development was unusual in that the amount 
of research carried out exceeded that performed in 
the development of any other mark of steel in the 
CSSR. On the basis of this programme, which ran 
from 1957 to 1961, production casts of more than 
5 500 tons of steel were made in 43 to 180 t ingot 
sizes. Studies were made of various alternatives of: 
(a) charge composition, (b) complex deoxydation, 
(c) the effect of furnace units and technological para
meters on the melting and casting processes, (d) the 
possibility of using the vacuum casting process, 
(e) the shape of ingot moulds and(/) various forming 
processes. In the application of combined forming 
methods (pressing and rolling processes) to forging 
ingots it is necessary to obtain isotropy of mechanical 
properties in all directions (Fig. 12). lt is evident from 
Fig. 13 that accepted technology ensures homogeneity 
of the mechanical properties for large differences of 
thickness. 

The cobalt content was examined systematically 
in all the melts and raw materials to determine the 
best way of maintaining it within permissible levels. 
Studies were made on problems of heat treatment and 
the effect of temperature cycles on the resultant 
structure and properties of the steel. These experiments 
included studies dealing with the significance of segre
gation of important elements from the point of view of 
mechanical properties and welding and internal defects 
and their size and characteristics. The requirements of 
nondestructive examination became continually more 
important and eventually 100% ultrasonic control by 
calibrated instruments was required for all products. 
The types of defect and 'their actual size were deter
mined and questions of their permissible form and size 
were studied. Mechanical properties were investi
gated with conventional test specimens, attention 
being paid to transition curves of notch toughness for 
steels in various conditions of heat treatment and 
after artificial ageing, and tensile strength properties 
of various orientations of the ingots. The effects of 
sulphide segregates, the effects of grain size and line 
structure on the main mechanical properties were also 
determined. The values of notch toughness in a 
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Figure 7. Designation of transition radius 
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semi-finished product are shown in Fig. 14. It follows 
that it is necessary to give advance consideration to the 
values of notch toughness as an acceptance condition 
for the material. 

Figure 15 shows the accuracy of notch toughness 
values obtained from 108 ingots. The diagram confirms 
the previously mentioned hypothesis about classifi
cation of notch toughness tests. 

The irradiation stability of the steel was studied 
extensively under pressure vessel operating conditions. 
Base material, weld metal and the weld-affected zone 
of samples welded by different methods were irradiated. 
Research was carried out on the radiation stability of 
different types of test samples, which had undergone 
dimensional changes or changes in properties and 
stress state. The purpose of this work was in evaluating 
the permissible neutron flux and the permissible 
integral neutron dose. The number of these tests and 
studies have increased during the development of the 
steel. 

The pressure vessel steel requirements and technical 
conditions have changed in extent and in content 
during the project, design work, and during the 
development of the steel. The most important factor 
has been the statistical information, which was 
gained during manufacture and testing of many large 
dimensioned semi-finished products. The technical 
requirements cover the complete cycle of technological 
operations and maintain semi-finished product stan
dards in different phases of manufacture; it is thus 
possible to eliminate a defective semi-finished product 
at an early stage [5]. The requirement of high quality 
steel means that up to 50% of the semi-finished 
products are rejected. 

The study of steel brittleness 

A study of the steel properties has enabled the 
special problem of steel and pressure vessel brittle 
strength to be solved. 

The resistance against brittle fracture is a basic 
requirement of strength [6]. A programme has been 
planned, therefore, which has comprised research on 
large bodies with notches under steady stresses. This 
programme has taken into account both the effect of 
local stress concentration and notches induced in 
welded joints. 

Although the tensile testing of large components 
(cross sections greater than 103 cm2) is difficult and 
costly, it is the best way to take account of the size 
factor, because there is no reliable theoretical infor
mation available to ascertain the strength of a metallic 
structure made from complicated components. 

Thus from the beginning of the studies in the CSSR 
the design and manufacture of a special test machine 
for a maximum tensile loading of 6 000 tons on flat 
steel test specimens was commenced (Fig. 16). 

First information about the strength of large 
components made from the modified boiler steel 
CSN 13030 containing notches was obtained from 
static bending tests. If the steel passed this test it was 
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a good choice of steel for pressure vessel manufacture. 
The steel with a higher yield point CSN 11523 was 
also tested but with fewer bending tests. 

Information on the strength and toughness of com
ponents subjected to bending stresses and the analysis 
of results 

Rods of triangular cross section of various sizes 
and flat plates with cross sections of 2 500 cm2 having 
notches of different sharpness and depth in tensile 
stressed parts of the cross section have been tested. 
The strength and the deformation properties have been 
determined in relation to size at normal temperature 
and on smaller rods at temperatures within the range 
-40 to +100°C [7]. In Fig. 17 the logarithm of 
relative strength (expressed as the ratio of the strength 
of a large test specimen to the strength of a basic test 
specimen with a cross section of 10 x 10 mm2) is 
plotted against the logarithm of cross-sectional area 
for both tested steels. The diagram of changes of 
bending strength is for notches of constant depth and 
sharpness p = 2, and is for a practically constant 
relative stress gradient. If the size of the cross section 
is about 0.1 cm2, the logarithm of the relative strength 
decreases linearly as the logarithm of the exposed area 
increases. By this means, the ultimate strength is 
calculated by the principles of elastomechanics. Up 
to a certain critical size, the elastic limit is lower than 
the limit of plastic macro-deformation and cracking 
occurs at the phenomenological elastic stress of the 
body. This is brittle fracture, though also in this case 
residual plastic deformation can be determined on the 
surface of the fracture area. If the size is larger than 
the critical size, the plastic deformation is restrained 
only on a microscopic volume of metal around the 
tip of the propagating crack. The stronger and more 
brittle the material (a smaller ratio apfaK), the greater 
the strength decrease with increasing size of the 
specimen. A greater slope is shown for steel CSN 
11523 (Fig. 17). Although the material is stronger, 
the critical size of the body is evidently smaller. 
Therefore the choice of mild steel for pressure vessels 
has been made. There are three important sections. 
In section 1-2 there are ductile fractures and they are 
marked as slow fractures. In this manner the standard 
test rods are fractured. Between points 2 and 3 ductile 
fractures occur also on larger bodies but they are 
marked as fast fractures. At first the component 
undergoes plastic deformation and then fast fracture 
occurs (apfaK > 1). After point 3, plastic deformation 
is concentrated in the narrowest part of the propagat
ing crack and the fracture is brittle and very fast. The 
consequent deformation characteristics are shown 
schematically in Fig. 17. The phenomena of ductile
fast fractures are basically defined. By increasing the 
test specimen size, the occurrence of fast fracture is 
increased and the amount of plastic deformation 
decreases as an enhanced effect of notches appears. 
Fast fracture can occur as well in the elastic-plastic 
region above the limit of purely elastic deformation 
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as in the region under this limit. For this fracture 
phenomenon to occur in samples from construction 
steels it is necessary to have sufficient stored energy 
from elastic stressing in the system and an adequate 
initial notch-effect. The linear dependence of the 
logarithm of limiting stress on the logarithm of 
cross-section size shows the importance of storage of 
elastic energy in the sample and this has also been 
proved by calculation. Therefore, it can be expected 
with tensile tests, where stressing of the sample is 
more uniform, that a decrease in strength compared 
with that from bending tests will occur. When the 
initiation conditions of fracture are fulfilled the for
mation of a crack is dependent on the energy of 

2 
elastic stressing {} 

2
E in the specimen, and can be 

expressed by the basic equation [8]: 

For bending 

and 

a2 
Lei = {} - · v = K · 2F 

2E 

{} bending < {) tensile 

K bending > K tensile 

Without the notch effect, which stops local plastic 
deformation due to the stress concentration and 
without the effect of multi axial stress, fast fracture can
not occur. Under these circumstances the strength will 
not decrease with increasing size of specimen. Figure 18 
shows this schematically. This principle is impor
tant if we want to apply the results of tests on large 
components with notches to the pressure vessel. The 
basic conditions of an adequate strength of component 
are that the level of stress concentration arising from 
forming the vessel shape and the number of large 
defects in the material which are perpendicular to the 
stress direction must be decreased. The lower the 
temperature the more important is the complex effect 
of size of stressed area and the notch effect and the 
critical dimension for possibility of brittle fracture is 
smaller. In Fig. 19, this is shown for the condition 
when the sharpness of the no_tch is constant. These 
and other important information have been gained by 
tests oflarge components subjected to bending stresses. 
The bending tests are not entirely suitable because the 
pressure vessel has to withstand the basic tensile stress. 
The energy consumed on propagation of fast cracks 
during fracture is unevenly distributed in bend speci
mens. For this and other reasons, tensile tests have been 
decided on and large tensile test specimens and a large 
tensile test machine with a loading of 6 000 tons have 
been prepared. 

Tests on large samples and the evaluation ofthe results 

Test specimens for the large tensile machine were 
made from the pressure vessel steel and were 50, 100 
and 150 mm thick, 1 200 mm in width and had a 
test length of about I 200 mm. Prior to the tests, 
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results on tensile tests with specimens 380 mm wide 
and 150 mm thick made from the basic material and 
also from weld joints made by hand-welding and 
electro-slag-welding. The properties of the basic 
material have been studied at different temperatures 
within the range -40 to 60 °C on rods with a central 
notch made in the axis of the specimen in the form of a 
circular hole at one side with a sharp cut perpendicular 
to the stress direction. The greatest theoretical stress 
concentration checked on the photoelasticity model 
has been k = 12. In parallel, tests have been carried 
out on geometrically similar specimens with an 
approximate scale 1 : 6. The material has been tested in 
several different states, normalized, annealed, long
term annealed and with artificial ageing. Tests have 
been made on the tensile machine at 6 000 t in the 
normalized, annealed and long-term annealed states 
with and without notches and the first series of 
Robertson type tests have been carried out with a 
temperature gradient and at a constant temperature to 
determine the so-called "temperature of crack arrest." 

The deformation characteristics of the test piece 
as a whole are very important (tensile diagram). If we 
express the dependence of conventional stress which is 
calculated on the smallest cross section of defor
mation, (Ec/Eei)a/Ec is all the strain and Ee1 is the 
elastic strain which depends on the level of stress, 
information like that shown in Fig. 20 is obtained. 
Evidently the deformation characteristics are different 
for specimens without notches and they are not 
greatly different for specimens of various sizes. It 
can be said that the effect of specimen size in the 
absence of a notch is unimportant at normal temper
atures. However, with specimens containing notches 
the effect of size is important. The curves c and d 
should be compared. The gradient of strain hardening 
is practically identical, only the strength of the larger 
specimen is decreased by the stored elastic stress in 
the system which enables easier and faster crack 
propagation. The curve e has a higher level of strain 
hardening (this is affected by lowering the specimen 
temperature to -40 °C) and accordingly (Fig. 18) 
the size factor plays a more important role. In spite 
of the relatively high stress concentration factor 
(k = 12), large amounts of local plastic deformation 
have been shown in the proximity of the tip of the 
notch in all test specimens ( EcLoG » Ec). Also at 
temperatures of -40 oc local plastic deformation was 
observed at the tip of the notch in amounts greater 
than 10% of that on the surface of the specimen. 
From this it is evident that relaxation of the peak 
stress always occurs. 

The dependence of the strength of large test 
specimens containing notches on the temperature is 
shown in Fig. 21. The smaller the stress concentration, 
the smaller the dependence of impact strength on 
temperature. With increasing specimen size, the 
whole system of curves move to higher temperatures. 

(dap) . 
If the slope of the curve -d IS small, the 

t max 
risk of undesirable fast fracture will also be small. 
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The smaller k (the stress concentration) the smaller is 

(dap) 
the value -d . 

t max 
Tensile tests of large specimens with welded joints 

has shown that the temperature dependence of the 
stress-strain curve is not very different from the 
behaviour of the basic material, if it has been stress 
relieved. 

Tests for crack arrest have also been carried out on 
the large tensile machine and these indicate the lowest 
above-mentioned value for maximum notch effect. 

It is shown that the determination of the nil
ductility temperature is not reliable enough and 
depends on geometry of the test specimen and on the 
relative distribution of the temperature in the speci
men. The criterion of nil-ductility temperature 
according the appearance of fracture is not satis
factory. Crystal appearance of fracture face does not 
indicate that the body is in the field of brittle frac
ture. 

An experiment which has followed the effect of 
residual stress on impact strength of large cross 
sections has been interesting. Test specimens were 
welded to the heads of the tensile machine using an 
automatic welding machine and were not annealed. 

The first tests on the tensile machine with specimens 
of the basic material without notches have shown that 
fast fractures have occurred in welded joints although 
their cross section was larger than in the test part of 
the specimens. This could be due to stress concen
tration, a bad weld structure or to the action of 
residual stresses. If a welded test specimen was warmed 
to 100 °C and stressed to 2 200 kgfcm2, residual 
stresses were decreased by means of the plastic 
deformation that occurred. Subsequently, fracture did 
not occur even at normal temperatures when reloaded. 
This indicates the importance of residual stress since 
neither defects nor weld structures would be altered. 

From these results it is clear that the large pressure 
vessel must be stress relieved. The selected material 
has a sufficient amount of plasticity, even in large cross 
sections. Evaluation of nil-ductility temperature from 
test results is a problem. It depends mainly on the fact 
that the impact strength is safely above the limit for 
plastic deformation. This condition is fulfilled in 
fine-grained mild steel, with increased resistance 
against ageing. 

The decrease in strength of large steel samples due 
to the presence of notches, arises from storing elastic 
energy from the stress in the system. The greater this 
store the faster the crack propagates and the value of 
energy consumed for fracture to occur is therefore 
lower with an area of 1 cm2• The initiation of a fast 
crack is affected by stress in the tip of the notch and 
by local properties of the material. If we eliminate the 
propagation of fast cracks, the pressure vessel can 
work well in principle in the size field above the critical 
size but if it is possible vessels below the critical size 
should be used. This decides the mean value of con
sumed energy for fracture occurrence (K), which must 
be tested. Under this condition a complex basis of 

design rigidity can be defined for a = aK 

EK EK 
-- = - 2- = const. 

2 v (JK L 
(JK F 

As this value increases, the resistance against fast 
fracture also increases. 

Development of the pressure vessel welding process 

The welding technology of the plates and forgings 
between 150--600 mm in thickness for the pressure 
vessel was influenced by the following requirements: 

(a) The chosen welding technique and filler metal 
must meet the isotropy of mechanical properties and 
homogeneity of the welded joints requirements(Figs. 22 
and 23). 

(b) The large number of very thick welds in the 
design of the vessel and the weight limitations of 
43 tons for the ingots used necessitates the use of 
automatic welding. 

All rings and spherical parts of the vessel are 
welded from plates by circumferential joints. The 
pressure vessel is assembled from rings joined by site 
welding. 

Using this technique the selection of the welding 
process is very important. Many test plates were 
automatically welded together in the laboratory using 
hand-operated arc-welding, semi-automatic welding 
in carbon dioxide, submerged arc-welding and auto
matic electro-slag processes. For the rings and top and 
bottom domes whose axes are parallel to the pressure 
vessel axis, the automatic electro-slag process was 
used (Fig. 24). 

The selection of circumferential joint welding on 
the rings met the requirements of dimensional 
rigidity and the manufacturer's conditions during 
construction at the site. This was decided by comparing 
all the above described techniques by welding test 
rings of the 1 : 1 scale model of the pressure vessel 
(Fig. 25). 

The shortened pressure vessel model, scale I : I 

The shortened pressure vessel scale 1 : 1 was pro
duced to gain statistical data for forming tentative 
technical specifications for steel production require
ments on the pressure vessel and for complex verifi
cation of the strength and frictional reliability of the 
pressure vessel. During the production of the model, 
the production technology was developed and verified 
in individual operations (forming, heat treatment, 
welding, machining, ultrasonic inspection, measuring 
of residual stress, measuring of shape changes, etc.). 

New production techniques for forming the ring 
with ducts in twelve separate segments were developed 
(Fig. 26). Individual segments with ducts were forged 
in the die from ingots of 30 tons weight. The forging 
of ingots was carried out with the object of placing the 
ingot parts with unfavourable properties in such joints 
of the vessel which are less strained in service. At the 
same time new technology for automatic welding of 
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Figure 24. Location of welding parts before automatic electro
slag welding 

Figure 25. Location of welding parts on the bottom of electric 
resistance furnace 

Figure 26. Nozzle rings 

J. HAUER et a/. 

Figure 27. Section of the shortened model of the pressure vessel 

thick plates was acquired. The development and 
production of unique equipment for heat treatment 
of separate pressure vessel sections and a whole vessel 
were enforced using the production method mentioned. 
Dimensions of the vessel and requirements of machin
ing accuracy occasioned the design and production of 
a new self-turnable cutting machine for machining 
inner surfaces of the vessel over all its height. 

The shortened model of the pressure vessel, scale 
1:1, has an average diameter of 5 m and is 12m high 
including the domed cover. Height shortening of the 
vessel was performed by excluding identical parts of 
the vessel column rings and one ring with ducts. The 
volume of the model is 150m3, about half the volume 
of the real pressure vessel (Fig. 27). 

The results of the research and development pro
gramme and experience gained during the production 
of the model are useful not only for verifying the 
accuracy of the project for the design of the reactor 
pressure vessel for the first Czechoslovakia nuclear 
power station. In addition, they have given a large 
amount of useful technical data for design and pro
duction of large dimensioned pressure vessels. These 
results also have wide importance and extensive use in 
many technical and production fields related to the 
national economy of Czechoslovakia. 
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ABSTRACT -RESUME-AHHOTAUli1JI-RESUMEN 

A/522 Tchecoslovaquie 

Cuve sous pression pour Ia premiere 
centrale nucleaire tchecoslovaque 

par J. Hauer et a/. 

Un des types fondamentaux de reacteur de puis
sance qui ont ete mis a l'essai dans le cadre d'un 

- vaste programme de recherches sur prototypes, 
execute en Union sovietique et dans les democraties 
populaires, est le reacteur a cuve sous pression et a 
aiguilles d'uranium nature!, ralenti a l'eau lourde 
et refroidi par un gaz. 

Les dimensions generales de la cuve sont fonction a 
la fois de la conception du reacteur et de la puissance 
nominale, qui est de 150 MW(e). Etant donne les 
specifications relatives aux espaces minimaux entre 
les canaux pour combustible, les dimensions de la 
cuve et l'epaisseur des parois sont telles que la 
fabrication, le soudage et les essais de controle sont 
tres difficiles a realiser. Pour cette raison, il faut, au 
stade des etudes, determiner les formes et dimensions 
optimales pour les parties les plus delicates de la cuve, 
telles que le couvercle, le joint a collier, le support 
conique, et surtout les branchements a l'entree et a 
la sortie des conduites du fluide de refroidissement. 
On a pu trouver les solutions theorique et experi
mentale de ces problemes en appliquant a des modeles 
des methodes de tensometrie et de photoelastici
metrie. On a etudie la concentration des contraintes 
dans les parties de la cuve cylindrique qui sont 
affaiblies par la presence des branchements, ainsi que 
les effets, sur cette concentration, des variations de 
certains parametres: dimensions et forme du trou, 
nombre de trous sur la circonference, renforcement 
du trou au moyen du branchement et traitement local 
du branchement au passage a travers la paroi de la 
cuve. 

Lorsque la cuve est soudee, il y a un risque de 
cassure nette soudaine. 

En consequence, on a fait des essais de flexion sur 
grandes eprouvettes entaillees. Les resultats montrent 
que la resistance varie selon la dimension de l'eprou
vette et l'effet d'entaille. Les auteurs traitent de !'analyse 
des caracteristiques des deformations et precisent les 
notions de cassure rapide nette et de cassure rapide 
plastique. 

En outre, on a mis au point l'essai systematique de 
grandes eprouvettes dont l'epaisseur correspondait a 
l'epaisseur reelle de la paroi de la cuve. Ces eprouvettes 
ont ete essayees sur un grand appareil d'une force de 
6 000 t. On a etudie les resultats de certains des essais 
faits jusqu'a present sur de grandes eprouvettes et on 
les a evalues au point de vue des conditions extremes 
auxquelles sera soumise la cuve du reacteur. 

On a fait un examen critique de !'importance que 
presentent des essais portant sur de petites eprouvettes 
et leurs resultats, selon la temperature de transition 
et la temperature d'arret des fissures. 

La cuve du reacteur sera en acier ordinaire au 
carbone et au manganese, a grain fin; cet acier, qui 
ne subira pas de vieillissement, sera produit au four 
Martin-Siemens et coule a la pression atmospherique 
en lingots de 43 tonnes. 

Les pieces forgees (demi-produits avec branche
ments) et les brames dont on fait les demi-produits 
plats sont obtenus par forgeage des lingots avec une 
presse de 12 000 t. Aux demi-produits, on fait subir 
un matri<;age ala presse de 12 000 t pour obtenir des 
pieces ebauchees. Avec les pieces finies, on construit 
les diverses parties de la cuve par soudure electrique. 
Les parties de la cuve sont assemblees, par soudure 
electrique, soudure semi-automatique dans une atmo
sphere de C02, et soudure manuelle pour former le 
couvercle et le corps de la cuve. Pour eliminer les 
tensions, la cuve est traitee dans un four electrique 
special. 

Avant le soudage, il a fallu proceder a diverses 
experiences pour controler la soudabilite de l'acier, 
mettre au point les meilleurs materiaux comple
mentaires pour les differentes methodes de soudure, 
approfondir la technologie du soudage et du pre
chauffage, verifier la grandeur des contraintes et des 
tensions, determiner un traitement thermique appro
prie apres soudure, etc. Ces essais ont ete faits non 
seulement sur des toles, mais egalement sur des 
pieces fabriquees a l'echelle grandeur. 

Tout le processus technologique de la construction 
de la cuve- depuis la fabrication de racier jusqu'aux 
essais de la cuve soudee et ayant subi un traitement 
thermique- comporte une serie d'operations qui 
influent sur la qualite du metal de base et des joints 
soudes. Pour cette raison, on a intercale entre les 
diverses phases de la construction un certain nombre 
d'essais de reception en vue de depister en temps utile 
les pieces defectueuses. 

Pour eprouver la technologie de la construction 
de modeles et en tirer des conclusions en ce qui 
concerne la surete de la cuve, on a presque acheve 
la fabrication a l'echelle grandeur d'un modele de 
cuve plus court que la normale. Ce modele ne com porte 
ni la partie cylindrique simple ni le collier avec 
branchement pour l'arrivee du fluide de refroidisse
ment. 11 sera soumis a des essais de resistance et de bon 
fonctionnement. 

A/522 ~exocnoeaKHH 

Hopnyc peaKropa nepsoH 4exocllo
sa~KOH aTOMHOH 3JleKTpOCTaH~HH 

~. Xayep et al. 

0AHHM II3 OCHOBHhiX TllllOB :mepreTnqeCKIIX pe
aKTOpOB, paapa6aTLIBaeMhlX B CCCP n cTpaHax 
HapoAHOii AeMoKpaTnn, HBJIHeTCH peaKTop Kopnyc-
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HOro THIIa Ha IIpHpO,!l;HOM ypaHe C THffieJIOBO,!l;HbiM 

aaMe,U:JIHTeJieM, oxJiam.n;aeMbiH raaoM, c TeiiJIOBbi

.n;eJIHIO~HMH aJieMeHTaMH IIPYTKOBoro THIIa. 

TaKaH KOHCTpyKn;HH H Mo~HOCTb peaKTopa 

150 Mer ( :m.) IIpe.n;oiipe.n;eJIHIOT ocHOBHbie paa

Mepbi ero Kopiiyca. IlpH co6Jiro,u:eHHII aa.n;aHHoro 

MllHHMaJibHOfO mara Mem,u:y TeiiJIOBhl,!l;eJIHIO~IIMU 

:lJleMeHTaMH ra6apnThl Kopiiyca H TOJI~Ima ero 

CTeHOK ,!l;OCTJiraiOT 3Ha'IHTeJibHbiX paaMepOB, KOTO

pble YCJIOffiHHIOT H3fOTOBJieHHe, OCo6eHHO CBapKy 

n KOHTpOJib. IIo:noMy KoHcTpyKD;HH ,u:oJimHa 

ofieCIIe'IHBaTb OIITHMaJibHbie paaMepbi H tflopMbi 

Y3JIOB KOpiiyca, HCIIbiTbiBaiO~HX HaH60JibillYIO Ha

rpyaKy, TaKHX, KaK KphlmKa, qJJiaHn;eBbie coe,u:H

HeHHH, KOHYCHOe OCHOBaHHe, a rJiaBHOe, BXO,!l;Hbie 

H Bbixo.n;H~>re IIaTpy6KH ,n;JIH oxJiam.n;aro~ero raaa. 

8TH IIpo6JieMbi ObiJIII pemeHhl TeopeTH'IeCKH H 

3!\CIIepHMeHTaJibHO Ha MO,!l;eJIHX IIpH IIOMO~H TeH-

30MeTpH'IeCKOfO H OIITH'IeCKOfO MeTO,!l;OB HCCJie,U:O

BaHHH HaiipHmeHHii. IJpH 3TOM H3y'IaJIOCb BJIHH

JIHe pa3JIH'IHbiX <f>aKTOpOB Ha KOHD;eHTpan;HIO Ha

npHmeHHH B MeCTaX D;HJIHH,!l;pH'IeCKOfO Kopnyca 

peaKTOpa, OCJia6JieHHbiX IIaTpy6KaMH, TaKHX, KaK 

paaMephl H <f>opMbJ OTBepCTHH, KOJIH'IeCTBO OTBep

CTHH IIO ,n;HaMeTpy, meCTKOe KpeiiJieHHe OTBepCTHH 

IIaTpy6Ka II MeCTHaH MO,!l;HWHI\all;UH IIepexo.n;a 

na Tpy6Ka B Kopnyc. 

Y CBapHbiX KOpiiyCOB OIIaCHO IIOHBJieHHe BHe-

3aiiHhiX xpyiiKHX II3JIOMOB. 

IJ03TOMY IIpOBO,!l;HJIHCb IIpe,n;BapHTeJibHble HCIIbi

IIbiTaHHH Ha IIarH6 KpynHora6apHTHbiX o6paan;oB 

c HaA,PeaaMH. PeayJI~>TaTbi IIOKaaaJIH aaBHCHMOCTb 

npo'IHOCTH OT paaMepoB o6paan;oB H Ha.n;peaa. 

BhiJJ npoBe,n;eH aHaJIH3 xapaKTepHCTHK .n;e<f>opMa

rvm II YTO'IHeHhl IIOHHTHH 6hiCTpOrO IIJiaCTHtleCKO

ro II 6hlcTporo xpynKoro ll3JIOMOB. 

,[(aJiee 6biJI paapa6oTaH npoeKT cncTeMaTM'Ie

CKilX llCIIbiTaHHH KpyiiHbiX Y3JIOB II o6pa3D;OB He-

60JibillliX paaMepOB B HaTypaJibHYIO TOJI~llHY 
CTeHKll KOpiiyCa. lfCIIbiTaHllH 3TllX o6pa3D;OB IIpO

BO,!l;HTCH Ha THffieJIOH HarpyaO'IHOH MaillHHe C ycll

JIIIeM 6000 r. MayqaJIHCb peayJI~>TaTbi HeKoTophlx 

npoBe,n;eHHbiX K HaCTOH~eMy BpeMeHH llCIIbiTa

TaHHH Ha ll3fll6 KpyiiHOra6apllTHhiX o6pa3D;OB 

C TO'IKH apeHllH on;eHKH IIpe,n;eJibHOfO COCTOHHKH 

Kopiiyca peaKTopa. 

BhiJI IIpoBe.n;eH KpllTH'IecKnii anaJIH3 n on;eHKa 

HCIIbiTaHHH o6pa3D;OB He60JibillHX paaMepoB IIO Be

JIU'IHHe IIepeXO,!l;HOH TeMIIepaTyphl H TeMIIepaTy

pLI, Heo6XO,!l;HMOH ,!l;JIH IIpeKpa~eHHH paCTpeCKH

BaHHH. 

Ropiiyc peaKTopa 6y.n;eT HaroTOBJien na MaJio

yrJiepo.n;HcToii MapraHn;eBoii KOHCTPYKD;HOHHOii 

MeJIKoaepHHCToii CTaJIH. HecTapero~aH cTaJib IIpo

naBO,!l;HJiaCb B CM-IIe'Iax n OTJinBaJiacb B CJIHTKH 

B€COM 43 T 6ea IIpllMeHeHllH BaKyyMa. 

Ma CJIHTKOB cBo6o.n;Hoii KOBKOii Ha 12 000 r 
IIpecce ll3fOTOBJIHJillCb <f>aCOHHLie IIOKOBKll aaro

TOBOK C ropJIOBHHaMH ll CJIH6LI, 113 KOTOpLIX IIpO

KaTLIBaJIHCb JillCTOBLie aaroTOBKH. Ma aaroTo

BOK Ha 12 000 T IIpecce mTaMIIOBaJIHCb cerMeHThl, 

KOTOphle 3JieKTpomJiaKOBOH CBapKOH CBapllBllJillCb 

B OT,n;eJibHhle yaJILI KOpiiyca. Ma yaJIOB IIOCJie ux 

oopa6oTKII 3JieKTpOmJiaKOBOH IIOJiyaBTOMaTll'Ie

CIWH B aTMoc<f>epe C02 11 pyqHoii CBapKoii 6hiJIH 

CBapeHbi KOJibD;eBhiMH illBaMll KpbiillKa ll 1\0pnyc 

peaKTopa. 0Tmllr Kop11yca ,n;JIH ycTpaHeHHH Ha

upHmeHHii 11pOBO,!l;HJICH B Cllen;HaJibHOH 3JieKTpO

IIe'Ill. 

,[(o HeiiOCpe,!l;CTBeHHOfO IIpOBe,n;eHHH CBapKll KOp

nyca B mHpOKOM 06'beMe 11pOBO,!l;HJillCb 3KC11epH

Ml'HTaJibHble pa6oTbi 110 llpoBepKe CTaJIM Ha cBapH

naeMoCTb, no paapa6oTKe HaH6oJiee npHro,!l;HbiX 

IIpllCa,n;O'IHbiX MaTepllaJIOB ,!l;JIH BCeX Bll,!l;OB CBap

KH H OBJia,n;eHHIO TeXHOJIOfHeH CBapKH H 11pe,n;Ba

pHTeJibHOfO HarpeBa llpll CBapHe, a TaKme llCCJie

)J,OBaHUH 110 OIIpe,n;eJieHHIO BeJill'IHHbl BHyTpeHHUX 

HaiipHmeHMii: 11 .n;e<f>opMan;Hii H 110 paapa6oTKe pe

mHMOB TepMoo6pa60TKH IIOCJie CBapKH ll T. ,n;.; 

HCIIbiTaHHH llpOBO,!l;HJIHCb He TOJibKO Ha IIJIHTaX, 

HO H Ha yaJiaX HaTypaJibHbiX paaMepoB H TOJI~HH. 

Becb TeXHoJiorH'IecKuii IIpou;ecc H3rOTOBJieiiHH 

l<OpllyCa OT BapKH CTaJIH ,!l;O IIpOBe,n;eHUH UCIIhiTa

HHH cBapeHHoro H TepMn'IeCKH o6pa6oTaHHoro 

IWpllyCa BKJIIO'IaeT pH,!l; 011epan;nii, KOTOphle BJIHH

IOT Ha Ka'IeCTBO OCHOBHOfO MeTaJIJia ll CBapHbiX 

coe,n;MHeHMH. IIoaTOMY B paaJillqHhle <f>aahl llpoMa

no.n;cTna BKJiroqeHbl uoouepan;MoHHhle IIpHeMoqHbJe 

UCilbiTaHllH C n;eJibiO CBOeBpeMeHHOfO o6Hapyme

HHH ,n;eTaJieH C HaJillqHeM ,n;e<f>eKTOB. 

B HaCTOH~ee npeMH ,!l;JIH llpOBepKll paapa6oTaH

noii TeXHOJIOfHH 11pOll3BO,!l;CTBa ll KOMIIJieKCHOH 

OIJ,eHKll 6eaoiiaCHOCTH 3KCIIJiyaTaD;HH 1\0pllyca pe

ainopa aaKOHqeHO ll3fOTOBJieHHe COKpa~eHHOH 
Mo,n;eJIH Kopiiyca B MacmTa6e 1 : 1. Mo.n;eJib coKpa

~eHa 110 ,n;JIHHe aa cqeT rJia,n;Koii D;llJIMH,n;pHqecKoii 

qaCTH H KOJibD;a C llaTpy6KaMH ,!l;JIH IIO,!l;BO,!l;a OX

Jiam.n;aro~ero raaa. Mo.n;eJib 6y.n;eT llo,n;BeprHyTa 

IIpoqHOCTHhiM ll <f>yHKD;llOHaJibHbJM llCIIhiTaHllHM. 

A/522 Checoslovaquia 

Vasija de presion para Ia primera central 
nuclear de Checoslovaquia 

por J. Hauer et a/. 

Uno de los tipos fundamentales de reactores de 
potencia ensayados dentro del marco de una amplia 
investigacion de diferentes prototipos en la URSS y 
los Estados democraticos populares, es el reactor con 
vasija de presion, alimentado con elementos com
bustibles, de uranio natural, en forma de varilla, 
moderado con agua pesada y refrigerado por gas. 

De acuerdo con el concepto de reactor y con la 
potencia establecida, de 150 MW(e), se fijaron las 
dimensiones fundamentales de la vasija de presion 
del reactor. Se obtuvieron asi, para el espaciado 
minimo previsto de los canales del combustible, 
grandes dimensiones de la vasija y grandes espesadores 
de pared lo que lleva consigo dificultades para 
efectuar las soldaduras y para inspeccionarlas. Por 
esta razon, el proyecto debe resolver el problema de 
las dimensiones 6ptimas y el diseiio particular de las 
partes mas dificiles de la vasija, tales como la tapa 
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superior, las juntas de las bridas, el soporte conico, y 
especialmente, las conexiones interior y exterior para 
las conducciones del gas refrigerante. Estos problemas 
fueron resueltos teorica y experimentalmente sobre 
modelos siguiendo tecnicas tensiometricas y foto
elasticimetricas. Se estudiaron diversos efectos !>obre 
el grado de concentracion de tensiones en lugares 
debiles de Ia vasija de presion cilindrica, debidos a las 
conexi ones de las tubuladuras: magnitud y forma del 
agujero, numero de agujeros situados sobre una 
misma circunferencia, refuerzo del agujero con las 
tubuladuras de union y modificacion local transitoria 
de Ia tubuladura en Ia pared de la vasija de presion. 

En las vasijas de presion soldadas existe el peligro 
de Ia aparicion repentina de fracturas fnigiles. 

Por esta razon se realizaron ensayos previos de 
plegado en grandes componentes con entalla. El 
resultado demuestra la dependencia de la resistencia 
con la magnitud y el efecto de la entalla. Se indica el 
amilisis de las caracteristicas de la deformacion y la 
especificacion de las fracturas compacta phistica y 
compacta fnigil. 

Ademas, se llevo a cabo un proyecto para el 
ensayo sistematico de componentes normales y pro
betas de gran tamafio con espesores analogos a los 
de Ia pared de la vasija de presion real. Estos ensayos, 
con tales pro betas, se realizaron con grandes maquinas 
de ensayo de 6 000 t de carga. Se han estudiado los 
resultados de algunos ensayos realizados hasta Ia 
fecha con componentes de gran tamafio, asi como lo 
que su valor representa con respecto a la condicion 
de contomo de la vasija del reactor. 

Se llevo a cabo un analisis critico de la importancia 
de los ensayos sobre probetas pequefias y de los re
sultados de los mismos, de acuerdo con la temperatura 
de transicion y con Ia temperatura a Ia que las grietas 
no prosiguen. 

La vasija de presion sera fabricada con acero de 
construccion al manganeso, de bajo contenido en 
carbono, de grano fino, producido, en calidad 
estabilizada, en homos Martin-Siemens y colado a Ia 
presion atmosferica, en lingotes de 43 t de peso. 

A partir del lingote, se conforman, con forja 
libre, en prensas de 12 000 t, tanto los productos 
semiacabados incluyendo las tubuladuras, como los 

J. HAUER et a/. 497 

desbastes pianos (palanquillas) de los cuales se sacan 
por prensado, las chapas semiacabadas. A partir de 
estos, se conforman los segmentos por estampacion, 
en prensas de 12 000 t, soldandose las diferentes 
partes de la vasija de presion segun Ia tecnica de 
soldadura con electroescoria. Las unidades completas, 
es decir, la parte central y superior de la vasija de 
presion, se forman, a partir de los componentes 
terminados, soldando circunferencialmente, segun Ia 
tecnica de electroescoria, semiautomatica, bajo atmos
fera protectora de C02 y por soldadura manual. Las 
tensiones introducidas por estas operaciones, en Ia 
vasija de presion, se eliminan, introduciendo esta 
en un homo de resistencia electrica especialmente 
disefiado para este objeto. 

Antes de Ia soldadura, fue necesario llevar a cabo 
un amplio trabajo experimental para garantizar Ia 
soldabilidad del acero, desarrollar los restantes 
materiales mas adecuados para todos los metodos de 
soldadura, conocer a fondo Ia tecnologia de Ia 
soldadura y del precalentamiento, comprobar Ia 
magnitud de las tensiones y las deformaciones, 
encontrar un tratamiento termico adecuado para 
despues de Ia soldadura, etc. Estos ensayos fueron 
realizados no solamente en las chapas sino tambien 
en partes de la vasija, a escala natural. 

El ciclo tecnologico completo que cubre Ia fabri
cacion de la vasija de presion, desde Ia produccion 
del acero hasta el ensayo de Ia vasija soldada y 
tratada termicamente, incluye una secuencia de 
operaciones que afectan a Ia calidad del material de 
base y de las juntas soldadas. Por este motivo es 
necesario realizar ensayos especiales entre las dis
tintas operaciones de las diversas fases de fabricacion, 
que tienen por objeto detectar a tiempo una pieza 
defectuosa. • 

Esta finalizando Ia construccion de un modelo 
simplificado de esta vasija, a escala 1:1, con objeto 
de comprobar el desarrollo de la tecnologia de 
fabricacion y poder dar conclusiones en lo que se 
refiere a Ia seguridad de Ia vasija de presion. El 
modelo carece de Ia porcion cilindrica y del anillo 
con las tubuladuras para Ia entrada del gas refrige
rante. El modelo se destinara a ensayos de resistencia 
mecanica y de funcionamiento. 



P/810 Sweden 

Design and manufacture of the reactor pressure 
0 

vessels for the Agesta and Marviken Power 
Stations and some future developments 

By 0. Hellstrom* 

Reactor development work in Sweden has been 
concentrated, since 1958, on heavy water reactors of 
the pressure vessel type. The first example of this type 
in Sweden, the Agesta PHWR reactor, went critical 
in July 1963 and after a research programme of core 
physics and thermal behaviour the reactor was 
increased to full power, 65 MW, at the beginning of 
March 1964. From a general point of view the Agesta 
reactor-in itself too small to be an economical power 
production unit-might be regarded as the starting 
point for two attractive outlines of pressure vessel 
unit development for competitive nuclear power, 
namely: 

(a) The uniform lattice reactor (homogenized), 
PHWR, and 

(b) The natural circulation direct cycle boiling 
heavy water reactor equipped with facilities for 
internal superheating, BHWR. 

The Marviken Power Station is of the second type 
and is designed for an electrical output of 140 MW 
with saturated steam operation and 200 MW with 
nuclearly superheated steam. The pressure vessel for 
this plant has been designed and the manufacture has 
started. 

The general aim of the power plant operators is to 
increase power rating and to use more advanced 
thermal behaviour and fuel handling facilities within 
the reactor vessels. This is accompanied by an increase 
in both pressure vessel dimensions and the various 
difficulties of obtaining practical solutions to design, 
materials and fabrication problems. The increase in 
geometrical size can be taken care of by using more 
advanced designs, better materials and adjusted 
fabrication methods. 

Design basis 

The basis for the design of nuclear pressure vessels 
in Sweden has been the Swedish Pressure Vessel Code. 
In addition to Code requirements, several special 
rules have to be complied with. 

The Swedish Pressure Vessel Code is based on yield 
strength with regard to thickness calculations. For 
each material, a certain yield strength at room 
temperature is specified. For different temperatures, 

* Uddeholms Aktiebolag, Degerfors, Jarnverk 
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a calculation value is given, corresponding to a stress 
value slightly below the yield strength at this tempera
ture. 

To obtain the allowable stress, the calculation value 
is modified by a safety factor and a weld joint factor. 
The latter has a value of 0.9 for qualified vessels. The 
factor of safety for membrane stresses is 1.5 and for 
bending plus membrane stresses 1.1-0.73. 

When starting work on the Agesta vessel, compara
tively little was known about radiation damage of 
the material used. It was therefore considered safest 
to assume the whole vessel to be brittle and allow for 
no plastic flow. In other words, all the calculated 
stresses were below the yield point of the material. 

During the work on Agesta it became apparent that 
with more knowledge about material properties it was 
unnecessary to have this requirement of stresses 
below yield. 

For the Marviken vessel slightly different rules are 
used. They are given briefly below: 

(a) Swedish Pressure Vessel Code shall be complied 
with, and 

(b) The stress calculation shall take into account all 
stresses (membrane, bending, stress concentra
tions and thermal stresses). Where multi-axial 
stresses exist, a combined stress shall be 
calculated. 

The calculated stresses shall be in accordance with 
the allowable level for all normal conditions of the 
reactor (even fast shut-downs, scrams, etc.). For 
certain types of more serious accidents it shall be 
determined that plastic deformation of the components 
is not great enough to preclude the use of components 
afterwards. 

All stresses shall be calculated assuming complete 
unlimited elastic behaviour of the material. 

The maximum allowable stress in a point shall be 
less than twice the calculation value divided by DF. 
Mean stress in a section shall always be below two 
thirds the calculation value. Values of DF are given 
in Table 1. 

For internal components which do not carry any 
pressure, and are mainly subjected to thermal and 
bending stresses, the allowable stress is 

O"au = (ay at 20 °C + ay at desired temperature)/ SF 
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Table 1. The factor OF 

Part 

Flange, head and cylindrical shell subject to bending 1.8 
Unsymmetrical nozzle . . . . . . . . . . . . . 1.6 
Symmetrical nozzle . . . . . . . . . . . . . . 2.2-1.6 
Thermal stress in transition between two materials 

of different coefficient of expansion . . . . . . 1.8 

This means a safety factor of SF against repeated 
plastic flow. For non-local stresses SF = 1.5 and for 
local stresses SF = 1.2. 

Agesta PHWR vessel 

The reactor pressure vessel is shown in Fig. 1 and 
the principal data are given in Table 2. 

The pressure vessel consists of a bottom dome and a 
cylindrical shell with an upper flange. The shell is 
made of sandwich rolled stainless clad pressure 
vessel steel. The flange is made of forged parts welded 
together. Its inside and sealing joint surfaces are clad 
with stainless steel by overlay welding. 

The bottom dome is of an ellipsoidal shape with 
eight main nozzles for the coolant inlet and outlet. 
Originally this dome was designed torispherical. 
Strain measuring on a scale model, however, gave 
stress concentrations of too high a magnitude. 
Consequently the shape was changed to ellipsoidal 
which was assumed to decrease the stress concentra
tions around the nozzles. The theoretical results were 
confirmed by strain measurements on the full scale 
vessel in connection with the final pressure test. 

The top cover has the form of a flat lid, comprising 
two main plates, separated by a grid of 50 mm thick 
and 1 200 mm high plates and surrounded by a 
cylindrical shell. The lid is equipped with light water 
circulation for balanced heating and cooling guided 
by and controlled against the reactor coolant tempera
ture. The height of the top cover is dictated not only 
by the need for a rigid lid to avoid too high stresses 
in the nozzles passing through it, but also by the 
need to keep a low radiation level at the upper 

Table 2. Survey of reactor vessel data 

Agesta Marviken 
PHWR BHWR BASHFUL-660 

Design 
pressure .bar 40 57.5 80 
Design 

temperature . oc 251 272 293 
Vessel inner 

diameter .m 4.555 5.22 6.6 
Cylindrical wall 

thickness mm 65 76 120 
Bottom dome wall 

thickness mm 65 70 175 
Vessel steel type . carbon- carbon- 9% ni-

manganese manganese- steel 
molybdenum 

Vessel height. .m 9.5 23.96 26.75 
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Figure I. Agesta PHWR vessel 

closing plate and the tightening flange so that the top 
plate can be assessable whenever the reactor is shut 
down. 

The flange design permits reactor start-up or 
shut-down in ten hours without producing over
stresses in either the vessel or the top cover. The 
flange itself is sealed by a primary lens-formed silver 
gasket and a secondary seal-welded torus. 

All heavy water surfaces are smoothed to a micro
depth of profile of the order of 0.016 mm to prevent 
contamination. 

To investigate the embrittlement of the vessel steel, 
special channels for boxes containing test pieces are 
arranged in the outer portion of the radial stainless 
steel shielding. 

Marviken BHWR vessel 

The reactor vessel is shown in Fig. 2 and the 
principal data are listed in Table 2. 

Contrary to the Agesta vessel the internal shell 
surface is clad with stainless steel by overlay welding. 
The welding is to be carried out by the submerged arc 
process with a 60 mm broad and 0.6 mm thick band as 
additional material instead of wire rods. The require
ment for the micro-depth of profile is a maximum of 
0.035 mm and investigations have shown that the weld 
deposit has a surface finish which satisfies this require
ment without any machining or grinding. 

The bottom dome is hemispherical with the central 
cap of thicker plates than the rest of the dome. The 
penetrations are: 

32 superheater nozzles; 
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Figure 2. Marviken BHWR vessel 

34 nozzles for indicating position of the control rods 
by ultrasonics; 

12 nozzles for neutron detectors; 
8 nozzles for start-up heating and coolant inlet; 
1 nozzle for transport channel for control rods and 

fuel elements. 
The bottom dome design and manufacture requires 

high quality work and careful studies of all technical 
details have been made. The nozzles are of the set-on 
type and for welding of these to the dome bent elec
trodes will be used to some extent. 

Special attention has been paid to the superheater 
nozzle itself, illustrated in Fig. 3. The temperature 
distribution and the corresponding thermal stresses 
have been carefully studied, and suitable insulation 
between· the steam and the nozzle walls has been 
developed. 

The design also involves some rather intricate 
problems of joining different structural materials. 

As the hydraulic driving devices for the control 
rods are arranged internally, penetrations for these 
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Figure 3. Superheater nozzle 

driving units are eliminated from the vessel itself. 
The cylindrical shell is penetrated by nozzles for: 
feed water, control rods (drives), pressure relief valves, 
emergency cooling of boiler fuel elements, canning 
leak detection and for emergency cooling of super
heater fuel elements. 

For a vessel of this size and pressure, the main 
flange gives rise to difficult problems. A conventional 
solution would give very heavy sections. This is a 
manufacturing problem and also a thermal stress 
problem, due to gradients through the sections. 

A solution similar to the Agesta flange was found to 
be unsatisfactory for various reasons. 

In conventional flanges, the flange dimensions are 
chosen such that the flange has a sufficient torsional 
stiffness to withstand the twisting moment, without 
giving too high stresses in the shell. In the new flange 
concept (patented) the twisting moment is eliminated. 
The flange design is shown in Fig. 4, and the forces 
acting are shown schematically in Fig. 5. The bolt (I) 
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Figure 4. Marviken flange 

passes through a piece (2) the length of which is 
approximately the bolt pitch. (1) engages in the fixed 
flange ring ( 4). To keep the pieces (2) apart, supporting 
legs (3) are spaced between the bolts. 

As will be seen from Fig. 5 all the forces acting in 
the fixed flange rings are passing through one point, 
giving no moment on the ring. Some bending will be 
introduced in the bolts during tightening, due to 
parallel movement of centre-lines in piece (1) and bolt 
holes, but its magnitude is small. Only the bolts on 
one side require tightening. The whole arrangement 
except the upper set of bolts may be mounted on the 
upper flange before placing the cover in position. 
There are 112 details of each sort in the flange. 

The material in the flange rings can be made of a 
lower quality steel than the rest of the shell due to the 
fact that practically no bending occurs. The loose 
details are made of high quality tough-hardened 
chromium-molybdenum quenched steel. 

A model of the flange about 1 metre in diameter has 
been built (Fig. 6). Practical tests have verified the 
theoretical results. 

Because of its relatively small dimensions and the 
symmetry of the bolt arrangement the flange is very 
advantageous from the thermal stress point of view. 

The bolts are to be tightened by specially designed 
hydraulic tools. These are designed to operate under 
water if necessary and be remotely controlled. This 
may be necessary should certain types of accidents 
occur. 

The closing cover consists of a cylindrical part with a 
flange and a hemispherical head. In the hemisphere 
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Figure 5. Force diagram of Marviken flange 
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there are three nozzles for television cameras for 
inspection of the internal surface and internal parts. 
The charging machine is supported in the large 
central nozzle. This machine can be lifted out of the 
reactor through this nozzle for service and the main 
flange need not be opened. 

One of the more difficult stages in the manufacture 
is to keep the very narrow tolerances between the 
support of the charging machine, and the nozzles 
for superheaters in the bottom flange. 

Project study BASHFUL-660 vessel 
A drawing of this pressure vessel is shown in Fig. 7 

and the principal data are given in Table 2. 

'• . 
Figure 6. Model of Marviken flange 
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Figure 7. BASHFUL-660 vessel 

This design is different from Marviken m the 
following respects: 

(a) Dimensions and plate thickness are increased, 
(b) The vessel has no main flange, 
(c) The superheater element has been concentrated 

in the centre of the core. This decreases the pitch 
between the nozzles in the bottom to about half the 
pitch in the Marviken vessel. This gives a very difficult 
welding problem, as the space between the nozzles 
will be very limited, 

(d) The thermal shields have been replaced by a 
thin Zircaloy tank, surrounding the core. 

As the vessel is designed without a main flange it is 
necessary to assemble the internals before welding the 
shell completely together. It is not practical to insert 
tl!e internals prior to transport, and the vessel will 
therefore have to be shop manufactured in at least 
two pieces which will be welded together on site. 

0. HELLSTROM 

This method also makes it possible to choose a suitable 
transport weight. 

The Marviken vessel will give valuable experience 
for manufacturing a vessel in this way. 

Due to the limited size which can be taken into the 
machines the vessel will be made in two or three 
finished parts which are welded together and locally 
heat treated. A mock-up assembly of the internals will 
be carried out before the vessel leaves the workshop. 

Steels for reactor vessels 

For the Agesta vessel a carbon-manganese steel 
containing 0.16% C and 1.6% Mn was used. This 
steel is a slight modification of the standard Swedish 
pressure vessel steel SIS-14-2103. Yield strength is 
30 kpfmm2 at 20 °C and 24 kp/mm2 at the design 
temperature of 250 oc. Impact strength is a minimum 
of 2.8 kpm at -20 oc in the Charpy V test. 

For the Marviken vessel it was considered necessary 
to use a steel of higher strength in order to restrict the 
thicknesses and thereby obtain easier welding and 
better quality control. As radiation embrittlement 
data was necessary to have before definitely choosing 
material, it was considered advantageous to choose a 
material which had been tested by others and used 
previously for reactors. 

After a study of suitable materials to fit the above 
mentioned requirements it was decided to use the 
American pressure vessel steel ASTM-A-302 B with 
some light modification in order to get better welding 
and impact properties. Our own steel DE-631 A has 
the following specification for mechanical properties: 
yield strength at room temperature minimum 42 
kp/mm2, yield strength at 275 °C minimum 33 kp/mm2 

and Charpy V-notch impact strength minimum 
2.8 kpm at -20 °C. 

For BASHFUL-660 studies a steel is required 
which, without being too expensive, has the following 
properties: 

(a) High tensile strength; 
(b) Good impact strength; 
(c) Good welding properties. 
By a survey of existing materials in practical use, 

it was found that for instance a 9% nickel steel 
satisfactorily combines the above properties. This type 
of steel was developed for cryogenic service. The 
steel is fine grain treated, has a low carbon content 
(0.08 %) and is alloyed with nickel and a small 
amount of manganese. The structure is composed of 
austenite, bainite and low carbon annealed nickel
martensite. 

The strength properties are very good; the ultimate 
tensile strength is 71 kp/mm2 and the yield strength 
at 20 °C is 59 kp/mm2 and at 300 °C 53 kpfmm2• 

Impact tests show that the energy absorption exceeds 
2.8 kpm at -180 °C. 

It should be mentioned that the above figures refer 
to thinner plate than will be used in BASHFUL-660. 
It is not to be expected that the increase in thickness 
will influence the properties appreciably, but the 
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Figure 8. Welding of bottom dome cap for Marviken 

thickness 120 mm is calculated using a yield strength 
of 42 kp/mm2

• It is probable that the allowable value 
will be higher, when more tests have been carried out. 

For the time being no welding material exists which 
has the same properties as the plate. For vessels built 
in this material an electrode has been used which 
gives the required properties, but has lower tensile 
strength. It is to be expected, however, that with the 
large amount of research going on, suitable electrodes 
will be developed in the near future. 

Shop fabrication 

To manufacture large nuclear pressure vessels it is 
necessary to have heavy shop facilities, especially 
large lathes, boring machines and welding positioners. 
Lifting facilities of the order of 250 tons are necessary 
for current vessels. Future developments may require 
still heavier equipment. The development of suitable 
manufacturing methods requires a number of experts 
in various fields and close co-operation between them. 
It necessitates a large amount of experimental work on 
development of materials, welding techniques, pre
heating temperatures, etc., in order to get a perfect 
result in the shop or on site. Figure 8 shows the 
welding of the bottom dome cap, which will illustrate 
the special arrangements for preheating and tempera
ture measurements all through the welding operation. 
It is to be expected that future vessels will be too large 
to be shop fabricated completely. A smaller or larger 
amount of site fabrication will be necessary. Develop
ment work on suitable welding techniques, electrode 
testing and heat treatment will be necessary. 

It may be assumed safely that with suitable materials 
and techniques, the size limits for steel vessels will be 
large enough for the need of the reactor designer for a 
considerable time to come. 

ABSTRACT -RESU M E-AH HOTAL...Wt.SI-RESUM EN 

A/810 Suede 

Conception et realisation des cuves sous 
pression pour les reacteurs d'Agesta et de 
Marviken et quelques perspectives d'avenir 

par 0. Hellstrom 

Le programme suedois de production d'electricite 
nucleaire a ete, des le debut, concentre sur des reacteurs 
a eau lourde et a uranium nature!. Apres etude, il a 
ete decide de construire le reacteur d'Agesta selon Ie 
type a cuve sous pression. Du point de vue general, 
Ie reacteur d'Agesta peut etre considere comme un 
prototype pour deux filieres interessantes a cuve sous 
pression en vue de la production d'electricite nucleaire 
competitive, a savoir: 

a) Le reacteur a reseau uniforme (homogeneise), 
PHWR, 

b) Le reacteur a eau lourde bouillante a cycle 

direct et a circulation naturelle, equipe de dispositifs 
de surchauffe interne, BHWR. 

La centrale nucleaire de Marviken est du deuxieme 
type et est prevue pour 140 MW(e) en fonctionnant 
avec de la vapeur saturee et 200 MW(e) en fonction
nant avec surchauffe nucleaire. L'etude de la cuve sous 
pression pour cette installation est maintenant 
achevee et sa construction est commencee. 

Le memoire d6crit !'etude et Ia construction des 
cuves so us pression pour les reacteurs d' Agesta et de 
Marviken. Les imperatifs du code, les types et les 
proprietes des materiaux et les calculs d'etude 
speciaux sont examines. De plus, on expose les 
problemes speciaux de construction resultant des 
exigences de poids, des dimensions geometriques et 
des tolerances strictes fixees pour ces cuves sous 
pression. La capacite de !'atelier doit etre suffisante 
pour que ces caracteristiques speciales soient res
pectees. Quant a l'accroissement des dimensions 
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geometriques, on peut prevoir que l'emploi de 
materiaux meilleurs et la revision des methodes de 
construction faciliteront la solution des problemes 
de dimensions durant les 5 a 10 annees a venir. 

Pour des installations depassant de beaucoup 500 
a 600 MW(e), il est probable que les cuves sous 
pression devront etre prefabriquees a l'usine pour 
ensuite etre assemblees sur place selon des techniques 
speciales. 

A/810 Wee4Hll 

npoeKTHpOBaHHe H H3rOTOBneHHe pe
aKTOpHbiX Kopnycos noA AaBneHHeM 
Anft aTOMHbiX 3neKTpocTaHU,HH a Arec
Te H MapBHKeHe H HeKOTOpble 6y
AY~He paapa6oTKH 

0. XenncTpeM 

B niBe):ICKoii nporpaMMe pa3BHTIUf aToMHoii 

:1HepreTHJOI C CaMOl'O HH'IHJia OCHOBHOI' BHHMHHHC 

y):leJUIJIOCh TmKeJIOBO):IHhiM peaxTopaM na upHpOA

uoM ypane. IIocJie upoBe):leHuH PHiW uccJie):loBa

unii: 6hiJio pemeno nocTpOHTh B ArecTe peaKTop c 

KOpnyCOM IIO):I ):IHBJICHHCM. C o6rn;ew TO'IRH 3pCHHH 

peaKTop B ArecTe Momno paccMaTpHBHTh KaK 

npoTOTHII ABYX 3aMaH'IHBhiX THTIOB peaKTopoB c 

KopnycoM 110):1 ):IHBJII'HIII'M, upe):IHH3Ha'IeHHhiX ):IJIH 

UpOH3BO):ICTBa KOJ-IKypeHTOCIIOC06Hoii aTOMHOii: 

:mepHH, a HMCHHO: 

a) peaKTopa c o;{nopo;~uoii pemf'TKoii ( ro~w
reHHhiw} PHWR; 

b) RHnmnero peaRTopa BHWR c upHMhiM u,m\

JIOM H f'eTeCTBE'HHOii. nHPRYJIHnneii, CHa6meHHOl'O 

o6opy):loBanHeM ):IJIH H):lepuoro neperpeBa napa. 

PeaRTop MapBnKencRoii: aToMnoii: 3JieKTpocTan

J~HH OTHOCI!TeH KO BTOpOMY THTIY If paCC'fiiTHH Ha 

:JJieKTpuqecRyiO Mon~nocTh 140 MBr npu pa6oTe c 

naChlJIICHHhiM napoM H 200 MBr npn pa60Te c 

H):II'JlllhiM neperpeBOlii. J\opnyc IlO):I l.(aBJICHHCM 

p;JIH 3Toro peaKTopa yme cnpoeKTnpoBaH, If Ha•m

JIOCh ero H3l'OTOBJieHH!'. 

B fl.OKJiaAe r~aeTcH ouncanue ROHCTPYHnHH II U3-

roToBJieHHH HopnycoB nor~ AHBJieHHeM AJIH peaKTO

poB B ArecTe II MapBHRene. 06cym):laiOTCH Tpe6o

HaHHH HporpaMMhl - RO,[(, TIIIlbi H CBOlfCTBa 

MaTepuaJioB, a TaHme cnenHHJihHbie ROHCTPYRnH

oHHhie pac•JeTbi BaJKHhiX Y3JIOB. KpoMe Toro, 

paccMaTpnBaiOTCH cnenHaJILHhre npo6JieMhi H3ro

TOBJieHnH ROpnyCoB, CBH3HHHhie C BCCOM, reOMCT-

p11'ICCKHMJI pa3MepaMH J1 lt\CCTRIIMH Ll,OIIYC-

KHMH. MacTepCKHe no n3rOTOBJieHniO TaRHx 

KOpnyCOB ;:(OJI/KHhi 6hiTh I'OTOBhi R BhiiiOJIHCHIIIO 

pa6oT c Y'~PTOM 3TH X cneu,HaJihHhiX ycJioBHii.. LJ: TO 

HacaeTcH yBeJin'IeHnH reoMeTpn'IeCHHX pa3MepoB, 
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TO CJiep;yeT npep;IIOJIO>KHTh, 'ITO C HCIIOJlh30BaHHCM 

JIY'IIIIHX MaTepHaJIOB H MCTO,[(OB H3l'OTOBJICHHH 

:JTHM npo6JieMaM MomeT 6hiTh yp;eJieHo oco6oe 

BHHMHHHe B TC'ICHHC CJICfl.YIOJIIHX 5-10 JICT. ,lJ;JIR 

YCTaHOBOK :meRTpH'ICCROH MOIIIHOCThiO 3Ha'IH

TCJihHO Bhnne 500-600 MBr Roprrychi nop; p;aBJie

HHeM, IIO-BH,[(HMOMy, CJiep;yeT H3l'OTHBJIHBaTb B 

MaCTepCRHX H MOHTHpOBaTh Ha MCCTC CTpOHTCJlh

CTBa C HCTIOJih30BaHHeM CllCIJ,HaJibHhiX MCTO)l;OB. 

A/810 Suecia 

Proyecto y construcci6n de vasijas de presion 
para los reactores de las centrales de Agesta 
y Marviken y desarrollos futuros _ 

par 0. Hellstrom 

El programa sueco de produccion de energia se ha 
limitado desde sus comienzos a los reactores de uranio 
natural y agua pesada. Despues de algunos estudios se 
decidio construir el reactor de Agesta, del tipo de 
reactores con vasija de presion. Desde un punto de 
vista general, el reactor Agesta podria considerarse 
como un prototipo para desarrollar dos aspectos 
interesantes de reactores con vasijas de presion, 
capaces de hacer la energia nuclear competitiva, es 
decir: a) reactor con espaciado uniforme (homo
geneizado) PHWR, y b) reactor de agua pesada en 
ebullicion, de ciclo directo, con circulacion natural, 
equipado con instalaciones adecuadas para el 
recalentamiento interno, BHWR. 

La central de Marviken es del segundo tipo y esta 
proyectada para 140 MW(e) con vapor saturado y 
200 MW(e) con recalentamiento. Se ha proyectado y 
ha comenzado ya la construccion de la vasija de 
presion para este reactor. 

La memoria describe el proyecto y la construccion 
de las vasijas de presion para los reactores de Agesta 
y Marviken y se discuten los codigos necesarios, las 
clases de materiales, las propiedades y los calculos 
especiales de las partes interesantes del proyecto. 
Ademas, se presta especial atencion a problemas 
especiales de fabricacion debidos al peso, a las 
dimensiones geometricas y a la necesidad de toleran
cias muy estrechas, de estas vasijas de presion. Los 
talleres deben ser adecuados para atender a estas 
caracteristicas especiales. En lo que respecta al 
aumento en las dimensiones geometricas, puede postu
larse que, usando mejores materiales y metodos de 
fabricacion mas adaptados, los problemas del tamaiio 
podran resolverse adecuadamente, durante los 
proximos 5 a 10 aiios. 

Para centrales con potencias muy superiores a 
500- 600 MW(e) es probable que las vasijas de 
presion tengan que ser prefabricadas en el taller y 
montadas « in situ » utilizando tecnicas especiales. 
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Design, development and manufacture of control rod 
drives for heavy-water power reactors 

By S. Ericsson and B. Ahlnis* 

GENERAL REQUIREMENTS 

Irrespective of the type of reactor there are a 
number of fundamental requirements which the 
design of a control rod drive must fulfil in order to 
be considered suitable as one of the most important 
parts of a nuclear power plant. There is in particular 
the severe requirement for absolute reliability and 
safe function during all reactor operating conditions, 
normal as well as abnormal. The control rod drives 
must be regarded as auxiliary equipment and con
sequently their design must be adapted to the design 
of the complete core as optimized from an economic, 
heat transmission and reactor physics point of view. 
This leads to certain requirements with regard to 
location, allowable space, etc., which it is the task of 
the designer to meet. 

Among the more apparent special requirements 
associated with control rod drives for heavy-water 
reactors is the requirement for complete drainability. 
This is important in order to keep the unavoidable 
loss of heavy water as small as possible when the 
drives are removed from the reactor, for cost as well 
as for health physics reasons. The high cost of heavy 
water also makes it necessary to minimize the amount 
of water in the control rod drive and in the manreuvr
ing and coolant system. The techniques for removing 
and replacing the drives in heavy water reactors must 
also be carefully worked out in order to avoid the 
hazards connected with possible leakage of heavy 
water containing tritium. 

CONTROL RODS AND DRIVE MECHANISMS 

FOR THE AGESTA REACTOR 

Principal design 

The reactor for the Agesta nuclear power plant has 
a pressure vessel with a flat lid penetrated by standpipes 
through which the fuel is charged [1]. The control 
rod drives are located in the standpipes. Pipes for the 
manreuvring, cooling, etc., of the drives are welded 
to the top of the standpipes. 

The drive mechanisms are of two kinds. Sixteen 
coarse control rods and eleven safety rods are driven 
by hydraulically operated step mechanisms (Fig. 1). 

* ASEA, Viisteras, Sweden. 

The two fine control rods have drives comprising a 
piston in a hydraulic cylinder. Only the former 
will be dealt with in this paper. 

The tubular control rod is driven by a hydraulically 
operated jack mechanism. The hydraulic medium is 
0 20 which is taken from the reactor coolant circuit 
and fed to the drive mechanisms through an outer 
manreuvring system. Scram action is obtained by 
releasing the hydraulic pressure from the mechanism. 
The control rod then drops into the core by gravity. 

Control rod design and manufacture 
The control rods are tubular with an outer diameter 

of 104 mm, an inner diameter of 87 mm and a total 
length of 4 400 mm. The neutron absorbing material 
is silver with 15 % indium and 5 % cadmium and has a 
thickness of 3.5 mm and a length of 3 000 mm. 
With regard to the demands for mechanical strength 
and corrosion resistance the silver alloy is clad with 
stainless steel equivalent to AISI type 304 L, the outer 
cladding being 2 mm thick and the inner cladding 
3 mm. The cladding is metallurgically bonded to the 
silver alloy. 

505 

The first step in the production of the 80/15/5 
Ag-In-Cd tubes was the preparation of a master alloy 
of silver plus 30% cadmium. This master alloy to
gether with silver and indium was subsequently melted 
to obtain the desired 80/15/5 composition. The alloy 
thus produced was, after analysis control, remelted 
and cast into billets suitable for extrusion. These 
billets wete given a homogenizing heat-treatment 
prior to piercing and extrusion. The extruded tubes 
were cold-drawn to the required dimension in five 
draws without intermediate annealing. 

From a thermal conductivity point of view it is 
necessary to avoid a gap between the silver alloy 
and the cladding. Therefore a special technique was 
developed to obtain a metallurgical bond between 
the silver alloy and the cladding. 

This technique involved pre-treating the surfaces 
of the cladding that come in contact with the silver 
alloy by electroplating first with nickel and then with 
copper. After assembly and end-seal welding, the 
cladding tubes and the silver-indium-cadmium tube 
were co-drawn to the final dimensions. The co
drawing, which resulted in a reduction in wall thick
ness of about 10% in each of the three tubes, was made 
mainly to obtain good contact between the silver 
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Figure I. Control rod drive for the Agesta reactor 

alloy and the cladding so that metallurgical bonding 
between the silver alloy and the cladding could be 
achieved by vacuum annealing. This anneal results 
in an intermetallic compound between copper and 
silver-indium-cadmium being formed. 

During the development work on this bonding 
technique extensive tests were carried out to determine 
suitable bonding temperatures, times and nickel 
and copper plating thicknesses. The shear and tensile 
strengths of the metallurgical bond were determined 
and the tendency for carbide precipitation in the 
stainless steel cladding was examined. 

The quality of the metallurgical bond was tested 
by ultrasonic inspection. Satisfactory strength proper
ties of the metallurgical bond were shown by 
mechanical testing. 

Figure 2. Bottom-mounted control rod drive for a pressurized
water reactor proposal 

The next step after bonding was to remove the ends 
of the co-drawn tubes. The silver alloy was then 
machined out at each end of the tube to a depth of 
10-15 mm. End rings were welded into each end using 
an automatic TIG-method. 

With regard to the function of the control rod 
drives a good surface finish on the control rods was 
required and therefore the rods were electro-polished 
to a surface finish of 3 flm. 

Drive mechanism 
The hydraulic step mechanism inside the control 

rod has press plates which can be pressed against 
the inside of the rod to hold it in position by friction. 
The step mechanism has two chucks of which the 
lower one is fixed while the upper can be moved 
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axially a distance of 10 mm when pressurized 0 20 
is fed into the space between the chucks. The return 
action is accomplished by a spring and by the weight 
of the chuck. 

The step action is obtained by means of pres
surized water, and the three manreuvring functions, 
"Keep" (lower chuck), "Grip" (upper chuck) and 
"Lift", are used for stepping the rod upwards ac
cording to the following programme: 

Pressurize 
Pressurize 
Evacuate 
Pressurize 
Pressurize 
Evacuate 
Evacuate 

"Keep" 
"Grip" 
"Keep" 
"Lift" 
"Keep" 
"Grip" 
"Lift" 

Stepping downwards is done in principally the 
same way. Scram is obtained by evacuating the man
reuvring pressure for all three functions. The grip 
of the press plates against the control rod is then 
released irrespective of the position of the rod, which 
then drops by gravity into the core. The rod velocity 
is limited by the hydraulic resistance from the water 
passin:g from the moderator, past the rod, into the 
space above. Close to the bottom position an hy
draulic dash pot is arranged to decrease the velocity 
of the rod before it hits the spring buffer. 

The safety and coarse control rod drives have the 
following working data: 

Working pressure .. 
Working temperature 
Step length . . . . . 
Manreuvring speed . 
Drop speed .... 
Time taken for rod to reach max drop 

speed after breaking current to solenoid 
valve .............. . 

Rod travel ............. . 
Total length of control rod drive with rod 

in top position . . . . . . . . . . . 
Max diameter of drive . . . . . . . . . 
Total weight of drive . . . . . . . . . 
Weight of control rod with position indi-

cator magnets . . . . . . . . . . . 

34atm 
220°C 
10mm 
15 steps/minute 
1.6 m/s max 

0.5 s 
3000mm 

5 100 mm 
l82mm 
-400kg 

-100kg 

The drive can be regarded as consisting of three 
concentric tubes. The innermost of these is the 
position indicator tube which contains the transducer 
for the position indicating system, the step mechanism 
being fixed at the lowest part of this tube. The indi
cator tube is surrounded by the control rod and the 
outermost parts are the guide tubes which form a 
container for the inner parts of the drive. 

The plug in the top of the drive seals the standpipe 
by means of a primary seal, which consists of a 
silver ring, and a secondary seal in the shape of a 
pressed sheet metal ring with Teflonized sealing lips. 
Through holes in the conical seat pressurized water 
for the step action is fed to the step mechanism. 

The control rod consists of the absorber tube and 
a guide head. Connected to the guide head there is 
a spring buffer for deceleration of the rod in the bottom 
position on scram occasions. 
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The step mechanism forms th~ real working device 
of the drive. It gives the rod its step action and con
sists of two chuck systems on a vertical shaft. One 
of the chucks is fixed and the other can be moved 
axially a distance of 10 mm. Each chuck has three 
press plates, 120 degrees apart, which can be expanded 
radially against the inner surface of the control rod. 
The press action is obtained hydraulically by pistons 
behind the press plates. For the axial movement of 
the upper chuck there is a working cylinder formed 
between the fixed and movable chucks. 

In the lower part of the guide tube, there is a 
bellow~-shaped buffer. The object of this is to absorb 
by plastic deformation the energy from a rod ac
cidentally dropped when there is no water in the drive 
for braking. 

The transducer for the position indicating system 
is located in the central tube. It consists of an axial 
bifilary-wound potentiometer coil. A contact device 
is driven along the potentiometer coil by permanent 
magnets standing on the control rod head thus causing 
a short-circuit between two adjacent turns. For 
indicating the end limits of the rod travel there are 
three glass switches. 

The control rod drives are exchanged in the reactor 
by the fuel charge machine when the reactor is shut 
down. 

The material in the control rod drive is almost 
entirely austenitic stainless steel. In some special 
cases where there is a need both for good corrosion 
resistance and for reasonably high hardness, for 
example in the press plates of the step mechanisms, 
a precipitation hardening steel has been chosen. 
All springs in contact with the reactor water are made 
from Inconel-X. For bushings and seal rings graphite 
has been used. 

Testing 

During the design and development stage for the 
Agesta control rod drives extensive testing has been 
carried out both as component tests with the most 
important parts and as full-scale prototype tests. 

Among the component tests especially worth 
mentioning are those aimed to develop graphite seal 
rings with a leak tightness good enough to keep the 
amount of manreuvring water at an acceptable value. 
Extensive tests have also been made with the position 
indicator coil in order to reach a solution which 
satisfies the requirements both for acceptable life and 
for easy manufacturing. 

The greatest effort, however, has been concentrated 
on the testing of a full-scale prototype of the coarse 
control rod drive. For this reason a test rig has been 
built, in which the conditions to which the control 
rod drive will be subjected in the reactor at normal as 
well as at conceivable abnormal conditions can be 
simulated. Thus the pressure, temperature, flow pat
tern and water chemistry was the same in the test rig 
as in the reactor. 

The prototype of the coarse control rod drive has 
been run through an extensive test programme for 
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more than ll years. The programme has covered 
prolonged wear tests with stepping and scramming 
at reactor operating conditions to check important 
factors for the life of the drive, such as the variation 
with time of wear and seal ring leakage. Furthermore, 
the function of the drive has been tested at certain 
abnormal conditions such as with water flow inclined 
to the rod, boiling in the moderator, pressure ex
cursions in the moderator, a substantially bent 
absorber rod, etc. Very good results have been ob
tained from the tests and therefore it has been necessary 
to introduce only minor alterations and modifications 
to the design. An example of components which have 
been changed are the graphite seal rings for the step 
mechanism, where the leakage in the beginning was 
too large, but where design modifications have brought 
the leakage down to acceptable values. At an initial 
stage of the testing it was found that the primary seal 
silver ring had inadequate creep strength. This has been 
solved by modifying the analysis of the silver 
alloy. 

During the tests the coarse control rod drive 
prototype has performed more than 1 million steps 
and 1 400 scrams with very good results. 

Manufacturing problems 

The manufacture of the kind of components repre
sented by control rod drives for nuclear reactors 
no doubt offers many new problems to the workshop. 
As the requirements for safe function of the product 
at all instants are so severe, the best machine tools 
and the best personnel must be selected to carry out 
the work. It is also essential to have properly applied 
inspection of the most important parts. 

Many of the manufacturing difficulties can be as
signed to the relatively bad machining properties of 
low-carbon, austenitic stainless steel, and the very 
severe surface finish requirements on surfaces which 
work against graphite components, such as seal rings. 
However, methods have been developed which satisfy 
both the functional requirements and the manufac
turer's desire for high production capacity. 

For the welding of the more important parts with 
high requirements on shape accuracy after welding, 
an automatic tube welding machine, specially de
veloped for site welding of piping systems in Agesta, 
has been used. The welding is done as argon-arc 
welding without filler metal. The design of the auto
matic welder is such that unavoidable warping can be 
kept well under control and can also be effected in a 
desired direction during the welding procedure. 

The manufacture of the very long coil with a 
small diameter for the position indicating system has 
presented considerable problems. Through successive 
tests it has been possible, however, to develop a 
winding method and an insulating material with 
qualities suitable for working at 220 °C. 

Operational experience 
At the time of writing the control rod drives have 

been working in the reactor for more than one year, 

first during the light water test period and after that 
during the low and high power tests with D20. 

The control rod drives as well as their manreuvring 
system have performed very well with only minor 
exceptions. Some problems have arisen with the 
position indicator coils where dust, probably from the 
binding material in the insulating material, has stuck 
to the winding and caused increased contact resist
ance. A modification has been made and will soon 
be tested in the reactor. 

CONTROL ROD DRIVES FOR THE 
MARVIKEN REACTOR 

Principal design 

The Marviken nuclear power plant will have a 
direct cycle boiling heavy-water reactor [2]. In order 
to leave space enough for individual outlets in the 
bottom of the reactor vessel from each superheating 
channel, it has been necessary to locate the control 
rods with their drive mechanisms wholly inside the 
pressure vessel above the core. 

The same design principle is used as in Agesta, e.g., 
the drive consists of a hydraulic step mechanism 
working against the inner surface of the tubular 
control rod. 

In principle the difference in design between the 
Marviken and Agesta drives is due to differences in 
location in the pressure vessel, in environmental 
conditions and in the weight of the control rod. 

Control rod 

In the Marviken reactor it is intended to use the 
same type of control rods as in the Agesta reactor the 
dimensions being slightly changed. Thus the outer 
diameter will be 122 mm, the inner diameter 100 mm 
and the total length approximately 5 100 mm. 

Compared with the control rods in the Agesta 
reactor some modifications to the bonding technique 
are to be made. Tests have shown that a metallurgical 
bond between the stainless cladding and the silver 
alloy can be obtained using only nickel plating. 

In order to further reduce the risk of carbide pre
cipitation in the grain boundaries of the austenitic 
stainless cladding material during the bonding 
treatment a stainless steel equivalent to AISI type 
316 Lis to be used. 

Drive mechanism 

The drive is placed in a guide tube in the core top 
by the internal fuel handling machine. Seal rings in 
the top of the drive mechanism must be designed to 
give adequate sealing action only by the weight of the 
drive itself against the different tube connections in 
the core top through which the manreuvring and 
cooling water is to be fed. The water is fed from the 
manreuvring system in the reactor building outside 
the reactor biological shield to the control rod drives 
through pipes welded to the core top and passing 
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through the pressure vessel wall. Because of a heavier 
control rod the step mechanism has to work with 
higher pressures in the manreuvring functions than in 
Agesta. 

Different types of suitable seals in the top of the 
drive have been theoretically and experimentally 
investigated. The best solution seems to be a special 
design of metallic piston ring. There are not many 
conceivable types of seal which can perform the 
sealing action in the very limited space and with the 
small sealing force available. 

In Marviken the drive works in steam and therefore 
it is necessary to keep the drive filled with water from 
a supply outside the reactor in order to obtain the 
hydraulic limitation of drop speed which is necessary 
on scram occasions. Care must also be taken to avoid 
boiling in the manreuvring or braking volumes of the 
drive at any working condition as this would cause 
malfunction of the drive. To prevent damage to the 
drive or core top if the control rod should drop when 
there is not water enough in the hydraulic braking 
volume, the drive is equipped with a bellows-shaped 
buffer of the same kind as in Agesta. 

The position indication system consists of a 
transducer located in a tube welded to the bottom of 
the reactor vessel and a reflector plate which forms 
the lowest part of the control rod. The transducer 
emits ultrasonic pulses against the reflector plate from 
whence they are reflected back against the transducer. 
By measuring the time taken for the sound to go to 
the rod and back again and comparing it with the 
corresponding time in a calibration channel, which is 
also located in the reactor core, the position of the 
control rod can be determined. 

Experiments and prototype tests 

A number of experiments with the most important 
elements of the control rod drive have already been 
made and will continue. A great deal of work has 
been devoted to experimental investigations on 
suitable types of piston ring seals in the top head of the 
drive. 

A full-scale prototype of the drive will be thoroughly 
tested in a test rig where the working conditions in the 
reactor can be simulated. Although the design of the 
drive is similar to that of Agesta the different ambient 
conditions and other special requirements make it 
necessary to perform these very laborious and costly 
prototype tests. After completion of the prototype 
tests the test rig will be dismantled from the ASEA 
laboratories and reassembled in the reactor station, 
where it will be used to test control rod drives before 
they are put back into the rector after service. 

OTHER CONCEIVABLE TYPES OF 
CONTROL ROD DRIVES 

As the development costs for a new type of control 
rod drive are very high, one must try to use types 
already developed as far as possible. The Agesta 

design principle, described in the preceding chapters, 
has demonstrated its suitability during operation in 
the reactor and it will now be further developed for 
use in the Marviken reactor with its different con
ditions. However, for a boiling heavy-water reactor 
for a direct cycle with saturated steam the mechani
cally best solution might be to locate the control rod 
drives below the reactor in standpipes welded to the 
pressure vessel bottom. Much design and development 
work has already been done on a bottom-mounted 
control rod drive for Marviken in an alternative form 
as a pressurized-water reactor. 

This drive is designed as a hydraulic cylinder with 
an annular piston (Fig. 2). The piston has seal rings 
at its outer and inner diameter against the manreuv
ring space below the piston. Furthermore, the drive 
has seal rings acting against the absorber rod at the 
top of the drive. To move the rod upwards a defined 
quantity of water per unit time is fed by a plunger pump 
into the space below the piston. In the same way a 
defined quantity of water is pumped out of the drive 
to move the rod downwards. When the control rod 
does not move it is kept in the desired position by a 
locking chuck working by friction against the inside 
of the absorber rod. The chuck is self-locking and is 
opened hydraulically before manreuvring the rod. 
Scram action is obtained by connecting the space 
below the piston to pressure water accumulators. At 
the same time, the space between the outer piston seal 
and the seal against the rod is connected to a dump 
tank with a pressure lower than that of the reactor. 

During the design stage of this drive component, 
tests have been performed with the most important 
parts such as the piston rings. A simplified and 
shortened prototype drive was tested in order to 
check the design, and it worked very well both in cold 
and hot conditions. 

How control rod drives for future reactors will look 
cannot be regarded as an isolated question. The 
drives and the other components of the reactor must 
be designed together to obtain the best solution for 
the reactor as a whole. As the control rod drives with 
their manreuvring systems represent quite a con
siderable cost for a large heavy-water reactor, there 
will always be a striving to minimize the number of 
control rods by using simpler and cheaper methods for 
reactivity control. Boron systems and burnable 
poisons might be used in as large an extent as the 
growing experience from reactors in operation shows 
is desirable with respect to the operation and safety of 
the reactor. To the extent that it will be necessary to 
use control rod drives, however, designers have to 
seek simple and cheap solutions which interfere as 
little as possible with the layout of the reactor core 
for best economy. 

Regardless of drive location it will certainly be 
possible in the future to reduce today's severe require
ments on design and manufacture, as more and more 
experience from the operation of power reactors is 
gained. Lower requirements on materials, tolerances 
and surface finish will result in cost reductions, when 
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it has been shown during reactor operation that wear 
and length of service intervals are acceptable even 
with not quite so high requirements. 

In cases, however, where the safe function depends 
on very high design and manufacturing quality, there 
can never be consideration of reducing the require
ments. 

S. ERICSSON and B. AHLNAS 
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Construction, developpement et fabrication 
des mecanismes des barres de commande 
pour reacteurs de puissance a eau lourde 

par S. Ericsson et B. Ahlnas 

Les mecanismes des barres de commande d'un 
reacteur nuch!aire doivent etre consideres comme 
equipements auxiliaires, et, par consequent, leur 
construction doit etre adaptee a !'architecture du 
creur complet et constituer une solution optimale du 
point de vue de l'economie de la transmission ther
mique et de la physique du reacteur. Cela entraine 
certaines exigences quant a l'emplacement, l'espace 
disponible, etc., la solution de ces problemes in
combant a l'ingenieur constructeur. 11 peut, par 
contre, etre impossible d'obtenir les proprietes qui sont 
theoriquement souhaitables. 11 est done important que 
l'etude du creur et du mecanisme des barres de 
commande se poursuive simultanement et en colla
boration etroite. 

En outre, les exigences relatives a la silrete de 
fonctionnement sont extremement elevees dans le cas 
du mecanisme des barres de commande. Pour les 
reacteurs a eau lourde on rencontre en outre les 
problemes speciaux resultant des dangers sanitaires 
resultant de la presence de tritium dans l'eau lourde. 
11 convient de tenir compte de ces problemes lors de 
l'etude du remplacement des mecanismes dans le 
reacteur, des travaux d'entretien, etc. 

Le memoire presente !'experience acquise lors des 
travaux suedois concernant des reacteurs a caisson 
sous pression, moderes et refroidis a l'eau lourde, l'un 
actuellement en service a Agesta et l'autre devant etre 
installe a Marviken, dont les travaux de construction 
sont deja tres avances et dont la divergence est prevue 
pour 1968. 

Dans ces deux reacteurs, les barres absorbantes sont 
tubulaires et l'alliage absorbant (argent, indium et 
cadmium) est chemise interieurement et exterieurement 
avec de l'acier inoxydable. Dans les zones limites, 
l'alliage absorbant et le metal de chemisage sont 
metallurgiquement unis l'un a l'autre. Le memoire 
traite des travaux de mise au point et de la fabrication 
des barres de commande. 

Les mecanismes de commande d'Agesta et de 
Marviken sont construits selon le meme principe. 

Cependant, en raison de !'emplacement et des con
ditions environnantes, un certain nombre de modifica
tions ont ete necessaires pour Marviken. Le memoire 
contient une description de la construction des 
mecanismes de commande, des resultats des travaux 
de developpement pousses faits a Agesta et des essais 
sur prototype projetes pour Marviken. 

Un certain nombre de problemes speciaux ont dil 
etre resolus lors de la fabrication des mecanismes des 
barres de commande pour Agesta. Le memoire 
presente les plus importants de ces problemes ainsi que 
les premiers resultats de fonctionnement en service. 

Finalement, on mentionne plusieurs types eventuels 
de mecanismes de commande pour reacteurs de 
puissance a eau lourde. L'une des solutions, a laquelle 
une grande somme d'etudes et de travaux experimen
taux a ete consacree, est un mecanisme destine a etre 
place au fond du caisson so us pression, so us le creur du 
reacteur. On presente une breve description des 
travaux consacres ace systeme. 

A/809 Weei..IHR 

HoHCTpyKU.HH, paapa6oTKa H HaroToB
lleHHe npHBOAOB pery11HPYIOW.HX CTep
.mHeH A11H THJ+{eJlOBOAHbtX 3HepreTH-
4eCKHX peaKTOpOB 

C. 3pHKCOH, 5. AnbHec 

llpHBOJI,hl peryJIHPYIOID;HX CTepameii: HJJ,epHoro 

peaKTOpa )J,OJI/KHbi paCCMaTpHBaThCH KaK BCTIOMO

raTeJihHOe o6opy)J,oBaHHe. TionoMy HX KOHCTPYK

~HH JJ,OJIJKHa Bhi6HpaTbCH B 3aBI:ICHMOCTH OT KOH

CTpyK~HH IJOJIHOH aKTHBHOH 30Hhl C TO'IKH 3peHHH 

31\0HOMHKH, TeTIJIOTiepe)J,a'IH H ilJH3HKH peaKTOpa. 

B CBH3H c aTHM perneHHe 3a)J,a'l, KacaiOw;nxcH pa3-

Mern;eHHH npHBO)l;OB, )J,OTIYCKOB H T. )J,., BXO)J,HT B 

aa)l,a'IY JWHCTPYKTopa. C J],pyroii: CTopoHhi, 6hiJio 

obJ HesoaMomHo YiJ.OBJieTBOpHTh Tpe6oBaHIIH, I{a

eaiOrn;MeCH TeopeTH'IeCKH meJiaeMhiX CBOHCTB. llo

:lTOMY BaJKHO UO)J,)l,epmHBaTb O)J,HOBpeMeHHOe H 

n'cHoe coTPYAHH'IecTBO KOHCTpyKTopoB so BpeMH 

11poeKTiipOBaHHH aKTHBHOH 30Hbl H IIpHBO)l,OB pe

ryJIHpyiOID;HX CTepmHe:ii. 

RpoMe Toro, K 6e3onacHoii: pa6oTe upHBOAOB 
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peryJJupyiO~HX CTepameil upe)J,'bHBJIHIOTCH O'ICHL 

HhlCOKHe Tpe6oBaHHH. IlpH <lKCIIJJyaTai.(fJH THif\('

,llOBO)J,HbJX peaKTOpOB HMCCT MCCTO TaKme OC06aH 

upo6JJeMa - upo6JJeMa orracuocTu ,D,JIH a,D,opoBhH 

oocJJymusaro~ero rrepcouaJJa B csHaH c co,D,epma

HIH'M B THif\CJIOif HO)J,C TpHTHH. ::ho o6CTOHT('JihCT

BO ueo6xo)J,RMO YlfHTbiBaTb upn aaMeue upnnoiJ:OB 

D peaKTOpe HJIH llpH o6CJJYif\HBaHHH MeXaHit3-

JIIOB H T. ;J,. 

B uacToHru;eM ,!I,OKJJa)J,e upnBO,lJ,HTCH ou11cauue 

Ollh!Ta 3KCHJJyaTaQHH IIIBC)J,CKHX peaKTOpOB C KOp

liYCOM )J,aBJJCHHH, HCllOJJhayiOIQHX B Ha'leCTBe 3R

MC)J,JJHTeJJH l1 TCIIJJOHOCHTeJJH THif\CJJYIO BOAY· 

O,D,wu wa nux peaHTopos B ArecTe uaxo,D,HTCH B 

HaCTOHru;ee BpCMH B 3HCHJJyaTaQHH, a ,D,pyroii pe

UKTO}l B MapBHKeue coBepiiieHCTBYCTCH JL ;~oJJ
mPn JWCTII'Ib KplfTH'lHOCTH B 1968 ro)J,y. 

B oooJn 3THX peai\Topax norJJo~arouvte cTep

ii\H11 HBJIJHOTCH Tpy6'laThiMH, UpH'IeM IIOI'JIO~aiO
IlVl ii uejtTpOHbi enJJaB cepe6pa, HH)J,HH It Ha)J,MI1H 

IIOKpLlBaeTcn cuapymw n nanyTpH o6om>'lKoii wa 

uepmaseroru;eii cTaJJu. IIorJio~aiOIQHii ueiiTponLI 

<:liJiaB 11 MaT<'JHiaJI B MCCTe HX COllpHKOCHOBeHHH 

coc,D,HHHIOTCB MeTaJIJiyprnqecKnM enoco6oM. B 
uaeTOHIQeM /.(OKJJR)lP paCCMa TpHBaiOTCH paapa6oT

J..:a H H31'0TOBJIPHHe pcryJinpyiO~HX eTepmueii. 

MexaHH3Mbl upHBO,lJ,OB HMPIOT OAHY 11 TY me 
11p11HQHJIHaJJLHYIO KOHCTpyKQHIO Ha peaKTopax 

n ArceTe 11 Mapsrmene. 0TJIH'IHH n paaMeiQennn 

llpHBO,!I,OB H m\pymaiOIQHX ycJIOBHHX ,!I,JIH peaKTO

pa B MapBHKPHP upuBPJJH K ueo6xo,D,HMOCTH BH<'

cTH pH,!I, MOAH<I>HI\aQHii. B )J,oKJia,D,e npHBO,!I,IITCH 

ormcanne KOHCTPYKQIIH npnBO,!I,HbiX MexannaMoB, 

peayJibTaTOB o6IIIHpHhiX paapa60TOK, KOTOphiC 6LI

.'1H BLmoJinenLI )J,JIH peaKTo-pa B ArecTe, If nJJann

pyeMLIX ncrrLITann{I npoToTnrra peal\Topa B Map

BHKeue. 

IIpe,D,eTOHT eru;e peiiiHTL pHA crreQnaJILHLIX npo-

6JieM, KaCaiOIQHXCH HarOTOBJieHHH ITpiiBOf);OB pe

ryJJnpyiOIQHX CTepmueif )J,JIH peaKTopa B ArecTe. 

Han6oJJee Baif\HhiC H3 HHX, a TaKif\P rrepBh!M OIILIT 

31\eiiJiyaTaQHII paCCMaTpHBaiOTCH B iJ,RHHOM ,!1,0-

HJiap;e. 
YnoMHHaiOTCH ueKOTOpLre noaMOif\HhiP TIIllhi 

upnBO)J,OB peryJIHpyiOIQHX CTepmueii: l~JIH paapa-

6aThiBaeMh!X THif\eJJOBO)J,HhiX :mepreTH'lCCKHX pe

aKTOpOB. 0,D,HH npnBOf);, KOTOpoMy 6hiJJa IIOCBHIQe

ua 6oJihiiiaH KOHCTpyKTOpCKaH II <JKeiiepHMPHTaJib

UaH pa6oTa, 6hiJI paaMeiQeH Hlfif\e aKTHBHOH 30Hhl 

peaKTOpa Ha )J,HC KOpiiyca p;aBJJeHHH. IlpHBO)J,HTCH 

HpaTKOe OIIHCaHHe pa60Thi Ha)J, 3TOM HOHCTpyK

J~IIeii npnBo)la peryJJnpyroru;nx cTepmneii. 

AJ809 Suecia 

Diseiio, desarrollo y fabricaci6n de mecanismos 
de operaci6n de barras de control para reac
tores de potencia de agua pesada 

por S. Ericsson y B. Ahlnas 

Los mecanismos de operaci6n de las barras de 
control en un reactor nuclear de ben considerarse como 

equipo auxiliar y, por tanto, su proyecto debe adap
tarse al diseiio completo del nucleo que sea optimo 
desde los puntos de vista econ6mico, de transmision 
de calor y de la fisica del reactor. Esto conduce a 
ciertos requisitos con respecto a situacion, espacio 
permisible, etc., que constituyen la tarea del pro
yectista. Por otro lado, pudiera resultar imposible el 
satisfacer las propiedades teoricas deseadas. Por ello 
es importante mantener una estrecha colaboracion 
simultimea durante el disefio del nucleo y el de los 
mecanismos de operacion de las barras de control. 

Por otra parte, el requisito de seguridad funcional 
de estos mecanismos es de extrema importancia. 
Ademas para reactores de agua pesada existe el. 
problema particular debido a los peligros derivados 
del contenido en triti0 del agua pesada. Esto tiene que 
ser tornado en cuenta al planear el intercambio de los 
mecanismos dentro del reactor, asi como los trabajos 
de mantenimiento, etc. 

En la memoria se da una descripcion de la experiencia 
adquirida en el trabajo sueco sobre reactores de 
recinto a presion moderados y refrigerados por 0 20, 
uno de ellos el Agesta que se encuentra ahora en 
operacion y el otro el Marviken que esta en una fase 
avanzada de disefio y que debera alcanzar la criticidad 
en 1968. 

En ambos reactores las barras absorbentes son 
tubulares y la aleacion absorbente, plata, indio y 
cadmio, esta recubierta en el interior y exterior por 
acero inoxidable. En la zona de contacto, la aleacion 
absorbente y el material de rccubrimiento estan 
adheridos metalurgicamente. En la memoria se 
describe el trabajo de desarrollo y de fabricacion de 
las barras de control. 

Los mecanismos de operacion de las barras de 
control son esencialmente del mismo tipo de disefio 
en Agesta y Marviken. Sin embargo, las diferencias en 
posicion y en el medio que las rodea hacen necesario 
para Marviken un cierto numero de modificaciones. 

En la memoria se describe el disefio de tales meca
nismos,losresultadosde un ampliotrabajodedesarrollo 
llevado a cabo en Agesta y las pruebas con prototipo 
planeadas para Marviken. 

Durante la fabricacion de los mecanismos de 
operacion de las barras de control para Agesta, se 
tuvieron que resolver una serie de problemas especiales. 
Los mas importantes asi como la primera experiencia 
operacional se mencionan en la memoria. 

Finalmente se mencionan tambien algunos tipos 
posibles de mecanismos para barras de control en 
reactores de potencia avanzados de agua pesada. Una 
solucion a la que se ha dedicado mucho trabajo 
experimental y de disefio, se refiere a un mecanismo de 
barras de control para ser colocado debajo del nucleo 
del reactor en la parte inferior del recinto de presion. 
Se da una breve descripcion del trabajo sobre este 
disefio. 
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Les appareils de chargement et dechargement 
du combustible dans les reacteurs uranium naturel
graphite- gaz 

par B. Saitcevsky* et D. Gaussot* 

La manutention du combustible est certainement la 
plus delicate des operations normales d'exploitation 
d'une centrale nucleaire. 

Dans le cas d'une centrale a reacteur du type 
uranium naturel- graphite- gaz, le dispositif principal 
de manutention (ensemble des appareils permettant 
d'effectuer la manutention du combustible) est un 
des elements les plus importants de la centrale, tant 
au point de vue prix qu'au point de vue fonctionne
ment. 

En nous appuyant sur les exemples concrets 
d'EDF2 et d'EDF3, nous allons examiner les options 
fondamentales qui doivent etre prises et les imperatifs 
generaux qui doivent etre respectes pour arriver a un 
ensemble de fonctionnement aussi sur que possible. 

FONCTIONNEMENT ET SECURITE 

Role du dispositif principal de manutention 

Le dispositif principal de manutention doit essen
tiellement effectuer les operations suivantes: extraction 
des elements combustibles irradies hors du reacteur; 
evacuation de ces elements a la piscine; introduction 
dans le reacteur des elements neufs. 

Ils doit en outre, en general, assurer la manu
tention de tous les objets actifs situes a l'interieur du 
reacteur ou sur la dalle superieure tels que: elements 
absorbants, barres de contr6le et securite, bouchons, 
echantillons pour irradiation, etc. 

Nombre des operations a effectuer 

Le nombre des operations a effectuer est tres grand. 
Par exemple, pour les elements combustibles, il 

faut evacuer environ 6 000 elements irradies par an a 
EDF2, 11 000 a EDF3, et les remplacer par autant 
d'elements neufs. 

Parmi les fonctions auxiliaires, la plus frequente 
est la manutention des absorbants. La frequence de 
cette operation est cependant inferieure d'un ordre 
de grandeur a celle de 1' operation principale. 

La repartition dans le temps des diverses operations 
peut etre tres differente suivant la strategie de charge
ment et de dechargement, la puissance specifique, la 
frequence des ruptures de gaines. 

* Electricite de France. 
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Conditions de fonctionnement 

Le fonctionnement est rendu delicat a la fois par les 
caracteristiques des elements combustibles eux- memes 
et par les conditions d'ambiance. 

Les elements combustibles sont relativement fragiles 
(!'element proprement dit est supporte a l'interieur 
d'une chemise en graphite); ils sont tres radioactifs; 
ils chauffent; !'enceinte dans laquelle on opere est 
chaude, 200 a 400 °C, sous pression elevee de C02, 

et radioactive; quand le reacteur est en marc he, un 
rapide courant ascendant de C02 provoque la 
levitation des derniers elements d'un canal en cours 
de dechargement. 

11 en resulte essentiellement les necessites suivantes: 
execution des operations a distance derriere protection 
et en telecommande; etancheite parfaite des ouver
tures; refroidissement permanent des elements en 
cours de manutention; fonctionnement de certaines 
parties mecaniques, avec le maximum de securite, a 
temperature elevee et sous radiations, done sans 
graissage. 

Incidents possibles et consequences 

Les incidents les plus graves sont ceux qui peuvent 
entrainer la deterioration d'un element combustible 
irradie par chute ou cisaillement. Dans le tableau 1 
quelques-uns des incidents possibles et leurs conse
quences previsibles ont ete resumes. 

Enfin, il faut souligner que le risque de chute 
d'element combustible dans un canal est plus grand, 
et ses consequences plus graves, en marche qu'a 
l'arret, a cause du violent courant de C02 sous pression 
et des conditions beaucoup plus severes de temperature 
et de degagement de chaleur. 

OPTION FONDAMENTALE: 

DECHARGEMENT EN MARCHE OU A L'ARRET 

Suivant les cas, on peut envisager que le dispositif 
principal de manutention opere: reacteur en marc he 
a pleine puissance; reacteur arrete sous pression; 
reacteur arrete hors pression 

A premiere vue, le dispositif operant en marche est 
le plus avantageux au point de vue exploitation. 
Cependant, il est evidemment le plus cher et les risques 
d'incident en cours de fonctionnement sont plus 
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Tableau I. Incidents possibles en cours d'exploitation d'un appareil de chargement 

Incident 

Chute hors reacteur 
(dans Ia machine ou le 
batiment de combustible 
irradie). 

Chute dans le reacteur. 

Cisaillement hors 
reacteur. 

Cisaillement dans le 
reacteur. 

Rupture d'etancheite. 

Cause possible 

Erreur de commande. 
Defaillance de Ia signali

sation. 
Defaillance du grappin. 
Rupture de Ia chemise 

par suite d'un choc. 

Comme ci-dessus. 

Erreur de commande d'un 
aiguillage (bras, barillet, 
etc). 

Defaillance de Ia signali
sation. 

Comme ci-dessus. 

Mauvais accouplement. 
Defaillance d'un joint ou 

d'un organe d'obturation. 

eleves, a cause des conditions plus difficiles dans 
lesquelles il doit travailler. Le gain apparent de 
disponibilite peut ainsi etre en partie diminue. 

Le dispositif operant a !'arret en pression n'est 
pas beaucoup moins cher que le precedent, les 
etancheites a assurer, en particulier au droit des 
accouplements, etant tres couteuses. 

Le dispositif operant a l'arret hors pression est 
beaucoup plus Ieger et plus simple que les deux 
precedents. Les appareils, etant plus legers, peuvent 
etre plus nombreux. On peut certainement atteindre, 
en toute securite, des cadences de I' ordre de 600 ele
ments par jour. L'indisponibilite correspondante 
serait de l'ordre de 7% pour EDF3. 

En fin de compte, un choix rationnel ne pourra 
etre effectue que lorsque !'experience d'exploitation 
des centrales du meme type aura perm is de determiner: 
a) la frequence et Ia gravite des ruptures de gaine; 
b) Ia frequence et le nombre des operations normales 
d'exploitation, telles que: chargement et dechargement 
des elements combustibles, redistribution des absor
bants; c) la disponibilite des dispositifs operant 
reacteur en marche. 

Dans !'ignorance de ces elements, la solution 
dechargement en marche a ete choisie pour EDF2 et 
EDF3, car elle donne Ia plus grande souplesse du 
point de vue exploitation. 

DESCRIPTION RAPIDE DES DISPOSITIFS 
PRINCIPAUX DE MANUTENTION EDF2 et EDF3 

Caracteristiques communes 

Il est impossible de donner une description complete 
des ensembles tres complexes que sont les dispositifs 
principaux de manutention EDF2 et EDF3. 

Consequences possibles 

Contamination. 
Blocage de l'appareil 

interesse. 

Blocage d'un canal. 
Incendie de cartouche. 
Contamination du reacteur. 

Comme dans le premier cas. 

Consequences pour la centrale 

Si deux appareils, pas d'arret. 

Arret pour depannage. 
Deterioration permanente 

de certaines parties du 
reacteur. 

Comme dans le premier cas. 

Comme dans le deuxieme cas. Comme dans le deuxieme cas. 

Fuite du C02 et vidange 
plus ou moins rapide 
suivant !'importance de 
l'ouverture. 

Contamination a I'exterieur 
du reacteur. 

Arret pour reparation. 

Ils remplissent les memes fonctions dans des con
ditions identiques, et presentent des similitudes 
nombreuses, notamment: a) ils operent par la partie 
superieure du reacteur; b) chaque puits a travers Ia 
paroi du caisson dessert 34 canaux disposes suivant un 
reseau triangulaire; c) Ia continuite entre puits et 
canal est assuree par un bras descendu par Ia machine 
a travers le puits; d) Ia machine, a pres extraction 
des elements combustibles hors du reacteur, les evacue 
par l'intermediaire d'un ensemble denomme batiment 
du combustible irradie, que nous ne decrirons pas ici 
pour abreger !'expose; e) le fonctionnement est 
completement automatique. 

Ensemble EDF2 
Generalites 

Le dispositif principal de manutention EDF2 
com porte plusieurs machines specialisees par fonction: 
a) chargement et dechargement du combustible 
(2 machines identiques); b) mise en place du bras de 
chargement, manutentions autres que celles du 
combustible (barres de controle, bouchons, etc.) 
(l machine); c) liaison machine- puits et commande 
du bras (5 fourreaux amovibles); d) depannage 
(1 machine). 

Deplacement 

Les machines sont placees sur des chariots auto
moteurs. Le transport des machines est assure par un 
pont tournant sans pivot a quatre boggies de deux 
galets, dont les caracteristiques sont les suivantes: 
longueur totale, 19,2 m; largeur, 11,2 m; diametre du 
chemin de roulement, 17,5 m; poids total a vide, 146 t; 
poids en charge, 1 136 t; vitesse moyenne de rota
tion, 1 °/s. 
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La rotation est assuree par deux roues dentees 
motorisees prenant appui sur une cremaillere fixe. Un 
groupe Ward Leonard assure une grande precision de 
positionnement. 

Protection 
La protection neutron et gamma est constituee par 

du beton a la baryte de densite 3,4 complete par des 
ecrans en fer de 3 em d'epaisseur sur les machines 
principales. Ce type de protection a ete juge plus 
economique que les ecrans composites en couches 
successives de materiaux legers hydrogenes et de 
materiaux lourds. 

Le probleme difficile de la protection ala jonction de 
la machine et du puits de chargement est facilite par la 
presence d'une deuxieme dalle de protection au
dessus du reacteur. Les treuils de barres de controle 
et les tetes des puits de chargement debouchent dans le 
grenier intermediaire. De cette maniere, Ia dalle 
superieure, dans laquelle une seule ouverture a la fois 
est necessaire, assure une excellente continuite de Ia 
protection. 

Principe general de fonctionnement 

La machine principale est chargee en elements neuf~ 
sur un des postes fixes du batiment de combustible 
irradie. 

Pendant ce temps, la machine auxiliaire vient sur le 
puits choisi, sur lequel le fourreau amovible a ete 
prealablement mis en place a l'aide du pont auxiliaire, 
verrouille et connecte automatiquement. 

Apres connection de Ia machine et ouverture des 
deux clapets, Ia machine auxiliaire extrait les bouchons 
et descend le bras de chargement. Elle est ensuite 
evacuee et remplacee par la machine principale. 
Celle-ci extrait les elements irradies a l'aide d'un 
grappin mecanique accroche a un cable enroule sur un 
tambour entraine e)ectriquement, et les Stocke dans Jes 
alveoles d'un tambour fixe. Les elements neufs sont 
introduits dans le reacteur par le meme processus. 
Apres remplissage, Ia machine est deconnectee de Ia 
piece intermediaire et mise en place sur le poste 
d'evacuation du combustible. 

Description des machines (fig. I) 
La machine principale comprend : 'a) un chariot 

porteur automoteur; b) une carcasse principale 
cylindrique remplie de beton lourd a la baryte de 
densite 3,4 constituant Ia protection secondaire; c) un 
corps de machine dispose a J'interieur de Ia protection 
secondaire, comportant: une carcasse avec protection 
primaire en beton lourd a Ia baryte, d = 3,4; un 
reservoir de machine comprenant 30 alveoles de 
stockage de trois elements combustibles et, dans le nez 
inferieur de machine, un clapet de fermeture; un 
ensemble treuil- potence avec grappin mecanique de 
prise des elements combustibles. Le poids total et Ia 
hauteur sont de 440 t et 9,2 m. 

La machine auxiliaire comprend : a) un chariot 
automoteur; b) une carcasse principale cylindrique 
remplie de beton lourd assurant Ia protection secon-

daire; c) un corps de machine dispose a l'interieur de Ia 
protection secondaire, comprenant: une carcasse avec 
protection primaire en beton lourd; un reservoir et un 
nez de machine; un barillet de stockage des elements 
avec ses mecanismes de commande; deux treuils de 
manceuvre et leurs mecanismes de com man de; les 
accessoires. Le poids total et Ia hauteur sont de 
370 t et 14,6 m. 

La machine de depannage ressemble a Ia machine 
principale. On peut lui adapter des materiels d'inter
vention. Son poids est de 185 t. 

Le bras de chargement est telescopable et comporte 
un poteau de centrage. Ses caracteristiques principales 
sont les suivantes: diametre interieur minimal, 
0,14 m; longueur totale, deplie, 12,2 m; longueur bras 
telescope, 8,12 m; poids, 1 t. 

Le fourreau amovible comprend essentiellement: 
a) un dispositif de raccordement sur les tetes de puits 
de chargement (accrochage a bai:onnette); b) un 
dispositif de raccordement aux machines (verin 
pneumatique d'accostage et tete d'accrochage a billes); 
c) un clapet d'obturation avec bouchon biologique; 
d) un dispositif de commande du bras de chargement 
(levage, inclinaison, orientation). Son poids est 2,8 t et 
sa hauteur totale de 4 m. 

Ensemble EDF3 
General ites 

L'ensemble EDF3 est d'une conception tres 
differente de celle de !'ensemble EDF2. Toutes les 
fonctions sont remplies par une seule machine qui 
est de ce fait beaucoup plus grande et plus lourde. 
Pour les fonctions exceptionnelles, en particulier les 
depannages, des appareillages speciaux peuvent etre 
ajoutes ou substitues. Deux machines identiques sont 
montees sur EDF3. 

Deplacement 
Le caisson du reacteur etant en beton precontraint, 

Ia dalle superieure est capable de supporter des 
charges tres elevees et les tetes de puits sont fixes, a Ia 
difference d'EDF2. Cet ensemble de conditions a 
conduit a adopter pour EDF3 le deplacement de Ia 
machine sur un reseau de rails fixes sur Ia dalle 
superieure du caisson. A une des extremites de Ia 
dalle reacteur, un transbordeur permet le transfert de 
Ia machine d'une paire de rails a une autre, ou sur les 
postes fixes d'evacuation et d'essai. 

Protection 

La protection est assuree par des caissons metal
liques remplis de beton au fer de densite 5,4. La 
protection a la liaison puits- machine est assuree par 
une large jupe qui s'abaisse quand Ia machine arrive 
sur le puits, et qui couvre les puits adjacents. Cela 
necessite qu'aucun des appareils a poste fixe sur Ia 
dalle du reacteur ne depasse de celle-ci. 

Principe de fonctionnement (fig. 2) 

II est evidemment analogue a celui d'EDF2, mais 
plus simple, Ia machine unique integrant toutes les 
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MACHINE AUXILIAIRE MACHINE PRINCIPALE 

Figure I. Dispositif princip'al de manutention EDF2 
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B. SAITCEVSKY et D. GAUSSOT 

EVACUATION A 
LA PI SCI NE 

Figure 2. Machine EDF3, schema de fonctionnement 
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fonctions. La machine vient sur le puits, se branche 
dessus, le deverrouille, extrait les bouchons, descend 
le bras, le dirige sur le canal choisi, extrait les car
touches irradiees par un grappin fixe a un cable et 
entraine par un treuil. Dans les alveoles du barillet, 
les elements sont stockes par 5 dans des etuis en 
acier qui sont evacues ensuite a Ia piscine, ce qui 
permet d'accelerer les operations d'evacuation hors de 
la machine et le rechargement en elements neufs. 

Description (fig. 3) 
Machine integree 

La machine comporte quatre elements juxtaposes, 
facilement separables les uns des autres: Ia partie 
inferieure amovible; Ia partie principale; !'enceinte 
treuils principale; !'enceinte treuil a etuis. Le poids 
total est de 550 t, Ia hauteur de 16,5 m et Ia section 
hors tout de 6,2 X 6,2 m. 

Partie inferieure amovible 
Cet ensemble, fixe par boulons sous la partie 

principale, retablit Ia continuite entre Jes organes de 
stockage loges dans cette partie principale et les 
divers postes de travail de la machine integree. 

II possede lui-meme les or ganes et mecanismes neces
saires a !'obturation inferieure de la partie principale, 
ainsi qu'a Ia commande du bras de chargement. 

La partie inferieure comporte essentiellement: a) un 
conduit principal constitue par: a sa partie superieure, 
une vanne a opercule tournant et double etancheite; 
a sa partie mediane, une enceinte etanche con tenant les 
differents mecanismes de commande du bras de 
chargement; a sa partie inferieure, un joint a soutflets 
metalliques qui absorbe les ecarts radiaux et ~xiaux et 
dont Ia bride inferieure, munie de joints, assure la 
liaison etanche avec les puits; b) un conduit a etuis, de 
constitution analogue au conduit principal a !'exclu
sion des mecanismes de commande du bras. 

Partie principale 
La partie principale est constituee essentiellement 

d'une enceinte metallique etanche timbree a 36 bars, 
d'axe vertical, contenant deux barillets, et entouree 
d'une protection biologique. 

L'enceinte etanche est composee de deux cylindres 
concentriques relies par une partie tori-conique, les 
differentes parties etant assemblees par brides bou
lonnees. Sa partie inferieure comporte deux orifices 
venant se raccorder, l'un au dispositif d'accouplement 
sur les orifices d'evacuation, !'autre au dispositif 
d'accouplement sur puits reacteur de la partie infe
rieure amovible. Sa partie superieure comporte egale
ment deux orifices, l'un permettant le raccordement 
soit sur !'enceinte treuils principale, soit sur !'enceinte 
de depannage, !'autre le raccordement soit sur 
!'enceinte du treuil a etuis, soit sur le chateau de 
secours. Un conduit assure la continuite de passage 
entre !'orifice superieur correspondant a l'enceinte du 
treuil a etuis et l'alveole du barillet a cartouches situe 
dans l'axe de cet orifice. 

L'enceinte etanche contient: 
a) Un barillet principal, qui comporte six alveoles 

de diametre different, d'environ 10m de hauteur, 
servant de magasin de stockage aux pieces suivantes: 
bras de chargement, bouchons, tubes guides, barre de 
controle, etc; 

b) Un barillet exterieur, concentrique au pn!cedent, 
qui comporte 24 alveoles identiques d'environ 3 m de 
haut pour le stockage des elements combustibles; 

c) Un aiguilleur pour Je transfert des cartouches 
entre barillet et canal; il peut recevoir un grappin a 
cartouches et lui faire occuper deux positions: dans 
I' axe du conduit de dechargement et dans I' axe de l'un 
des alveoles du barillet a cartouches. L'une des poulies 
de renvoi du cable a cartouches est munie d'un 
dispositif de peson permettant Ia detection de sous
tension et de surtension du cable. 

d) Un treuil a cartouches dispose dans une enceinte 
annexe reliee a !'enceinte principale par un conduit 
muni de soutflets et comportant une protection de 
plomb pour se proteger de l'activite du cable. Le 
tambour d'enroulement se translate horizontalement, 
afin de permettre le deroulement du cable suivant un 
axe fixe. Les vitesses de manreuvre du grappin sont de 
l m/s et 0,33 mfs. 
Enceinte treuils principa/e 

L'enceinte treuils principale est constituee essen
tiellement d'une enceinte metallique etanche, entouree 
d'une protection biologique, qui contient: a Ia partie 
superieure, le treuil principal, capable de 2 t; a Ia 
partie inferieure, le treuil auxiliaire, capable de 200 kg. 

Enceinte treuil a etuis 

L'enceinte treuil a etuis est constituee essentielle
ment d'une enceinte metallique etanche contenant le 
treuil qui sert a Ia manutention des etuis par J'inter
mediaire d'un grappin lors de !'evacuation des 
elements combustibles a Ia piscine ou du chargement 
en elements neufs. 

SOLUTIONS ADOPTEES 
' ' POUR LES PROBLEMES CLES 

Generalites 
Apres Jes descriptions succinctes precedentes, ce 

chapitre est consacre aux solutions qui ont ete 
adoptees sur des points particulierement importants 
du point de vue fonctionnement ou securite. 

Le grappin 

Le grappin a element combustible est une des 
pieces maitresses du dispositif principal de manu
tention. II doit etre d'un fonctionnement extremement 
sur, la chute d'un element en cours de manutention 
pouvant etre extremement grave de consequences. II 
do it etre tres endurant; en une an nee un grappin 
effectuera environ 24 000 manreuvres. Les conditions 
de travail sont particulierement dures: radiations, C02 

a 25 bars et 20 mfs, temperature jusqu'a 410 oc. Enfin, 
laplace laissee pour loger la mecanique est faible, car 
Je grappin doit Jaisser passer tout le debit de gaz de 
refroidissement avec une perte de charge tres faible. 

A EDF2, le grappin est a commande mecanique. Le 
mouvement des trois griffes qui s'engagent dans la 
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ENCEIN 

F1gure 3. D1spositif principal de manutention EDF3 
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gorge d'accrochage de Ia chemise en graphite est 
commande par le poids de Ia masselotte superieure 
quant cette derniere est liberee par le contact avec 
!'element. Une rampe helicoldale transmet un mouve
ment d'ouverture une fois sur trois, et de fermeture 
deux fois sur trois. Ainsi, on peut accepter un choc 
avec fonctionnement intempestif sans provoquer de 
chute de cartouche. L'ensemble est trei\ ajoure et 
carene de fa90n a laisser passer le gaz avec un minimum 
de perte de charge. 

A EDF3, les developpements effectues depuis 
EDF2 ont perm is Ia mise au point d'un cable electrique 
porteur resistant a Ia temperature. 

Le grappin est electrique et comprend essentielle
ment deux pinces fixees sur un corps par l'inter
mediaire d'une lame elastique. Les pinces constituent 
les armatures mobiles du circuit magnetique d'un 
Clectro-aimant et sont constamment ramenees en 
position d'accrochage sur !'element a manipuler par Ia 
lame elastique. Le manipulateur n'est en position de 
decrochage que quand l'electro-aimant est sous 
tension. Pour eviter tout decrochement intempestif, 
un deuxieme electro-aimant, dit electro-aimant de 
verrouillage, interdit tout fonctionnement des pinces 
en dehors des lieux de pose ou de prise de !'element 
manipule. 

Dans les deux cas, un dispositif sensible permet de 
deceler immediatement un execs de tension de fa9on 
a arreter immediatement le mouvement de montee et 
a eviter Ia rupture du cable. 

Le dispositif contre-envol 

La forte perte de charge regnant entre le bas et le 
haut du reacteur provoque Ia levitation des derniers 
elements restant dans un canal au cours d'un decharge
ment en marche. Pour eviter leur envoi, le trajet 
defini par le bras est relativement etanche. 

A EDF2, un debit important de gaz est injecte dans 
le bras a partir de Ia machine. Ce debit de contre
envol, qui s'echappe par des events menages dans le 
bas du bras, est regie suivant le nombre de cartouches 
presentes dans le canal. 

A EDF3, le bras est muni d'un clapet automatique 
qui maintient un debit constant en maintenant une 
perte de charge constante entre l'interieur du bras et 
l'exterieur. Comme a EDF2, Ia mise en place du bras 
se traduit par une Iegere diminution du debit de gaz 
dans le canal et par une Iegere augmentation de Ia 
temperature de gaine. 

Etancheite 

Le probleme de l'etancheite a Ia pression elevee du 
C02 est particulierement important sur les grandes 
ouvertures que constituent les puits de chargement eta 
Ia liaison puits- machine. 

A EDF2, tous les obturateurs de grand diametre 
sont des clapets autoclaves a joint en elastomere. 
Leur manreuvre n'est physiquement possible que 
quand Ia pression est egalisee sur les deux faces. 
L 'etancheite entre machine et puits est assuree par des 
joints toriques. 

A EDF3, Ia fermeture permanente du puits est 
assuree par un bouchon a double joint torique et 
verrouillage a billes. Un dispositif de securite base sur 
Ia pression empeche l'ouverture intempestive du 
verrouillage. La liaison puits- machine est assuree par 
une bride raccordee a Ia machine par l'intermediairc 
d'un souffiet de dilatation. 

Refroidissement 

Sur les postes de travail, le refroidissement des 
elements combustibles est assure par une circulation 
de C02 • Quand Ia machine n'est pas raccordee, le 
refroidissement est assure a l'interieur de Ia machine 
par convection naturelle du C02• 

A EDF2, des echangeurs C02 - eau et eau -air 
assurent !'evacuation de Ia chaleur. 

A EDF3, les calories sont evacuees directement par 
une circulation forcee d'air dans l'espace compris 
entre !'enceinte etanche et Ia protection biologiq ue. 

Possibilite de depannage 
L'une des pannes les plus probables est un blocage 

du bras dans le n:!acteur. II est toujours possible 
d'extraire le bras en cisaillant par traction des gou
pilles de securite qui le ramenent a Ia position fenm!e. 
D'autre part, il est toujours possible de laisser le bras 
dans le reacteur et d'emmener Ia machine, le reacteur 
etant en pression. 

A EDF2, Ia manreuvre est normale. 
A EDF3, Ia partie inferieure, qui comporte une 

vanne spherique, peut etre laissee sur place. 
Le maximum de possibilites a ete menage tant a 

EDF2 qu'a EDF3 pour extraire des debris eventuels 
dans les canaux du reacteur ou Ia machine. 

Commande et securite 

Le dispositif de commande tres automatise a ete 
etudie, tant a EDF2 qu'a EDF3, dans un esprit de 
tres grande securite. D'une maniere generale, tous les 
incidents du genre cisaillement ou arrachement sont 
interdits par des limiteurs d'effort. Au point de vue 
realisation, les dispositifs sont assez differents. 

A EDF2, l'automatisme se ditingue a deux niveaux: 

Ensemble fonctionne/ 
Chaque organe mecanique fait partie d'un ensemble 

fonctionnel comprenant tout le materiel electro
mecanique necessaire au fonctionnement de !'en
semble considere isolement. II y a environ 80 en
sembles fonctionnels dans !'ensemble EDF2, par 
exemple: positionnement du bras de chargement, 
treuil de machine de chargement, etc. 

S'agissant en grande partie d'asservir en position 
un organe mecanique, il a ete fait usage de servo
mecanismes analogiques comprenant: a) un dispositif 
de comparaison entre Ia position affichee provenant 
du programme de travail et Ia position reelle de 
l'organe mecanique; b) un amplificateur tournant 
constitue par un groupe Ward Leonard alimentant un 
moteur a courant continu d'entrainement de l'organe 
mecanique; c) des dispositifs annexes necessaires a Ia 
stabilite et a Ia securite de fonctionnement du systeme 
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(generatrice tachymetrique, variometre de detection 
de mou de cable, relayage d'asservissement entre 
ensembles fonctionnels, etc.). 

Programme de trarail 
Les programmes de travail sont inscrits sur des 

bandes de papier perforees selon un systeme code. 
Des programmeurs lisent les bandes perforees et 
distribuent successivement les ordres de manreuvres 
aux ensembles fonctionnels concernes avec indication 
de position. 

A EDF3, no us avons: 

Un ensemble electro-mecanique 
Chaque organe mecanique est entraine soit par un 

moteur asynchrone, soit par un verin commande par 
electro-aimant. Toutes les positions discretes occupees 
par chaque organe sont materialisees par des contacts 
electriques « fins de course». Pour manreuvrer un 
organe mecanique, il suffit de fermer le contacteur 
electrique de commande de l'organe (moteur ou 
electro-aimant). La bobine du contacteur est montee 
en serie avec le contact «fin de course», qui s'ouvre 
lorsque l'organe mecanique a atteint Ia position 
desiree. 

Une telecommande centralisee 
Un ensemble electronique semi-universe!, s'appa

rentant aux calculateurs numeriques industriels, assure 
Ia commande et le controle de !'ensemble des instal
lations du dispositif principal de manutention. 

II comprend: 
a) Une memoire constituee par un tambour tour

nant sur lequel sont inscrits en permanence des cycles 
d'operations. Chaque operation inscrite comprend: le 
code de !'operation a effectuer + 6 conditions de 
securite a verifier pendant !'execution de !'operation; 

b) Les programmes de travail sont inscrits sous 
forme codee sur des bandes de papier perforees et 
comprennent Ia succession des cycles d'operations a 
utiliser. A chaque cycle, le lecteur de bande fait 
avancer Ia ban de perforce; 

c) Une matrice de commande permet de manreuvrer 
les organes mecaniques comme indique ci-dessus 
( contacteur ou electro-aimant); 

d) Une matrice d'analyse permet d'analyser en 
permanence les conditions de securite necessaires a 
chaque operation et materialisees par des contacts 
electriques; 

e) Une machine a ecrire permet de communiquer 
avec !'ensemble de l'automatisme (defauts, informa
tions, etc.). 

CONCLUSION 

Seule, une longue experience montrera Ia validite 
des solutions adoptees pour les nombreux problemes 
que pose un dispositif de manutention de combustible 
dans le cas d'un reacteur uranium nature!- graphite
gaz. Une evolution vers Ia simplification de fonctionne
ment peut etre observee entre EDF2 et EDF3. 

Ces appareils necessitent pour leur etude et leur 
realisation des moyens tres puissants, en particulier: 

a) tous les composants sont soumis a des essais 
d'endurance tres pousses; 

b) !'ensemble est essaye dans les conditions reelles 
de temperature, d'ecoulement gazeux et de pression 
avant d'etre envoye sur le site; 

c) les etudes et les essais representent environ 35% 
du cofit. 

En conclusion, on peut dire que les resultats des 
essais deja effectues sur les diverses parties des deux 
ensembles semblent favorables, ce qui donne a penser 
que les dispositifs principaux de manutention EDF2 et 
EDF3 devraient donner satisfaction apres Ia mise en 
service des centrales correspondantes. 
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A/54 France 

Fuel loading and unloading devices for the 
natural uranium-graphite-gas sequence 
reactors 

By B. Saitcevsky and D. Gaussot 

The refuelling system is one of the vital parts of a 
natural uranium-graphite-gas sequence nuclear power 
plant. 

From the costs standpoint, it involves 8 to 10% of 
total capital expenditure, at the moment. From the 
technical standpoint, the question is complex, both as 

regards the tasks the equipment must fulfil and the 
high safety requirements. 

In the first section of the paper, the various funda
mental aspects of operation and safety are reviewed, 
enabling principles universally applicable to be 
brought out. 

The authors then go on to analyse factors governing 
the basic choice and conclude by emphasising the 
replacement of fuel on load and the value of actual 
operation so as to accumulate long operational 
experience. 

They then give a brief description of the equipment 
for EDF2 and EDF3 and show how the above 
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principles have been applied to two solutions differing 
very widely technically: 

At EDF2, several machines, each specialising in a 
given task; preparing the standpipes, auxiliary opera
tions, charging and discharging of the fuel elements 
into and from the reactor, and maintenance; 

At EDF3, a single machine carrying out all these 
tasks. 

In both cases, the equipment is very heavy, owing 
to the very stringent safety standards adopted. 

The results of initial pressure and temperature tests 
justify consideration that the equipment will give 
every satisfaction. 

A/54 [J)paHt.tK.A 

MawHHbl AnH aarpy3KH H paarpya
KH TOnnHBa ypaH-rpalfJHTOBbiX peaK
TOpOB C ra30BbiM OXna>HAeHHeM 

6. 3aH~eBCKHH 1 ,£\. focco 

YcTaHOB.l\a ;:t;JIH neperpya«H TOIIJIHBa HBJIHCTCH 

OJIHHM H3 OCHOBHLIX JJleMeHTOB aTOMHOH ;me.l\

TpOCTaH~HH, HCIIOJIL3YIO~eii ypaH-rpaqmTOBbiK 

pea.l\TOp C f330BLIM OXJiaffif);CHHeM. 

C 3.1\0HOMHlfeC.l\OH TO'f.l\H apeHHH ee CTOHMOCTh 

COCTaBJIHCT 8-10% OT o6~HX .l\3IIHTaJILHLIX aa

TpaT; C TeXHHlfeC.l\Oii TO'f.l\H apeHHH OHa HBJIHeTCH 

CJlOffiHoii: .1\3.1\ ITO BLIIIOJIHHeMLIM <flyH.l\~HHM, T31{ 

H 110 BLICO.l\OH CTeiieHH 6eaorraCHOCTH, KOTOpaH 

Tpe6yeTcH rrpH ee pa6oTe. 

B rrepsoii qacTH ;:t;o«Jia;:t;a paccMaTpHBaiOTCH oc

HOBHLie acneKTLI pa60TLI H 6eaorraCHOCTH, KOTO

pLie Il03BOJIHIOT YCT3HOBHTL IIpHH~Hllbi, npHMCHH

MLIC KO BCCM CHCTeMaM. 

3aTeM aBTOpbi aHaJlH3HpyiOT BLI6op OCHOBHLIX 

IIpHH~HIIOB H OIIHCLIB3IOT, KaKOH HHTepec rrpe;:t;

CTaBJIHeT pa6oTa yCT3HOBKH f];JlH H3.1\0IIJICHHH 

OliLITa aKCIIJiyaTa~HH. 

ABTOpLI BKpaT~e oiiHCLIBaiOT o6opy;:t;oBaHHe pe

aKTopos EDF-2 H EDF-3 H rroKaaLIBaiOT, KaK Bhl

ruerrpuse;:t;eHHLie IIpHH~HliLI 6LIJIH IIpHMCHCHbl I\ 

~BYM TCXHHlfeCKH OlfCHL pa3HLIM perueHHHM: 

- Ha peaKTope EDF-2 HeC.l\OJILKO MamHH BLI

noJIHHIOT paaJIHlfHLie <flyHK~HH-IIOf];fOTOBKa Tpy6 

H BCIIOMOraTeJILHLIC onepa~HH, H3BJIClfeHHe Te

IIJIOBLif];eJIHIO~HX aJieMeHTOB H3 pea.l\TOpa H aa

rpya.l\a HX B pea.l\TOp, peMOHT; 

- Ha peaKTOpe EDF-3 o;:t;Ha MaiUHHa BLIIIOJIHH

eT BCe <flyHK~HH. 
B o6oux cJiylfaHx MaiUHHLI olfeHL THmeJILI 

BCJICf];CTBHe OlfCHb CTpOrHX Mep aa~HTLI, KOTOpLie 

6LIJIH IIpHHHTLI. 

PeayJILTaTLI nepBhlX HCIILITaHHH rro;:t; ;:t;asJieuHeM 

H IIpH TCMIIepaType II03BOJIHIOT ;:t;yMaTL, lfTO YCTa

HOBKH OKamyTCH BeCLMa y;:t;OBJieTBOpHTeJILHLIMH. 

A/54 Francia 

Maquinas de carga y descarga del combustible 
de los reactores de u ranio natural- grafito- gas 

por B. Saitcevsky y D. Gaussot 

El dispositivo principal de manejo del combustible 
constituye uno de los elementos esenciales de una cen
tral de los reactores de uranio natural - grafito - gas. 

Desde el punto de vista economico, su coste re
presenta, actualmente, de 8 al 10% de la inversion 
total. Desde el punto de vista tecnico, el dispositivo 
es complejo, tanto por las funciones a realizar como 
por el alto grado de seguridad exigido. 

En la primera parte se examinan los diversos 
aspectos fundamentales de funcionamiento y de 
seguridad que permiten deducir los principios apli
cables a todos los sistemas. 

Los autores analizan despues los criterios de 
seleccion de las bases de partida y llegan a la con
clusion de que presenta interes repostar el combustible 
cuando el reactor esta en marcha en espera de disponer 
de una mayor experiencia de explotacion. 

Los autores describen brevemente, a continuacion, 
los dispositivos de las centrales EDF2 y EDF3, y 
ponen de manifiesto como se han aplicado los princi
pios precedentes a dos soluciones tecnicamente muy 
diferentes: 

a) En la central EDF2, varias maquinas especializa
das por su funcion: preparacion de los pozos y 
operaciones auxiliares, extraccion e introduccion de 
los elementos en el reactor, reparacion de averias. 

b) En la central EDF3 una sola maquina realiza 
todas las funciones. 

En los dos casos las maquinas son muy pesadas, a 
causa de las muy severas normas de proteccion que se 
han adoptado. 

Los resultados de los primeros ensayos efectuados 
a presion y temperatura permiten suponer que las 
maquinas funcionaran satisfactoriamente. 
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Experience with Bradwell and Latina on-load 
fuel handling equipment and 
on future designs 

its influence 

By J. 0. Joss,* W. H. Shipley,** G. H. Branch* and J. E. Taylor* 

THE BRADWELL MACHINERY 

Description 
The original specification called for two universal 

refuelling machines per reactor, one operational and 
one standby, each capable of handling fuel elements, 
absorbers, neutron sources, support/gags, chutes 
and charge standpipe assemblies on load; graphite 
samples and control standpipe assemblies off-load. 
Storage capacity for 64 elements, one chute, two charge 
assemblies and one control assembly was specified 
together with a normal handling rate of 112 elements 
per week. The reactor condition in which on-load 
operations were to be conducted was C02 at 400 °C 
and 132 psig. 

Each refuelling machine (Fig. 1) consists of a 
shielded vertical pressure vessel containing a rotatable 
turret, a service hoist and two element hoists at the 
upper end, a shield plug positioned between the turret 
and the hoists, and a shielding/sealing valve at the 
lower end. All three hoists are aligned with a bottom 
outlet in the vessel which can be closed with the valve. 
The service hoist handles standpipe components, while 
the element hoists are used for all in-pile components. 
Each turret storage tube can be aligned over the 
machine outlet [1-5]. 

Each charge standpipe has a flap-valve at its top 
end and normally contains a shield-pipe assembly, 
The top element in the channel below the standpipe 
is used for temperature measurement and can be 
retracted into the assembly tube. A telescopic chute 
headbox forms the pressure connection between the 
machine and a standpipe and contains the drives to 
rotate and radius a charge chute (Fig 2) which sits 
on the top of the core and guides an element grab 
to reach 37 channels from one standpipe [4]. 

Development of the design for Bradwell 

Prior to and during manufacture a number of 
changes were made to the design, the more important 
of which are given below: 

(a) Redesign of turret facilities to put all storage 
tubes into a simple circular section turret, with fixed 
instead of-swivelling hoist units. Later, three of the 

*The Nuclear Power Group, Knutsford, Cheshire. 
** Messrs. Strachan & Henshaw Ltd, Bristol. 
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fuel storage tubes were modified for preheating new 
fuel elements. The introduction of sleeved fuel 
channels caused the capacity to be modified to four 
channels of fuel and four channels of sleeves. Elimi
nation of channel sleeving resulted in a total element 
storage capacity of 66, 18 of which were stored in a 
magazine latched into the control assembly storage 
tube (Fig. 1) [4]. 

(b) Addition of the auxiliary element hoist, 
originally intended for sleeve handling but retained 
when sleeves were discarded (Fig. 1). 

(c) Due to uncertainty regarding the reliability of 
an electric cable for element hoist duty, the original 
electrically operated grab was redesigned for auto
matic gravity operation. An electric solenoid lock was 
retained which unlocked on the application of current, 
manually initiated within certain defined zones. 
Continued uncertainty over the cable led to the ad
dition of a form of mechanical lock which required 
the grab to be landed twice to release the component 
from its jaws, and at the same time the electric lock 
was changed to unlock when de-energised. Mineral 
insulated and glass fibre insulated single-core cables 
were tested but had an inadequate life before failure. 
Finally, a ceramic-bead insulated plough steel con
ductor in a hollow stranded steel-wire cable was 
developed which gave a satisfactory life on test. 

(d) Extension of the versatility of the charge 
machine to deal with a great many additional com
ponents due to changes in reactor design requirements, 
such as steel specimens, axial string and other special 
support struts and special handling tools and chutes. 

(e) The addition of stabilising arms to the lifting 
head of the fuel elements required guide fins or petals 
to be added to the fuel element grabs (Fig. 3) to orient 
these so that the hooks would not foul the stabilising 
arms and prevent pick-up [4]. It was also necessary 
to modify the grab mechanism so as to prevent hook 
closure except when the grab was correctly landed on 
the element lifting head. 

(f) The charge machines were each erected on 
rails and functionally tested at ambient and hot 
conditions before dismantling and despatch to site. 
No standpipe components could be handled at this 
stage because of height and space limitations. Chutes 
and grabs were first of all tested cold, and then at 
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Figure I. Bradwell charge machine 

P/139 

I : Auxiliary hoist; 2: Element hoist; 3: Weighting device; 
4: Element grab; 5: Service hoist chain, etc.; 6: Service grab; 
7: Element deflector; 8: Turret; 9: Pressure vessel; 10: Turret 

magazine; II: Latches; 12: Machine valve; 13: Shield plug 
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I' ~ 

Figure 2. Bradwell charge chute 
I : Upper pulley; 2: Lower pulley; 3: Radiusmg link; 4: Radius
ing tube; 5: Main support tube; 6: Radius drive rod; 7: Counter

weight; 8: Nose cone; 9: Standpipe nozzle 

Figure 3. Bradwell fuel grab 
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full reactor temperature ( 400 °C). In the case of chutes 
the hot testing was for convenience carried out by 
loading the chute into a test rig and then heating up to 
temperature. 

Commissioning at Bradwell 

The early tests over the test well and the reactor 
produced only minor troubles, mainly in optimising 
and maintaining the settings on limit switches and 
interlocks. Six channels of fuel were loaded and un
loaded from the reactor, as well as absorbers and 
specimen containers at 20% mass flow and about 
70 oc gas temperature. 

The second phase of testing was carried out before 
fuel loading, at 100% mass flow and 230 °C. The main 
difficulty was due to apparent obstructions in the bore 
of the charge chute, preventing free passage of the fuel 
grab. This was due either to the retractable pulleys 
not opening out correctly or to the radiusing tube not 
closing completely (Fig. 2). The pulley mechanism 
was modified, improved grab guidance provided, the 
radiusing link geometry and material changed to 
eliminate thermal effects, and a dead weight added 
to make closure more positive. After these modifica
tions 22 channels of fuel were handled without 
trouble. 

Following the physics phase, a 7-day test was 
carried out at 230 °C and full blower speed with the 
fully loaded core. A great many minor interruption's 
occurred during this test, broadly classifiable as 
electrical component faults, spurious loss of grab 
tension, erratic grab behaviour and intermittent grab 
cable short circuits. One serious fault was that the 
3.8 in diameter grab fins gave insufficient protection 
to the stabilising arms on the fuel element heads, and 
these on occasion jammed in turret tube construction 
joints. The grab fins were increased to 4.1 in diameter 
and the turrets stripped and rectified, and no further 
difficulty arose. The other major fault was damage to 
a fuel element during closing of the chute due to in
accurate positioning in the open state. The level for 
chute closure was re-assessed and fine limit switches 
added to cure this defect. 

Although the programmed tests were complete, 
further plant testing at 230 oc allowed further charge 
machinery work to take place. Before these extra 
tests the charge machine hoist gears were lubricated, 
the grab cables replaced by a non-spin type with 
improved central conductor, and the split and spring
loaded hoist barrels made solid. The split construction 
was to allow for cable contraction during cooling, but 
was found to lead to errors in depth measurement. 
During these tests more trouble was experienced in 
passing the grab through the chute pulley region, and 
it was decided to completely modify the chutes to 
overcome this. On one occasion also the grab cable 
became trapped in the chute and fairings were added 
to contain the cable and eliminate narrow gaps. 

While reactor commissioning was being completed 
and during start-up the chutes were modified to over
come the pulley operation defect. An inner tube was 
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added, forming the bore in the upper end, linking the 
lifting head to the pulley mechanism. A more rigorous 
test was applied, similar to the entry and use cycle in 
the reactor. The revised pulley mechanism worked 
perfectly but it was discovered that the chute bowed 
due to differential heating rates where the metal 
section was circumferentially non-uniform. A heavy 
counter-weight used to balance the cut-outs at the 
lower end was mainly responsible and was removed. 
There was also transient differential expansion be
tween the longitudinal radius operating rods, which 
caused the radius tube to open sufficiently to obstruct 
the grab passage. In its original form the time to open 
and reclose fully was 60 min at 400 °C. Removal of 
operating rod protection tubes and improved gas 
circulation to the chute internals halved the amount 
of self-radiusing and reduced the time to full reclosure 
to just under 30 min. A 30 min soak period was intro
duced into the operational sequence of the refuelling 
machinery and no further cases of grab fouling have 
been reported. 

Early Bradwell operational experience 

Since no chutes were available in a form suitable for 
on-load use, both reactors were started with fuel and 
absorber handling restricted to a maximum tempera
ture of 150 oc with the reactor off-load. Following 
the pressure steps to detect faulty fuel elements a total 
of 20 channels of fuel was discharged and reloaded in 
the two reactors. In addition to this, 8 channels of fuel 
were discharged and prepared for loading absorbers, 
and 5 channels of absorbers changed. 

When the first fully modified chute became available 
it was initially tested over the reactor by handling 
absorbers at shutdown. Following this, two channels 
of absorbers were removed and replaced at maximum 
power and temperature (about 400 MW(th) and 350 °C 
gas temperature). While handling the second of these 
channels the electric lock became defective and the 
work was completed relying on the mechanical lock 
alone. Shortly after this trial, a full programme of 
absorber changing at power was begun to keep pace 
with the core reactivity build-up. Throughout this 
programme, the electric grab lock gave continuous 
trouble, which was finally rectified by the production 
of a cable inner conductor with improved insulation 
and by improving the mechanical details and insulation 
of the grab solenoid and end connections. 

When a second chute of the final version became 
available, absorber handling began on the second 
reactor. By·the end of February 1963, a total of 55 
absorber channels has been changed on load on the 
two reactors. 

Full operational use of the Bradwell machinery 

The Generating Board, as owners and operators 
of the power station, felt justified, taking account of the 
off- and on-load performance of the machinery, in pro
ceeding with on-load handling of fuel. A programme 
was laid out specifying stages of increasing severity 
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in the approach to full permissible reactor conditions. 
The stages corresponded to blower speeds of 20 %. 
60% and maximum; progression within each stage 
from lower rated to higher rated channels, and from 
restricted fuel element temperature to the maximum 
allowable by the station operating rules during fuel 
handling at the relevant power level. A handling run 
of 43 fuel channels was specified with an additional 
requirement that failure of the electric lock on the fuel 
grab must result in suspension of operations. This 
programme involved handling either 3 or 4 channels 
of fuel at each standpipe. By the end of the 60% load 
stage the fuel grab in use was showing signs of erratic 
behaviour by a growing failure to pick up elements 
at the first attempt. This grab was therefore replaced 
by another for stage 3 (full load). 

Because of the success of this full load trial, routine 
refuelling continued for a further 25 channels, when 
a failure of the replacement grab occurred, resulting 
in the spurious release of a new fuel element into the 
loading magazine. Operations were at once suspended, 
since it was evident that onset of mechanical failure 
of a grab could not be deduced from the information 
available to the operator. The locking solenoid could 
be energised at any time but could only be effective 
when the hooks were closed. Proof of current flow 
was therefore not adequate indication of closed hooks. 
While the grab was being developed to improve its 
safety, absorber continued on both reactors and by the 
time refuelling recommenced, a total of 75 further 
channels of absorbers had been changed on the two 
reactors. 

This early experience gave a great deal of encourage
ment as, apart from the grab failures, the remainder 
of the plant worked well. The time taken to change 
3 channels of fuel from a standpipe was however 
considerably longer than indicated by earlier design 

Table I. Bradwell: charge machine operating 
cycle times 

Operation 

1. Inspect 3 channels of fuel and load 
magazine. 

2. Load 3 channels of fuel into machine 
3. Travel machine to gas supply and 

connect 
4. Pressurise machine 
5. Re-instate previous standpipe and pre-

pare new one . 
6. Connect machine to standpipe 
7. Discharge and reload 3 channels 
8. Disconnect machine and travel to vent 

point 
9. Depressurise machine 

10. Connect to discharge hole and unload 3 
channels 

11. Travel to vent point and purge machine 
12. Travel to loading point and connect 

Total times 

Actual Design 
time tune 

1! 
2 

3 
! 
8 

20! 

Hours 

8 
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calculations, as shown in Table 1. Several modifica
tions have adversely affected the original time cycles, 
such as reduction of grab speed by 40 %. introduction 
of the grab "double bounce" mechanism and the 
chute soaking period. In the design cycle it was also 
assumed that, in Table 1, operation 1 could be carried 
out concurrently with operation 7, and operation 5 
with operation 10. In practice, it is considered that 
the time of 20! hours may be reduced by about 5 
hours. 

The element grab load indicator was closely exam
ined throughout the fuel handling trials, to try to 
detect inter-element adhesion. No cases of this were 
in fact found. The load indication is by measurement 
of cable tension just below the winding drum at the 
top of the charge machine, compensated for the weight 
of cable paid out. Despite the effects of chute pulley 
friction, channel wall friction and upthrust due to gas 
flow, it was obvious that the weight indicated at point 
of pick up in the channel was predictable within 
small limits and varied as expected according to which 
element was being picked up and the gas flow in the 
channel. 

Further study of the grab and the requirement for 
better indication showed that direct indication of hook 
position was not feasible. Since the electric lock could 
only function with the hooks fully closed, it was de
cided to use positive indication that the grab was 
locked as the required indication. The single-core 
cable was a limitation, as any signals indicating 
position had to share this core with the operating 
current. This problem was solved by fitting a high
temperature micro-switch to the locking plunger, 
arranged to switch a resistor in series with the solenoid 
coil when the lock operated correctly, and detecting 
the reduction in current. The availability of modified 
grabs incorporating this feature enabled on-load 
refuelling to be resumed. It was appreciated that this 
modification had only improved indication and safety, 
not reliability. 

Refuelling was resumed on both reactors and con
tinued subject only to the availability of grabs. By 
the end of 1963, an additional 100 channels had been 
changed using 6 grabs, 4 of which had failed 
mechanically. In each case the symptoms of failure 
were clearly obvious and operations safely suspended. 
The problem of grab reliability is still under investiga
tion by testing in gas similar to that in the reactor, and 
by testing the effects of detailed changes introduced 
singly into the mechanism. The advantages to be 
gained by changes in protective surface treatments are 
also being studied and it is expected that application of 
the results of one or more of these lines of attack will 
produce a grab of adequate life. 

In the meantime, refuelling continues on-load with 
no significant impediment, other than periodic grab 
replacement. It is worth recording that the chutes now 
in use on each reactor are the same ones used since 
the very beginning of on-load operation and that no 
difficulties whatever have occurred with them during 
this period. 
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THE LATINA MACHINERY AS A 
DEVELOPMENT OF BRADWELL 

P/139 

While basically similar to the Bradwell machinery, 
that at Latina naturally contains many improvements 
and simplifications. The significant changes are: (a) only 
one element type hoist which serves both fuel channels 
and absorbers: (h) the turret is much simpler and more 
rugged; (c) replacement of Bradwell flap valves by 
self-locking couplings operated by headbox pressure 
differential. In addition, more comprehensive testing 
at works was instituted. 

The combined result of improved and more rugged 
design, of the use of proved designs of chute and grab 
cable (for example) and past commissioning experience 
made it )Jossible to curtail site testing and commis
sioning without introducing uncertainty in finding 
potential faults. The programme included the same 
unit tests, cold and hot reactor te!>ts as for Bradwell, 
but interchangeability of tests between cold and hot 
phases, reduction of number of handling cycles and 
other artifices were practised as necessary to maintain 
the decreed time scale. 

In fact, little trouble was experienced, except for 
one case of failure of the insulation of a grab solenoid 
coil. A few modifications were included during or 
after commissioning either as a result of commi~sioning 
or later Bradwell experience. These included adding 
the mechanical double setting down lock to the grab, 
and re-design of the locking solenoid as a replaceable 
encapsulated unit, as mea~ures to inc;rease grab safety 
and reliability. 

On-load working at Latina 

Soon after the reactor was raised to power, a short 
demonstration programme was imt1ated. This con
~i-;ted of handling two channels of absorber and one 
of fuel at 20 ~<,power and also at 50~~ power followed 
by one channel of each type at 70 ~~ power. These 
were all completed without incident. 

Following the trial programme absorber cycling 
was begun at :loads corresponding to blower speeds 
in the range 'I 500-2 000 rpm (full design load was 
ultimately attamed at 2 150 rpm). Up to the end of 
1963 about 35 channels of absorbers had been handled 
with only a few minor stoppages. Four fa:>t bursts 
were also discharged at reduced load and gas tem
perature. with, in one case; an initial delay owing to 
the automatic mechanical mech~nism of the grab 
getting out of step and having to be reset, a condition 
which had been observed on occasion at Bradw~ll. 

The Latina performance, while based on less ex
tensive operations than Brad\\ell, ha~ been generally 
extremely satisfactory. 

THE DUNGENESS AND OLDBURY 
MACHINERY 

In the same way that Latina developed from Brad
well, so Dungeness followed logically from Latina. 
There has been a continuous tendency towards simple 
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and rugged construction, towards reliability rather 
than elegance in control systems, and use of the maxi
mum number of proved features from earlier designs. 

The element grab cable, turret drive, service grab 
and bottom isolating valve are among the features 
thus carried forward. 

The Dungeness machine turrets are further im
proved by eliminating as many construction joints 
as possible. The fuel element hoist is in a separate 
pressure vessel which may be removed from the main 
section of the machine while the latter is pressurised, 
and all shielding is integral with the machine, whereas 
both Bradwell and Latina use separate shielding 
rings below the machine. The chute is completely 
new, eliminating the features found to cause trouble 
at Bradwell and Latina. Mainly, the retractable 
pulley on the radiusing tube has been replaced by 
a fixed pulley, and the radiusing drive from the top 
of the chute is by rotating tube rather than by pull 
rods. The chutes have also been made from mild 
steel in place of the stainless ~teet of the earlier 
chute~. 

The fuel element grab i~ a new design both mechani
cally and electrically. and in particular provides indi
cation both of "hooks open" and "hooks closed". 
Since automatic control forms part of the element 
hoist ~ystem, petals have been eliminated and a more 
sophisticated hook ~ystem introduced to reduce the 
probability of failure to pick up. Such failures, due 
to a grab petal landing directly on a fuel spider arm, 
have been observed at Bradwell. 

Works testing and the quality of rig simulation has 
been much improved in an effort to elimmate a higher 
proportion of faults. For example the series of tests 
on the standpipe shield plug assemblies included 
simulated lowering into the reactor as well as long 
timefteQ1perature te~b. These showed the need for 
riwdifications to reduce thermally-induced bending 
as well as to overcome mechanical defects. 

The Oldbury equipment is almo~t identical to that 
·for Dungeness and will closely follow it into pro
duction. The only d1fferences are, increased height of 
the charge machine to cater for the longer chutes and 
other assemblies. and better mechanical arrangement 
of the charge-chute allowed by the greater headroom 
in the flat-roofed cyclindrical concrete pressure 
ve~sel. Otherwise replication is kept absolute. 

LESSONS FOR THE FUTURE 

The experience gained in the use of the machinery 
at Bradwell and Latina has made obvi9us certain 
requirements which must be met by successful on-load 
refuelling machines and associated plant. 

Refuelling machine. T,he main objects must be 
simplicity, ruggedness and reliability. Separation of 
mam components into d~tachable or removable units 
as an aid to availabilitY and ease of maintenance 
should only be done without reducing the three main 
objects. Space saved at the expense of simple mechani
cal design or accessibility is expensively bought. 
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Of the stoppages at Bradwell and Latina, a fair 
proportion have been due to faults occurring on 
electrical components-limit switches, relays, con
tactors and so on. Massive rather than elegant devices 
give by far the best service. Limit switches and position 
indicating devices should avoid the use of long gear 
trains with resulting back-lash and errors in setting. 
Settings of such devices should be easily made and 
include locking devices which make spurious changes 
impossible. Where extremely fine limits are unavoid
able, these are best obtained by a combination of 
coarse and fine switches. 

Chute. The chute must be designed to minimise 
bending and spurious operation due to transient 
differential temperatures on entry into the reactor. 
The former demands circumferentially uniform metal 
section which is difficult to obtain over the entire 
length. The bearings used in high temperature sections 
should be simple, the best solutions found so far 
being nitrided bushes with generous radial clearances. 
Robustness is essential, and for this reason thick mild 
steel sections are to be preferred to thinner ones of 
stainless or other alloy steel. Rigorous testing under 
closely simulated reactor conditions is essential to 
guarantee performance in operation. 

Element grabs. In this case the requirements are 
equally obvious, but less easily attainable. Simplicity 
is the transcendent objective, with as robust a con
struction as the space will allow. A positive operating 
force is necessary, as little affected as possible by 
friction, shock and aerodynamic effects. The mechan
ism must not be susceptible to spurious operation due 
to gas loads when being lowered into a fuel channel. 
The grab cannot be lubricated, so that the number of 
relatively moving parts can vitally affect performance. 
Surface treatment of these parts is still a problem, 
and whether or not a working life of, say, two or 
three hundred channels can ever be attained before 
deterioration of surfaces, and high friction, scuffing 
or adhesion occurs, is debatable. It may be that a 
simple but inexpensive grab with a predictable though 
short minimum life may be the answer, as this would 
put grab changing on a routine basis, before trouble 
arises, at a known cost per channel. 

Clearances must be generous, as the fuel grab 
undergoes massive changes in working ambient tem
perature,and the resulting differential temperatures can 
be very large. Allowance must be made for tempera
ture gradients in both senses from outer case to in
ternal components. Allowance should be included for 
gamma heating in the internals while the grab is in 
the core. This may result in temperatures of up to 
50 oc in excess of external gas temperatures. 

Indication of the safety of the grab state can now 
be regarded as essential. As a minimum requirement, 
proof that the hooks are fully closed when lifting an 
element is acceptable, proof of correct locking of the 
mechanism an added safeguard. The indication system 
should never presuppose the successful development 
of a new type of cable. 
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Grab cable. This should be of mimimum diameter 
to minimise winding drum radius, and allow the use of 
small radius bends in the chute. This requirement 
conflicts with the necessity for good insulation, both 
mechanically and electrically, and where required, the 
incorporation of a gas hose. The resulting compromise 
affects the entire fuel handling system, and must be 
carefully chosen. For reliability and good performance 
the cable should resist forces tending to make it spin 
or twist. The authors' experience so far has indicated 
that ceramic insulation is preferable to the mineral 
or glass type, and that multi-core cables are inferior 
to the single-core type. Tests on less than full length 
cables may give misleading results, though such tests 
can be useful preliminaries. Correct geometry of cable 
path is essential in the test rig, as is the use of the 
actual terminal arrangements. 

Testing. There is no substitute for comprehensive 
proof testing of prototypes and in some cases first 
production units. Inadequate simulation of reactor 
conditions in testing new devices can give entirely 
J;Uisleading results. Generally test rigs should use the 
correct coolant medium, moisture content, gas 
pressure, temperature, flow, geometry and time cycles. 
Omission of any one or more of these should only be 
allowed after a careful assessment of the effects on 
the test. Cross-flow is the most difficult effect of all to 
simulate in a test rig, and experience so far is that 
its omission does not lead to later difficulty. 

CONTROL BY COMPUTER 

The fuel handling equipment for Bradwell and 
Latina is manually controlled. Experience has shown 
that, under operational conditions, the effort re
quired by an operator to control the equipment at 
optimum efficiency is considerably increased as the 
shift progresses. This is particularly true when on-load 
fuel handling is taking place over the reactor, and is 
reflected in the increase in time taken to carry out 
any operation. Since absolute security of control is 
necessary, the possibility of an error due to operator 
fatigue has lead to the consideration of other forms 
of control. It was considered that a digital computer 
would fulfil the control requirements of the fuel 
handling system at Bradwell, and a design study was 
carried out to assess its feasibility. 

The study showed that a computer could be used 
to meet the requirements of a Bradwell or similar 
system particularly as the control is additive to the 
existing plant, and that modifications to plant can 
be carried out in a very short period. 

Prior to exercising its control function, the computer 
generates the handling procedure from a very limited 
amount of information fed in by the operator. This 
requires an instruction stating the type and number 
of components to be moved, their location and destina
tion. During the compilation of the handling pro
cedure, which involves the identification of any 
additional unspecified components to be handled, as 
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well as the organisation of the operations involved, a 
large range of compatibility checks will ensure that 
only permissible operations can be performed and 
only then, if the required components are held in their 
correct positions, the machine is positioned at its 
correct location, and a range of associated checks 
are satisfied. 

Having determined the handling procedure which 
may cater for the changing of up to three channels of 
fuel at a reactor standpipe, it may be performed in the 
required sequence without operator intervention. This 
ability of the computer to generate its own handling 
procedures and detect any error that it may make, 
using parity checks and self checking routines, re
places the limited concentration of the human oper
ator and removes from him the responsibility of 
deciding on optimum procedures, storage positions 
in the charge machine and similar problems. It follows 
from this that the charge machine can be operated 
very closely to its maximum design speed for a period 
dependent only on mechanical and electrical reliability 
which is normally far from possible using manual 
control. During the operation of the charge machine, 
the position of all its actuators is monitored many 
times a second, and any unscheduled movement 
causes the operation to be arrested and the operator 
informed. The performance of the charge machine 
can also be followed, as the present indication is 
supplemented by a descriptive print-out and a 
numerical display. 

In addition to carrying all the information necessary 
to organise the fuel handling procedures, the storage 
facilities of the computer are used to hold the contents 
of all the storage tubes both round the reactor and in 
the charge machine. Reactor contents storage is 
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limited to that required to decide on the correct 
handling procedures, as all other information is held 
in the existing fuel accountancy system. The scope of 
the scheme embraces all charge machine movements 
for all types of component involved, with the exception 
of machine travel, although its "grid" position is 
monitored for checking purposes. 

The use of a computer in a control system of this 
type, as opposed to simple logic or relay sequence 
control, ensures that there is almost unlimited 
flexibility in its application. 
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ABSTRACT -RESU M E-AH HOTAL4li1.R-RESUM EN 

A/139 Royaume-Uni 

Experience acquise avec l'appareillage de 
chargement de combustible pendant le fonc
tionnement du reacteur a Bradwell et a 
Latina, et son influence sur les conceptions 
u lterieu res 

par J. 0. Joss et al. 

On donne une description generale des principales 
caracteristiques de l'appareillage de chargement de 
Bradwell et de !'installation auxiliaire, surtout des 
caracteristiques qui ont demande une mise au point 
poussee ou des modifications au cours des periodes 
d'etude, de construction et de mise en service avant de 
devenir d'un fonctionnement sur. 

La conception originale de la machine de Bradwell 

presentait des caracteristiques qui, on le savait, 
devaient faire !'objet d'essais et demises au point sur 
prototype. En outre, il a fallu apporter des modifica
tions par suite de changements faits dans d'autres 
organes du reacteur. Ces deux series de facteurs ont 
profondement influence la forme definitive de certains 
composants. 

Le programme d'essai de !'installation de manu
tention de combustible faisait partie integrante de 
!'ensemble des essais des mise en service du reacteur 
avec phases d'essais a froid et a chaud, et d'essais 
d'endurance, chaque phase etant conr;ue pour mettre a 
l'epreuve differents aspects de Ia construction en 
general et en detail. Les defauts releves ont ete, pour 
la plupart, corriges sur place, mais certains ont exige 
des mises au point supplementaires. En raison de 
certaines limitations constatees a la mise en service, la 
machine de Bradwell a ete au debut utilisee avec le 
reacteur a l'arret, ou a puissance et a temperature 
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reduites. Dans ces conditions, la manutention des 
absorbeurs et des canaux de combustible s'est effectuee 
sans difficulte et on a acquis une experience conside
rable dans !'utilisation de la machine. 

Lorsqu'on a pu disposer de canaux de chargement 
ameliores, on a commence la manutention des 
absorbeurs a pleine puissance. 

Apres une certaine periode de manutention des 
absorbeurs, il a ete decide d'effectuer un essai controle 
de manutention du combustible a pleine puissance du 
reacteur. Le Central Electricity Generating Board a 
etabli un programme pour le. renouvellement du 
combustible a 20% de la puissance, puis a 60%. enfin a 
pleine puissance, programme qui a ete execute sans 
incident. Des difficultes relatives aux accrocheurs des 
elements combustibles ont fait suspendre le renouvelle
ment du combustible jusqu'a la mise au point ulte
rieure des accrocheurs. Entre-temps, on a continue la 
manutention des absorbeurs; un indicent s'est produit 
lorsqu'une partie d'un bouchon ecran s'est brisee; ala 
suite de cet incident, tous les bouchons ont ete 
modifies. 

Lorsque des accrocheurs ameliores devinrent dis
ponibles, on a pu reprendre le rechargement a pleine 
puissance. Des difficultes mecaniques ont persiste, 
mais un systeme d'alerte ameliore a empeche qu'elles 
ne provoquent des incidents graves. On a poursuivi le 
renouvellement continu du combustible ainsi que le 
perfectionnement des accrocheurs. 

Bien qu'etant les memes quant au principe, les 
machines de chargement de Latina ont beneficie 
pleinement de !'experience acquise pour Bradwell aux 
stades de I' etude, de la mise au point, des essais et de la 
mise en service. De ce fait, il a fallu beaucoup moins de 
temps pour la mise en service de l'equipement sur les 
lieux. 

Jusqu'ici, il n'y a guere eu de manutention des 
elements de combustible pendant le fonctionnement 
du reacteur, mais un nombre considerable de canaux 
d'absorbeurs ont ete remplaces sans incident. 

Suivant une evolution continue, les installations a 
peu pres identiques de Dungeness et d'Oldbury sont 
basees sur celle de Latina, mais avec des caracteris
tiques visant a eliminer les inconvenients qui sont 
devenus apparents au cours du fonctionnement des 
machines anterieures. On a fait une utilisation bien 
plus grande des appareils d'essai donnant une simula
tion amelioree des conditions dans le reacteur, 
pour les essais des composants et des machines com
pletes, a ]a fois sur prototype et dans leur forme 
definitive. 

Le memoire expose les exigences principales 
auxquelles doit repondre une bonne conception des 
machines de manutention du combustible. Ces 
exigences n'etaient pas toutes evidentes lors de l'etude 
des reacteurs de Bradwell et de Latina. Une grande 
partie de ces connaissances s'applique aux reacteurs 
avances a refrigerant gazeux (AGR) ainsi qu'aux 
reacteurs a Magnox. 

Outre les caracteristiques mecaniques, les ameliora
tions apportees aux systemes de commande peuvent 
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beaucoup accroitre la securite, la rapidite et la commo
dite de !'exploitation. L'application d'un calculateur 
numerique au systeme de renouvellement de com
bustible du type Bradwell est decrite et discutee. 

A/139 CoeAHHeHHOe KoponescTso 

OnbiT 3Kcnnyara~..tHH o6opyAOBaHHH no 
aarpyaKe HAepHoro ronnHsa npH pa-
6ore peaKTOpa Ha nonHOH MO~HOCTH 
s 6paAysnne H JlaTHHe H ero snHHHHe 
Ha paapa6orKy aarpyaoYHoro o6opy
PtOBaHHH AnA nocneAyJO~Hx peaKropos 

A}f{. 0. ,lJ.}f{occ et al. 

]);aeTCJI OO~ee OllHCaHHe rJiaBHLIX ROHCTpyn

THBBLIX ooo6eHBOCTeii aarpyao'IHOH MaWHHLI 11 

BCUOMOraTeJI&BOrO o6opyp;oBaBHJI, oco6eHBO TeX 

p;eTaJieii, KOTOp&Ie UOTpe6oBaJIH HHTeBCHBHOH pa3-

pa60TKH HJIH MOAHcPHK8U:HH B UepHO)J; llpOeKTHpo

BaHHJI, CTpoHTOJI&CTBa H nyCKO-HaJia)J;O'IHLIX pa6oT 

.11;0 TOro, KaK OHH CT8JIH Hap;eHCHLIMH. 
llepJJoBallaJI&BaJI KOHCTpyKn;HH aarpyao•moii 

MaWHH&I B Bpap;y:mne HMena TaKHe KoncTpyKTHB

H&Ie oco6eBBOCTH, KoTopLie, KaK 6LIJio pemeHo, 

HeOOXO)J;HMO UpoBepHT& nyTeM paapa60TKII H HC

llLIT8HHJI npoTOTHna. KpoMe Toro, Tpe6oBaJioch 

BH8CTH HOKOTOp&Ie H3MeH8HHJI B MaWHHY B CBH3ll 

c HaMeHeBHHMH p;pyrHX yanoB peaKTopuoii ycTa

HOBKH. 3TH p;Ba o6cTOJITOJILCTBa CHJI&HO llOBJIHJI

JIH Ha OKOH'IaTeJI&HyiO paapa60TKy HOROTOpbiX 

yaJIOB aarpyao'IHoii MamHH&I. 
fiporpaMMa HCll&ITaHHH M8WHHLI ]l;JIJI aarpyaKH 

Hp;epHOrO TOllJIHBa JIBJIJIJI8C& JIOOT'bOMJIOMOH qa

CT&IO o6~HX nycKo-HaJia)J;O'IH&IX pa60T peaKTopa 

B XOJIO]l;HLIH H ropH'IHH nepHO]l;LI H B nepHO.Il; HC

JILIT8HHJI Ha BLIHOCJIHBOCT&, llpH'IOM KaHC]l;LIH H3 

::lTHX nepHO]l;OB npep;ycMaTpHB80T OllpOOOBaHHO 

KaK OT)J;OJILHLIX Y3JIOB, TaR H KOHCTpyKU:HH B n;e

JIOM. 06HapymeHH&Ie npH 3TOM p;ecPeKTLI yCTpaHH

JOTCJI B OCHOBHOM Ha MOCTe, O)J;HaKO HeROTOpbH' Ha 

HHX Tpe60B8JIH ]l;aJibHOHWOrO HCCJIO)J;OB8HHH. 

lfa-aa HOKOTOpLIX orpaHH'IOHHii, o6HapymeHHbiX 

Bo BpeMJI nycKo-HaJiap;o'IHLIX pa6oT, aarpyao'IHOe 

o6opyp;OB8BHe HCllOJlb30B8JIOCb BHa'laJie UpH 

paOOTe peaKTOpa Ha HOllOJIHOH MO~HOCTH H HpH 

aaHHmeHHLIX pa6o11HX TeMnepaTypax. B aTHx yc

JIOBHHX neperpyaKa llOrJIOTHTOJIOH H TOIJJIHBHbiX 

RaHaJioB ocy~ecTBJIHJiaCL 6ea noMex H 6hlJI ua

KonJieH 3H8'1HTOJibHhlH OllLIT HCllOJlb30BaHHH aa

rpyao'IBoro o6opy.n;oBaHHH. 
llocne paapa6oTKH ycoBepweHCTBOBaHHhiX me

Jio6oB Ha'laJiaCL neperpyaKa norJIOTHTeneii upH 

pa6oTe peaKTOpa Ha llOJIHOH MO~HOCTH. 

Ilocne nepHop;a HCllLITaHHii: no neperpyat\e no

rJIOTHTeJieii 6LIJIO peiTIOHO npOBOCTH KOIITpOJlHpy

CMYIO llO]l;rOTOBKY K neperpyaKe TOIIJHIBa UpH 

pa6oTe peaKTOpa Ha llOJIHOH MO~HOCTH. 8HeprCTH

'10CKHM ynpaBJieHHeM 6LIJia paapaooTaua 11 porpaM

Ma neperpyaKH TOJIJIHBa npH paooTe peai\Topa ua 
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20% -HOM, t)()% -HOM H :'laTCM Ha 110:11101i MOII(IIOCTH, 
JWTopaH obiJHl BhiiHlJlHPHa oe:JI\al\11\-:luoo m'Jiom
ueHHH. Ha-aa Mt'XaHH't<'CIWro IIOHpem;(eUIIH ycT
poiicTn, 38XB8ThiHC\IOIJ~II \ Tl'IIJIOBhl;(l'~IH IOII(IIl' :JJil'

MeHThl, 11 P" JIIJJoc r, IIJHIOCTaHOBIITh IIOCJte;(yiOIJVH' 
Olll'Jl8~HI1 110 uerll'rpy:JI\l' TOIIJIHBCI ,IO paapaoOTRH 
aaxaaThiBaiOI~Hx. ycTpoiicTB. TeM BJlt'Mt'llt'M IIPpe
rpyaRa IIOI'JlOTI1Tt'Jil'ii II (lOJ~OJifWI.'IaC 1., OI\IIliKO 
11pOH3011H'Jl HHI\11fi.PIIT - OTOIIJJICI 'lli('Tf, ('OO(lKII 
:lCI~lfTHOii 11po6KII, Ll JH'3YJibTliTl' 'lt'I'O IIOTJil'OOBa
·'laCh MOJ~JI<iJHKa~I1H BCl'X Tli!OIX II JlOOOI\. 

JIOCJJP ycoBPpllll'HCTBOB<IHIIH :lH\IHIThiii<IIOll\11.\ 
yc.TpOifcTB 6t.JJ111 BO:lOOHOBJiellbi OIIPJlHI\1111 110 lll'
perpyaRe TOllJIHBa 1IpH paoOTt' Jll'HI\TOJHI IIH IIOJI
HOH MOI.l\HOCTll. MexaHH'IPCIWl' uonpt>fi\;(PIIIHI 
HC.C me HMCJJH Mt'CTO, OJIIIH 1{0 Mo;(IH{IIII\11 JlOBH II llliH 
CIIC.TeMa OOHapyml'HitH HCI\JIIO'Illjl(l llt'Jll'JlHCTilllltl' 
:lTHX UOBpemfi,PHHii ll Cl'pbt'3IIhll' aBliJIHII. llapaJI
Jl('JlbHO c upo;(oJJmaiOll\11MJtCH ottl'JHli\IIBMII 110 ue
perpyaKP TOII.liiBa Bl'JIYTCH paooTt.l IIHi( yeonep
llll'IICTBOBliH 11l' l\f 1\0HCTJIYI\IVIII :Ja X IIH TloiiiHIOII\11 X 
ycTpoiiCTB. 

BYIIY'IH B ocuonnoM Tal\oi'r me 110 IWJH'TJlYI\1(1111, 
aarpyao'IHaH MlliiiH!Ia II JlaTHHl' BOOJlilJiil, O,(lliliW, 
II Ct>OH BCP JJY'illlt'P, 'ITO fi,8JI OllbiT IIJlOPI\TIIJlOilii
JIJIH, paapaooT:RU, HCIIbiTiiHIIii II uyct\0-lliljlii;IO'I
HblX paoilT aarpyao'moii MalliHHhl 11 l.)pa;~y:J.IJie. 
BJJaroJiapH :lToMy ropaafl,o MPHhllll' uprMeHll no
TpP6oBaJtoch ;\]IH l'l' 110/II'OTOBI\11 I> paooTl' lla 
~teCTe. 

(f>aRTK'il'CIHf HHI\81\0ii IIC}ll'l'py;{l\11 Tl'll;ltlllbl,\l'-
JUJIOli\HX ;)Jil'Mt'HTOB IlpH paOCJTC JH'HI\Topa 1111 MO
IIJ,HOCTH uoRa Pll~P ne 11 ponop,HJIOC h, oJ(HH IW ObiJIO 
aaMeHCHO oea R81UtX-JIIIOO OCJIOmlll'llllii :11Ia'II1Tl'Jih
HOC l.JIICJJO IIOI'JIOTHTPJJPii. 

TiocJJe upop,oJJmnn'JJhHoii o~enl\u pt'llll'llo ot.IJHI 
cTponTh fioJJcc uJm Meuee HJ~eHTH'iiihil' aarpyao'i
HI.te MamHHbi 11 AaHAiRPHecce n 0JJfJ.oepu na 6aac 
JWHCTPYK~HU aarpyao'IHoii MamnHbi n JlaTHHl' c 
IICIIOJlb30BC\Hlii'M xapai\TC}lHCTHI\, IICI\JIIO'HIIOI~HX 
Tt' HCIIOJlaJIRH, lWTOpbll' HhiHBJIJlltCb Bo BIJPMH pa
OOThl 3arpy30'4HhiX MalliiHI paHHltX KoHnpy1H111ii. 
3Ha'lltTl'JihHO lllltpe CT[\Jlll HCIIOJihaOBHTbCH IICIIhi
TaTeJlhHbiP cTPHJihi, ua JWTOphlx 6oJICP :l~ltfJPI:TI1B
uo MOl\l'JJHpOB8JJHCh yCJJOBitH peai\TO(la, IIJlll liCIIhi
TaHHH npoTOTJIIIIIhiX ll IIJlOMhlliiJll'HHhl\ yaJIOII U 
~eJJhiX aarpyao'lHbiX Manum. 

B JIO:R.'Iafl,e uo:RaahJBaiOTCH ocnoBHbll' TpeGona
unH, UpCJI'hHBJlHl'MhW 1\ :ROHCTpyK~Hit 118Al'mHhiX 
aarpy30'4HhiX ManmH; He nee 113 :nux TpeGouaHJJii 
ohiJJH H3BCCTHhl npll 11poei\THponaHI111 aarpyao'l
HbiX Mawnn HJIH peaRTopon B BpaAy:l"Jie n JlaTn
ue. Muorne 113 noJJy'leHHhlX fl,aHHhlx ll(lHMl'IBtMhl 
1\ peaRTopy AGR u MarHOJ{COBhiM peai\TopaM. 

l\poMI' MCX8Hlt'll'CfiHX TpeooBliiiUii, OOCCUC'IC-
111110 6eaonacnoi1:, 6hlcTpoii n yfl,o6uoii. ::mcrrJJyaTa
l(lllf aarpyao'lHOii. MaiiiHHhl B 3H8l.JHTCJlhHOU CTe
llllHI1 cuoco6cnnma.1o ohl yconepiTiencTnonanHe 
ruc.TeMht peryJJHponaHHH. B JIORJJaJie o6cymAaeTCfl 
11 C'IHTlll'TCH meJJaTeJJbHhiM HCIIOJlh30B8HHe B CII
('Tl'MC HeperpyaRn TOIIJJHBa n Bpafi.Y:JJI.1C ~H<iJpo
noro C'leTHo-pcmaiOI.l\CI'O ycTpoiicTna. 

J. 0. JOSS et a/. 

A/139 Reino Unido 

Experiencia con el equipo de manejo de 
combustible durante el funcionamiento de 
Bradwell y Latina, y su influencia en futuros 
proyectos 

por J. 0. Joss et a/. 

Descripci6n esquematica de las caracteristicas 
principales de Ia maquina de carga Bradwell y su 
instalaci6n auxiliar, especialmente de aquellas 
caracteristicas que necesitaron desarrollo extenso o 
modificaci6n durante el periodo de proyecto, cons
trucci6n y puesta en servicio, antes de llegar a ser 
aparatos dignos de confianza. 

El proyecto original para Bradwell contenia 
caracteristicas que se comprendi6 tendrian que ser 
comprobadas mediante ensayo de un prototipo y 
desarrollo ulterior. Ademas, fueron necesarios cam
bios debido a alteraciones en otros puntos de Ia 
instalaci6n del reactor. Estos dos factores reper
cutieron profundamente en la forma final de ciertos 
componentes. 

El programa de prueba de Ia instalaci6n de manejo 
de combustible constituy6 una parte integrante de la 
puesta en servicio del reactor, con etapas fria, caliente 
y de duraci6n, cada una proyectada para comprobar 
diversos aspectos del proyecto en detalle y en general. 
Los defectos que surgieron fueron corregidos prin
cipalemente in situ, pero algunos necesitaron mas 
amplio desarrollo. 

A causa de ciertas limitaciones encontradas durante 
Ia puesta en servicio, se emple6 al principio Ia 
maquinaria de Bradwell a reactor parado o a potencia 
y temperatura reducidas. En estas condiciones se 
manejaron los canales combustibles y los elementos 
absorbentes sin incidentes, y se obtuvo una consi
derable experiencia en el empleo de Ia maquinaria. 

Cuando se lleg6 a disponer de mejores tolvas de 
descarga comenz6 el manejo de los elementos 
absorbentes a plena potencia del reactor. 

Despues de un periodo de manejo de los elementos 
absorbentes de neutrones se decidi6 proceder, de 
manera controlada, al manejo de elementos com
bustibles a plena carga. El Generating Board present6 
un programa para recargar a 20 %, 60% y posterior
mente a plena potencia; dicho programa se llev6 a 
cabo sin incidentes. Unas averias mecanicas en la 
garra de manipulaci6n del combustible dieron origen 
a que se suspendieran las cargas mientras se seguian 
desarrollando las garras. Entretanto continuo el 
manejo de los elementos absorbentes, y surgi6 un 
incidente cuando parte del conjunto de un tap6n de 
blindaje se desprendi6. Como resultado, todos estos 
tapones necesitaron modificaci6n. 

Se lleg6 a disponer de garras mejoradas y s~ 
reanud6 la recarga a plena potencia. Persistieron las 
averias mecanicas, pero un sistema de indicaci6n 
mejorado evit6 que estas degeneraran en incidentes 
importantes. Sigue llevandose a cabo la recarga 
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continua paralelamente al desarrollo del proyecto de 
las garras. 

Aun cuando basicamente coinciden, las maquinas 
de carga de Latina se han beneficiado enteramente de 
las experiencias del proyecto, desarrollo, prueba y 
puesta en servicio de las de Bradwell. Como resultado 
de esto se emple6 mucho menos tiempo en ajustar el 
equipo para trabajar en el emplazamiento. 

Virtualmente no se ha llevado aun a cabo el manejo 
en carga de los elementos combustibles, pero un 
numero considerable de canales de absorbente de 
neutrones se han cambiado sin incidentes. 

Siguiendo Ia pauta de evoluci6n continua, Ia 
maquinaria, mas o menos identica, de Dungeness y 
Old bury se basa en el proyecto de Latina, incorporando 
caracteristicas para eliminar los inconvenientes que se 
manifestaron durante el funcionamiento de los 
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primeros proyectos. Se ha hecho un uso mucho mayor 
de los equipos de prueba, que simulan mejor las 
condiciones del reactor, en los ensayos de las maquinas 
y sus componentes, ya sea en forma de prototipo o 
de serie. 

La memoria describe los requisitos principales para 
un buen proyecto de Ia maquinaria de manejo de 
combustible, no todos los cuales eran evidentes 
cuando se proyectaron Bradwell y Latina. La mayor 
parte de esta experiencia es aplicable a reactores AG R 
y a los reactores de Magnox. 

Ademas de las necesidades mecanicas, las mejoras 
en los sistemas de control pueden aumentar mucho Ia 
seguridad, velocidad y comodidad de funcionamiento. 
Se describe y discute Ia aplicaci6n de una calcula
dora digital a un si~tema de recarga del tipo de 
Bradwell. 
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0 

Fuel handling equipment for the Agesta 0 20 
moderated pressure vessel reactor 

By G. Granelli,* G. Fagerlund,** S. 0. Brunzell*** and G. Froman* 

The object of the report is to describe the design of 
the fuel handling equipment in the main, and to give 
some information about unconventional details which 
have required special attention. 

For the design work the following criteria were 
fixed: 

(a) Fuel charging will occur during the off-load 
condition; 

(b) Storage and fuel charging will occur under 
gas-tight and radiation shielded conditions. The 
radiation level on the exposed surfaces to the reactor 
hall should not exceed 0.75 mrfh: 

(c) The handling will also concern control rods and 
plugs. 

(d) Storage area will be found in the reactor hall 
for about 300 fuel assemblies and about 60 control 
rods and plugs together with the requisite test and 
service equipment; 

(e) The fuel assemblies will be cooled effectively in 
all operation and storage situations; 

(f) D 20 will be taken care of and prevented from 
mixing with H 20; 

(g) The refuelling machine's operating system will 
be fool-proof; 

(h) The refuelling machine will be ventilated and 
decontaminated; 

(i) The risk of contaminating the refuelling 
machine must be kept down through the use of 
suitable materials and well-thought-out design without 
pockets. Lubrication ought to be used as little as 
possible and if absolutely necessary one should use 
molybdenum disulphide. 

(j) The refuelling equipment should be provided 
with suitable emergency and auxiliary equipment for 
electrical and water supply. The more important 
components should be duplicated. The refuelling 
machine's hoist and rotational movements should have 
a reserve hand operation; 

(k) A minimum of 2 fuel assemblies should be 
charged at a time or 4 during plundering; 

(/) Can-damaged fuel assemblies must be handled 
in gas-tight shielded flasks. 

Lay-out for the reactor hall 
The storage part has been laid out as follows: 

(see Fig. 1). 

• AB Atomenergi, Stockholm. 
** Nohab, Trollhattan. 
• • • Asea, Vasten\s, 
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Storage for new or low activated control rods and 
plugs, 26 positions. 

Storage for activated fuel assemblies, 294 positions. 
Storage for activated can-damaged fuel assemblies, 

20 positions. 
Storage for activated control rods and plugs, 42 

positions. 
Storage for activated new fuel assemblies, 8 

positions. 
At the far end of the hall, seen from the reactor, a 

station is situated. for changing inlet throttle rings on 
the activated fuel assemblies, exhaust and decon
tamination connections, a reactor mock-up, shielded 
transport casks for fuel assemblies and control rods 
and service equipment for the refuelling machine. 

The travelling bridge with crab 

The refuelling machine consists of a travelling 
bridge with a crab which carries the machinery with 
its necessary operating system and shielding. The 
shielding consists of cast iron with a maximum 
thickness of 630 mm and is dimensioned to give a 
dose rate of 0.75 mr/h during normal fuel charging. 
The refuelling machine's central chamber has also 
been provided with a neutron shield consisting of a 
water mantle about 70 mm thick, filled with boronated 
water. The whole fuelling machine weighs about 220 
tons of which the shielding weighs about 170 tons 
(Fig. 2). 

The operating equipment for the traverse crab 
as well as the travelling bridge has been designed 
as a Ward-Leonard system with transductor regulation 
for step speed control from maximum down to zero. 
The refuelling machine's positioning at the different 
working stations will be controlled manually from the 
operating platform with the help of selsyn indicators 
and a periscope. Maximum travelling speed for the 
travelling bridge as well as the crab is 0.25 mfs and 
creep speed about 0.005 m/s. 

The refuelling machine's hoisting and rotating 
machinery 

The fuel assemblies as well as the control rods and 
plugs are provided with lifting hooks of similar desigq 
into which the refuelling machine's grab lifts during 
handling. There are equivalent supporting hooks 
fitted in the reactor as well as in the storages and also 
in the refuelling machine's chamber. In the reactor 
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Figure I. Lay-out for the reactor hall 
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Hoisting machinery 
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Figure 2. Vertical section through the refuelling machine 
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Nitrogen 
storage 

Figure 3. Simplified scheme of cooling and drying circuit 

4 fuel assemblies are grouped around each charge 
pipe which is to be sealed centrally with either a 
control rod or a plug. During each change of fuel 
the control rod or the plug must be changed since the 
primary as well as the secondary sealing must be 
changed after each visit. There are, in the refuelling 
machine, supporting hooks for 4 fuel assemblies and 
2 control rods or plugs which allow 3 fuel assemblies 
to be changed at the same time. Four fuel assemblies 
can be taken at a time during plundering. The 
charge equipment is largely built up from a cylindrical 
chamber in whose centre a telescopic guided manipu
lator runs in a cut-away guide tube. The manipulator 
with the help of the telescopic arrangement is guided 
down into the reactor's charge pipe to a level in line 
with the fuel assembly supporting hooks. 

The lifting and lowering operations are done with a 
woven flat rope which runs from the hoisting machine 
in the top of the chamber. The hoisting drum is 
driven through a sliding clutch by a motor. The rope 
from the hoisting drum is guided up and over 2 
smaller rollers of which one is supported in an arm 
that swings about a horizontal pivot. This pivot arm 
indicates the rope tension by operating against an 
electrical pressure switch which is used as protection 
against overload and also as an impulse unit to 
operate signal lamps and a continuous graphical 
recorder. 

The bottom of the chamber is provided with a 
valve and a telescopic sleeve which enables it to be 
coupled gas tight to the reactor or the storages. 

The refuelling machine's cooling system 

In the design criteria it is stated that the fuel 
assemblies will be cooled effectively in all storage and 
operating situations. When the assembly is removed 
from the reactor it normally has a surface temperature 
of about 70 o and the fuel continues to give off a 
decay heat equivalent to 11 kW fairly constantly for 
several hours. This heat must be removed, otherwise 
the temperature will rise abnormally causing damage 
to the assembly. The assembly need not be cooled 
for about 5 min which occurs when changing from the 
reactors 0 20 to the storages H20. The system has, of 
course, several limitations; for instance the- assembly 
cannot be gas cooled during all moments of handling. 
For this reason the system has been designed with a 
spray cooling system for 0 20 or H20. The spray 
system is also a reserve for the gas cooling system if 
for instance a fault occurs in the circulators. 

The system (Fig. 3) consists of a cooler, a dryer, an 
electric heater and a circulator which is duplicated. 
Clean nitrogen is used as the cooling medium. The gas 
flow is 0.4 kg/s at a pressure rise of 1 500 mm water 
gauge. The cooler works between +210 to +80 oc 
and transmits the heat by a water circuit to an air 
cooler which in turn transmits the heat to the atmos
phere in the reactor hall. The dryer, which is placed in 
series with the cooler, is dimensioned so that all the 
0 20 steam in the cooling circuit will be condensed 
within 5 min after the refuelling machine has left 
the reactor (Fig. 4). A freon-cooling system combined 
with an ice box divided into compartments is chosen 
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Figure 4. The ventilating efficiency in the refuelling machine 

for the dryer. The electric heater has a consumption of 
6 kW and works between + 75 to +85 °C. The task 
of the heater is to warm up the gas and the inner 
surfaces to at least +80 °C before the refuelling 
machine is connected to the reactor. An escape of 
D20 from the reactor up into the refuelling machine 
is thus prevented. 

The gas circulators are one of the machine's most 
interesting components. They ought to be totally 
closed with little or no risk of oil leakage into the 
gas circuit as per the design criteria. Having con
sidered various schemes, an invitation was accepted 
by a British company to supply a wholly canned 
circulator using gas lubricated bearings. The manu
facturers had not built circulators of this size before, 
but they presented very positive reports of many years 
development work. Unfortunately the manufacturer 
was unsuccessful in spite of extraordinary attempts to 
produce a circulator with sufficient reliability. Due to 
the pressing time schedule there was unfortunately ho 
possibility of continuing work with the gas lubricated 
bearings and the circulator had to be rebuilt using ball
bearings. 

The ball-bearings selected for this application were a 
special, bronze-machined cage type (Fig. 5). Similar 
bearings had been submitted to many years of 
observation and thousands of running hours under 
far more arduous load conditions, greater temperature 
extremes, and nearly double the speed. 

Nevertheless, the essential feature of this redesigned 
assembly was, of course, oil-free operation under 
normal and extreme conditions of operating cycles. 
The source of oil leakage most detrimental to this 
application was from the front seal next to the im
peller, although to a lesser degree, internal leakage into 
the casing could be troublesome over long periods. 
Thus, to eliminate this possibility, comprehensive 
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investigations during manufacturing tests were 
carried out such that no oil leakage was observed 
or detected. Labyrinth type, self-cutting, carbon oil 
seals were specified, based on successful results and 
negligible leakage on a similar test rig assembly. 

In order to supply the bearings with oil, at consistent 
flows and temperature conditions, an oil tank assembly 
was also designed in which heating/cooling coils were 
housed together with oil pump and motor etc, as an 
independent sealed unit. 

During commissioning, however, some oil leakage 
from the front seal was detected. At first this problem 
seemed part of the learning process towards normal 
operating/control techniques. But, subsequent experi
ence showed that the operatingcirculatorunitappeared 
to effect the other non-operational unit in situ. A 
programme of· investigation into relative pressure 
levels throughout both circulator units under various 
operating conditions was therefore carried out in the 
refuelling machine. 

Sealing arrangement 

Resulting from the findings and analysis of this 
investigation, adjustments to the lubricant drain 
systems and the general running procedure of the 
circulators successfully enabled oil-free operation. 

In order to meet the requirement to keep the gas 
leakage down to a minimum, double sealing by means 
of synthetic rubber is used and positioned so that 
back-up gas is pressurized between them. The use of 
elastomers is strongly limited where one has ionising 

Figure 5. Comparison/conversion of gas bearing to ball-bearing 
machines 
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radiation and thus this sealing element must be 
positioned in a relatively well-shielded part of the 
machine. Provision of back-up gas is made from the 
nitrogen supply which is stored on the machine. Also, 
nitrogen is used for filling and flushing clean the re
fuelling machine's primary circuit and for other 
pneumatic operations. It is stated that when one uses 
dry nitrogen the friction properties of the seal be
come worse; these are then compensated for by 
applying molybdenum disulphide to the friction 
surfaces of the seal. 

Radiation detection and decontamination 

As already mentioned the shielding is designed to 
give a dose rate of 0. 75 mrfh. If, however, in the fuel 
assembly large can damage occurs, there is a risk 
that activity will spread to parts of the refuelling 
machine, which, due to its space and weight, cannot be 
given the same shielding. In order to get an immediate 
alarm by an increased gas activity in the machine a 
radiation detector is connected to a by-pass in the 
gas circuit. 

In order to make inspection and service easier the 
primary system has been fitted with a pump so that the 
decontamination fluid can be circulated round the 
gas circuit and in this manner reduce the activity level 
of the inner components. 

Control equipment 

The design criteria require that safety is met by: 
(a) Electrical interlocks incorporated so that an 

incorrect operation cannot be carried out; 
(b) Indication of the operating positions on symbol 

diagrams which gives the operator the information 
he requires for manipulating the machinery; 

(c) Essential instrumentation for measuring temper
atures, mass flows, pressures, loading in the hoisting 
rope etc. 

The travelling and traversing movements are 
automatically stopped when the refuelling machine 
approaches the outer positions of its movement. 
Before the refuelling machine's travelling movement 
is stopped the speed changes to creep. 

The hoisting and lowering speeds are to be changed 
automatically from maximum to creep at fixed levels. 
The electrical interlocks are arranged in such a way 
that only determined operations in an arranged se
quence are possible with the following considerations: 
(a) Which station is to be served; (b) In which turning 
position the grab rests; (c) At which level the grab 
rests; (d) Which hooks in the refuelling machine are 
occupied; (e) Which hooks in the reactor or storage 
are occupied; (f) If the grab is engaged or free; 
(g) Plug control rod or fuel assembly operation; (h) 
The grab out or in. 

Information is normally given from switch
governed relay-circuits except for (e) where it is 
relayed from a memory-relay-circuit and for (f) from 
switches which are influenced by the hoisting ropes 
weighing equipment with associated relay functions. 
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After the refuelling machine is closed and dis
connected the memory is erased, that is, the hooks 
in the reactor and stores are shown to be occupied. 
When the refuelling machine is again connected to 
the reactor or any of the fuel stores, a trial run is 
carried out in order to trigger the memory system so 
that the correct fuel changing sequence is obtained. 

The drive for the bottom nozzle and bottom valve 
continues to move to a fixed stop position, when the 
clutch slips, causing the governor to break the current. 

A frequency changer supplies the gas circulator 
squirrel cage motor with 440 V 260 cps which gives 
the circulator a speed of 16 000 revfmin. The drive 
of the circulator and its auxiliary system is completed 
with sufficient interlocks and the starting up of the 
complete system is actuated in a fixed sequence. 

The control system is designed for a change of 2 
spent fuel assemblies for 2 new ones. If any other 
operation is required, this is possible only by over
riding the actual interlocks. A special box, normally 
closed, is placed in the control panel, in which there 
are several handles that enable the interlocks to be 
over-ridden. 

The reactor mock-up 

A fuel handling machine of this type needs to be 
rather complicated. With regard to the safety aspects 
it has been considered important that all functions of 
the refuelling machine be thoroughly checked before 
any fuel changing is started. A reactor mock-up has, 
for this reason, been placed in the service area. In this 
mock-up it is possible to carry out almost a complete 
check of all functions. 

Storage for fuel assemblies, control rods and plugs 

The main principle during the design of the storage 
has been with adherence to the criteria that all 
handling of activated or decontaminated components 
has to be done under gas-tight and shielded conditions 
(Fig. 6). 

The storage for new fuel assemblies 

This is a transfer station placed inside the re
fuelling machine's working area. It consists of 8 
vertically placed protecting pipes of stainles~ steel 
whose top end is designed so that the refuelling 
machines bottom nozzle seals against them, the fuel 
assemblies being supported at the lower end in a 
guide. Every storage pipe is connected to the venti
lating system in the station, in order to ventilate the 
machine's sliding sleeve. 

The storage for acth•ated undamaged fuel assemblies 

This consists of 6 tanks for 49 assemblies each. 
The contents of the store is thus a total of 294 
assemblies. The spent fuel will be kept 6 months in 
the store in order to reduce the decay heat to such a 
value that the assemblies can be transported without 
special cooling. Every tank pair is connected to a 
cooling system to dispose of the decay heat. For the 
ventilating operations the tanks are also connected to 
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figure 6. Vertical section of storage 

the active gas system. This is normally kept below 
atmospheric pressure. 

The store for act ice can-damaged fuel assemblies 

This is designed, so that the damaged assembly can 
be placed in a separate flask, which is provided with a 
seal plug. The plug contains lifting hooks similar to 
the assembly for handling in the refuelling machine. 
The operation of the plug-handling equipment and the 
store's turning machinery is carried out from an 
operating panel placed in the bottom end of the 
reactor hall. All functions are started manually with 
push-buttons. The operations are indicated with signal 
lamps on a symbol scheme. The turning movement 
and the lifting and lowering movement can be 
followed on selsyns. The different operations are 
interlocked so that the impulses must be given at 
correct time intervals. The store is electrically con
nected to the refuelling machine to maintain correct 
interlocking. 
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The store for control rods and plugs 

The store is from the design point of view similar to 
that above. The storage pipes are connected to the 
station's ventilating system. 

The station for the exchange of throttling rings on 
fuel assemblies 

Fuel assemblies in different positions in the reactor 
require different cooling mass flows. The mass flow is 
regulated with a throttling ring clipped into the bottom 
end of the assembly. The change of the ring is carried 
out with a manipulator during gas-tight and shielded 
conditions. 

Experience from manufacture, erection and tests 

As a general rule all details with surfaces exposed to 
heavy water should be made from stainless steel with 
low carbon content and from the decontamination 
point of view, made to a certain minimal surface 
finish. For erection purposes the manufacturers have 
arranged clean areas of a high standard. 

The final erection and test run has clearly shown that 
it is necessary to use large tolerances when two 
stainless surfaces have to work together. The risk of 
seizing is considerable. All changes in dimension must 
be provided with good guiding faces without sharp 
edges. This is particularly apparent later when a dull 
oxide-protection has covered the surfaces. 

Summary and conclusions 

In order to lower the stress in the flat lid the number 
of charge pipes has been limited for one of each four 
fuel assemblies. The traverse movement of the 
assemblies to respective hooks has thus to be managed 
inside the reactor vessel and the grab has to be designed 
to meet this requirement. 

The same geometry must, however, be used in the 
fuel stores and this fact together with the safety 
requirements has certainly meant an increase of the 
plant costs. Since the design is a prototype, and the 
necessity is to keep down the costs, it is not considered 
justifiable to use automation for the fuel handling as 
might be considered for a more commercial plant. 
Experience from the operations which is now available 
shows also that the auxiliary functions take an 
unproportionally long time in comparison with the 
proper fuel handling. 

The request for limiting the choice of construction 
material and the requirement for high cleanliness 
during manufacture has raised certain complications. 
The wish to keep down the dimensions has also 
necessitated designs which have caused certain 
manufacturing problems. 

After necessary corrections during the final erection 
and tests it was, however, shown that all functions 
corresponded well with the estimated design per
formance. 
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Equipement de manutention du combustible 
pour le reacteur d'Agesta a cuve sous 
pression modere a l'eau lourde 

par G. Granelll et al. 

L'objet du memoire est d'indiquer quelques aspects 
des idees de base et de !'experience acquise dans 
l'etude, la construction et les essais. 

Certains parametres fondamentaux de la conception 
etaient fixes. La manutention du combustible doit 
s'effectuer avec etancheite aux gaz et protection contre 
les rayonnements; le mecanisme de manutention du 
combustible et le stockage du combustible doivent 
etre dotes d'un systeme de refroidissement efficace sous 
toutes conditions de fonctionnement concevables; le 
systeme de commande doit etre a l'epreuve de toutes 
les fausses manreuvres; enfin, l'eau lourde condensee 
dans la machine de chargement doit etre recuperee et 
ne doit en aucun cas etre susceptible de se melanger a 
l'eau Iegere. 

Afin d'obtenir une construction aussi simple que 
possible, il a ete decide d'utiliser un tube de charge
ment commun pour les quatre positions d'elements les 
plus rapprochees. Le tube de chargement contient 
egalement Ia barre de controle qui est desservie par la 
machine de chargement. Les elements de combustible 
sont suspendus a des crochets sous le capot du 
reacteur et sont manutentionnes a l'aide d'une pince a 
griffes logee dans la machine de chargement. 

Le reservoir de combustible se presente sous forme 
de recipients normalement maintenus en depression 
par rapport a Ia pression atmospherique afin d'eviter 
les fuites d'activite vers Ia salle du reacteur. Pendant le 
chargement du combustible, qui s'effectue Jorsque le 
reacteur n'est pas en fonctionnement, Ia machine de 
chargement est reliee, de maniere etanche, aux gaz, au 
tube de chargement du reacteur ainsi qu'aux tubes du 
reservoir de combustible. 

L'eau lourde presente dans le systeme est recueillie 
par drainage du gaz de refroidissement. Le condensat 
du secheur est achemine dans un bac de condensation 
special. Tout melange avec l'eau Iegere est evite par 
epuisement rigoureux du tube de chargement et de Ia 
machine de chargement avant toute manutention de 
combustible. 

Chaque operation est mise en route et arretee 
manuellement. La surete contre les fausses manreuvres 
resulte de dispositifs de verrouillage et de Ia possibilite 
d'intervention manuelle pour toutes les operations 
principales. 

La demande d'un choix limite de materiaux de 
construction et les exigences relatives a une proprete 
rigoureuse en cours de fabrication ont souleve cer
taines complications. Le desir de maintenir les dimen
sions a un minimum a egalement exige des modes 

de construction qui ont pose certains problemes de 
fabrication. 

Apres les corrections necessaires au cours du 
montage final et des essais, il a ete demontre que 
toutes les fonctions correspondaient bien aux per
formances prevues. 

A/808 WB84HR 

OC5opyAoBaHHe Anft paC5oTbl c renno
BbiAemtiO~HMH 3neMeHTaMH TR.H<eno
BOAHOrO peaKropa a Arecre c Kop
nycaMH AaBneHHR 

r. rpaHennM et a/. 

.QeJIL ~ORJia~a COCTOBT B TOM, 'IT06LI paCCMOT

pCTL HCROTOpLie atDCRTLI cfl.R3HRH peaRTOpa H 

()DLITa ero npOORTHpOB8HHH, H3rOTOBJIOHHH H HC

HIJT8HBH. 

06cym~aiOTCH HCROTOpLie OCHOBHLie napaMe

-TpLI ROHCTpyR~HH. Pa6oTa c TennoBw~eJIHIOID;H
MH 3JICMCHTaMB ~OJI>KHa npOBO~HTLCH B ra30HC

npOHH~aeMOH CHCTOMe, CHa6meHHOH aam;HTOH OT 

pa~Ha~HH. ,AJIH DpOBC~CHHH DCCX ODIJTOB MaliiHRa 

JlJIH pa60TIJ C TB3JI8MH" If xpaHHJIHID;C ~JI.JI TOIIJIH

Ba ~OJIHCHLI 6LITL CHa6meHLI acflcfleKTHBHOH CHCTe

MOH oxnam~eHH.R. MaueBp»pymm;a.R cucTeMa ~oJI
JKHa 6LITL HCCJIO>KHOH. l\oH~eHCaT T.JI>KCJIOH BO~LI 
B aarpy30"'HOH MaliiHHC ~OJIHCCH C06HpaTbC.JI TaK, 

'IT06LI HC ~ODYCTHTL ero CMCliiHBaHH.JI C o6LI'IHOif 

BO~OH, 
qT06LI C~eJiaTL ROHCTpyK~HIO B03MOHCHO 6oJiee 

npOCTOH, 6LIJIO pemeHO HCDOJib30B8TL COC~HHH
TCJI&HIJC aarpy30'IHLIC Tpy6LI Jl.JIH 'ICTLipex 

HaH60Jiee llJIOTHLIX llOJIOHCCHHH 3JICMCHTOB. 3arpy

aO'IHa.R Tpy6a COJl.CpHCHT TaKme peryJIHpyiOID;HH 

CTCp>KCH&, KOTOpLIH yrrpaBJIHCTCH aarpy30'IHOii 

Mamuuoii. TenJIOBLIAeJIHIOm;ue aneMCHTLI, no~Be
meHHLie Ha RpiOKaX HHHCC KpLiliiKH pl18KTOpa, 

6epyTCH 38XB8TOM, YCT8HOBJICHHl:a1M Ha MaliiHHe 

~JIH aarpy3KH TODJIHBa. 

XpaHHJIHID;e TODJIHBa COCTOHT H3 "18HOB, B KO

TOpLIX o6LI'IHO llO~~epHCHBaeTCH ~aBJICHHC HHHCC 

aTMoccflepuoro, 'IT06LI ua6emaTL yTe'IKH aKTHB

HOCTH B peaKTOpHLiii aaJI. Bo BpeMH aarpyaKH 

TOIIJIHBa, ROTOpall DpOBO~HTCH B YCJIOBHHX, ROr~a 

peaKTop pa6oTaeT 6ea uarpyaKH, aarpyaoquaa Ma

muua npucoe~HHHCTC.R R aarpyao'IHoii Tpy6e B 

peaRTope, a TaKme R aarpyao'IHhlM Tpy6aM xpa

HHJIHm;a Jl.JIH TODJIHBa. Ilpu aTOM o6ecne'IHBaeTCH 

ra30HOllpOHH~aeMOCTL CHCTCMIJ. 

THmenaH Bo~a B CHCTeMe co6upaeTCH nyTeM 

ocymeHHH oxnam~a10m;ero raaa. Rou~encaT ua 

cymHJIKH HanpaBJIHCTCH B CllC~HaJibHbiH 6aK

KOH~CHCaTop. BcHKOC CMCliiHBaHHe THHCCJIOH BO

.I(bl C o6bi'IHOH BO~OH npe~OTBpam;aeTCH IIYTCM 

IIOJIHOrO OTKa'IHBaHHH B03~yxa H3 aarpy30'IHOH 
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Tpyohl H MaillHHhi ,!J;JIH aarpy3KH TOIIJIHBa, rrpeiK

,n;e 'leM rrpoBO,!l;HTCH KaKaH-JIH6o aarpyaKa. 

RaiK,!l;aH orrepan;HH Ha'IHHaeTCH H npeKpaxn;aeT

CH BPY'IHyiO. qTo6hi c,n;eJiaTb CHCTeMy HecJIOiKHOH 

B ynpaBJieHHH, IIpHMCHeHa CHCTeMa 6JIOKHpOBKH. 

B rrpoBe)l;eHHH ncex ocHORHhiX orrepan;Hii: rrpeo6-

.:~a.n;aeT py'IHOe ynpaBJieHHe. 

Tpe6oBaHHe orpaHH'IeHHH BLI6opa KOHCTpyKn;H

OHLIX MaTepHaJIOB H ueo6XO,!l;HMOCTb B BhiCOKOB 

'IHCTOTe MaTepHaJIOB B npon;ecce HX H3rOTOBJieBHH 

HeCKOJihKO nOBhiCHJIH CJIOiKBOCTh KoHCTPYKD;HH. 

il\eJiaBHe yMeHhillHTb poeT paaMepoB TeiTJIOBLI,!l;e

JJHIOIT\RX aJieMeHTOB npHBeJIO K HeOOXO)l;HMOOTH 

C03,!l;aTh KOHCTpyKD;HH, H3rOTOBJieHHe KOTOpLIX Bhi-

3biBaJIO HeKoTophle Tpy,n;HoCTH. 
fiocJie BBe,!l;eHHH HeOOXO,!l;HMbiX nonpaBOK DO 

BpeMH OKOH'IaTeJibHOH OTpaOOTKH H HCTILITaHHH 

6biJio noKaaaHo, 'ITO napaHeTpLI KOHCTPYKD;HH Ha

xo,n;HJIHCh B xopomeM COOTBeTCTBHH C pac'leTHhi

MH pa60'IHMH XapaKTepHCTHKaMH. 

A/808 Suecia 

Equipo de manejo de combustible para el 
reactor de vasija a presi6n moderado por 

0 

0 20 de Agesta 

por G. Granelli et at. 

El objeto de la memoria es el de presentar algunos 
aspectos de las bases te6ricas y de la experiencia del 
proyecto, la fabricaci6n y los ensayos. 

Se establecieron para el proyecto ciertos panimetros 
basicos. El manejo de combustible tiene que ser 
realizado en condiciones de hermeticidad a los gases y 
protecci6n contra la radiaci6n, la maquina de manejo 
de combustible y el almacen del combustible deben 
estar provistos de un sistema de refrigeraci6n efectivo 
en todas las condiciones de funcionamiento conce
bibles, el sistema de maniobra debe ser a prueba de 

G. GRANELLI et at. 

falsas maniobras y, finalmente, el agua pesada con
densada en la maquina de carga tiene que ser recogida 
y no debe mezclarse con H20. 

A fin de hacer el diseiio lo mas sencillo posible, se 
decidi6 emplear un tubo de cargacomun para las cuatro 
posiciones de elementos mas pr6ximas. El tubo de 
carga contiene tambien la barra de control, a la que 
sirve la maquina de carga. Los elementos combustibles 
cuelgan de ganchos debajo de la tapa del reactor y son 
manejados por medio de un gancho horquillado 
situado en la maquina de carga del combustible. 

El dep6sito de combustible consiste en unos tanques 
que se mantienen normalmente por debajo de la 
presi6n atmosferica para evitar fugas de elementos 
radiactivos ala sala del reactor. Durante la carga de 
combustible, la cual se realiza con el reactor fuera de 
funcionamiento, la maquina de carga se em palma con 
una conexi6n hermetica a los gases, al tubo de carga 
del reactor y a los del dep6sito de combustible. 

El agua pesada del sistema se recoge desecando el 
gas de refrigeraci6n. El condensado procedente del 
desecador se lleva a un condensador especial. Se 
evita la mezcla con H20 vaciando a fondo el tubo de 
carga y la maquina de carga de combustible antes de 
realizar la operaci6n. 

Cada operaci6n se inicia y se detiene manualmente. 
Para hacer el sistema a prueba de falsas maniobras se 
emplean enclavamientos y se ha dispuesto un sistema 
de control manual predominante en todas las opera
ciones basicas. 

Los requisitos para la elecci6n de materiales de 
construcci6n y la necesidad de una gran limpieza 
durante la fabricaci6n han dado Iugar a algunas com
plicaciones. El deseo de limitar las dimensiones ha 
sido causa tambien de adoptar disefios que han 
originado ciertos problemas de fabricaci6n. 

Despues de las necesarias correcciones durante la 
instalaci6n final y las pruebas se ha demostrado que 
todo el funcionamiento correspondia bien al com
portamiento previsto. 
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Etude de structures 
graphite- gaz et eau 

nouvelles adaptees 
lourde-gaz 

aux reacteurs 

par R. Martin et R. Roche* 

' FILIERE GRAPHITE- GAZ 

L'experience acquise par !'exploitation des reacteurs 
de Marcoule, la construction et le demarrage des 
reacteurs d'EDF, d'une part, les conclusions des 
etudes et essais effectues hors pile, d'autre part, 
conduisent a un changement considerable de la 
physionomie des reacteurs de la filiere graphite - gaz. 

Elements combustibles annulaires 

La recherche de puissances specifiques de plus en 
plus elevees a d'abord oriente vers des elements 
combustibles creux, puis vers des elements annulaires 
refroidis exterieurement et interieurement. Cette 
disposition supprime tout risque de flambement sous 
l'effet de la pression du gaz et accroit la surface 
d'echange. La resolution du probleme de gainage 
interne est facilitee par l'accroissement de la pression 
qui va de pair avec !'augmentation de puissance 
specifique. Les ailettes externes conservent la configura
tion en chevrons, qui offre un excellent rendement, 
tandis que la paroi interne presente des micro
chevrons ou des corrugations de faible amplitude. 

Sens de circulation du fluide 

L'accroissement de la puissance developpee par 
canal entraine une augmentation correlative du debit 
de fluide; le sens de l'ecoulement do it etre inverse 
pour ecarter le risque de levitation des elements 
combustibles. Cela implique la conservation des 
chemises pour soulager les cartouches des efforts dus 
a la poussee du gaz. L'inversion du sens de souffiage 
apporte de tres nombreux autres avantages (sup
pression du dispositif de contre-envol des elements 
combustibles, fonctionnement du treuil et du grappin 
en zone relativement froide, meilleur refroidissement 
des cartouches irradiees pendant leur manutention, 
diminution d'epaisseur du calorifuge du caisson, 
possibilite de regler le debit de gaz dans les canaux au 
moyen d'un organe de laminage accessible, ameliora
tion de la stabilite des elements combustibles, degage
ment du dome, les tubes de prelevement- DRG, 
debits, temperatures - etant reportes au niveau de la 
sole). En contrepartie, il convient de citer quelques 
inconvenients (necessite de renforcer les supports 
d'elements combustibles pour tenir compte en 

* Commissariat a l'energie atomique. 
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particulier de la poussee aerodynamique lorsque le 
debit est momentanement accru, durant les operations 
de renouvellement en marc he; alourdissement de la 
sole portee a la temperature de sortie du gaz et qui 
doit resister au poids du creur majore de la poussee 
aerodynamique du gaz; incompatibilite du souffiage 
descendant avec un refroidissement par thermo
siphon du reacteur arrete ou fonctionnant a puissance 
reduite). 

Compte tenu des avantages attendus de !'inversion 
du sens traditionnel de souffiage, et en depit des 
inconvenients mineurs qui viennent d'etre cites, il a ete 
decide d'adopter cette solution sur le reacteur EDF4, 
en construction a Saint-Laurent-des-Eaux. 

L'empilement de graphite 
L'accroissement de la masse d'uranium par canal a 

pour consequence de reduire tres sensiblement le 
nombre des canaux. Celui-ci peut, a puissance de 
reacteur egale, etre divise par trois ou quatre. Correla
tivement, le pas du reseau est augmente et l'empilement 
de graphite doit etre ada pte a cette nouvelle condition. 

Le CEA a pu imaginer et mettre au point un type 
d'empilement tel que le pas du reseau est rigoureuse
ment insensible a !'expansion Wigner, que celle-ci 
soit positive ou negative. 11 consiste a juxtaposer des 
blocs de graphite prismatiques, de section generale
ment hexagonale, et a les relier entre eux par des 
clavettes egalement en graphite. Un jeu est menage 
entre chaque bloc afin d'autoriser une certaine 
expansion. Le choix de ce jeu suppose evidemment la 
connaissance de la borne superieure de !'expansion 
Wigner, ce qui est generalement le cas. Ce procede, deja 
adopte pour les reacteurs EDF2, EDF3, EDF4, ainsi 
que dans divers reacteurs construits a l'etranger, est 
evidemment transposable aux reseaux a grande maille 
moyennant !'augmentation de section des blocs. Une 
autre disposition, basee sur le meme principe mais 
faisant usage de blocs non fores, a ete en visa gee; 
dans ce cas, les canaux soot crees par le retrait de 
certaines colonnes de graphite reparties selon un 
reseau regulier. Ce systeme a rec;u le nom d'empilement 
lacunaire. 

Des etudes ont ete lancees concernant, d'une part, 
la possibilite de production de barres en graphite 
nucleaire de gros module, d'autre part, le comporte
ment d'empilements lacunaires, notamment au moyen 
d'un montage experimental de grandeur quasi reelle 
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installe a Chinon, en cooperation avec Electricite de 
France. 

Les gradients de flux neutroniques et de temperature 
au travers d'un bloc de graphite sont susceptibles 
d'engendrer des contraintes (blocs de gros module) 
ou de provoquer des arcures (blocs d'empilement 
lacunaire), dont )'importance est en cours d'evaluation. 

Le caisson 

L'emploi de beton frette, a Marcoule, des 1956, a 
ouvert des perspectives nouvelles dans le domaine des 
caissons de reacteurs. Cette technique autorise des 
pressions notablement plus fortes qu'avec racier et, 
par consequent, des puissances unitaires plus grandes, 
toutes choses restant egales par ailleurs. 

Independamment des facilites de construction qu'il 
apporte incontestablement, le beton precontraint est 
aujourd'hui considere comme offrant une securite 
superieure a celle de l'acier. Tandis que le caractere 
monolithique d'un caisson metallique exige imperative
ment !'absence de tout defaut local, Ia resistance d'un 
caisson en beton precontraint est fournie par une 
multitude de cables, generalement independants les 
uns des autres, de sorte que Ia rupture eventuelle de 
l'un d'eux n'aboutit qu'a une surcharge Iegere et tres 
acceptable des cables voisins. Sous reserve d'une 
etude serieuse et d'une surveillance reguliere en 
service, un caisson en beton precontraint peut etre 
considere comme inexplosible. Cet avantage a ete 
juge d'une telle importance qu'il a conduit a etudier 
)'integration des echangeurs, des canalisations de 
C02 et des souffiantes dans le caisson contenant le 
creur. Des etudes ont ete entreprises en vue de com
parer Ies differentes possibilites quant a Ia dispo~ition 
relative du creur et des echangeurs; compte tenu des 
commodites de construction du caisson, d'une part, 
des servitudes imposees par Ia manutention du com
bustible, d'autre part, il est apparu judicieux de placer 
les echangeurs so us le creur; cette disposition, qui se 
conciliefacilement avec !'inversion du sens de souffiage, 
a ete adoptee sur le reacteur EDF4. 

La manutention du combustible 

La manutention du combustible reste un des 
problemes majeurs des piles a graphite- gaz. Cette 
partie de !'installation est l'une des plus coilteuses et 
des plus delicates par I'ampleur des moyens mis en 
reuvre. C'est aussi celle qui a le plus de repercussions 
sur les conditions d'exploitation de Ia centrale. 

Certes, avec Ia disposition proposee pour le reacteur, 
le probleme est simplifie: Ie nombre des canaux a 
desservir est fortement reduit; !'inversion du sens de 
souffiage supprime tout systeme de contre-envol et 
permet aux mecanismes d'evoluer dans une ambiance 
relativement froide. 

Par contre, Ia grande section des elements com
bustibles annulaires, encore accrue par Ia presence de 
leurs chemises en graphite, conduit a des appareilsdont 
les dimensions, le poids et la complexite s'accroissent 

R. MARTIN et R. ROCHE 

d'inquietante fac;on, principalement lorsqu'on desire 
operer pile en marche. Or, on sait que Ia France 
s'est resolument orientee dans la voie du renouvelle
ment du combustible« pile en marche »,qui procure un 
certain nombre d'avantages importants. 

Par ailleurs, Ia trajectoire curviligne ou brisee 
imposee aux elements combustibles dans les solutions 
classiques est peu satisfaisante a plusieurs egards 
(chocs, risques de fonctionnement intempestif du 
grappin, difficultes de ramonage d'un canal avarie ... ). 

Cette situation nous a conduits a reconsiderer le 
probleme sur des bases nouvelles et a proposer, des 
1957, un dispositif de manutention incorpore, carac
terise par l'emplo.i de mecanismes qui evoluent a 
l'interieur meme du caisson, dans un compartiment 
relativement froid (70 °C environ) situe au-dessus du 
creur et appele « grenier » [1]. Ainsi, Ia fonction de 
blindage est demandee au caisson lui-meme. Une dalle 
de protection, percee d'un orifice en regard de chaque 
canal, constitue le plancher de ce grenier. Les orifices 
de cette dalle sont normalement obtures par des 
bouchons semi-etanches qui ont pour but de limiter 
les echanges d'atmosphere entre le creur et le grenier 
et d'attenuer l'intensite des rayonnements susceptibles 
d'induire une certaine radioactivite dans les parois de 
ce dernier. Grace aux dispositions prevues, l'acces au 
grenier devrait etre possible 48 heures apres !'arret de 
la pile. 

Trois circonstances ont favorise le developpement 
de cette solution. Ce sont: !'adoption du beton 
precontraint pour Ia construction des caissons; 
!'augmentation de pas du reseau; !'inversion du sens 
traditionnel de souffiage. 

Parmi les points originaux que comporte cette 
solution, citons le reperage des canaux au moyen d'un 
dispositif optico-electronique. Des mires portant un 
repere (nombre binaire) sont disposees aupres de 
chaque canal. Leur image est transmise au tableau de 
controle au moyen d'une camera de television. Un 
dispositif electronique compare ces reperes a un code 
prealablement inscrit en memoire et Ia machine 
s'arrete lorsque Ia concordance est obtenue, la 
coincidence des images autorisant du meme coup le 
declenchement des sequences suivantes. Des cameras 
d'ambiance, equipees d'objectifs grand angulaire, 
permettent de suivre le deroulement des operations. 

Les paniers contenant les elements combustibles 
usages sejournent quelque temps dans !'enceinte avant 
d'etre evacues par l'un des deux sas prevus. Ceux-ci 
sont constitues chacun par un tube de diametre 
inferieur a deux metres et ferme a chacune de ses 
extremites par des portes autoclaves qui ne peuvent 
en aucun cas etre manreuvrees si les pressions ne sont 
equilibrees de part et d'autre; elles presentent done 
une tres grande securite intrinseque. Du point de vue 
de leur etancheite les conditions de temperature en cet 
endroit permettent l'emploi d'etastomeres. 

Un «robot», sorte de machine de depannage, de 
conception simple, peut etre introduit dans le grenier, 
sans arreter le reacteur, pour intervenir en cas de 
besoin. 
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Les avantages procures par le dispositif de manu
tention integre sont nombreux: 

a) Les machines, depourvues de tout blindage, sont 
simples et rustiques. Leur mise en position ne necessite 
aucun raccordement etanche amovible avec le reacteur. 
L'accessibilite aux organes mecaniques est plus grande 
que dans les machines conventionnelles en depit des 
apparences. La modicite de leur prix permet d'envi
sager l'echange standard d'une machine defaillante 
contre une autre en bon etat; 

b) Les elements combustibles suivent une trajectoire 
rectiligne ;;~u cours de leur manutention, ce que l'on 
doit considerer comme un avantage fondamental. 
Leur course est reduite au minimum; 

c) L'evacuation par convection naturelle de la 
puissance residuelle des elements combustibles stockes 
dans !'enceinte ne pose aucun probleme compte tenu 
des conditions ambiantes (pression elevee, temperature 
moderee); 

d) Chaque manreuvre de sas interesse un tonnage de 
combustible important (representant la charge de 
cinq canaux); 

e) Le rearrangement du combustible a l'interieur 
d'un canal demeure une operation simple; Ia per
mutation entre canaux devient meme possible avec 
une remarquable facilite; 

f) Les bouchons de la dalle-plancher reposent sur 
leurs sieges par gravite; ils ne comportent aucun 
dispositif de verrouillage ni d'etancheite; 

g) Le recours a Ia television pour les reperages et 
verrouillages simplifie considerablement l'equipe
ment des machines en supprimant tout contact 
electrique interne et en reduisant le nombre des 
conducteurs qui, autrement, seraient necessaires pour 
acheminer les informations. Par ailleurs, !'exactitude 
des informations recueillies est indiscutable; 

h) La television d'ambiance permet de travailler a 
vue, ce qui constitue un facteur psychologiquement 
tres appreciable; 

i) Le depannage est possible commodement et en 
toutes circonstances. 

Compte tenu de !'importance du sujet, le CEA a 
entrepris avec la participation d'EURATOM Ia 
construction d'une maquette en vraie grandeur qui 
fonctionne a Saclay depuis plusieurs mois. Les essais, 
menes a Ia pression atmospherique et a Ia temperature 
ambiante, sont completes par d'autres, d'envergure 
plus limitee, dans le C02 comprime et chaud. 

En depit de son apparence revolutionnaire, Ie 
dispositif de manutention integre ne fait appel, en 
realite, qu'a des procedes industriellement eprouves. 

Au moment ou les commodites offertes par le beton 
precontraint permettent d'envisager !'integration des 
echangeurs dans le caisson, !'incorporation des ma
chines de manutention du combustible ne fait que 
marquer un pas de plus dans Ia voie de !'integration 
to tale. 

Les barres de controle 

Le developpement du dispositif de manutention 
integre etait subordonne a la possibilite de loger les 
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barres de controle et leurs treuils au-dessus du creur 
sans entraver le mouvement des machines de charge
ment- dechargement. La solution a ete trouvee dans 
l'emploi de chaines en acier bore. Certains bouchons 
de la dalle-plancher du grenier sont con~us de maniere 
a contenir le treuil de commande et la reserve de 
chaine stockee en vrac. 

Un treuil defaillant peut etre remplace a tout 
moment d'une maniere tres simple et sans necessiter 
le degonfiage du caisson. 

Conclusion 

En resume, le reacteur de demain de la filiere 
graphite- gaz se presente, a l'heure actuelle, so us Ia 
forme d'un creur a canaux verticaux de forte section, 
en nombre reduit, charges d'elements combustibles 
annulaires de forte puissance specifique supportes par 
des chemises en graphite, refroidis par l'interieur et 
par l'exterieur au moyen d'un courant de gaz inverse. 

Le caisson, en beton precontraint, calcule pour 
resister a une pression de l'ordre de 50 bars, apparait 
sous la forme d'une tour relativement haute, abritant 
le creur, les echangeurs, les souffiantes et, dans un 
grenier, la machine de manutention du combustible, 
tandis que les barres de controle, constituees de 
chaines absorbantes, sont actionnees par des treuils 
disposes dans le plancher du grenier. 

\ 

FILl ERE EAU LOURDE- GAZ 

Les reacteurs de puissance, moderes a l'eau lourde 
et refroidis au gaz, constituent une filiere si recente (Ia 
construction du prototype n'etant pas encore achevee) 
que l'on pourrait considerer toutes les structures 
possibles comme nouvelles. 

Une breve revue des problemes fondamentaux de Ia 
filiere et des grandes options qu'elle presente permet 
cependant de concevoir les deux evolutions possibles 
des structures utilisees: l'une vers un reacteur voisin de 
EL4 mais a faible nombre de canaux eta concentration 
des circuits, !'autre vers des reacteurs apparentes a 
ceux de la filiere graphite- gaz et qui en heriteraient les 
caracteres essentiels: verticalite, caisson, integration. 

Caracteres propres a Ia filiere eau lourde- gaz 

La conception des structures mecaniques des 
reacteurs de Ia filiere eau lourde - gaz est dominee par 
des imperatifs resultant directement de Ia definition 
de Ia filiere. 

a) II convient de separer le caloporteur gazeux du 
moderateur liquide; Ia separation materielle generale
ment appelee «tube de force» do it etre completee par 
une separation thermique limitant les fuites de 
chaleur entre le gaz caloporteur chaud et le moderateur 
froid ou tiede. La temperature du gaz caloporteur a Ia 
sortie du canal etant incompatible avec Ia tenue du 
tube de force, l'isolant thermique doit etre place cote 
gaz de fa~on que Ia temperature du tube de force 
demeure voisine de celle du moderateur. Les car
touches doivent done cheminer sur le calorifuge lors de 
leur renouvellement. L'ensemble constitue par le tube 
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de force et l'isolant thermique doit etre aussi peu 
absorbant que possible; le perfectionnement des 
solutions actuelles est tributaire des progres de la 
metallurgic. Neanmoins ces structures resteront 
relativement fragiles (faible epaisseur, mediocrite des 
qualites mecaniques des materiaux utilises); il est done 
necessaire de pouvoir les entretenir, les reparer ou les 
remplacer sans travaux longs et cofiteux. Cette 
derniere necessite, jointe aux imperatifs de montage et 
de mise en place, exerce une influence decisive sur la 
configuration du reacteur et contribue a Ia differencier 
de ceux de la filiere graphite- gaz. 

b) Hors le circuit principal de refrigeration, de 
nombreux petits circuits soot necessaires pour 
l'epuration de l'eau lourde, son degazage, Ia recom
binaison des gaz radiolytiques, etc. A la puissance qui 
nait directement dans l'eau lourde (ralentissement des 
neutrons par exemple) vient s'ajouter celle qui, 
provenant du gaz, parvient a traverser !'isolation 
thermique; finalement le circuit de refroidissement du 
moderateur do it vehiculer 5 a 8% de Ia puissance de 
fission. Quoique thermodynamiquement degradee, il 
parait encore rentable de chercher a recuperer cette 
puissance pour la production d'energie (rechauffage 
de l'eau d'alimentation par exemple). 

c) L'eau lourde est un liquide cofiteux qu'il convient 
d'employer avec une stricte economie. La relative 
indifference des possibilites d'irradiation du com
bustible vis-a-vis de !'arrangement geometrique du 
reseau porte a choisir des pas de reseau assez faibles, de 
fa~on a reduire l'immobilisation d'eau lourde. La 
realisation de ces faibles pas est l'un des imperatifs 
essentiels auxquels doit satisfaire le reacteur; en cette 
voie et pour certaines solutions, nous verrons !'interet 
de !'utilisation eventuelle de reseaux rectangulaires. 

Ces faibles pas exigent des structures peu encom
brantes, difficiles a realiser. Le probleme est facilite 
par l'emploi de gros canaux a grandes contenances en 
combustible; on dispose ainsi d'un pas relativement 
plus grand favorisant !'assemblage et le choix de jeux 
convenables. Le prix des structures qui les composent 
(en grande partie proportionnel a leur nombre) est 
fortement diminue. Cette voie est bornee par l'accrois
sement du creusement de flux dans !'assemblage 
combustible et les difficultes de refroidissement qui en 
resultent. 

d) Le renouvellement du combustible est un point 
crucial de cette filiere qui vise les irradiations tres 
elevees; il est necessaire de disposer d'un ensemble de 
manutention permettant de deplacer, de retirer, de 
remplacer Jes elements combustibles avec le minimum 
d'influence sur Ia marche du reacteur. Cela constitue 
une lourde sujetion. L'un des problemes essentiels est 
celui du franchissement de !'enceinte so us pression; en 
cette matiere on se dirige vers une grande simplifica
tion des dispositifs d'etancheite, de fermeture et 
d'accrochage, a la limite vers leur disparition en 
utilisant un procede de manutention du type grenier. 

e) En limitant l'investissement d'eau lourde, on 
s'impose des puissances specifiques elevees et, par 
suite, l'usage d'un caloporteur de chaleur volumique 
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satisfaisante. Pour le gaz, cela signifie l'emploi d'une 
pression assez forte croissant avec Ia tenue des 
materiaux. D'autres solutions a faible pression peuvent 
se reveler interessantes (suspension de solides pul
verulents dans un gaz). 

Options principales de Ia filiere 

Les principales directions possibles resultent de Ia 
combinaison des principales options, c'est-a-dire des 
choix faits pour resoudre chacun des problemes 
essentiels exposes precedemment. 

Chacune des directions envisagees est, bien entendu, 
susceptible de poser des problemes particuliers en sus 
de ceux que nous venons de voir. 

a) L'option Ia plus decisive est, sans aucun doute, 
celle qui concerne le choix de la forme du reservoir 
contenant le gaz caloporteur sous pression. Deux 
grandes classes se presentent: Ia solution «caisson» et 
la solution «tubes de force». 

La seconde est caracterisee par la limitation au 
strict minimum de !'enceinte contenant le gaz, les 
tubes de force etant dimensionnes de fa~on a resister 
mecaniquement a la totalite de la pression du gaz; 
c'est la solution retenue pour EL4. La premiere est au 
contraire caracterisee par le logement du reacteur et 
d'une partie plus ou moins etendue de ses annexes dans 
un reservoir dont les parois soot dimensionnees pour 
resister a Ia pression du gaz. 

b) On peut penser que le defaut majeur de la solution 
caisson resulte de la dependance etroite de la pression 
vis-a-vis du diametre du caisson, et l'on n'a pas 
manque d'affirmer que cette solution, parfaitement 
valable pour les petites unites, ne serait pas transpo
sable aux reacteurs de grandes dimensions imposes 
par la philosophic de Ia filiere (reduction des fuites 
neutroniques). Or, les etudes derivees de celles 
menees pour la filiere graphite- gaz montrent que 
cette crainte est vaine et que les grosses unites ne soot 
nullement incompatibles avec des caissons en beton 
resistant a des pressions elevees. Disons, pour preciser, 
qu'un reacteur destine a procurer une puissance 
electrique de 1 000 MW se loge aisement dans un 
caisson resistant a une pression superieure a celle 
employee pour EL4. Cette conclusion est valable pour 
un dispositif de manutention du combustible n'exi
geant qu'un faible nombre d'ouvertures dans le 
caisson, mais il n'est pas exclu qu'on puisse l'etendre 
au cas limite ou le caisson presenterait un orifice de 
dechargement en regard de chaque canal. 

c) Ce prejuge etant dissipe, il convient de jauger les 
avantages immediats procures par l'emploi du caisson 
et de preciser les problemes qu'il pose. 

La diminution d'epaisseur du tube de force qui 
n'est plus Soumis a Ia totalite de Ia pression du gaz 
procure un gain de reactivite appreciable, mais 
moins important qu'il ne parait de prime abord. II 
doit, en effet, resister encore aux variations de pression 
des circuits de gaz et d'eau lourde (pression hydro
statique, perte de charge); finalement, on peut 
escompter une reduction de moitie. 
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La disposition a tubes de force resistants entraine 
une complication particuliere visant a autoriser sans 
contraintes excessives les dilatations differentielles, 
qui ont leur origine dans l'ecart de temperature entre 
le gaz et l'eau lourde: Ia cuve con tenant l'eau lourde 
definit le pas du reseau tandis que les canaux sont lies a 
un circuit de gaz carbonique chaud. Un tel systeme, 
qu'il fasse usage d'isolations internes ou d'organes 
elastiques (dont les plus communs sont les tubulures de 
faible diametre), est toujours couteux, delicat et long a 
mettre en place. La solution caisson procure de ce 
point de vue un gain important encore majore par les 
simplifications permises pour Ia cuve d'eau lourde, 
liberee des efforts exerces par les canalisations de gaz. 

d) Un autre groupe d'avantages se rattache au 
precedent: il concerne les consequences de Ia defail
lance du circuit de gaz. 

Dans le cas ou les tubes de force contiennent Ia 
totalite de Ia pression du gaz, Ia rupture de l'un 
d'eux entraine !'irruption soudaine du gaz dans Ia 
cuve ou apparait une surpression momentanee; Ia 
cuve doit done etre dimensionnee de fa~on a resister a 
cette pression, et des organes de separation de !'emul
sion eau- gaz doivent etre prevus. Toute cette com
plication disparait lorsqu'on emploie un caisson [2]. 

II convient egalement de considerer les consequences 
de Ia rupture eventuelle d'un gros collecteur de gaz: 
ce sont elles qui conduisent a loger !'installation dans 
une enceinte etanche. L'integration du circuit calo
porteur dans le caisson, contenant le creur, permet de 
s'aligner sur Ia filiere graphite- gaz, et de faire l'econo
mie de !'enceinte etanche. 

e) A ces avantages, s'ajoute, bien entendu, Ia 
possibilite de coordonner les etudes de developpement 
des deux filieres a gaz, qu'elles soient moderees au 
graphite ou a l'eau lourde. Cependant, !'utilisation de 
l'eau lourde dans une disposition integree pose, 
comme nous l'avons vu, certains problemes qu'il est 
bon d'examiner a nouveau. La pression et les tempera
tures visees pour Ia filiere eau lourde sont de nature a 
compliquer Ia realisation des accessoires internes du 
caisson: Ia pression aggrave le probleme de !'isolation 
thermique du beton et Ia temperature entraine !'usage, 
dans les zones chaudes, d'aciers resistant au fluage eta 
Ia corrosion par le gaz carbonique qui sont plus 
couteux et d'une mise en reuvre plus delicate. 

L'installation dans le caisson d'une structure 
compliquee, encombrante et fragile destinee a contenir 
l'eau lourde et a l'isoler materiellement et thermique
ment du gaz pose egalement un probleme. Le montage, 
le controle et Ia verification d'une telle structure sont 
incontestablement longs et de!icats; mais l'essentiel 
du probleme est dans Ia necessite d'en pouvoir 
assurer l'entretien, Ia reparation et le remplacement 
eventuel apres le fonctionnement du reacteur. En 
l'etat de Ia technologie des structures, on ne peut 
considerer que les dispositions presentant les degage
ments indispensables aces operations, ce qui ne va pas 
sans majorer le cofit de !'installation. Le choix con
comitant de Ia manutention du combustible par une 
seule extremite accentue grandement cette necessite 
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par suite du risque de destruction que courent les 
structures en cas de Uicher intempestif de !'element 
combustible par le grappin de manutention. 

Pour beneficier des avantages du caisson, il faut que 
l'eau lourde et le gaz carbonique soient a des pressions 
voisines; il apparait en consequence un probleme 
d'equilibrage de ces deux pressions. Cet equilibrage ne 
parait pas pouvoir etre realise par simple contact des 
deux flu ides avec niveau libre; il sera it difficile, dans 
ces conditions, de controler efficacement Ia teneur en 
humidite du gaz caloporteur, d'ou des risques accrus 
de corrosion: il parait non moins·difficile d'assurer un 
faible taux de radiolyse et une epuration bon marche 
avec de l'eau lourde saturee par du gaz carbonique en 
solution a pression elevee. L'equilibre etant maintenu, 
tout le circuit d'eau lourde se trouve a haute pression; 
aussi pour eviter d'accroitre sensiblement son prix, 
d'une part, et de risquer qu'une fuite soit catastro
phique, d'autre part, on est conduit a placer Ia plus 
grande partie de ce circuit dans le caisson. 

f) Une autre option importante a trait a !'orientation 
des canaux, qui peuvent etre horizontaux ou verticaux. 
L'horizontalite permet d'acceder a un canal par ses 
deux extremites et autorise une circulation equicourant 
du combustible, ce qui entraine de nombreux avantages 
(absence de canaux vides a certains moments, homo
geneite des irradiations, absence de cyclages ther
miques, disposition du combustible le plus irradie 
dans les zones les plus froides). 

En revanche, cette disposition implique des con
traintes supplementaires sur les structures (ecrasement 
de l'isolant thermique par le poids des elements com
bustibles, flexion du tube de force a Ia fois sous 
!'influence du refroidissement non homogene par l'eau 
et du poids des elements). Les contraintes provoquees 
de ce chef sont particulierement importantes pour les 
tubes minces de Ia solution integree dans un caisson, 
ce qui nous conduits a ne retenir, dans ce cas, que 
Ia disposition verticale, nous rapprochant ainsi de Ia 
filiere graphite- gaz, malgre les inconvenients que cela 
presente pour le combustible. 

Deux directions pour les structures nouvelles 

Cette analyse des problemes fondamentaux et des 
types de solutions qu'ils peuvent recevoir montre le 
vaste champ de possibilites offert a Ia filiere. Nean
moins, deux types principaux se degagent, qui 
correspondent d'ailleurs a des cheminements histo
riques tres caracterises. L'un, a tubes de force hori
zontaux alimentes par des tubulures souples et qui 
decoule simplement du perfectionnement, du develop
pement des elements utilises pour EL4. L'autre, a 
caisson resistant, equipe de canaux verticaux, avec un 
circuit de gaz et un systeme de manutention du 
combustible totalement integres et qui nait de Ia 
transposition des techniques evoluees decrites a 
propos de Ia filiere graphite- gaz. 

Examinons rapidement, pour terminer, les princi
paux traits caracteristiques de ces deux evolutions 
possibles. 
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a) La technique des tubes de force horizontaux 
evoluera, bien entendu, avec les fortes puissances; on 
doit, a ce sujet, noter que !'augmentation de Ia 
puissance ne s'accompagne pas d'un grossissement 
notable de !'installation. L'evolution de Ia technique 
sera surtout sensible sur les points suivants: 

i) Le relevement des contraintes admissibles 
dans les tubes de force (par perfectionnement du 
materiau et du mode d'elaboration du tube) 
conduira a majorer Ia pression utilisee; on 
evoluera done vers un circuit presentant des 
conduits de diametre relativement petit, compacts 
et peu en com brants; 

ii) Les tubulures d'alimentation individuelles 
seront plus compactes et plus simples [4]; elles 
seront quasi planes et leur montage sera realise 
rapidement grace a une certaine prefabrication. 
Leurs caracteristiques aerodynamiques seront 
ameliorees, l'accroissement de leur diametre 
rendu possible par !'adoption d'un pas rectangu
laire sans augmenter Ia quantite d'eau lourde 
immobilisee; 

iii) Les canaux immobilises seront proportion
nellement moins nombreux et contiendront une 
masse plus importante de combustible. Les tubes 
de force seront ainsi beaucoup plus resistants en 
flexion; !'absorption parasite de !'isolation ther
mique sera diminuee ainsi que celle correspondant 
aux tolerances de fabrication. On diminuera, 
surtout, le nombre des canaux et, par Ia, les 
investissements correspondants; 

ir) Le moderateur sera a une temperature plus 
elevee grace a Ia mise en pression hydrostatique 
de l'eau lourde (cela implique que Ia cuve autorise 
Ia dilatation differentielle entre Ia virole et les 
tubes de force); on pourra alleger le circuit, 
diminuer Ia quantite d'eau lourde qu'il immobilise 
et recuperer l'energie contenue dans l'eau lourde. 

b) Le type« integre >> presente pour l'essentiel de son 
architecture les principes constructtfs exposes dans Ia 
premiere partie de ce texte a propos de Ia filiere 
graphite-gaz (caisson en beton precontraint, verticalite 
des canaux, integration des echangeurs et des machines 
de dechargement). Nous pouvons done nous limiter a 
examiner rapidement comment cette adaptation peut 
etre effectuee [3]. 

L'equilibrage de pression se fera par des pots 
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speciaux ou un piston flottant separera les deux fluides, 
ces pots d'equilibrage seront places sur les circuits 
d'epuration en a:nont des dispositifs d'epuration 
proprement dits; on pourra sans danger les placer 
exterieurement au caisson ainsi que tous les petits 
circuits. 

Le circuit principal d'eau lourde sera integre, les 
echangeurs et les pompes etant places dans le grenier 
de grande hauteur contenant Ia machine de manuten
tion, et d'ou !'on pourra remplacer les tubes de force 
et les isolants thermiques. 

Le bouclier intermediaire ne supportera pas Ia cuve 
qui sera suspendue au bloc tubulaire superieur par les 
goulottes de guidage prolongeant les canaux. Ce 
bouclier pourra done etre execute assez grossierement 
a partir d'aciers au chrome, probablement non sou
dables, Ia mise en reuvre s'effectuant par assemblages 
mecaniques; Ia protection proprement dite exigera 
acier et graphite nucleaire du fait des risques de 
corrosion. Par contre, les amortisseurs-crepines des 
pieds de canaux seront supportes par ce bouclier (le 
fond mince de Ia cuve ne pouvant resister a Ia chute 
eventuelle d'un element combustible). 

Les dimensions et les poids des differents elements: 
echangeurs, bouclier, cuve, bloc tubulaire, permettent 
leur mise en place a l'etat fini dans le caisson a !'aide 
de moyens de levage comparables a ceux mis en 
reuvre pour Ia filiere graphite- gaz. 

On voit ainsi comment les deux filieres considerees 
ici sont susceptibles d'evoluer et comment cette 
double evolution laisse entrevoir Ia possibilite d'une 
unification de techniques, au depart tres differentes. 
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ABSTRACT-RESUME-AHHOTAWII1R-RESUMEN 

A/51 France 

Study of new structures adapted to gas
graphite and gas-heavy-water reactors 
By R. Martin and R. Roche 

The experience acquired as a result of the operation 
of the Marcoule reactors and of the construction and 
start-up of the EDF reactors on the one hand, and the 
conclusions of research and tests carried out out-of
pile on the other hand, lead to a considerable change 

in the general design of reactors of the gas-graphite 
type. 

The main modifications envisaged are analysed in 
the paper. The adoption of an annular fuel element 
and of a down-current cooling will make it possible 
to increase considerably the specific power and the 
power output of each channel; as a result there will be 
a considerable reduction in the number of the ch'annels 
and a corresponding increase in the size of the unit 
cell. The graphite stack will have to be adapted to 
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these new conditions. For security reasons, the use of 
prestressed concrete for the construction of the 
reactor vessel is becoming more widespread; they 
could lead to the exchangers and the fuel-handling 
apparatus becoming integrated inside the vessel 
(the so-called "loft" device). A full-size model of this 
loft has been built at Saclay with the participation of 
EURATOM; the operational results obtained are 
presented as well as a new original design for the 
control rods. 

As far as the gas-heavy-water system is concerned, 
the research is carried out on two points of design; the 
first, which retains the use of horizontal pressure tubes, 
takes into account the experience acquired during the 
construction of the EL4 reactor of which it will 
constitute an extrapolation; the second, arising from 
the research carried out on the gas-graphite system, 
will use a prestressed concrete vessel for holding the 
pressure, the moderator being almost at the same 
pressure as the cooling fluid and the fuel being placed 
in vertical channels. 

The relative merits of these two variants are ana
lysed in the present paper. 

A/51 llJpaHqKR · 

Hay'"leHHe HOBbtx KOHcrpyK1.4HR, npH
HHTblx AnR peaKTOpOB C rparfJHTOBbiM 
aaMeAnHreneM H raaOBbtM oxnamAe
HHeM H TRmenOBOAHbiX peaKTOpOB 
c raaoBbiM oxnamAeHHeM 

P. MapTeH, P. Pow 

OnhlT, uaRonJieHHhlH npn aRcnJiyaTa~HH peaR

Topo:n B MapRyJie, cTponTeJII>CTBO H uycR peaR

Topo:n «f>npMbl (beRTpHCHTe }l;e <J>paHC , C O]l;HOH 

CTOpOHhl, H peayJibTaTbl HCCJie}l;OBaHHH H HCUbiTa

HHH, UpOBO]l;HBIDHXCJI BHe peaRTOpa, C ]J;pyroii CTO

poBhl, Be]l;yT R 3Ha'IHTeJibHOMY H3MeHeHHIO ROH

CTpyR~HH rpa«f>HTOBbiX peaRTOpOB C raaOBbiM OXJia
m]l;eHHeM. 

B ]l;ORJia}l;e ]l;aeTCJI aHaJina ocHoBHhlX HaMe'leH

HhlX MO]J;H«f>HKa~HH. fipHMeHeHHe ROJlb~eBoro Ten

JIOBhl]l;eJIJIIO~ero aJieMeHTa H HHCXO]J;H~eH B03]J;YID

HOH cTpyn noa:noJIHT aua'IHTeJibHO yBeJIH'IHTJ. 

YAeJII>HYIO MO~HOCTb H MO~HoCTb ua RaHaJI; 3TO 

npHBe}l;eT R 3H3'1HTeJibHOMY CORpa~eHHIO 'IHCJia 

RaHaJIOB H COOTBeTCTBYIO~eMy yBeJIH'IeHHIO OTBep

CTHH pemeTRH. ,lJ,JIH aTnx HOBhlX ycJIOBHii aeo6-

XO]J;HMo rrpHHJITb ncnoJibao:naune rpa«f>nTa. Coo6-

pameHHJI 6eaorraCHOCTH Be]l;yT R HCilOJlb30B3HHIO 

npe]J;:napnTeJibHO uarrpnmeuuoro 6eToHa Jl;JIH cTpo

HTeJibCTBa o60JIO'IeK, 'ITO MomeT II03BO;JHTb yCTa

H3BJIHB3Tb BHYTPH o6oJio'leR TerrJioo6MeHHHKH n 

MaiDHHbl ]l;JIJI rreperpy3KH TOilJIHBa (yCTpOHCTBO, 

uaahlBaeMoe <<'lep}l;a'IHbiM>>). B CaRJie rrpn yqa

CTHH E:npaToMa 6hlJI rrocTpoeu MaReT TaKoro <<llep

}l;aKa» B HaTypaJibHYIO BeJIH'IHHy. fipHBO]l;JITCJI pe

ayJII>TaThl aKcrrJiyaTa~nn, a TaRme HOBble opnrn-
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uaJibHble ROHCTPYR~nn peryJinpyiO~nx cTepmueii. 

,1J;JIJI TJimeJIOBO]l;HOrO peaRTOpa C raaOBbiM OXJia

m]leHHeM HCCJie}l;OBaHHH IlpOBO]l;JITc'JI ITO ]J;BYM rJiaB-. 

HLI~ uarrpaBJieHHHM: 1) coxpaaeane ncnoJibao:na

HHJI ropH30HTaJII>HbiX Tpy6oR, pa6oTaiO~HX IlO]l; 

}l;aBJieHHeM, C y'leTOM OllbiTa CTpOHTeJibCTBa peaK

TOpa EL-4; 2) ua ocuo:ne nccJie}l;oBaunii, BhlUOJI

HeHHhlx ]l;JIJI rpa«f>HTOBhlX peaRTOpOB C raaOBbiM 

OXJiam}l;eHHeM, CJie}l;yeT npn6erHyTb R HCllOJib30Ba

HIIIO Kopnyco:n na rrpe]J;BapnTeJibHO uanpJimeuuo

ro 6eToHa Jl;JIH coxpaHeHHH ]l;aBJieHHH, rrpn'leM 

3aMe}l;JIHTeJib 6y]l;eT H3XO]l;HTbCJI IlO'ITH IlO]J; TaRHM 

me ]l;aBJieHHeM, 'ITO H TeUJIOHOCHTeJII>, a TOilJIHBO 

6y]l;eT paaMe~aTbCH B BepTHKaJibHblX RaHaJiaX. 

B l(ORJia}l;e auaJinanpyroTcH OTHocnTeJII>Hhle rrpe

HM~eCTBa 3THX ]l;BYX BapnaHTOB. 

A/51 Francia 

Estud io de nuevas estructu ras adaptadas a 
los reactores g rafito- gas y agua pesada- gas 
por R. Martin y R. Roche 

La experiencia adquirida con Ia explotacion de los 
reactores de Marcoule, Ia construccion y la primera 
etapa de funcionamiento de los reactores EDF por una 
parte, y las conclusiones de los estudios y ensayos 
efectuados fuera de los reactores por otra, originan 
grandes cambios en los reactores del tipo grafito- gas. 

En Ia memoria se analizan las principales modi
ficaciones consideradas. La adopcion de un elemento 
combustible anular y el soplado descendente per
mitinin aumentar considerablemente Ia potencia 
especifica y Ia potencia desarrollada por canal, con lo 
que resultani una reduccion sensible del.numero de 
canales y un au men to correlativo del paso de Ia red; 
y habra que adaptar Ia estructura de grafito a estas 
nuevas condiciones. Razones de seguridad obligan a 
generalizar el empleo del hormigon pretensado para Ia 
construccion de las vasijas de presion. Por las mismas 
razones se podra llegar a introducir en el interior de 
estas los cambiadores de calor y Ia maquina de carga y 
descarga del combustible (disposicion que en Francia 
!Iaman «en desv{m »).En Saclay se ha construido, con 
Ia participacion de E U RA TOM, una maq ueta a 
tamano natural de este « desvan ». Se presentan los 
resultados de su explotacion asi como unos esquemas 
de barras de control de nueva concepcion. 

En lo que se refiere al tipo de reactores de agua 
pesada- gas, se continuan los estudios en dos direc
ciones principales. La primera, en Ia que se seguiran 
empleando tubos de presion horizontales, se basa en Ia 
experiencia adquirida durante Ia construccion del 
reactor EL4, y constituye una extrapolacion del 
mismo. En Ia segunda, inspirada en los estudios que 
se han continuado realizando sobre el tipo grafito-gas, 
se recurre a una vasija de presion de hormigon 
pretensado para soportar Ia presion. estando el 
moderador sensiblemente a Ia presion del refrigerante 
y el combustible dispuesto en canales verticales. 

En Ia memoria se analizan las ventajas respectivas 
de estas dos variantes. 
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Les circuits de gaz carbonique dans les centrales 
nucleaires 

par E. Robert, J. Hustache et P. Sevin* 

II n'est pas dans notre intention d'aborder ici, dans 
sa generalite, l'etude des problemes de conception et 
de realisation des materiels constituant les circuits 
primaires de C02 des centrales nucleaires d'Electricite 
de France. Nous essaierons seulement de degager les 
imperatifs auxquels doivent satisfaire les materiels les 
plus caracteristiques. De ce fait, nous n'aborderons 
que les materiels les plus importants, c'est-a-dire les 
echangeurs et les groupes de souffiage et pour une 
moindre part les organes de dilatation et d'isolement. 

D'autre part, nous sacrifierons volontairement Ia 
description des installations afin de mettre en evidence 
les evolutions subies par ce genre de materiel ainsi que 
les avantages et les inconvenients des differentes 
solutions adoptees. Les caracteristiques essentielles 
des echangeurs de chaleur et des groupes de souffiage 
sont donnees dans le tableau 1. 
. ?~ns Ia filiere uranium naturel-gaz-graphite,Elect

ncJte de France a en exploitation, en cours de de
marrage ou en construction les centrales denommees 
EDFI, EDF2, EDF3 et EDF4. 

Une evolution importante dans les dispositions 
generales des circuits primaires de C02 permet 
d'adopter une classification naturelle, suivant que ces 
circuits sont incorpores ou non dans une seule et meme 
enceinte. Ainsi les centrales EDFI, EDF2 et EDF3 
appartiennent a Ia conception avec circuit primaire non 
incorpore, alors que EDF4 est con~;ue avec un circuit 
primaire incorpore. 

Cette evolution tres remarquable et qui tend a se 
generaliser a pour objectifprincipalla recherche d'une 
securite accrue principalement vis-a-vis des con
sequences de !'accident maximal. Cette disposition 
presente en outre l'avantage de rendre les installations 
plus compactes et devrait logiquement conduire a un 
abaissement notable du cout d'investissement. 

L'incorporation du circuit primaire de C02 a 
conduit a apporter de tres larges modifications a Ia 
conception, a la fabrication et au montage des diffe
rents materiels constitutifs de celui-ci; c'est le cas des 
rechangeurs de chaleur et des groupes de souffiage. 
Elle permet en outre la suppression de certains 
materiels tels que les organes de dilatation et d'isole
ment. 

* Electricite de France. 
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LES ECHANGEURS DE CHALEUR 

Ils ont pour role le transfert des calories du fluide 
primaire au fluide secondaire. Ils doivent assurer 
cette fonction en realisant une etancheite totale entre 
les circuits primaire et secondaire, tout en constituant 
na_tur~llement un volant thermique important neces
saire a une bonne protection du reacteur contre les 
chocs thermiques. 

II ~ .a lieu tout d'abord de remarquer que les 
quantttes de chaleur a transmettre sont importantes 
etant donne la taille adoptee pour les reacteurs, et 
que, d'autre part, pour la filiere qui nous interesse, il 
est demande aux echangeurs de realiser le transfert de 
calories avec des ecarts de temperature reduits et a 
!'aide d'un fluide primaire de densite relativement 
faible conduisant a des debits importants. Cet en
semble de considerations conduit, lors de Ia realisa
~ion, a la mise en reuvre de surfaces d'echanges tres 
tmportantes, ce qui fait que le prix d'un echangeur 
represente une part non negligeable du cout total de 
l'investissement. 

Le probleme de la recherche d'un optimum se pose 
done d'une maniere imperative au maitre de l'reuvre 
et au constructeur. Cet optimum concourt: 

a) Ala recherche du meilleur rendement de transfert 
de c?aleur: cycle th.ermodynamique le mieux ada pte 
(cho1x du nombre d'etages de pression et determination 
des ecarts optimaux d'echanges), coefficient de trans
fert calorifique le meilleur; 

b) A la determination de la perte de charge a 
admettre, sans omettre pour autant les imperatifs de 
construction de montage et de transport. 

La prise en consideration de cet ensemble de 
reflexions e~plique a elle seule !'evolution imprimee a 
la conception des echangeurs utilises en France. 
C'est ainsi que, pour ce qui est des centrales a 
~i~cuit ~rimaire non incorpore (EDFI, EDF2, EDF3), 
1 evol~t~on de 1~ conception des echangeurs peut etre 
exammee essenttellement so us trois aspects: 

1. 11 a _ete recherche, d'une maniere generale, un 
comprom1s entre !'utilisation d'un cycle thermo
dynamique ayant le meilleur rendement et une 
realisation simple. Differents processus ont ete 
co_nsideres et il a ete estime qu'un des plus simples de 
mtse en reuvre etait la multiplication du nombre 
d'etages de pression de vapeur. Pour EDFI et EDF2, 
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Tableau I. Caracteristiques des echangeurs et des soufflantes des centrales EDFI, EDF2, EDF3 et EDF4 

Unnes EDFl EDF2 EDF3 EDF4 

I. Echangeurs 

Nombre de tours en parallele 120 96 192 Integre (30) 
Poids d'une tour elementaire t 18 40 16,3 80 
Puissance thermique . MW 300 781 1 620 1 650 
Caracteristiques du C02 : 

Pression bars 25 25 25 25 
Temperature d'entree oc 355 365 410 400 
Temperature de sortie oc 140 192,5 233,7 220 
Debit t/s 1,590 4,300 8,500 8,200 
Pertes de charge . bars 0,325 0,260 0,360 0,450 

Caracteristiques de Ia vapeur HP: 
Pression ballon bars 21,3 32,6 52,5 36,6 
Temperature oc 342 340 400 390 
Debit kg/s 79,75 191 574 576 

Caracteristiques de Ia vapeur BP: 
Pression bars 4,3 8,73 
Temperature oc 215 340 
Debit kg/s 29,6 104,4 

Caracteristiques de Ia vapeur 
resurchauffee: 

Pression bars 32 
Temperature oc 400 
Debit kg/s 287 

Temperature de l"eau d'alimentation oc 77 90,5 118,3 88 
Surface totale d'echange m• 39 000 43 000 87 000 174 000 
Constructeurs . a b c d 

II. Soufflantes 

Nombre de souffiantes 1 4 4 4 
Debit de co. . . . . t/s 1,59 1,075 2,125 2,05 
Pression d'aspiration . bars 25 25 25 25 
Pression de refoulement bars 26,6 26,3 26,6 26,7 
Temperature d'aspiration oc 140 192,5 233,7 220 
Temperature de refoulement oc 145,4 198,1 240 226 
Rendement global . "' 86 85 85 82 lo 

Vitesse de rotation . tr/mn 2 980 2 910 3 300 2 850 
Puissance a l'accouplement kW 9180 5 760 14 300 16000 
Mode d'entrainement Moteur Moteur Turbine Turbine 

electr. electr. vapeur vapeur 
Mode de reglage de vitesse Directrices Coup leur Turbine Turbine 

orientables hydraul. vapeur vapeur 
Constructeurs Sulzer CEM Rateau Sulzer 

a Compagnie des surchauffeurs. 
• Babcock et Wilcox, Chantiers de !'Atlantique, Fives Lille; Compagnie des Surchauffeurs. 
c Fives Penhoet, Chantiers de !'Atlantique, Fives Lille; Babcock et Wilcox. 
a Sulzer, Stem et Roubaix, Alsthom. 

il a ete adopte un cycle a deux etages de pression 
avec utilisation de motosoufflantes. Pour EDF3, de 
puissance tres superieure, cette position a dii etre 
reconsideree par suite de l'accroissement de Ia 
puissance unitaire de soufflage necessitant l'entraine
ment des soufflantes par turbines a vapeur. En 
definitive, il a ete choisi un cycle avec resurchauffe du 
debit total de vapeur qui s'accommode bien de cette 
disposition. Tous ces echangeurs fonctionnent suivant 
le principe de Ia circulation naturelle. Cette dis
position permet de faire appel a des techniques 
classiques pour Ia regulation de !'alimentation en eau. 

2. Les echangeurs de chaleur des centrales ED F I, 
EDF2 et EDF3 ont ete divises en un grand nombre 
d'unites completes (fig. 1 ). Une telle disposition 
permet: a) Ia fabrication en usine d'unites completes, 
le montage sur place etant ainsi grandement facilite; 
b) des manutentions faciles a tous les stades de Ia 

fabrication, du transport et du montage; c) un 
contr61e de fabrication plus aise de ces unites; 
d) Ia possibilite d'une fabrication en serie; e) un 
traitement plus aise des surfaces. 

Cette subdivision poussee a aussi permis d'obtenir 
d'autres a vantages qui sont Ia possibilite: en exploi
tation, d'isolement partie! en cas d'avarie;,d'effectuer 
des essais dans les conditions reelles de fonctionne
ment sur element prototype, ces essais etant effectues 
avant Ia mise en fabrication de serie. 

II apparait qu'ainsi une solution simple a ete 
trouvee aux problemes de construction, transport et 
montage ainsi que de securite d'exploitation. 

3. II a ete recherche d'une maniere constante, par 
les differents constructeurs, des ameliorations dans les 
domaines suivants: 

a) Rendement d'echange par !'adoption de profils de 
surface toujours mieux adaptes. C'est ainsi que les 
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tubes lisses constituant principalement au depart les 
surfaces d'echanges ont ete remplaces progressive
ment par des tubes a ailettes de differents pro fils; 

b) Utilisation meilleure des volumes disponibles; 
c) Traitement de surface mieux adapte et plus 

efficace. 
Les echangeurs du type a circuit primaire incorpore 

voient leur premiere realisation en France pour Ia 
centrale EDF4. 

Pour une centrale nucleaire avec generateur de 
vapeur integre, le constructeur est amene a resoudre 
des problemes nouveaux et particuliers qui ne se 
posent pas dans les installations nucleaires ou le 
generateur de vapeur est place a l'exterieur de 
!'enceinte. En effet, dans le cas ou reacteur et generateur 
sont montes separement, les dimensions de ce dernier 
peuvent etre fixees avec une certaine latitude. Par 
contre, pour un systeme integre, les dimensions du 
generateur sont tributaires de celles du reacteur. 
Lorsque les deux unites sont superposees (cas d'EDF4), 
on doit chercher a adapter le diametre du generateur a 
celui du reacteur, ce qui restreint les possibilites de 
conception. En outre, pour un generateur de vapeur 
integre, tout particulierement dans un caisson en 
beton precontraint, il est imperatif de reduire le 
nombre de penetrations necessaires pour les conduites 
d'eau d'alimentation et de vapeur. C'est pourquoi, 
compte tenu de cet ensemble de considerations, il a 
ete adopte un generateur de vapeur monotubulaire qui 
presente Ia meilleure solution appropriee, etant donne 
!'absence de ballons de vapeur et de collecteurs de 
dimensions importantes dont Ia presence a l'interieur 
du caisson est nuisible a Ia securite de !'installation. 

D'autre part, toujours pour les memes raisons, le 
cycle de vapeur a ete choisi le plus simple possible, 
c'est-a-dire un cycle thermodynamique a un seul 
etage de pression de vapeur, sans resurchauffe. 

Enfin, !'adoption d'un generateur de vapeur de 
conception monotubulaire pose, lors des etudes de 
fonctionnement, des problemes de regulation qui ont 
pu etre correctement resolus. 

Description succincte des echangeurs de chaleur 

Les generateurs de vapeur des centrales EDFl, 
EDF2 et EDF3 ne presentent pas de particularites 
marquantes; c'est pourquoi il n'en est pas entrepris de 
description; par contre, no us decrivons succinctement 
ci-apres les echangeurs d'EDF4, qui sont d'une 
conception nouvelle. 

Les generateurs de vapeur d'EDF4 occupent un 
volume cylindrique ayant 15,5 m de diametre et 10 m 
de hauteur. lis sont constitues de 26 tours standards 
et de 4 demi-tours (fig. 2). Chaque tour comprend un 
certain nombre de panneaux tubulaires formes d'un 
seul tube ailete continu entre les distributeurs d'eau 
d'alimentation et les collecteurs de vapeur; chaque 
faisceau composant une tour est forme par !'imbrica
tion de 4 circuits independants. En alternant ainsi 
4 circuits vapeur independants les uns des autres a 
l'interieur du caisson, il est possible d'effectuer, en cas 
d'incident sur l'un d'entre eux, son isolement, afin que, 
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de toute maniere, le fonctionnement de Ia centrale a 
charge reduite soit assure et qu'en toute circonstance le 
refroidissement du reacteur soit suffisant. Pour ce 
faire, chaque circuit peut etre isole de l'exterieur du 
caisson, les autres restant en service normal. Pour ce 
qui est du montage, il est a noter que !'ensemble 
(y compris les charpentes) a ete con.;u de fa.;on a 
pouvoir etre mis en place en six semaines. 

L'ampleur du probleme que pose Ia realisation 
d'echangeurs de chaleur et !'importance de celui-ci 
expliquent !'effort exceptionnel effectue par Electricite 
de France afin de parvenir, dans tous Jes cas, a Ia 
solution Ia plus valable. C'est pourquoi, en particulier, 
il est reserve une grande part aux essais intervenant, 
so it au stade du pro jet, so it a celui de Ia reception: car 
c'est finalement !'interet commun du maitre d'ceuvre 
et du constructeur que d'installer des echangeurs dont 
les caracteristiques de fonctionnement soient les plus 
proches de celles recherchees. 

Dans cet esprit, EDF a construit une «station 
d'essais». Grace a celle-ci, vraisemblablement unique 
en son genre, il a pu etre essaye les prototypes d'ED F 1, 
d'EDF2, d'EDF3 et d'EL4 (et sera sous peu essayee 
EDF4) avant que ne debute Ia fabrication de serie. II y 
a lieu de remarquer que, independamment de leur 
interet sur le plan contractuel, ces essais permettent 
aux constructeurs de realiser des progres appreciables 
en ce domaine. 

Cette politique trouve sa pleine justification lorsque 
!'on considere !'evolution du cout des echangeurs. La 
reduction constatee resulte de !'action sur plusieurs 
facteurs qui sont: principalement, Ia conception 
d'ensemble de Ia centrale; egalement Ia conception 
particuliere des echangeurs; ainsi que Ia fabrication 
proprement dite de ceux-ci. 

LES SOUFFLANTES 

Le debit-poids de gaz necessaire au refroidissement 
des reacteurs de puissance dela filiere gaz- graphite est 
tn!s important. Jl s'ensuit que les puissances absorbees 
par les souffiantes sont considerables (de l'ordre de 
10% de Ia puissance nette de !'installation). De plus, le 
fonctionnement de ces machines est etroitement lie a 
celui du reacteur et conditionne meme celui-ci. 

Dans ces conditions, les souffiantes (non susceptibles 
de Ia duplication classique normale- secours) ne 
doivent pas etre considerees comme de simples 
auxiliaires, mais au contraire comme des organes 
tournants vitaux devant presenter une grancle surete de 
fonctionnement. Cette condition est difficile a atteindre, 
d'autant plus que Ia temperature de fonctionnement 
de ces machines est deja assez elevee - de 1' ordre ·de 
200 a 250 °C- et que celles-ci vehiculent du gaz radio
actif sous pression. De ce fait, leur etancheite vers 
l'exterieur devra etre absolue, notamment au droit des 
traversees d'arbre de transmission. 

Ces machines peuvent etre de differents types: 
axial a un seul etage centrifuge, helico-centrifuge, 
chacun de ces types presentant des avantages parti
culiers. Le type axial a ete retenu pour les centrales de 
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Chinon,EDFl, EDF2, EDF3, et de Saint-Laurent-des
Eaux (EDF4) pour les raisons suivantes: 

a) Possibilite d'adaptation aux caracteristiques 
reelles du circuit primaire, car, d'une part, les 
caracteristiques de celui-ci sont evaluees avec une 
certaine marge d'imprecision lors de l'etablissement 
du projet, et d'autre part, le reacteur est charge 
d'elements combustibles dont les caracteristiques sont 
susceptibl.es d'evolution au cours de la vie de Ia 
centrale. Les souffiantes axiales permettent facilement 
cette adaptation par modification du calage des pales 
mobiles, Ia machine etant a l'arret; 

b) Facilite d'installation. Ces machines se pretent 
bien a une implantation a axe horizontal avec repar
tition des tubulures d'entree et de sortie symetrique. 
Leur encombrement est reduit du fait que leur vitesse 
optimale se situe a une valeur deja assez elevee. 

L'etude et !'amelioration des conditions aero
dynamiques d'ecoulement du gaz dans les machines 
du type axial ont permis d'atteindre des valeurs de 
rendements elevees, de l'ordre de 0,85. 

L'entralnement des machines est effectue pour 
EDFl et EDF2 par des moteurs electriques asyn
chrones, et la simplification du schema de !'installation 
et la facilite de conduite qui en resultait ont justifie 
ce choix. L'augmentation des puissances de souffiage, 
le desir de realiser des groupes de puissance unitaire 
elevee, Ia difficulte de realisation de moteurs electriques 
tres puissants et les problemes poses par leur demar
rage ont conduit par la suite a s'orienter vers un 
entralnement des souffiantes par turbines a vapeur, 
pour lesquelles aucune limitation de puissance 
n'intervient. Cette solution a ete adoptee pour 
EDF3 et EDF4. 

De plus, l'entralnement par turbine a vapeur 
permet de r.ealiser le reglage du debit de C02 du 
circuit par variation de vitesse du groupe turbo
souffiante. Dans les solutions a moteurs electriques, 
cette variation de debit peut etre obtenue de differentes 
fa<;ons: 

a) Utilisation d'un ensemble d'aubes predirectrices 
orientables equipant la soufflante: solution adoptee 
pour EDF1; 

b) Utilisation d'un coupleur hydraulique intercale 
entre moteur et soufflante: solution adoptee pour 
EDF2; 

c) Utilisation de pales mobiles orientables en 
marche. Ce mode de reglage (qui permet de surcrolt 
une adaptation immediate de Ia machine aux caracte
ristiques du circuit) a ete essaye en endurance durant 
4 000 heures sur une machine prototype representative 
d'une puissance de 6 MW. Les resultats obtenus 
furent tres satisfaisants, mais l'accroissement tres 
rapide de la puissance unitaire de soufflage n'a pas 
encore permis !'adoption de ce principe. 

Sur le plan constructif, les soufflantes decrites 
com portent toutes les dispositions suivantes: 

a) Une roue porteuse de pales en porte a faux par 
rapport aux paliers afin de n'avoir qu'une seule 
etancbeite a assurer a la traversee par l'arbre de 
!'enceinte sous pression; 
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b) Un dispositif d'etancheite en marche normale 
assure par un ensemble comprenant generalement une 
chambre de barrage alimentee en C02«neuf»a pression 
plus elevee que celle du circuit primaire, associee a 
un dispositif d'etancheite sur l'arbre tournant alimente 
en huile so us pression; 

c) Un dispositif d'etancheite utilisable lors d'arrets 
prolonges de Ia machine, ce dispositif permettant, 
tout en maintenant le circuit primaire sous pression, le 
demontage et l'entretien des paliers et du dispositif 
d 'etancheite tournant; 

d) Un arbre intermediaire facilitant les operations 
de montage et de demontage du rotor; 

e) Un systeme general de distribution d'huile (de 
graissage, de barrage et de fonctions annexes even
tuelles). 

La difficulte des problemes poses conduit a effectuer 
un certain nombre d'essais preliminaires lors de Ia 
construction de ces machines: essai de resistance des 
pales; essais aerodynamiques sur maquette a echelle 
reduite de !'ensemble de Ia souffiante, permettant Ia 
determination des sections d'entree et de sortie et Ia 
mesure des pertes de charge; essais aerodynamiques 
d'une maquette tournante a echelle reduite, permettant 
de s'assurer que Ia machine projetee repondra bien aux 
caracteristiques demandees; epreuve de maquette de 
resistance des corps ou des fonds; essai en endurance 
d'une maquette echelle grandeur reproduisant le 
dispositif d'etancheite et son appareillage annexe. 

Cet ensemble d'essais preliminaires est complete, 
lorsque Ia machine est realisee, par un essai de fonc
tionnement a Ia pression atmospherique permettant le 
controle des caracteristiques, et par un essai d'endu
rance dans les conditions normales de fonctionnement. 

Description succincte 
des soufflantes EDF I, EDF2 et EDF3 

Soufflante EDFJ.- Le corps en tole d'acier special 
est soude directement aux tuyauteries. Le couvercle en 
acier coule et soude renferme les aubes predirectrices 
avec leur cercle de vannage et porte les servo-moteurs 
hydrauliques de commande. Bache et couvercle sont 
fixes entre eux par une bride de 3,35 m de diametre 
(fig. 3a). Un support conique est fixe au couvercle; il 
renferme le carter des paliers, comprenant successive
ment un palier radial, une butee double, le palier 
radial cote machine. Ce dernier palier est combine 
avec des anneaux flottants assurant l'etancheite entre 
l'huile de barrage et !'atmosphere. La roue comporte 
15 ailettes en acier au chrome; elle est suivie d'aubes 
redresseuses fixes. Le reglage du debit est obtenu par 
)'action du cercle de vannage en liaison aux aubes 
directrices orientables par l'intermediaire de biellettes. 
L'adaptation de Ia soufflante a des conditions de 
marche differentes se fait par modification du calage 
a !'arret des aubes mobiles; Ia plage d'adaptation 
permet tousles debits compris entre 1 365 et 1 800 kgfs. 

L'etancheite a l'arret est obtenue par deplacement 
de !'ensemble carter des paliers et rotor, grace a un 
certain nombre de pistons hydrauliques fixes sur le 
support conique. 
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Soufflante EDF2.- La souffiante (fig. 3b) est 
constituee d'un corps en acier moule, forme par 
I' assemblage de la volute comportant ses deux entrees, 
du diffuseur constitue par un corps central et une 
enveloppe externe, et du convergent; d'un rotor en 
acier forge de construction monobloc, comprenant la 
roue destinee a recevoir les dix aubes mobiles; d'un 
palier porteur dispose a proximite de la roue; d'un 
ensemble palier- butee comprenant le deuxieme palier 
et la double butee ainsi que le mecanisme de deplace
ment du mobile; des dispositifs d'etancheite. 

Le rotor de la souffiante est entraine par le coupleur 
hydraulique au moyen d'un arbre intermediaire 
supporte par deux paliers sur lequel est dispose un 
frein anti-devireur. 

L'etancheite a la sortie d'arbre est realisee a l'aide 
de C02 de barrage provenant d'un circuit de C02 a 
pression plus elevee. Le C02 s'echappe d'une part vers 
le circuit principal a travers des labyrinthes, d'autre 
part vers une chambre ou il se melange avec l'huile en 
provenance de la hague d'etancheite. Ce dispositif 
d'etancheite est dispose entre la roue et le premier 
palier porteur; il est normalement utilise lors du 
fonctionnement ou en cas d'arrets brefs. Lors d'arrets 
prolonges, le mobile de la souffiante est deplace et deux 
portees viennent s'appliquer sur des parties corres
pondantes du stator. Du C02 de barrage est introduit 
entre les deux portees. 

Soufflante EDF3.-Ces machines, bien que plus 
puissantes, sont d'une conception assez analogue a 
celles qui ont ete precedemment decrites. Signalons 
cependant que le debit de C02 est separe en deux 
apres le diffuseur dans une culotte de bifurcation 
solidaire du corps de la machine (fig. 4). 

Soufflantes EDF4.-Les souffiantes EDF4 sont 
situees a la base du caisson, sous les echangeurs, le 
plus pres possible de la cavite interne, de maniere a 
supprimer toute conduite de refoulement et d'aspira
tion (fig. 5). 

Cette situation a conduit a prevoir des machines du 
type semi-axial; !'aspiration s'effectue axialement et 
les gaz sont refoules radialement dans un espace 
annulaire forme par la paroi interne du caisson et la 
jupe support du reacteur. 

Chaque souffiante est fixee a une piece d'ancrage 
tres rigide scellee directement sur le beton du caisson. 
Cette fixation pose des problemes de refroidissement 
et de liaisons avec la peau d'etancheite. 

Une vanne cylindrique, a l'interieur du carter, 
permet, en cas d'arret de l'une d'entre elles, d'eviter 
un flux de retour des gaz; cependant, pour eviter 
!'inversion du sens de rotation, il est prevu un dis
positif de blocage du rotor. 

La faible place disponible et la conception generale 
du circuit de C02 ne permettent pas d'installer un 
circuit anti-pompage pour le demarrage. La mise en 
service d'une souffiante supplementaire lorsque les 
autres sont en service, et plus specialem:ent si trois 
souffiantes sont deja a leur regime nominal, pose 
certains problemes d'instabilite aerodynamique que 
l'absence du circuit anti-pompage rend plus difficiles a 
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resoudre. Les etudes preliminaires ont montre que la 
mise en service de la quatrieme souffiante devant 
debiter sur le circuit commun pouvait etre effectuee en 
diminuant la vitesse des trois autres machines et en 
ouvrant la vanne cylindrique dans certaines conditions. 

L'entrainement est prevu avec des turbines a vapeur 
a condensation situees a l'exterieur du caisson, les deux 
machines etant reliees par l'intermediaire d'un long 
arbre de transmission et d'un accouplement a dents. 

Les orifices tunnels amenages dans la paroi du 
caisson pour I' installation des turbo-souffiantes ont pu 
etre ainsi reduits au minimum, diametre 2,20 m, mais 
les operations de demontage de la souffiante sont 
rendues delicates et doivent etre etudiees tres en detail 
des le debut de la conception de la machine. 

Les quatre souffiantes fonctionnant toujours en 
parallele a la meme vitesse sur un circuit unique; le 
reglage du debit s'effectuera en changeant simultane
ment la vitesse des quatre souffiantes, l'arret d'une 
d'entre elles n'intervenant seulement qu'a la suite 
d'une panne. 

TUYAUTERIES ET ORGANES ANNEXES 

Le texte ci-apres ne concerne que les centrales a 
circuits primaires non incorpores puisque cet ensemble 
de materiels est totalement supprime dans la conception 
incorporee. 

Les liaisons entre les differents organes constituant 
le circuit principal sont realisees a I' aide de tuyauteries 
de grand diametre. D'autre part, sur ces tuyauteries 
sont disposes des obturateurs destines a l'isolement de 
certaines parties du circuit ainsi que des joints de 
dilatation. 

Tuyauteries 

Les differents diametres des tuyauteries ont ete 
determines a la suite d'une etude economique faisant 
intervenir la puissance de souffiage. De ce fait, les 
vitesses de circulation du gaz dans les tuyauteries sont 
de l'ordre de 20 mfs. Toujours dans le but de reduire 
les pertes de charge, des grilles a ailes profitees sont 
prevues de fa9on systematique aux changements de 
direction des tuyauteries. 

Ces tuyauteries sont realisees a partir de tOles 
d'acier. Elles sont formees de tron9ons raccordes par 
soudure entre eux avec les appareils intercales dans le 
circuit. 

Organes de dilatation 

Les dilatations des tuyauteries aux differents regimes 
de fonctionnement sont encaissees par un systeme 
d'organes de dilatation qui peuvent etre de differents 
types: universels compenses (fig. 6); charniere ou 
cardans (simple ou double). 

La determination et !'implantation de ces joints de 
dilatation est effectuee de maniere a reduire au strict 
minimum le nombre de points fixes situes sur le 
caisson, les echangeurs et les souffiantes, et a creer sur 
ces points fixes des reactions aussi reduites que possible. 
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Ces organes de dilatation sont constitues par des 
souffi.ets realises en t6les de faible epaisseur (une ou 
plusieurs) roulees, soudees sur une seule generatrice et 
plissees. Ces souffiets sont ensuite raccordes par 
soudure circulaire sur leurs manchettes de raccorde
ment. Les effets de fonds sont repris par un ensemble 
de tirants articules disposes entre les manchettes. 

Obtu rateu rs 

Les obturateurs disposes sur chaque boucle sont 
destines a isoler du reacteur !'ensemble echangeur
souffiante (fig. 7). 

Chaque obturateur est constitue par un corps 
cylindrique dispose dans l'alignement de Ia conduite. 
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L'obturation est realisee a l'aide d'un battant pivotant 
grace a un systeme de leviers qui vient s'appliquer sur 
les deux sieges concentriques entre lesquels a ete 
menagee une gorge de recuperation des fuites. 
Lorsque l'obturateur est en position fermee, le 
circuit de recuperation des fuites est mis a la pression 
atmospherique. L'etancheite amont- aval est garantie 
d'une maniere absolue sous l'effet d'autoclave. 

La manreuvre de l'obturateur est realisee a !'aide de 
dispositifs de commande par verins a double effet, 
alimentes soit en C02 a une pression superieure de 10 
bars a celle regnant dans le circuit principal (solution 
EDFl et EDF2: servo-moteur incorpore a l'obtura
teur); soit par air com prime (solution EDF3: servo
moteur non incorpore a l'obturateur). 

ABSTRACT -RESUME-AHHOTALtV1R-RESUMEN 

A/94 France 

C02 circuits in nuclear power stations 

By E. Roberts eta/. 

This report deals with the typical equipment em
ployed in the primary C02 circuits of French nuclear 
power stations using carbon dioxide gas as coolant. 
This equipment consists essentially of: heat exchangers; 
fans; units peculiar to the circuit (valves, compensating 
devices). 

The heat exchangers associated to the reactor of a 
nuclear power station of the natural uranium
graphite-C02 sequence consist in all plants now built 
or now being completed (Chinon, EDFI, EDF2 and 
EDF3) of a certain number of identical units working 
in parallel. 

A brief description of the different types is given, 
together with a list of advantages of this type of 
solution. 

In new power stations of the integrated type (EDF4) 
the heat exchanger is housed within the pressure
vessel and thus forms a monobloc unit. Because of 
this, it has different .structural and operational 
characteristics, which are also mentioned. 

As regards the blowers, first and foremost, the vital 
part played by these in a nuclear power station is 
explained. Indeed, these machines must operate both 
reliably and efficiently. 

The way in which the best-suited type of machine 
is chosen, how it is to b!! driven, the possibilities of 
adapting it to suit the characteristics of the circuit 
and the principal problems arising in installing the 
machines are then examined. 

The various solutions adopted by Electricite de 
France for the different power stations are reviewed, 
and a list is given of all the difficulties encountered 
during development and starting up. 

Lastly, special mention is given of the various 
characteristics of the blowers employed in integrated 
solutions. 

Bellows and valves are also mentioned. These primary 
circuit devices are difficult to design and implement. 

A/94 UlpaHL!HR 

HoHryp~ yrneKHcnoro raaa Ha aroM
H~X 3neKrpocraH4HHX 

S. Po6ep et al. 

B uacToHm;eM ~oKJia~e paccMaTpHBaeTCH xapaK

Tepuoe o6opy~oBauue nepBHquhlx KOHTypoB C02 
Ha tflpaH~Y3CKHX aTOMHhlX aJieKTpOCTaH~HHX, HC

llOJib3YIOIIl;HX B KaqeCTBe TeDJIOHOCHTeJIH yrJieKHC

JJblii raa. B OCHOBHOM o6opy~oBaHHe BKJIIOqaeT: 

TellJI006MeHHHKH; 

raao~yBKH; 

MexaHH3Mhl, cBoii:CTBeHHhle aToMy KOHTYPY 

(KJianaubl, KoMneuCBpyrom;ue MexaHH3Mhl). 

TenJioo6MeHHHKH aTOMHhlX aJieKTpocTaH~uii c 

HaTpHii-rpatflHTOBbiM peaKTOpOM, OXJialli,ll;aeMLie 

yrneKHCJJbiM raaoM noqTu ua Bcex ycTaHOBKax, 

-CTpOHTeJJLCTBO KOTOphlX 3aKoHqeuo HJIH HaXO~HTCH 

n cTa~HH aaBepmeuHH (EDF-1, EDF-2, EDF-3 n 

lliHHOHe), COCTOHT H3 pH~a H):leHTHqHbiX aJieMeH

TOB, pa6oTarom;ux rrapaJIJieJibHO. 

IIpHBO,ll;HTCH KpaTKoe orrucauHe paaJIHqHbiX TU

rroB; IIO~BO~HTCH HTOr rrpeHMym;eCTBaM :lTOro 

THna. 

Ha HOBhlX aTOMHhlX aJieKTpocTaH~HHX KOMnaKT

uoro THna (EDF-4) TenJioo6MeHHHK ycTaHaBJIJI

BaeTCH BHYTPH o6oJioqKIJ, B peayJihTaTe qero coa

~aeTCH MOH06JioquaH KOHCTpyK~HH. (hoT tflaKT 

o6yCJIOBJIHBaeT pa3JIHqHe B XapaKTepHCTHKaX H 

aKCIIJiyaTa~HH, KOTOpoe TaKme paccMaTpliBaeTC11 

B ~OKJia,ll;e. 

B ~OKJJa~e paccMaTpHBaiOTCH rpynnhl raao~y
BOK C TOqKH 3peHHH nepBOCTeiieHHOH pOJIH, KOTO

pyiO ouu urparoT ua aToMuoii aJieKTpocTaH~HH. He-
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ooxoAnMo, 'lTOObi oHn HMemJ xoporuyro Hpon3no

JVITeJihHocTI>. 

3aTeM 113.'l.araiOTCH: MCTO;( Bbi6opa HaiiOOJIC(' 

npHrOAHOro Tima ycTanoBKII, crroco6 mtTamw, 

R03MOii\HOCTJI IIpHCTIOCOOJieHIJH l\ xapal\TepHCTII-

1\aM ycTaHOBKH Jl OCHOBHbll' np06JICMbi, B03HIU\

illlfC upH ee co3;~annu. 

llpiiBO,[\HTCH pa3JIH'lHbiC pelliCHMH, npHHHTbie 

<lmpMoii <<8JieHTpncnTe Ae <I>panc>> AJIH pa3HhiX 

aTOMHhiX <WCKTpOCTaHI~Uii, H IIOP,BO,[\HTCH IITOl' 

TPYAHOCTHM, BCTpeTnBrunMcH npn nx na.rra;~Ke 11 

nno.zw n ::mcnJiyaTa~nro. 

0TMeqaeTCH pa3JIJI'lHC B xapaKTCpHCTHl\UX ra30-

AYBOI>, HCIIOJib3YeMbiX Ha HOMIIaKTHoii UTOMHoii 

JJICKTpOCTaH~HH. 

OuncaHhi TaHme pacruupHTCJibHhie ycTpoiicTBa 

ll HJiaiiaHbi rrepBH'lHOl'O 1\0HTypa, HOTOphie HBJIJI

IOTCH Bamnoii 'laCThiO 1\0HCTpyK~HH U CJIOii\Hbi B 

HCIIOJIHCHJIII. 

A/94 Francia 

Los circuitos de C02 

en las centrales nucleares 

por E. Robert et a/. 

La presente memoria trata de los elementos 
caracteristicos de los circuitos primarios de C02 de 
las centrales nucleares francesas que utilizan el gas 
carbonico como refrigerante. Esencialmente estos 
elementos son: los cambiadores de calor, las 
soplantes y los organos especificos de este circuito 
(obturadores, organos de compensacion). 

Los cambiadores de calor acoplados al reactor de 
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una central nuclear del tipo de uranio natural
grafito- C02, constan, en todas las centrales actual
mente acabadas o proximas a su terminacion (Chinon, 
EDFl, EDF2, EDF3), de un cierto numero de 
elementos identicos que trabajan en paralelo. 

Se presenta una breve descripcion de los diferentes 
tipos y al mismo tiempo se hace un balance de las 
ventajas de esta clase de solucion. 

En las nuevas centrales del tipo integrado (EDF4) 
el cambiador esta colocado en el interior de la vasija 
del reactor y constituye un conjunto monobloque. 
Por lo tanto su constitucion y explotacion presentan 
caracteristicas diferentes que tambien se resefian. 

Por lo que respecta a los grupos de sop/ado, se 
expone primero el papel primordial que se les reserva 
en una central nuclear. En efecto, se exige que estas 
maquinas tengan un funcionamiento seguro y un 
buen rendimiento. 

A continuacion se examina la manera de decidir la 
eleccion del tipo de maquina mas apropiado, el 
prucedimiento de puesta en marcha, sus posibilidades 
de adaptacion y las caracteristicas del circuito y los 
principales problemas que plantea su construccion. 

Se describen las diferentes soluciones adoptadas por 
Electricite de France para las diferentes centrales y se 
hace un balance del con junto de dificultades que se han 
encontrado durante su desarrollo y su puesta en 
servicio. 

Por ultimo se hace una mencion particular de las 
diferentes caracteristicas que presentan las soplantes 
utilizadas en las soluciones del tipo integrado. 

Se reseftan tambien las juntas de dilatacion y los 
obturadores, organos importantes de conception y de 
construccion delicada, situados en el circuito primario. 
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Graphite core structures for large gas-cooled 
power reactors 

By P. C. Warner and M. A. Bayer* 

The core of a gas-cooled graphite-moderated 
reactor consists of a stack of graphite pierced by 
vertical channels for control and fuel. For first 
generation reactors having a net electrical output of 
about 250 MW and contained in a steel pressure vessel 
the graphite stack is about 45ft (15m) in diameter 
and about 30ft (10m) high. Gas enters the pressure 
vessel through ducts at its lower end, flows vertically 
upwards through fuel channels in the core and is Jed 
out to boilers through ducts at the top of the pressure 
vessel. Since neutron absorbing material in large 
quantities has to be avoided the graphite of the 
moderator and reflector must itself be the medium in 
which the fuel and other channels are formed. 

The essence of the design is to maintain integrity of 
these channels under all working conditions and 
following any credible faults, so that control holes 
remain operational, fuel elements can be put in or 
taken out, and coolant gas is directed over the fuel. 
There are therefore two main objectives: (a) to 
provide a structure which keeps channels reasonably 
straight, and (b) to prevent gas by-pass of the fuel 
channels. 

The present paper discusses how these objectives 
are attained, especially as illustrated by the design and 
construction of three of the first generation reactors at 
Hunterston, Trawsfynydd, and Tokai Mura, and by an 
outline design for a unit of 500 MW net electrical 
output which is evolved from this experience. 

Main structural design 

Graphite is available in blocks of regular cross 
section up to about 3ft (1 m)long,formed by extruding 
a coke and pitch mix which is then baked, impreg
nated and graphitised. The face dimensions of these 
extrusions are conveniently of the same order as a fuel 
lattice pitch, and it is therefore reasonable to design 
on one block per pitch with a hole up the centre of the 
block to form the fuel channel. The blocks have to be 
stacked on one another, and the core as a whole stands 
on a steel platform supported on the base of the 
pressure vessel. The requirement is for a core structure 
able to accept differential thermal movements and 
irradiation distortions, but stable under gas pressure 
differences, fuel handling loads and in some cases 
earthquakes. 

*United Power Company Limited, London. 
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Thermal expansion of graphite is approximately 
one quarter that of steel. Since there is a temperature 
gradient of nearly 200 °C through the core, the lower 
part being close to inlet gas temperature and the top 
close to outlet, differences in thermal expansion 
between the graphite and the various parts of any steel 
structure surrounding it must be catered for. An early 
solution was to butt the block vertical faces and to 
hold the stack solid with garters at the periphery; the 
expansion characteristic of graphite then dictated 
the behaviour of the whole system, but provided the 
garters had enough elasticity and were temperature 
compensated their stabilising load was effective at all 
temperatures; thermal movement between the base 
of the stack and the mild steel platform was accom
modated by a ball race under each graphite column. 
This broadly was the solution adopted on the Calder 
reactors. 

Under irradiation graphite undergoes long term 
strains which vary with temperature and total dose. 
In the solid type of structure just described, lateral 
growth would accumulate along a diameter and 
push out the peripheral blocks, while lateral shrinkage 
would create internal slackness. These effects can be 
tolerated only in the small diameter cores of prototype 
reactors. For the three large power reactors discussed 
in this paper, the potential misalignment of channels 
would be unacceptable: for example the permissible 
fuel channel misalignment over an element length 
would be between 1/4 in (6 mm) and 1/2 in (12 mm) 
depending whether they were stacked or sleeved. All 
are built from graphites which exhibit growth at 
temperatures close to the inlet, and shrinkage in the 
hotter regions. On Trawsfynydd, for instance, a 
column of blocks in the flattened zone may have a 
growth strain of about 2% and a shrinkage strain of 
about 1%, and the misalignmentofperipheralchannels 
could reach several inches if the core were built solid. 
Consequently, these large cores must have a structural 
skeleton which holds each column of blocks nearly 
vertical and which is contrived to be unaffected by 
their lateral strain. This has the added advantage that 
the design is much less sensitive to uncertainties in the 
irradiation data for these graphites. 

A framework of some material like zirconium which 
is free from irradiation strain could have been used, 
but was considered too expensive and poisonous. The 
solution adopted on the designs covered by this paper 
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Figure I. Plan view of keyed layer in graphite core structure 
(square pitch and integral keys) 

1 : Fuel channel; 2: Interstitial hole; 3: Integral key: 4: Expan
sion gap for thermal or irradiation strain 

is to locate the individual columns by means of keys 
radial to the column centre line, as shown for instance 
in Figs. 1 and 2. A layer must be keyed in at least 
three directions and its outer blocks must be tied 
together circumferentially for it to form a structure. 
Slackness between columns is confined to backlash in 
keys; this can be kept small, and because irradiation 
damage at a key and keyway is nominally the same 
it hardly changes with reactor life. If, however, the 
boundary is expanded or contracted as a whole, the 
layer becomes a mechanism which changes its pitch 
in a consistent pattern. Thermal expansion of the layer 
is dictated by that of the boundary which may expand 
as graphite or as steel. For instance, on Trawsfynydd 
the boundary of every layer consists of a ring of 
graphite reflector blocks, which are virtually free from 
irradiation strains, held together by garters. The 
stack as a whole expands as graphite and is similar in 
this respect to the Calder design. On the other hand, 
the Tokai Mura boundary consists of a steel structure 
fixed to the outer ring of blocks. It therefore expands 
as steel; there is no need for ball races underneath 
the stack and the bottom blocks spigot directly to the 
steel platform. This solution gives the greatest 
resistance to lateral loads, and indeed seems to be the 
only form of structure strong enough for large earth
quake design loads. 

Whatever the core design, flux varies and therefore 
so does irradiation strain. Where this happens within 
a block, incompatible strains lead to internal stresses. 
One example is the hoop strain in a block around a 
fuel channel, and this is why it is advantageous to have 
a block no greater at any rate than the lattice dimen
sion. Generally speaking, for the reactors reviewed 
here the problem is not serious and is relieved by 
irradiation creep. 

Figure 2. Erection of Hunterston core. Note the cruciform 
keys in the tile layer and the shims between block faces 

(Co11rtesy of General Electric Co. Ltd.} 

a) BEFORE IRRADIATION b) AFTER IRRADIATION 

Figure 3. Block bowing caused by a flux gradient 
1 : Plain block; 2: Keyed tile; 3: Face with high flux causing 
fast shrinkage; 4: Face with low flux causing slow shrinkage; 
5: column centre line is held fixed by tile keyed into tile layer; 

6: Separation of block end faces 
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Flux gradients across a block, for instance near 
absorber or in the unflattened zone, cause one of its 
faces to shrink faster than the other so that the block 
becomes bowed as shown in Fig. 3 and slightly 
obstructs the channels. This causes block end faces 
to tilt relative to each other, and has an effect on gas 
leakage, which is dealt with in the next section: the 
magnitude of the separation for a typical block may 
reach 0.030 in (nearly 1 mm). It also makes columns 
of blocks unstable so that they buckle laterally against 
the key or other structural framework which must 
apply small restraining forces. Differential bowing of 
adjacent blocks or differential shrinkage of the 
material forming a key and mating keyway could lead 
to jamming and prevent free thermal or irradiation 
movements. Clearances for machining tolerances and 
ease of erection are generally large enough to avoid 
this, especially as the degree of bowing depends on the 
length of the block. Moreover, a small local jam, either 
from these causes or from trapped fragments, can be 
accommodated in the backlash of the surrounding keys. 

This review of the structural features shows that the 
essential factor determining the choice of core design 
has been the nature of the thermal and irradiation 
strains. Once that was catered for, and remembering 
that the core is made up of small blocks, the forces 
within them are of a secondary order. Gravity loads 
are of consequence only on Trawsfynydd, which has 
an overhung steel platform whose deflection tends to 
make the blocks run outwards on their ball races; 
this puts a little extra load on the bottom garters of 
the same order as the frictional load resulting from 
thermal movement of the bottom blocks relative to the 
steel platform. Gas bursting forces may be important, 
especially under burst duct fault conditions, as 
explained in more detail in the next section. The Tokai 
Mura reactor also has the particular requirements to 
cater for large earthquake forces under lateral accelera
tions of0.7 gravity. 

Flow control 

Coolant gas must flow from the header under the 
stack to the header above it via the channels containing 
fuel, as shown in Fig. 4. This gives three sealing 
problems; the spaces between bricks, the annulus 
around the stack, and the channels themselves. 

The spaces between bricks must be vented to the 
outlet header, because a generally high pressure 
within these spaces could be obtained only by putting 
a sealing plate of some sort across the top of the core 
which would be extremely difficult to anchor down. 
It follows that the bottom of the core must prevent 
gas leaking between the brick spaces and by-passing 
the fuel channels; if the core is arranged to expand as 
graphite as on Trawsfynydd the bottom layer of 
reflector bricks is clamped up solid; on Tokai Mura 
and on Hunterston, the plate into which the bottom 
blocks are spigoted is gas tight. 

The seal in the annulus between the stack and the 
pressure vessel must accommodate differential thermal 
movements in all directions. These are greatest if it is 

located at the top of the core. Moreover, with the seal 
in that position there is a radial inward pressure on 
the outer ring of blocks which must both resist this 
load and be gas tight; gas is also liable to seep under 
the top peripheral blocks and lift them. For these 
reasons the gas seal was put at the bottom on all 
three projects, giving a small outward pressure differ
ential between inter-brick spaces (fed by out-of
channelleakage) and the annulus (at outlet pressure); 
in the event of a top duct failure, venting of the inter
brick spaces lags behind the outlet header and large 
bursting forces may be experienced, so that an 
adequate restraint system is needed around the core. 

Leakage out of fuel channels may be through the 
permeable graphite or through the joints between 
blocks. The driving pressure varies from approxi
mately the core pressure difference near the bottom 
to nearly nothing at the top. In the two reactors with 
sleeved fuel elements, the sleeves form an intermediate 
seal which helps to inhibit out of channel leakage. 
When the core is new, some 75% of the leakage is 
through the graphite. As it ages, oxidation increases 
the permeability of the graphite by a small factor, but 
the joint leakage may rise considerably where bowing 
causes the block faces to separate as shown in Fig. 3 
unless special sealing features are used. On Tokai 
Mura these take the form of conical graphite spigots 
on which the blocks can rock without separation, and 
on Trawsfynydd of magnox rings in annular grooves 
in the end faces. Coolant flow must be controlled by a 
gag in each channel adjusted according to its radial 
position. It must be removable for resetting, but 
during normal refuelling it must not become buoyant 
in the increased gas flow up the empty channel. 

Requirements for fuel handling 

Handling fuel and other components into and out of 
their channels sets requirements other than alignment. 
In each design, there are steel components to engage 
the charge tubes, guide them into place against any 
over-all movements of the core relative to the stand
pipes, take their weight and seal onto them if necessary. 
The interior surface of all the channels is free from 
steps and recesses which might catch components 
being withdrawn. Except on Hunterston, there is 
provision against dropping of components by accident, 
enough to protect the permanent structure and enable 
fragments to be withdrawn without too much difficulty. 

General comparison of the Hunterston, 
Trawsfynydd and Tokai Mura designs 

Design features of three first generation reactor 
projects [1, 2, 3] are given in Table 1, together with 
those for a current 500 MW(e) design to be discussed 
later. 

In their basic structural design to cater for thermal 
and irradiation strains, Trawsfynydd follows th~ 
conventional lines of a structure that expands as 
graphite, and Tokai Mura one that expands as steel. 
Hunterston is a mixed design, with the bottom 
blocks spigoted into the steel platform to suit fuel 
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Table I. Four core designs compared 

Hunterston 

Net electrical output 160 + MW 
Fuel element type Sleeved 
Weight of graphite 2 180 tons 
Number of fuel channels. 3 288 
Position of control holes . Interstitial 
Structural system . Plain blocks 

keyed tiles 
Tile thickness 3 in (7.6 em) 
Type of key Loose cruciform, 

loose face 
Thermal expansion Mixed 
Lattice geometry Square 
Lattice pitch . 8.25 in (21 em) 
Fuel channel diam 5.28 in (13.4 em) 
Restraint system Top garters 

with hinged 
vertical beam 

Core pressure drop 3.5 lb/in2 

(0.25 kg/cm2) 

Inter block seals None 
Channel gags Orifice, locked 

mechanically 
Shock absorber for 

dropped fuel . 
Shock absorber for control rods Collapsing coil 
Gas seal in annulus . Toroidal steel 

shell 

loading from underneath, but the top blocks held 
together at their periphery by garters; the intermediate 
layers are free standing between beams hinged to the 
platform and connected to the garters at the top. All 
of them employ a keyed system. ForTrawsfynydd and 
Hunterston the keying is confined to thin layers 
spigoted between thick layers of blocks with plain 
faces, but on Tokai Mura the much greater strength 
required to restrain earthquake forces dictates that 
keys should extend over the whole depth of all core 
blocks, which are staggered axially to maintain 
alignment. Lateral strength is also the reason for 
using hexagonal blocks rather than square. 

Gas bursting forces are not high on Hunterston 
because of the low core pressure drop and the use of 
sleeved elements, and this is why garters are not 
needed on every layer. On Trawsfynydd the core 
pressure drop is much higher and elements are 
stacked; taken with a very conservative assessment of 
out-of-channel leakage, this gives high radial gas 
forces under a top duct failure requiring garters at all 
layers; as an ultimate safeguard a steel structure 
around the garters acts as a stop to limit deflection. 
On Tokai Mura, earthquake loads are paramount so 
that gas forces lose significance. 

A feature of the Hunterston design is that the 
decision to adopt a keyed system was made fairly 
late, after new irradiation information had developed. 
By choosing loose cruciform keys at tile corners, and 
loose side keys between tile faces, it was possible to 
use the raw material sizes already ordered. This 
restriction did not apply on Trawsfynydd where side 
keys were made integral, giving lower handling costs 

Trawsfynydd Toka1 Mura 500MWUnit 

250MW 149MW 500MW 
Stacked Sleeved Stacked 
1 900 tons 1 000 tons 3 600 tons 
3 740 2052 
Interstitial On fuel lattice Interstitial 
Plain blocks Keyed blocks Plain blocks 

keyed tiles keyed tiles 
4 in (10.2 em) Block depth 15 in (38 em) 
Loose cruciform, Integral Integral 

integral face 
As graphite As steel As steel 
Square Triangular Square 
7.75 in (19.7 em) 9.3 in (23.6 em) 7.625 in (19.4 em) 
3.75 in (9.5 em) 5.28 in (13.4 em) 3.75 in (9.5 em) 
Garters Fixed to Fixed to 

steelwork steelwork 

7.2 lb/in2 10.2 lb/in2 4.2lb/in2 

(0.51 kg/cm2) (0.72 kgjcm2
) (0.29 kg/cm2

) 

Magnox rings Graphite cones Magnox rings 
Venturi, Orifice, locked Sleeve 

self-seating mechanically self-seating 
Swage on fuel Graphite Swage on fuel 

element strut sleeve element strut 
Swage Collapsing coil Swage 
Steel flaps Toroidal steel 

shell 

and a reduction in the backlash between adjacent 
columns. The complex shape of the tiles is readily 
machinable on the type of broach shown in Fig. 5. 
The outer rings of the Hunterston tile layers are not 
tied so that any layer can displace laterally within 
the thermal expansion gap between it and the hinged 
beams but not enough to obstruct fuel elements. The 
Trawsfynydd layers have to be tied by steel dowels 
between tiles and side reflector because the stacked 
elements have less clearance and require a straighter 
channel. 

The main erection difficulty turned out to be setting 
up the Trawsfynydd side reflector rings to their 
correct radius. When garters were tightened as each 

Figure 5. Tile broaching machine (Courtesy of Fairey Engineering 
Limited) 
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layer was placed, the ring went out of circular because 
blocks bedded in where their machined faces were not 
exactly parallel. Steel shims had been provided to take 
up machining tolerances on block face widths, and 
there was an adjustable screw in the dowels linking 
tiles to reflector. But bigger shims had to be put in to 
preset the arch outwards by twice the amount necessary 
for purely elastic shortening, and it took five layers to 
develop a satisfactory technique for selecting shim 
sizes, packing the bricks and finding a sequence for 
tightening the two garters on each layer. There were 
no technical difficulties of the same order during 
·erection of the Hunterston core (see Fig. 2). Garters 
could not be tightened until the stack was completed, 
and so it was most important to prevent the side 
reflector from going out of circular since corrective 
action would have demanded major dismantling. 
This was achieved by using the experience of steel 
shimming from Trawsfynydd. 

It was found as erection proceeded at Hunterston 
that progressive deflection of the platform caused the 
columns to tilt inwards and reduce the lattice pitch. 
This could have caused difficulties in fitting the top 
reflector layer which is clamped up tight by the 
garters to the pitch dimensions, and steel shims had to 
be placed between every block and removed as the 
tiles were laid; the frictional resistance of the tiles 
was enough to maintain true pitch at least until the 
next layer had been placed. On Trawsfynydd, the 
platform is much stiffer and this did not happen. 
Shims were not used within the block layers. 

The Tokai Mura core has not been erected at the 
time of writing, but trial erections have shown that 
there should be no problem in assembling the long 
keyed blocks and in holding them upright on their 
conical seals until the outer blocks are fastened to the 
restraining structure. 

Development and test experience 

Extensive testing was needed to develop the above 
core designs. Models of the tile layers were built to 
investigate general kinematic properties, to show how 
backlash builds up across a group of tiles and whether 
there are any modes of distortion which the designer 
has not visualised; for instance the tendency for the 
tiles to fan out when the boundary is disturbed in an 
unsymmetrical manner, and the way in which local 
displacement or rotation of one tile is disseminated 
through the layer. The model tiles can be of graphite, 
but this is not essential and a convenient tool for 
investigation is a layer of thin metal tiles to a reduced 
scale held in a flat box. By using loose keys it is also 
possible to investigate the degree of redundancy so as 
to see how many of the corner keys can be omitted 
from the layer (for instance at an interstitial hole) 
without impairing its structural properties. lt is not 
easy to calculate the strength of a graphite component 
because of the scatter of properties and the micro
scopic cracks which act as internal stress raisers. 
Moreover, most components whose strength is of 
interest in the design have a complex geometry. 

For these reasons a large sample of tiles has to be 
subjected to ultimate strength tests. They are loaded 
through yokes representing the keys of adjacent tiles. 
The work on the Tokai Mura hexagonal blocks has 
already been reported [4]. Similar work was done for 
the Trawsfynydd tiles, but was not judged essential 
on the conservative Hunterston design. The object 
of the tile tests is to demonstrate that the margin of 
strength over loads in service is enough for scatter of 
properties and for such effects as loss of strength 
through oxidation. 

Measurements of gas leakage through various 
components are needed. For most purposes, a test 
with nitrogen from a bottle exhausting to atmosphere 
is adequate provided the pressure ratio is kept well 
below the critical value: results are readily converted 
to carbon dioxide at reactor conditions. The magnox 
sealing rings on the block end faces operate by creeping 
on to the walls of the grooves under the pressure 
difference, and a special technique using lead rings 
was employed to demonstrate this. 

The permeability of graphite is one of the properties 
subject to the largest scatter, and reactor performance 
calculations were based on test results from a number 
of blocks and sleeves. The mean permeability depends 
on the raw material type and the number of pitch 
impregnations during manufacture, but to impregnate 
repeatedly would give fast diminishing returns and is 
seldom justified as an economic means of improving 
performance. 

A wide variety of reactor components was furc
tionally tested. Thus the ball bearings in the Traws
fynydd design were subjected to friction and life tests; 
the devices for absorbing the energy of dropped fuel 
elements or control rods in all the designs were 
proved; the elastic garters for Trawsfynydd were 
calibrated and proof loaded; and the behaviour of seal 
flaps, mechanical locks, and other components was 
demonstrated in reactor atmospheres and temperatures. 

The supporting programme of graphite irradiation 
tests by the UKAEA and others is outside the scope 
of this paper. For the graphites used in each project, 
information was provided about such properties 
under irradiation as Wigner strain, creep, thermal 
conductivity, and weight and strength loss due to 
oxidation. A result of special importance was that 
Wigner energy measurements had shown that no 
special measures were necessary to keep the tempera
ture high and minimise the amount stored. 

The graphite for each of the three reactors discussed 
here was machined by three different contractors, and 
the development work on machining techniques 
tended to vary according to local circumstances. 
Mention may be made of the broaching process 
which was used on the side faces of all Trawsfynydd 
blocks and tiles (Fig. 5) and of the trepanning of the 
channel bore for Hunterston and Trawsfynydd. On 
Hunterston, blocks and sleeves were trepanned 
simultaneously. Other developments in the machine 
shops included the usual work on jigs and inspection 
method in association with the final stages of drawings. 
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A general conclusion from the experience on these 
reactor projects is that the development and test 
programme needs to be carefully investigated at the 
conceptual design stage and related to the programme 
of detail design. 

Core design for a unit of 500 MW(e) 

A current design for a unit of 500 MW(e) is illustra
ted in the last column of Table I. This has a keyed 
system attached to a steel structure so continuing the 
sequence which was traced previously from Calder 
via Trawsfynydd to Tokai Mura, while retaining 
and developing preferred subsidiary features from all 
three designs. In the keyed system itself (Fig. 1), the 
number of key to keyway transitions has been halved 
and backlash much reduced by increasing the size 
of the cruciform component on the Trawsfynydd 
system and putting a fuel channel through it. It is 
assumed here that there are no earthquake problems, 
so that a square lattice gives adequate strength: it 
makes the design of vessel penetrations easier, 
especially with a concrete pressure vessel. Layers of 
plain blocks alternate with keyed layers increased to 
half the block depth compared with the shallow layers 
on Trawsfynydd and Hunterston. This gives reason
able raw material utilisation. The layers are deep 
enough to give a reserve of strength against increased 
oxidation caused by a higher circuit gas pressure, but 
not so deep as to cause relative interference due to 
bowing. It also reduces the number of brick joints and 
hence the leakage, and the number of components to 
be handled. 

CONCLUSIONS 

Design practice for the cores of large gas-cooled 
power reactors is now thoroughly established. The 
fundamental problem is to maintain adequate channel 
alignment as the graphite undergoes thermal and 
irradiation strain, and in all cases this is done by 
building the stack from keyed layers which hold the 
columns in position. There should be no serious 
trouble from jamming or irradiation cracking because 

the constituent blocks are kept small, namely one per 
lattice pitch and reasonably short. They are made 
strong enough for the fault loads, but under normal 
running they are virtually unstressed. 

The comparison between Hunterston, Trawsfynydd 
and Tokai Mura is especially interesting because they 
were designed by different organizations which have 
since merged. Yet they all exhibit the same basic 
principles, and the similarity, for instance, in the 
development programme of Trawsfynydd and Tokai 
Mura is remarkable. Points of difference are largely 
due to differences in requirements. Thus Hunterston 
being the earliest has a very low core pressure drop 
and hence is lightly loaded even under a fault. In the 
other two the design is more stringent, and Tokai 
Mura must also resist earthquakes. Trawsfynydd is 
the only one with stacked elements, so that some 
channel problems are special to it. 

The development potential of graphite cores does 
not stop at the design in the last column of Table 1, 
and the same principles can be extended to larger units. 
They can also be applied to a core design for an 
advanced gas-cooled reactor, which has a smaller 
diameter and a higher flux but where the structural 
problem is basically the same. The ultimate size 
limitation is likely to be the keys since their strength 
has to increase with core diameter, but this is not yet 
in sight for conventional conditions. However, if the 
core has to withstand earthquakes, it would be 
reached sooner even allowing for graphites of 
increased strength. 
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ABSTRACT -RESUME-AHHOTAUV1JI-RESUMEN 

A/137 Royaume-Uni 

Structure des cceurs en graphite pour les 
grands reacteurs de puissance a refrigerant 
gazeux 

par P. C. Warner et M. A. Bayer 

Le creur d'un reacteur modere au graphite et a 
refrigerant gazeux se compose de colonnes de graphite 
percees de canaux verticaux pour les barres de 
controle et pour les elements de combustible. La 
structure doit etre capable de supporter les deforma
tions provoquees par !'irradiation et les mouvements 
thermiques differentiels en meme temps que les 

contraintes dues aux differences de pression du gaz, a 
la manutention du combustible et, dans certains cas, 
aux forces seismiques. Pour les creurs de grande 
taille, il est indique de prevoir la structure de telle 
fa9on que chaque colonne conserve sa place, indepen
damment des contraintes laterales, et soit maintenue 
verticale par une armature appropriee. De cette 
maniere les colonnes sont insensibles aux contraintes 
variables dues a !'irradiation, et en outre le defaut 
d'alignement des colonnes est reduit a un minimum. 

La solution habituelle consiste a utiliser des 
assemblages a cles radiales sur les pieces de graphite 
de fa9on a former une couche qui change de pas d'une 
maniere reguliere lorsque le contour est dilate ou 
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contracte dans son ensemble. La peripherie peut etre 
fixee a une structure en acier ou a une arche en graphite 
maintenue en place par des brides elastiques com
pensees pour tenir compte des differences de tempera
ture. Des problemes de structure resultent aussi du 
cintrage des blocs provoque par le retrecissement 
differentiel et des forces de dilatation du gaz, notam
ment en cas de defaut dans les conduites. L'autre 
probleme important est d'assurer que le gaz circule 
dans les canaux de combustible. Les espaces entre les 
briques necessitent une aeration par la partie superieure 
du creur en raison des exigences du contr6le, et la 
couche inferieure doit par consequent former un 
joint etanche sur la base, soit sous forme d'une plaque 
en acier, soit par un assemblage etanche des blocs 
reflecteurs. Le gaz s'echappe des canaux de com
bustible a travers le graphite permeable eta travers les 
joints entre les blocs et un systeme sans chemise doit 
comprendre des elements d'etancheite speciaux entre 
les blocs pour eviter les fuites excessives apres deforma
tion a long terme. 

Les creurs utilises a Hunterston, a Trawsfynydd eta 
Tokai Mura comprennent tous des couches assemblees 
par cles radiales en vue de compenser les contraintes 
thermiques et d'irradiation; mais pour Trawsfynydd 
on a adopte le dilatation du graphite, pour Tokai 
Mura celle de l'acier et pour Hunterston une solution 
mixte. Une etude des ces types de creur montre que 
les problemes se sont presentes d'une fa<;on legerement 
differente dans chaque cas et ont re<;u des solutions 
differentes. 11 est interessant d'examiner les memes 
problemes pour un gros reacteur du type Magnox 
actuel destine a produire 500 MW(e) et de definir un 
modele de creur pour ce reacteur base sur I' experience 
des trois reacteurs precedents. On est amene a proposer 
un creur avec des couches a assemblages par cles 
radiales profondes, alternant avec des couches sans 
assemblage, encastrees dans de l'acier a la partie 
inferieure et a la peripherie. Des principes analogues 
peuvent etre adoptes pour Ie creur d'un reacteur 
d'avant-garde a refrigerant gazeux. 

A/137 CoeAHHeHHOe KoponeBCTBO 

CrpyKrypa aKTHBHbiX aoH H3 rpaqJHra 
JJ.11H 6011bWHX 3HepreTH4eCKHX peaK
TOpOB C ra30BbiM OXJlamAeHHeM 

n. K. YopHep, M. A. 5aHep 

AKTHBHaH aoHa peaRTopa c aaMep,JIHTeJieM H:l 

rpaqJHTa H C raaOB.biM OXJiamp,eHHeM COCTOHT H3 

rpacf>HTOB.biX ROJIOHH C BepTHRaJI.bH.biMH RaHaJiaMH 

~JIH yrrpaBJieHHH H P,JIH TOITJIHBa. CTpyRTypa aR

THBHoif 30H.bl ~OJimHa BOCllpHHHMaT.b pa~Ha~HOH

Jf.ble HCRameHHH H )l;H<pcf>epeH~HaJI.bH.ble TeiTJIOB.ble 

C,[l.BHrH H B TO me BpeMH ,[l.OJimHa OCTaBaT.bCH CTa-

6HJibHOll B OTHOllieHHH HarpyaoR, o6yCJIOBJieHH.biX 

113MeHeHHHMH )l;aBJieHHH raaa, MaHHITYJIH~HHMH 

C TOITJIHBOM H B HeROTOpbiX CJiyqaJIX cefi:CMH'fe

CRHMH CHJiaMH. ,[(JIH 6oJI.blliiiX aRTHBH.biX 30H pe

KOMeH.n;yeTCH KOHCTPYR~HH, o6ecne'fHBaio~aH 
He3aBHCHMYIO OT norrepe'fH.biX ;J,ecf>opMaiJ,Hii ycTa

HOBRY Rami');OH KOJIOHH.bl. fipH 3TOM B BepTHKaJI.b

HOM ITOJIOmeHHH KOJIOHHI:.I MoryT IIO)J,i'l;epmHBaTb

CH C IIOMO~biO JII06oro ITO)J;XOi'l;JI~ero ycTpOllCTBa. 

TaKHM o6paaoM HCRJIIO'faeTCH Heo6xop,HMOCTh n 

'TO'fHOM 3HaHHH BeJIH'fHH p,ecf>opMaiJ,HH IIOA il,l'HCT

BHeM 06JIY'IeHHH H o6ecrreqHBaeTCH MHHHMaJibHaH 

paaperyJIHpOBaHHOCT.b ROJIOHH. 06I>PIHblM 1\0HCT

pyRTHBH.biM peiiieHHeM .llBJIHl'TCH! HC!!OJih30BaHite 

pai],HaJIJ>H.biX na30B Ha rpacf>HTOBMX fiJTOKaX, (' TeM 

'fT06I>I o6paaonaTI:. CJIOH, ROTOpi>Iii: CJIOCOOl'H corJia

COBaHHbiM o6pa30M H3MeHJITI> CBOH Tlfar, KOri],a 

rpaHHIJ,a B IJ,eJIOM paCIIIHpHeTCH HJIH cmHMaCTCH. 

<l>HKcau,IIH no nepiicf>epHH MomeT oi>ITI. o6ecrreqe

Ha C IIOMO~biO CTaJI.bHOH ROHCTpyKIJ,IIlf llJIH rpa

(fJHTOBOH a pRH, aaRpenJieHHoii: Ha ynpyi'RX HOA

necRax c TeMrrepaTypHoii KOMIIeHcau,neii:. ,[(pyrne 

npo6JieM~>~ BI\JIIO'faiOT Aecf>opMai~HIO 6JIOKOB, o6y

CJIOBJiennyro AHcf>cf>epeHIJ,HaJihHbiM cmaTHeM n 

yil,apH.biMH CHJiaMH B raae, oco6eHHO H CJIY'fUl' 

paapLIBa Tpy6orrpoBoiJ,a. E~e Oil,Ha samnaH aai],a'fa 

IIpH KOHCTpynpoBaHIIH aRTHBHOii 30HI>I COCTOHT 

n ToM, 'fTOObi npeil,oTBpaTHTh raaosoe 6aiinaciipo

naHIH=' TOIIJIIfBHhlX KaHaJIOB. TI pOMC/f\YTI\11 MC/f\i'l;Y 

fiJIOJ>aMll /(0.'1/f\Hbi HpOil,yBaTbCH B HaHpaBJICHHH 

nepxueii 'laCTI! i\KTHBHOH 30Hbl, 'fTO o6yCJIOBJil'HO 

Tpe6osaHHHMH peryJIHposamnr. Tio:)ToMy HH/f\HUii: 

CJIOii IJO OCHOHaHHIO il,OJimeH fiMCTh YIJ.TJOTHeHHC 

HJIH B Blfi'l;t' CTaJibliOli riJiaCTHH.bl HJIH IIYTt'M !l.IOT

HOii llpHtOHKH 6JIOKOB OTpamaTt'JIH O)~HH K ~py
roMy. YTe'fKa raaa lJ:3 TOIIJIIIBHhiX HaHaJIOB MomeT 

IIpOHCXOi'l;HTh 1!Cpe3 IlpOHIIIJ,aCM.biii rpaqHtT H 'lepea 

coei],HHCHHH MC/f\AY 6JIOK11MH. qT06hi Hpei'l;OTBpa

THTI> 'lpe3MepHMC YTl''fKH IIOCJie i],JIHTCJibHbiX JIC

Kalf\eHHH, B CHCTl'Ml' 6ea COCiJ,HHHTeJibH.biX pyKa

HOB il,OJI/f\Hbl 6hiTb npeil,yCM<lTpeHhl CIIl'IJ,HaJibHLIC 

ynJIOTHeHHH Ml'lf\ll,Y G.rwKaMn. 

B ROHCTpyR~H&X aRTHBHI:.IX aoH aHepreTH'IeCRHx 

peaRTopos B XaaTepcToae, Tpayccf>HHHi'l;e H To

RaH-Mype, 'ITOOI>I rrpOTHBOCTOHT.b TeiiJIOB.biM H pa

jl;HaiJ,HOHH.biM HaiipHmeHHHM, HCIIOJI.b3YIOTCSI na-

30BMe CJIOH. 0jl;HaRO B ROHCTpyR~HH peaRTOpa B 

Tpayccf>HHHiJ,e npHMeHeH rpacl>HT, AJIH peaRTopa B 

ToKaH-Mype - cTaJII:., a jl;JIH peaKTopa s XanTep

cToHe npHHHTO cMemanHoe pemenHe. MayqenHe 

aRTHBHhlX 30H aTHX peaRTOpOB IIOKa3I:.IBaeT, RaK 

Oi'l;HH H Te me rrpo6JieM.bi HeCKOJI.bRO IIO-pa3HOMY 

npOHBHJIHC.b B Kami'l;OH H3 HHX H IIpHBeJIII H paa

JIH'fHI>IM pemeHIIHM H ROHCTPYRTHBHI>IM Tpe6osa

HHHM. MHTepecao paccMoTpeTL Te me npo6JieM~>~ 
iJ,JIH coBpeMeHHOro 6oJihmoro MarnoKcosoro peaK

Topa MO~HOCThiO 500 M BT ( aJI.) H Ha OCHOBaHHH 

HaROIIJieHHOrO C TpeMH npei'l;I>Ii'l;Y~HMH peaRTopa-

MH OIII>ITa OIIHCaTI> ROHCTpyR~HIO aRTHBHOH 30Hhl. 

3TO rrpiiBOiJ,HT R aRTHBHOH 30He C rJiyOORHMH na

aOB.biMH CJIOHMH, rrepeMemaiO~HMHCH C IIJIOCKHMlf 

CJIOHMH, H C BTYJIO'fH.biMii COei],HHeHRHMH CO CTa

JI.bl() y ocnosaHHH H no rrepHcf>epHH. AnaJiorH'fHhle 

upHH~Hllhi MOI'YT pacrrpOCTpaHHTI>CH Ha aRTHBHI>Ie 

aoHI>I APYrHx raaoBLIX peaRTopoB. 
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Estructuras de nucleos de grafito para grandes 
reactores de potencia refrigerados por gas 

por P. C. Warner y M. A. Bayer 

El nucleo de un reactor moderado por grafito y 
refrigerado por gas esta constituido por columnas de 
grafito atravesadas por canales verticales para el 
combustible y los elementos de control. La estructura 
debe ser capaz de admitir deformacion por irradiacion 
y movimientos termicos diferenciales y, al mismo 
tiempo, ser estable frente a cargas debidas a diferencias 
de presion del gas, manejo del combustible y, en 
algunos casos, fuerzas sismicas. Para nucleos grandes, 
es aconsejable proyectar Ia estructura de modo que 
cada columna tenga determinada su posicion inde
pendientemente de sus deformaciones laterales y 
quede soportada verticalmente por una armadura 
adecuada. De este modo, no solo es insensible Ia 
posicion al valor exacto de las deformaciones por 
irradiacion, sino que el defecto de alineacion de las 
columnas es minimo. La solucion mas corriente 
consiste en emplear chavetas radiales en los compo
nentes de grafito, a fin de formar una capa que cambia 
su parametro reticular de manera regular cuando el 
contorno se dilata o contrae globalmente. La periferia 
puede sujetarse a una estructura de acero, o a un 
anillo de grafito fijado por ligaduras elasticas com
pensadas a efectos de temperatura. Otros problemas 
estructurales consisten en el arqueamiento de los 
bloques causado por contracciones diferenciales y 
fuerzas de expansion del gas, especialmente bajo 
condiciones de accidente por rotura de un conducto. 

El otro problema principal en el proyecto del nucleo 
consiste en evitar derivaciones del flujo de gas fuera de 
los canales de combustible. Los espacios entre los 
ladrillos tienen que estar ventilados a Ia parte superior 
del nucleo por necesidades de control; por tanto, Ia 
capa del fondo tiene que cerrar hermeticamente en el 
plano de Ia base, bien por medio de una placa de acero 
o poniendo a tope de forma compacta los bloques del 
reflector. El gas se fuga fuera de los canales de com
bustible a traves del grafito permeable y a traves de 
las uniones entre bloques, y a un sistema sin manguitos 
debe dotarsele de caracteristicas de hermeticidad 
especiales entre los bloques para evitar perdidas 
excesivas despues de un largo periodo de defor
maci6n. 

Los nucleos proyectados para Hunterston, Traws
fynydd y Tokay Mura emplean todos capas enchave
teadas para acomodar las deformaciones termicas y de 
irradiacion. No obstante, Trawsfynydd dilata como 
grafito, Tokay Mura como acero y Hunterston emplea 
una solucion mixta. Un estudio de estos proyectos 
muestra como los problemas se han presentado de 
modo ligeramente diferente en cada uno, y han dado 
origen a diferentes soluciones y necesidades de 
desarrollo. Es interesante considerar como los mismos 
problemas se manifiestan tambien en una unidad de 
magnox grande actual para 500 MW electricos netos 
de salida, y describir un proyecto de nucleo para esta 
unidad basado en Ia experiencia de los tres primeros 
reactores. El proyecto conduce a un nucleo con capas 
enchavetadas profundas alternando con capas planas, 
machihembradas a elementos de acero en el fondo y 
en Ia periferia. Para un reactor de gas avanzado 
pueden adoptarse principios similares. 
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Gas circulators and their drives for large gas-cooled 
power reactors 

By H. Bateman, G. L. Duffett and W. Johnson* 

The circulation of large quantities of high pressure 
carbon dioxide used as the heat transport medium in 
large gas-cooled power reactors demands a high power 
and the circulators with their drives feature as 
principal plant. The output and design features of the 
reactor together with the technical and economic 
factors relating to the circulator and drive affect 
the choice of equipment for a particular reactor. 

Two basic types of circulator have been used and of 
the large number of types of drive available several 
very different schemes have been engineered. Most of 
these are briefly discussed or mentioned in the present 
paper which takes the systems used at Hunterston, 
Trawsfynydd and Tokai as examples of solutions 
adopted for steel pressure vessel stations. The develop
ment of concrete pressure vessels containing reactor 
boilers and circulators has introduced different prob
lems which are discussed in this paper. 

TYPES OF CIRCULATOR 

In a large power reactor the circulator power is 
about 7% to 12% of the station output. The pressure 
ratio is in the range of 1.05 to 1.1 and the pressure 
head can be generated easily in a single stage. All 
circulators so far built or under construction have a 
single stage on an overhung rotor and are of axial 
flow or centrifugal design. 

An axial flow circulator normally runs at a higher 
speed than a centrifugal one and is more easily matched 
to the speed of a two-pole motor or a multistage 
turbine. A centrifugal design is likely to require a 
speed of about 1 000 to I 500 rpm and is suitable 
for de or multipole ac motor drive but requires a gearbox if driven by a high speed steam turbine. 

The choice of an ac motor direct drive dictates the 
circulator speed and may necessitate some compro
mise in the design, although the resulting difference 
in performance is small or even negligible. Adjustment 
of the full load operating point of an axial circulator 
can be obtained by providing variable inlet guide 
vanes, the adjustment being performed either as an 
initial presetting or on load. 

Although axial circulators must be designed to 
operate stalled due to maloperation, it is considered 
preferable to avoid fluctuating loads on the blading 
by opening a bypass to avoid stall. At Trawsfynydd 
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a cooling circuit is provided in a bypass to enable the 
circulator to be run continuously in an i~olated 

circuit. 
Centrifugal circulators are robust machines and 

there is no risk of damage from running stalled pro
vided there is not an excessive temperature rise. 
Both Hunterston and Tokai have centrifugal circula
tors where an isolated unit is brought into service by 
running up to speed against a closed valve which is 
opened when the differential pressure is zero. 

Both axial and centrifugal circulators operate 
stably in the stalled region, i.e., there is no surging. 
The design point, which is close to the maximum 
efficiency contour may not be further removed from 
stall in the centrifugal than in the axial design. The 
axial characteristic is steeper and with a comtant 
speed drive the gas flow is less sensitive to variatiom 
in the system resistance from the calculated figure. 

CIRCULATOR DRIVES 

There was an extensive choice of drive available 
for the early reactors from steam turbine~ to de 
motors and ac motors with many possible variation~. 
However, the choice of drive becomes more limited 
as circular ratings increase. 

Figure I. Trawsfynydd ax1al flow circulator 
I : Rotor; 2: Diffuser; 3: Removable circulator unit; 4: Pressure 

casing; 5: Gas seal; 6: Inlet ducting; 7: Thrust bearing 
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Figure 2. Trawsfynydd gas flow control system 
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1: Isolating valve; 2: Throttle valve; 3: Linkage; 4: Bypass 
valve; 5: Baffle; 6: Economizer; 7: Circulator 

The selection of a circulator drive is influenced 
by the following factors: reliability; capital cost; 
efficiency at full load; low maintenance; method of 
gas flow control; operating and commissioning 
requirements; and ease of incorporating an auxiliary 
drive for emergency purposes. 

Electric drive 
The various types of electric drive are: 

(a) DC motors ll'ith wriable speed control 
This drive is very suitable for speed control but 

there are limiting factors on maximum speed and on 
circulator rating. DC systems suffer from conversion 
losses whether incurred in rectifiers or in rotating 
machinery. 
(b) AC constant speed motor ll'ith hydraulic coupling 

The ac motor is an efficient electric drive but the 
hydraulic coupling reduces the efficiency at full load, 
and further still at part load. 
(c) A C constant speed motor with bypass control of 

gasjloll' 
This form of drive has a high efficiency at full load 

particularly when variable guide vanes are incorpora
ted. However, gas bypassing leads to a poor part 
load efficiency. 
(d) AC motor supplied from mriable frequency 

alternators 
Turbo-electric drive is the most costly but it has a 

good speed variation facility with a relatively high 
efficiency over the whole range. Individual motor 
speed control is not available and a gas bypass system 
is required to enable a boiler/circulator unit to be 
brought into service whilst the remaining circulators 
are operating. 
(e) AC slip ring induction motors 

This form of variable speed drive has a good part 
load efficiency if used with a slip recovery system 
but the associated electrical plant produces a complex 
and expensive system. 
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Steam drive 
Optimization of a dual pressure plant leads to a 

HP steam generation of about 65% of the total. If 
all the HP steam is expanded through auxiliary 
back pressure turbines to the LP system it is found that 
the power generation is about equal to the circulator 
power demand although some adjustment of steam 
conditions may be necessary to achieve exactly the 
circulator power required. 

A good full load efficiency depends on matching 
the design points of the turbo-circulator to the full 
load operating conditions of the plant and upon a 
high internal efficiency from the auxiliary turbine. If 
a high speed turbine design is selected, gearbox losses 
are introduced. 

The circulator power varies approximately as the 
cube of speed and of reactor gas flow while the steam 
generation is approximately proportional to the gas 
flow. Consequently, if the circulator turbine is de
signed to accept all the HP steam at full load, then 
as load and speed are reduced there is an excess of 
HP steam. This excess may be pressure reduced and 
bypassed around the circulator turbine or the part 
load efficiency can be improved by utilizing the 
excess in the HP stages of the main turbines. With 
larger sizes of main turbine the design problems and 
costs associated with providing an HP section increase 
greatly so that there is an incentive to use a single 
pressure machine. 

Emergency drives 

Emergency drives are required to ensure adequate 
gas flow in the unlikely event of rapid depressurization 
coinciding with the loss of electrical supplies. In 
these circumstances natural circulation is negligible 
and auxiliary power is essential to run the circulators. 
On the earlier reactors pony motors are provided 
which take their power from batteries, except at 
Hunterston where the main de motors fulfil this 
function. At Trawsfynydd, flywheels extend the 
rundown time and ac motors with double windings 
supplied from diesel alternators produce about 50% 
speed at atmospheric pressure and 20% at full 
pressure. 

A system with steam driven circulators can be 
designed so that sudden and simultaneous loss of 
drive to all circulators is not a credible fault. Reduction 
in water pressure or low drum level causes a reactor 
trip and there is a delay before the steam available 
to drive the circulators becomes inadequate. The run
down time of the turbo-circulators following rapid 
depressurization can be extended by providing suffi
cient water and thermal capacity in the boiler and by 
opening an atmospheric exhaust valve to utilize these 
capacities to the maximum extent. When the reactor 
is shut down, fission product heat must be removed 
and pony motors may be used to run two or more 
circulators at slow speed. 

With turbine driven circulators, auxiliary power 
may be provided by auxiliary boilers. However, such 
boilers take some time to generate steam to provide 
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power for cooling following rapid depressurization 
and pony motors may be installed. At Tokai, for in
stance, de pony motors are provided which can drive 
the circulators under atmospheric conditions. Re
liance is placed on auxiliary boilers when the system 
is pressurized as natural circulation occurs under 
this condition and time is available to raise steam. 

Gas seals 

Running seals are necessary around the circulator 
drive shafts. There are basically three types of seal, 
pneumatic, hydrodynamic and carbon ring. In the 
pneumatic seal the running clearance between a 
rotating and a stationary face is provided by a layer 
of air which acts as a lubricant. The air pressure 
distribution across the seal face is so arranged that 
ingress of air into the gas circuit and loss of C02 is 
prevented. A small but controlled loss of C02 is 
permitted which is piped to the station stack. 

The hydrodynamic seal is a development of those 
used on hydrogen cooled alternators in which an 
oil film is produced and maintained between a white 
metal face and hydrodynamic pads under the in
fluence of shaft rotation. A small quantity of oil 
is permitted to flow across the contact faces and it is 
collected with gas leaking through a labyrinth at a 
controlled rate and passed to a separating tank. Oil 
diffusion to the circuit is prevented by the labyrinth 
controlling the outward flow of gas. 

In a carbon ring seal, oil is delivered to an adjacent 
journal bearing and flows past a spring loaded carbon 
ring. The oil pressure is controlled so that it is just 
lower than the circuit gas pressure but oil migration 
occurs across the seal face due to centrifugal action of 
the ring and the oil lubricates the interface and pro
duces pressure balance. 

CONTROL 

The general requirements of the control system are: 
(a) Variation of reactor gas mass flow; 
(b) A reasonable balance of flow between circuits, 

i.e., ganged operation; 
(c) Satisfactory operation with one or more circuits 

isolated; 
(d) Control of an individual circulator and associ

ated gas circuit to allow a shut-down circuit to be 
reinstated while the reactor is at power; 

(e) Design features to limit transient conditions 
during normal operation and under fault conditions. 

The range of mass flow varies with the plant design 
and at Calder Hall and the earlier civil stations a 
very wide range of flow control was specified. Later 
the requirements were not so restrictive and at 
Trawsfynydd, for instance, the minimum reactor flow 
on main motors with all circuits operative is about 30% 
of the full load value. 

The ease with which ganged operation is achieved 
depends upon the drive system. With turbo-electric 
drive, ganged response is inevitable, but with other 
systems it is necessary for individual circuits to respond 
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to a single demand signal. Slight unbalance between 
circuits at partial load due to slightly different charac
teristics of individual circuits is acceptable, but to 
utilize the plant capacity to a maximum, a facility 
for trimming individual circuits at full load is usually 
provided. Such a facility may take the form of variable 
guide vanes in equal speed systems, or small differences 
in speed settings in systems where speed is variable 
between circuits. 

Circulator isolation due to a fault makes it neces
sary to operate at power with at least one circuit 
isolated. There is no problem in removing a circulator 
from service, but for operational flexibility it is prefer
able to reinstate the circuit without reducing the 
reactor power. 

To achieve reinstatement, it is necessary to achieve 
a circulator condition such that the gas isolating 
valves can be opened without producing a significant 
transient condition in the reactor. The method 
whereby this condition is achieved varies with the 
type of circulator and type of drive. With a variable 
speed centrifugal system as at Hunterston and Tokai, 
the isolated circulator speed is increased against a 
closed valve until there is no pressure difference across 
the isolating valve. The valve can then be opened and 
the circulator speed raised until it corresponds to that 
of the other running circulators. In the case of the 
constant speed axial design at Trawsfynydd, a stalled 
condition is avoided by closing the gas throttle valve 
and opening the interconnected bypass valve. When 
the incoming circulator is up to speed, the gas iso
lating valve is opened. With the throttle valve closed 
the flow transient is small and is reduced further by 
opening the isolating valve in steps and a suitable 
valve control is provided. The throttle valve is then 
opened until it matches the opening on the other 
circuits, when the actuator can be brought into ganged 
control. The gas flow control system is normally 
operated with the circuits ganged, whether the control 
is by circulator speed variation or by gas valve 
movement. However, the rate of change of flow is 
restricted by the design, so that a dangerous reactor 
gas flow transient condition cannot occur despite 
a fault in the station over-all control system or 
through operator maloperation. 

COMMISSIONING 

The major commissioning tests which influence the 
design of the circulators and their drives are; 
(a) Filtration and vibration run 

This operation and test is performed with a1r m 
the vessel at atmospheric pressure and with all 
circulators operating at full speed. Although the power 
input is relatively small, minor problems may arise 
because of the static pressure at the circulator being 
sub-atmospheric. 
(b) Hot dynamic run 

This test is performed with air at pressure and in the 
latter stages of the run at or even above the normal 
full load temperature. A major object of the test 
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is to dry out the graphite core, but it is not essential 
to run the circulators at full speed to produce a dry 
core as the length of the operation can be extended. 

(c) Mechanical prol'ing run 
This run is performed with C02 at pressure in the 

circuit and has the object of demonstrating that the 
circulator and drive is mechanically sound and that 
all items in the gas circuit behave satisfactorily under 
flow conditions. The operation is performed before 
first raising the reactor to power. 

There is little variation in the gas density around 
the circuits during commissioning tests as there is no 
heat output from the reactor core and flow conditions 
only approximate to those which occur during 
operation. 

Electrically driven circulators present no funda
mental problems of commissioning, provided that 
in the case of variable frequency drive from steam 
the design full load frequency is 50 cfs, so that im
ported electrical supplies can be used. In the latter 
case, the behaviour over the controlled speed range 
cannot be found. 

With steam driven circulators, the total full load 
steam flow cannot be produced economically from 
auxiliary boilers. Full load velocities may be obtained 
in the cold gas circuit by running the circulators at 
full speed but at reduced reactor pressure. This test 
should show up any circuit vibrations although the 
amplitudes will be less than at full pressure. An 
alternative scheme is to block off flow from part of 
the gas circuit, including the core itself, and so obtain 
local velocities which are representative of the full 
load operating conditions. 

DESIGN 

Development has fallen into broad chronological 
stages which are found to contain common factors. 
These stages represent the philosophy prevailing at the 
time and contain reactors of similar fundamental 
design representing the stage of development attained. 

The United Power Company's stations are selected 
as examples of the stages of development and the 
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other stations designed in the UK are also briefly 
mentioned. Table l lists the stations together with 
the ratings of the associated circulators and drives. 

Stage 1 ( 1956-1958) 

Stations in this first stage of development, of which 
Hunterston is an example, have circulator powers up 
to 5 000 hp. It was considered essential for the circu
lators to have a wide range of speed control and 
desirable to utilize proved equipment wherever pos
sible for plant directly associated with the reactor. 
The choice for these early stations was largely in
fluenced by the type of equipment directly available 
to the firms responsible for the design. These factors 
led to the use of centrifugal circulators driven by 
de motors with double armatures. Eight boiler/ 
circulator units were selected with the large radial 
diffuser of the circulator mounted within the boiler 
pressure casing in a vertical position which simplified 
the ducting and foundations. The motors are rated 
at 2 200 hp at l 000 rpm with an overload capacity of 
2 920 hp at I 100 rpm. A double armature was chosen 
to limit the length of commutator bars, to limit the 
current density in brushes and the surface velocities at 
the commutator. 

A wide range of speed control is obtained by using 
grid controlled mercury arc rectifiers. Individual speed 
regulation is available and ganged control can be 
obtained by manual operation from the control room 
desk or by the automatic station control system. 
The speed control system is designed so that the maxi
mum rate of change of speed is limited to 3% per 
minute to avoid a large transient under certain possible 
fault and operational conditions. 

The de motors eliminate the requirement of pony 
motors for emergency conditions as two circulators 
are preselected and are automatically connected 
to the station battery system at the appropriate run
down speed. 

The supply to each circulator from the station 
6.6 kV system is so arranged that under all fault 
conditions other than total loss of supplies only one 
of the circulators is lost. This is achieved by quick 

Table 1. Circulators and drives for power reactors of UK design 

Gas Circulawr 
ClfCUHS 

Stat Jon Output per Horse 
name MW(el reactor power Type Drive 

Berkeley 2 X 140 8 3 800 Axial Constant speed electric motor with variable 
shp fluid coupling 

Bradwell 2 X 150 6 4400 Axial Variable frequency electric motor 
Hunterston 2 X 150 8 2 354 Centrifugal Variable speed de motor 
Latina I X 200 6 4 750 Axial Variable frequency electric motor 
Hinkley 2 X 250 6 7 800 Axml Variable frequency electric motor 
Trawsfynydd 2 X 250 6 7 000 Axial Constant speed ac motor 
Tokai I x ISO 4 8 700 Centrifugal Variable speed steam turbine 
Dungeness 2 X 275 4 8 916 Axial Variable speed steam turbine 
Sizewell 2 X 290 4 9 850 Axial Constant speed ac motor 
Old bury 2 X 290 4 6 600 Axial Variable speed steam turbine 
Wy1fa 2 X 590 4 18 500 Axial Constant speed ac motor 
AGR 2 X 500 4 15 000 
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switching between the busbar systems. Reacceleration 
of the circulators subsequent to a quick switch is 
delayed until the starting load of induction motors 
fed from the same source has decreased to the full 
load value. A flywheel is incorporated in each drive 
to extend the run-down time of the circulators. 

Hunterston is now operating at power, the maxi
mum output from both reactors being well in excess 
of the design figure. The behaviour of the circulators 
and drives both during commissioning and operation 
has been very satisfactory. There have been no major 
troubles. The long vertical shafting has not created 
any operational problems and the gas seals have run 
well. The design efficiency seems to have been achieved 
but the design gas mass flow is obtained at lower than 
design speed, that is, the impeller is a few per cent 
oversize. This is not an undesirable feature in a vari
able speed system. 

The firms responsible for the other reactors in the 
first stage of development based their designs on 
axial flow circulators which were located in the duct 
system between the boilers and the reactors. Steam 
turbine drive appeared non-competitive for the smaller 
ratings. As a result, all these stations are designed for 
a wide range of speed control based on an ac motor. 
At Berkeley this is achieved by driving through a 
scoop-controlled fluid coupling, whereas at Bradwell, 
Latina and Hinkley Point variable speed auxiliary 
turbo-alternators are installed. 

Stage 2 ( 1959-1961) 

The second stage of development began in a highly 
competitive atmosphere and in most cases there was 
an increase in net electrical output per reactor to 
250-290 MW with associated circulator powers up to 
10 000 hp. This led to the use of constant speed 
electric motors or variable speed steam turbines. 

At Trawsfynydd, the choice of an axial circulator 
with a diffuser contained within the cold gas duct 
(Fig. 1) and the preference for electric drive by the 
customer narrowed the choice of drive to a 3 000 rpm 
electric motor. This speed was about the optimum for 
an axial circulator of the required rating and therefore 
suitable for direct drive from a two-pole motor. A new 
factor was the acceptance of the reasoning that a 
variable speed drive was not a necessity but that a 
more limited form of gas flow control was acceptable 
for bringing boilers on and off load and also to obtain 
a flow variation from the design point. 

As about 80 000 hp of circulator power was to be 
installed for base load operation on a competitive 
tender, maximum consideration was paid to the 
economics at rated power. Any drive, therefore, which 
tended to produce a lowering of efficiency at rated 
power was eliminated. The following alternative 
drives were reviewed based on a rating of 6 000 to 
7000hp: 

(a) variable frequency alternators proved attractive 
as they allowed easy operation and provided good gas 
flow control. They were rejected because of the high 
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first cost and because the reactor would trip on loss 
of the variable frequency set; 

(b) de drives and ac commutator motors required 
brush gear of high capacity due to the power required 
being high, and gearboxes would have to be in
corporated to produce the speed required for an axial 
circulator; 

(c) two-pole slip ring motors of the size required were 
not considered a reliable proposition at the time and 
therefore gearing would have to be introduced to 
match the speed of an axial circulator to a four-pole 
motor; 

(d) slip ring motors using slip recovery techniques 
appeared to be very attractive when considering part 
load operation. In this system, the losses of a slip 
ring motor are fed back into the main electrical system 
after rectification, inversion and transformation or are 
used to supply a de motor on the same shaft as the 
main ac slip ring motor. This system was discarded 
due to the low speed available which required a 
gearbox and due to the cost of the auxiliary equip
ment; 

(e) hydraulic couplings had not been designed at 
the time for the ratings required and proved designs 
of high power were not available; 

(f) squirrel cage motors with gas flow control by a 
system of gas throttle and bypass valves were finally 
adopted for high full load efficiency and low capital 
cost. With nuclear stations, the financial penalty for 
loss of efficiency at part load is less than for conven
tional plant and is not of prime importance, but to 
obtain the best performance the circulator inlet guide 
vanes at Trawsfynydd are remotely adjustable on 
load. These guide vanes can be used to compensate 
for any prolonged reduction in system frequency as 
well as allowing the system to be set to its optimum 
condition at full load. 

Experience of the circulators and drives during 
commissioning has been very satisfactory. The hydro
dynamic gas seals in particular have behaved well. 
Site tests have not indicated any problems due to pres
sure oscillations in the gas circuit. 

The throttle valves are butterfly valves with a large 
annular gap between the disc and duct and with a 
central hole in the disc. Hence ganged movement of 
the throttle valves cannot completely shut off the 
reactor flow. The bypass valves are mechanically linked 
with the throttle valves so that they move in antiphase 
which not only prevents circulator stall but ensures 
adequate natural circulation under fault conditions 
with the circulators stationary (Fig. 2). 

There is an ac emergency pony motor on the main 
shaft. The pony motor has two speeds: 20% speed for 
full pressure operation and 50% for operation at 
atmospheric pressure. The use of the ac pony motors 
led to an ac emergency system which is very simple, 
the pony motors being started from the control room 
when emergency conditions arise. 

Constant speed circulators driven by squirrel 
cage motors are also used at Sizewell but in this design 
the circulators, although of the axial flow type, are 



574 SESSION 3. 7 P/138 H. BATEMAN et a/. 

,· ·.· .... .. .. -::·~ . . '., 

Figure 3. Tokai nuclear power station gas circulator and drive turbine 
1: Impeller; 2: Diffuser; 3: Removable circulator unit; 4: Pressure casmg; 5: Gas seal; 6: Inlet ducting; 7: Thrust bearing; 

8: Flexible disc couplmg; 9: Pony motor; 10: Epicyclic gearbox; II: Steam turbme 
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arranged with vertical shafts with upward gas flow. 
Gas flow control is obtained by means of gas bypass 
valves and inlet guide vane movement. 

At Tokai, steam turbine drive was selected because 
of the high power demand associated with highly 
rated hollow fuel and the economic and safety ad
vantages. The -optimum HP steam generation for the 
dual pressure cycle is compatible with the circulator 
power requirement at full load and a wide range of 
speed control is available. Furthermore, an adequate 
dryness in the main turbine exhaust is obtained by 
passing the partly expanded HP steam into the LP 
system before superheating all the steam in the LP 
superheater. 

The excess HP steam available at part load con
ditions is utilized in HP stages of the main turbines 
with a resulting improvement in part load efficiency. 
Although the circulators run at a rather higher speed 
(I 200 rpm), the design for Tokai (Fig. 3) follows 
closely that for Hunterston, a high speed turbine 
and epicyclic gearbox replacing the de motor. The 
spindles are vertical and the main boiler shell forms 
the pressure casing. There is no flywheel, as the boiler 
thermal capacity limits the rate of reduction in the 
steam supply. 

The circulator turbine exhaust steam may take any 
of three paths depending upon the operating con
ditions. Under normal operation, it passes through a 
non-return valve to the LP superheater inlet, where it 
is reheated before passing into the LP steam range 
and to the main turbines. Under these conditions, the 
back pressure on the circulator turbine cannot be 
less than the LP steam pressure. Under certain fault 
conditions, an exhaust valve to atmo~phere is opened 
to make maximum use of the capacity of the H P 
boiler to provide power for cooling. The third path 
is used during start-up and when the steam from 
auxiliary boilers is providing power for gas flow under 
shut-down conditions on the reactor. In this case, the 
exhaust steam is passed through a pressure regulating 
valve to a dump condenser. The pressure setting is 
variable but usually set to a low value. Construction 
of the Tokai station is well advanced and the circu
lators have run at full speed at atmospheric pressure, 
driven by the turbines using steam from the auxiliary 
boilers. 

Back pressure turbines are also used for the circu
lator drive at Dungeness, but for this station direct 
coupled 13 stage units were adopted. The steam cycle 
is slightly different from the Tokai system, for the 
partially expanded H P steam is separately reheated 
before it combines w1th the LP steam for passage 
to the main turbines. The latter are single pressure 
units, so that the design and control problems are 
simplified and the costs associated with providing a 
high pressure cylinder on the main turbine are 
eliminated. 

Stage 3 ( 1962-1964) 

The third stage of development i~ characterized 
by concrete pressure vessels containing the reactor 
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core, boilers and gas circulators with circulator powers 
up to 20 000 hp. This basic change in reactor design 
has permitted the development of larger reactors 
with increased gas pressures and has improved 
economics. 

The duty required from gas circulators and their 
drives has therefore increased, but at the same time 
limitations on the physical dimensions have been 
imposed for two reasons. Firstly, the allowable 
number and size of penetrations in the wall of the 
concrete pressure vessel must be minimal since they 
prevent stressing cables being located in these areas. 
Secondly, although the maximum rate of rapid 
depressurization under postulated fault conditions 
is much less than with a steel vessel, the pressure 
casing which seals the circulator penetration is the 
limiting component. 

The concrete pressure vessel introduces further 
restrictions on the choice of drive because the circu
lators are less accessible and maintenance becomes 
more difficult both physically and radiologically. A 
variable speed circulator is preferred for it results 
in the elimination of flow regulating devices within 
the vessel. 

The circulator power required for Magnox stations 
and for advanced gas-cooled reactors under develop
ment in the UK are so large for reactors of over 
500 MW(e) (Table I) that variable speed ac electric 
motors have speed limitations and are uneconomic. 
The types of drives suitable for this duty are restricted 
to steam turbines or constant speed ac motors. A5 
scoop-controlled fluid couplings are now being de
veloped for the powers required, these allow constant 
speed motors to drive variable speed circulators. 

The high pressure, high temperature. steam con
ditions of the AGR makes steam turbine drive rela
tively expensive when account is taken of pipework 
and control equipment. Special commissioning facili
ties must also be provided. An over-all asse5sment of 
station cost and performance indicates that electric 
drive is the more economic solution for a net output 
of about 500 MW. However, if the reactor design 
output is increased a stage is reached when steam 
drive is more economic because, by reducing the 
generator output required, it avoids changing to two 
main turbines and so prevents a major step change 
being necessary. 

The relatively large pressure losses of an AG R core 
and the smaller volume flow due to the higher pressure 
and smaller mass flow than comparable Magnox 
stations make the centrifugal circulator an attractive 
proposition. 

CONCLUSIONS 

Circulator and drive development and application 
over the past eight years has shown that the pro
gressive increases in reactor output and reduction in 
circulator numbers have impelled designers to con-

. stantly review the circulator designs and drives 
available and to make a selection most appropriate 
to the station rating and its economics. 
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Hunterston and Tokai both show that the incorponi
tion of a simple centrifugal circulator at the base of 
each boiler shell has produced an attractive design for 
the lower reactor ratings whilst the increase in gas 
flow for the subsequent reactors has concentrated 
development upon axial flow machines. The steam 
turbine drive first incorporated at Tokai is relatively 
efficient over a wide range of speed and flow control 
whilst the constant speed ac motor drive pioneered 
at Trawsfynydd is a low cost, simple system that has 
a high efficiency at full load, is very suitable for base 
load operation, and can be operated over the complete 
power range for commissioning tests. 

The large advanced gas-cooled reactors in concrete 
pressure vessels now under development require 
circulators with speed control. For reactors producing 
about 500 MW(e}, the most satisfactory drives are 
constant speed ac motors in conjunction with scoop
controlled fluid couplings, but steam turbines 
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become competitive at higher outputs when they avoid 
a step change in the number of main sets. 

The paper illustrates that the very different choice 
of gas circulators and their drives all have justification 
for their respective reactors. The factors which in
fluence the choice are not constant, and the designer 
must be prepared to change the design as reactor 
development proceeds. 
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A/138 Royaume-Uni 

Circulateurs de gaz et leur commande pour 
de grands reacteurs de puissance a refrige
rant gazeux 

par H. Bateman et a/. 

On examine les deux principaux types de circula
teurs et les nombreuses formes de commande dis
ponibles, ainsi que des exemples de leur application et 
les raisons pour leur choix. 

On decrit les principales caracteristiques des 
circulateurs centrifuges et axiaux et on discute en 
detail des merites relatifs de Ia commande par turbine 
a vapeur; de Ia commande par moteur electrique a 
courant alternatif a vitesse fixe, par moteur electrique 
a courant alternatif a vitesse variable et par moteur 
electrique a courant continu a vitesse variable. 

La commande par moteur electrique a l'avantage 
de Ia simplicite, mais les moteurs a courant alternatif 
a vitesse constante demandent soit une boite de 
vitesses, soit que Ia vitesse du circulateur soit adaptee 
a celle du moteur bipolaire ou quadripolaire, ce qui 
peut compromettre Ia conception du circulateur. 
Les moteurs a courant alternatif a vitesse variable 
demandent soit une alimentation a frequence 
variable, ce qui entraine des couts d'installation initiale 
e!eves, soit des porte-balais a haute capacite de 
transport de courant qui necessitent beaucoup 
d'entretien, tandis que les moteurs a courant continu 
ont une capacite limitee et exigent un equipement 
couteux de redressement ou de transformation. 

La commande par turbine a vapeur semble 
attrayante si le niveau optimal de generation de 
vapeur a haute pression s'harmonise avec Ia puissance 
de Ia souffierie lorsque Ia pression d'echappement coin
cide avec la pression du systeme a basse pression dans un 

cycle a double pression. Le rechauffage de la vapeur 
a haute pression partiellement detendue et le melange 
avec de Ia vapeur a basse pression fournit une 
methode simple et economique de regler l'humidite 
de Ia vapeur dans les cylindres a basse pression de la 
turbine principale. 

On insiste sur la necessite de joints exempts d'ennuis 
pour eviter des fuites de gaz toxiques venant du 
circuit sous pression du n!acteur. 

Une partie du memoire est consacree aux aspects les 
plus importants de la commande du circulateur et a 
!'influence des considerations de securite sur la 
conception des commandes. On examine !'incorpo
ration et !'utilisation de moteurs demarreurs. 

Les essais de mise en service effectues avant Ia 
divergence afin de verifier la solidite mecanique du 
circulateur et !'absence de vibrations dans les circuits 
sous pression ont une influence sur le type de com
maude, et on decrit le but des differents essais effectues 
sur les lieux. 

Le memoire donne une recapitulation des carac
teristiques des circulateurs et des commandes des 
reacteurs de puissance civils construits au Royaume
Uni, qui permet de discerner trois stades dans le 
developpement et la conception des reacteurs. 

Ceux du premier stade utilisaient des commandes 
par moteurs electriques et le principe du reglage du 
debit du gaz refrigerant au moyen de la variation de la 
vitesse, tandis que ceux du second stade avaient des 
turbines a vapeur a vitesse variable ou des moteurs 
electriques a vitesse fixe avec reglage du debit du gaz 
par vannes. 

Les caissons en beton d'une seule piece contenant 
le creur du reacteur, les chaudieres et les circulateurs 
que l'on construit actuellement constituent le troisieme 
stade et posent de nouveaux problemes. Le nombre 
d'orifices de penetration dans Ia cuve et leur diametre 
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doivent etre reduits au minimum. Le reglage du debit 
du gaz par vannes est difficle a realiser, car les dis
positifs de reglage devraient se trouver a l'interieur de 
la cuve avec les circulateurs; le reglage du debit par 
variation de vitesse semble done de nouveau interes
sant. Le memoire se termine par un bref coup d'reil 
sur les tendances futures. 

A/138 Coe,o,HHeHHoe KoponeecTeo 

fa30B~e 4HpKynH4HOHH~e HaCOC~ H 
HX npHBOAbl Anfl 6onbWHX 3HepreTH4e
CKHX peaKTOpOB C ra30BbiM OX/Ia>HA8-
HH8M 

X. o3HTMeH et al. 

B fl:OKJiaf);e n:ccJief!:YIOTCH n: o6cymf);aiOTCH ABa 
OCHOBHhlX THIIa IJ;HpKyJIHD;HOHHhlX HaCOCOB H pa3-
JIH'lHhle BHfl:hl IIpHBOfl:OB, a TaKme f);aiOTCH IIpHMe
phl HX HCIIOJib30BaHHH H OCHOBaHHH J);JIH Bbi6opa. 
Onn:cbiBaiOTCH ocHoBHbie cnoiicTna n;eHTpo6emnhiX 
H aKCHaJibHhlX IJ;HpKyJIHIJ;HOHHhiX HaCOCOB H IIIH
pOKO o6cym;a;aiOTCH OTHOCHTeJihHhie )J;OCTOHHCTBU 
napoTyp6HHIIOfO npHBO)l;a H aJieKTpH'leCKHX IIpH
BOf);OB C fl:BHfaTeJieM IIepeMeHHOfO TOKa C ifln:KCH
pOBaHHOii CKOpOCThiO, )l;BHraTeJieM nepeMOHHOfO 
ToKa c nepeMeHHoii cKopocThiO n ;a;nn:raTeJieM no
CTOHHHoro TOKa C nepeMeHHOH CKOpOCThiO. 

:::lJ!eKTpOMOTOpHbiO IIpHBOf);hi 6Jiaro;a;apH CBOeii 
npocToTe o6Jiaf);aiOT onpe;a;eJieHHhiMn: npenMyrn;e
cTnaMn:, Ofl:HaKo ;a;nnraTeJin: nepeMeHHoro ToKa c 
IIOCTOHHHoii CKOpOCThiO Tpe6yiOT JIH60 HCIIOJih30-
BaHHH Kopo6Kn nepe;a;a'l, JIH6o no;a;romm cKopoCTH 
HaCOCa K CKOpOCTH )l;BYX- HJIH 'leTblpOXIIOJIIOCHOl'O 
MOTopa, 'ITO MomeT ycJiolliHHTh KOHCTPYKD;HIO 
Hacoca. ,Zl;nn:raTeJin nepeMeHHoro ToKa c nepeMeH
Ho:ii CKOpOCThiO Tpe6yiOT JIH60 IIOf);a'lH rrepeMeHHOii 
'laCTOThi, 'ITO CBH3aHO C IIOBLIIIIeHHOll rrepnoHa
qaJihHOll CTOHMOCThiO ycTaHOBKH, JIH60 rrepef);a'lll 
Ha rn;eTKH 60JihiiiiiX TOKOB, 'ITO CBH3aHO C He
o6XOf);HMOCThiO B TeKylll;eM o6cJiylliHBaHHH. ,Zl;nnra
TeJIH IIOCTOHHHOI'O TOKa liMeiOT OrpaHH'leHHYIO 
MOIIl;HOCTh H Tpe6yiOT ;a;oporOCTOHIIl;ero o6opy;a;o
BaHHH f);JIH BhliipHMJieHHH HJIII npeo6pa30BaHHH. 

fiapoTyp6HHHhlH IIpHBOf); KameTCH aaMaH'lHBhiM, 
ecJIH onTn:MaJihHhiii yponeHh reHepan;n:n: napa Bhl
coKoro f);aBJieHHH COOTBeTCTByeT MOIIl;HOCTH IIpO
AYBa, Kor;a;a f);anJieHn:e Ha BhiXJiorre conna;a;aeT c 
f);aBJieHHeM B CHCTeMe HH3K0f0 f);aBJieHHH B )];BOll
HOM ll;HKJie f_laBJieHHH. fiof);orpen qaCTH'lHO paCIIIH
peHHOfO napa BhlCOKOfO f);aBJieHHH H CMeiiiiiBaHHe 
C napOM HH3KOI'O f);aBJieHHH ;a;aeT TO'lHhlll H :3KOHO
MH'lHhlli MeTo;a; peryJin:ponaHnH nJiarocof);epmaHHH 
napa B ll;HJIHHf);pax HH3KOI'O f);aBJieHHH OCHOBHOH 
Typ6n:Hhl. 

Oco6eHHo rrof);'lepKn:naeTCH Heo6xo;a;nMOCTh n 
Mepax rrpe;a;ocTopomHocTH, c TeM 'IT06hl rrpe;a;oT
npaTHTh yTe'lKY TOKCH'lHhlX raaon H3 peaKTOpHO
ro KOHTypa BhlCOKOfO f);aBJieHHH. 
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Op;nH paap;eJI ;a;oKJiap;a rrocn.Hrn;eH namHbiM rrpo6-
JieMaM ynpaBJieHHH ll;HpKyJIHD;HOHHhlMH HaCOCaMn 
H BJIHJIHHIO Ha CliCTeMbi ynpaBJieHHH C006pame
HHii 6eaorraCHOCTH; o6cymp;aeTCJI IIpHMeHeHHO 
nyCKOBhiX MOTOpOB. 

Tnrr npn:nof);a orrpef);eJIHTCH n peayJihTaTe ncnbr
TaHn:lr J];OKpHTH'leCKHX yCJIOBHH, KOTOphle J];OJIJJ\Hb{ 
;J;OKa3aTb MeXaHU'leCKYIO HC::)l;elliHOCTh MaiiiHHHO
l'Q o6opyf);oBaHHJI HaCOCOB H OTCYTCTBHe BH6pa
I~HH n KOHType BhrcoKoro p;anJieHn:R. OrrnchlnaiOT
cH n;emr npone;a;eHJfH oT;a;eJihHhiX HCIIhiTaHnif. 

B fl:OKJJap;e npnnop;HTCJJ o6aop xapaKTepncTIIR 
IJ;HpKyJIHil;HOHHbiX HaCOCOB H IIpHBOf];OB, HCIIOJih3Y
eMhlX B aHepreTn'leCKHx peaKTopax BeJinKo6pn
TaHHH. 06aop IIOKa3hlBaeT, 'ITO paapa6oTKH p;e
JIHTCH Ha Tpn CTap;nn. 

R rrepno:ii cTap;nn OTHOCHTCH a.n:eKTpwrecKnii 
npHBOf); H ynpaBJleHHe IIOTOKOM OXJiamp;aiOrn;ero 
raaa naMeHeHneM cKopocTn. Ho nropoii cTaf);nn 
OTHOCHTCH napoTyp6HHHhlll IIpHBOp; C nepeMeHHOii 
CKOpOCThiO HJIH aJieKTpH'leCKHH npnnop; C p;nnra
TeJIHMH IIOCTOHHHOii CKOpOCTH H KJiaiiaHHbiM 
ynpanJieHneM IIOTOKa raaa. 

CTpoHrn;necJJ B nacToRrn;ee npeMJJ 6a:Kn BbiCoKo
ro p;anJieHHH H3 MOHOJIHTHOI'O 6eTOHa C aKTHBHOii 
30HOH BHyTpH, 6oiiJiephi H IJ;HPKYJIHD;HOHHbie naco
Chi OTHOCJJTCH K TpeTheH CT3f);IIH Ii rrpep;CTaBJIJIIOT 
HOBble npo6JieMbi. ,Zl;naMeTp H 'IHCJIO Tpy6onpo
BO)J,OB, BXOf);Hlll;HX B TaKne 6ar<n, f);OJI/1\Hhl 6hlTh 
MHHHMaJibHhlMH. 11CITOJih30BaHHe f);JIH peryJinpo
BaHIUI ra30B0l'O IIOTOKa KJiaiiaHHOM CHCTeMhl TaR
me Bhl3hiBaeT Tpyp;HOCTH, TaK KaK peryJinpyiOIIl;He 
rrpuoophl B aTOM CJiy'lae f);OJIJJ\Hhl IIOMern;aThCH 
BHyTpn 6aKa c nacocaMn. PeryJinponaHne rroToKa 
li3MeHeHHeM CKOpOCTH OIIHTh CTaHOBHTCH 3aMaH
'lHBI>IM. B KOHn;e p;oKJiaf);a KpaTKo o6cymp;aiOTCa 
B03MOJJ\HJ.Ie HanpaBJieHJIH B 6yp;yrn;eM. 

Afl38 Reino Unido 

Las soplantes y sus sistemas de accionamiento 
para grandes reactores de potencia 
refrigerados por gas 

por H. Bateman et a/. 

Se investigan y discuten los dos tipos basicos de 
soplantes y las muchas formas de accionamiento 
disponibles, junto con ejemplos de su aplicacion y 
las razones para su elecci6n. 

Se describen las principales caracteristicas de las 
soplantes centrifugas y axiles, incluyendo una extensa 
discusi6n de las ventajas relativas de los acciona
mientos por turbina de vapor, motor electrico de 
c.a. y velocidad fija o velocidad variable, y de c.c. de 
velocidad variable. 

El accionamiento por motor electrico tiene la 
ventaja de la simplicidad, pero los de c.a. de velocidad 
constante necesitan una caja de cambios o que la 
velocidad de la soplante coincida con la de un motor 
de 2 6 4 polos, lo cual puede comprometer el disefio de 
la soplante. Los motores de c.a. de velocidad variable 



578 SESSION 3. 7 P/138 

requieren una fuente de alimentacion de frequencia 
variable que supone una fuerte inversion inicial o 
un sistema de conmutacion para corriente elevada de 
mantenimiento delicado. Los motores de c.c. tienen 
una capacidad limitada y requieren un equipo 
costoso de rectificacion y conversion. 

El accionamiento por turbina de vapor es inte
resante si el nivel 6ptimo de generacion de vapor de 
alta presion se corresponde con la potencia de la 
soplante cuando la presion de escape se hace coincidir 
con la del sistema de baja presion en un ciclo de dos 
presiones. El recalentamiento del vapor de alta 
presion parcialmente expandido y su mezcla con 
vapor de baja proporcionan un metodo elegante y 
economico de controlar el contenido de humedad del 
vapor en los escalonamientos de baja presion de la 
turbina principal. 

Se subraya la necesidad de cierres hermeticos a 
prueba de fallos para impedir el escape de gases 
toxicos del circuito de presion del reactor. 

Se dedica una seccion de la memoria a los aspectos 
mas importantes del control de la soplante y a la 
influencia de las consideraciones de seguridad sobre 
los criterios de control, y se discute la incorporacion 
y uso de motores auxiliares de arranque. 

Se describe el conjunto de pruebas de puesta en 
servicio previas a la criticidad para comprobar la 
resistencia mecanica de la maquinaria de la soplante 
y la ausencia de vibraciones del circuito de presion. 
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Estas pruebas tienen influencia sobre el tipo de 
accionamiento. Tambien se describe la finalidad de 
varias pruebas efectuadas «in situ.» 

Se incluye una vision de conjunto de las carac
teristicas de la soplante y su accionamiento para los 
reactores comerciales de potencia proyectados en 
el Reino Unido. Se infiere que el desarrollo y los 
criterios de proyecto han pasado naturalmente por 
tres grandes etapas. 

La primera etapa poseia accionamiento por motor 
electrico y control del caudal de gas refrigerante 
mediante variacion de la velocidad, mientras que 
en la segunda etapa se empleaban turbinas de vapor 
de velocidad variable o motores electricos de velocidad 
fija con control del caudal de gas por medio de 
valvulas. 

Las vasijas de presion de hormigon de un solo 
bloque que se construyen actualmente conteniendo 
el nucleo del reactor, los cambiadores de calor y las 
soplantes, constituyen la tercera etapa y presentan 
nuevos problemas. El diametro y numero de orificios 
de penetracion en la vasija deben ser minimos. El 
control del caudal de gas mediante valvulas es 
dificil de conseguir ya que los mecanismos reguladores 
tendrian que estar dentro de Ia vasija junto con las 
soplantes. El control del caudal por variacion de la 
velocidad ha vuelto a ser interesante. La memoria 
concluye con una breve discusion sobre las tendencias 
futuras. 
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Some engineering problems of the SGHW 100 MW(e) 
prototype reactor 

By N. Bradley,* P. J. Cameron** and N. G. Worley*** 

The direct steam cycle Steam Generating Heavy 
Water (SGHW) prototype reactor [IJ is of the vertical 
pressure tube type, and principal components of 
engineering interest are shown in Fig. 1. Dual modera
tion results from the high pressure boiling-light
water coolant in the pressure tubes and the low 
pressure heavy water in the calandria. 

The core consists of 112 zirconium alloy pressure 
tubes connected to the external stainless steel coolant 
system by mechanical joints. Two coolant circuits 
are each provided with a steam separation drum and 
two glandless recirculating pumps. Saturated steam, 
produced by boiling in 104 of the channels, passes 
from the steam drum to the 100 MW(e) saturated 
steam turbine at 900 psig. A portion of the steam from 
the drums flows to 8 superheat channels which are 
designed for 1 000 oF (538 °C) maximum outlet 
temperature, this steam being subsequently mixed 
with the main saturated steam flow to the turbine. 

Experimental loop facilities are provided for tests 
under boiling and superheat conditions. One of the 
boiling channels can be connected to a self-contained 
circulating and heat rejection equipment and two small 
pressure tubes are located in inter-lattice positions 
and provided with their own boiling loop circuit for 
fuel development work. The output of one superheat 
pressure tube can be diverted direct to the turbine 
condenser. 

The reactor will be refuelled whilst operating at 
power for both superheat and boiling channels. In 
the presence of a two-phase mixture or a condensable 
gas (steam) it is impracticable to cool the joint seals 
to less than the saturation temperature {280 °C). This 
temperature eliminates the use of organic seals and so 
a metal to metal joint between the refuelling machine 
and pressure tube is under development. Since the 
fuel and its associated components are handled as a 
rigid assembly some 32ft (10m) long during refuelling, 
the refuelling machine is tall and protrudes through 
the main biological shielding surrounding the core 
and reactor coolant system. As this shielding also 
serves as a low pressure containment, the rotating 
shield associated with the refuelling machine must 
be provided with a gas tight seal to the main concrete 
shielding. 

*U.K. Atomic Energy Authority, Reactor Group, Risley. 
** The Nuclear Power Group, Knutsford. 
*** Babcock and Wilcox Ltd., London. 
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CALANDRIA OR MODERATOR VESSEL 

The use of dual moderation leads to a lower heavy 
water investment and closer pressure tube lattice 
pitch, compared with a D2Q moderated and cooled 
reactor, thus accommodation of Zircaloyfsteel joints 
and coolant circuit connecting pipes is a major prob
lem. This is further aggravated in the prototype 
reactor by the experimental requirements to vary the 
quantity of heavy water in the lattice to less than 
that required for an economic reactor design. 

A solution has been developed in which tubes at 
inter-lattice positions are built into the calandria. 
These tubes are open to the helium gas blanket 
at the upper end and connected to a drainage system 
at the lower end. With empty inter-lattice tubes, the 
pressure-tube lattice pitch becomes sufficient to ac
commodate the Zircaloy/steeljoints and coolant pipes 
and achieve the low heavy water/fuel ratios that are 
required. Flooding selected numbers of inter-lattice 
tubes permits the heavy water/fuel ratio to be 
increased. 

Figure I. Diagram of SGHW prototype reactor 
1: Calandria (moderator vessel); 2: Mechanical joints; 3: 
Glandless recirculating pumps ( 4 off); 4: Superheat channels 
(8 off); 5: Boiling channels (1 04 off); 6: Steam separation drums 
(2 off); 7: Refuelling machine; 8: Rotating shield seal; 9: 
Refuelling machine to pressure tube joint; 10: Biological 

shielding 
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Moderator level variation, which is used for limited 
reactivity control, leads to a problem in extracting 
water from the top end of the core to feed the modera
tor cooling system. Moderator must also be pumped to 
the top of the calandria to cool the portions not 
submerged in the bulk moderator. The simplest 
arrangement has all the recooled moderator returned 
through the top of the core tank and extracted from 
the bottom. 

To investigate the circulation system in the calandria 
a quarter-scale model was made at The Nuclear Power 
Group, Knutsford. The heat generated in the calandria 
tubes, inter-lattice tubes and the moderator bulk was 
simulated. Extensive thermocouple readings at three 
different levels showed that radial variations did not 
exceed 8 oc and that vertical axial variations were 
less than 2 °C although the water inlet temperature 
was 40 °C below the bulk moderator temperature. 
Temperature traverses local to the top cold water 
inlets indicated efficient mixing. The tests showed that 
natural circulation of the water in the calandria 
predominates and that the coolant return flow can all 
be pumped to the top of the core. 

MECHANICAL JOINTS 

A low neutron cross-section material is necessary 
for the pressure tubes and this must be of sufficient 
strength at the operating temperature to allow a high 
coolant pressure to be employed without excessive 
thickness. The only suitable materials are zirconium 
alloys and of these, cold-worked Zircaloy-2 has been 
selected. This material is costly and therefore steel 
has to be used for the external coolant circuit where 
there is no need for neutron economy. In view of the 
uncertainty on the long-term corrosion of mild steel 
or low alloy steels in oxygenated water, austenitic 
stainless steel was selected. 

A strong leak tight joint has therefore to be made 
between the zirconium alloy pressure tube and the 
steel piping of the rest of the circuit, both above and 
below the reactor core. This joint must accept the 
forces and temperature changes associated with the 
layout of the plant and the coolant. It also has to 
remain leak tight despite the dimensional changes due 
to the differences in the coefficients of expansion 
between the materials of the joint. The close pitch 
of the pressure tubes restricts the size of the joints to 
8in (203 mm) od. 

For the SGHWR, simultaneous development work 
on a bolted joint for which a design theory is available 
and on a simpler but empirically designed expanded 
joint was carried out. Development on a flanged 
and gasketted bolted joint started at the U.K. Atomic 
Energy Authority's Reactor Engineering Laboratories 
in 1958. This work was later transferred to the Babcock 
& Wilcox Research Station, Renfrew, where tests of 
an expanded joint were also carried out. In fact, tests 
on developed designs based on both of these concepts 
have produced joints which are satisfactory for 
SGHWR service. 
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Testing 

For proving the bolted and expanded designs, 
tests must, as far as possible, reproduce in 1 year 
the whole life of the joint, i.e., 20 to 30 years. Clearly, 
a realistic number of load and thermal cycles have to 
be applied and also some attempt made to reproduce 
the creep and relaxation that will occur in service. 
In the reactor system, the torques and bending 
moments exerted on the joint are limited by physical 
restrictions, but to ensure that the joints are sufficiently 
robust, tests were carried out with bending moments 
of 1 000 lb ft (139 kg m) and torques of 500 lb ft 
(69 kg m) simultaneously with 1 000 full thermal and 
pressure cycles. These test parameters are 4 times the 
predicted reactor condition. The pull-out strength of 
the expanded joints was specified as 94 000 lb 
( 43 000 kg), 4 times the sum of the axial pressure and 
pipework loads. 

All joints of the final designs, when subjected to 
these tests, had a leak rate less than the 0.1 clusecs 
(0.1 cm3/d at atmospheric pressure) limit associated 
with the sensitive helium mass spectrometer measuring 
equipment employed. 

Bolted joint 

The initial development work covered the experi
mental and theoretical assessment of a number of 
principles for sealing faces offerritic steel and Zircaloy, 
including a survey of gasket materials and joint 
geometry. The assessment of hard and soft gasket 
materials demonstrated the superiority of the soft 
materials, in particular their ability to accommodate 
the relative movements of the faces and acceptance 
of small defects in the surface without leakage. 

This work led to the recommendation of a design 
with a soft silver gasket, held between gramophone 
finish flanges compensated for axial expansion. An 
interlocking flange arrangement is used which reduces 
the bolt load when the system is under pressure by 
loading the gasket directly from the pressure forces 
and fits in the limited space available. After 800 stress 
and temperature cycles, leaks of several hundred 
clusecs developed in two of the joints under test. 
Calculations, confirmed by bolt relaxation tests, 
demonstrated that the design had insufficient resilience 
to allow for the effects of creep of the component 
parts. Tests also suggested that the corrosion resistance 
of silver in oxygenated water was inadequate whilst 
gold would be satisfactory. The design was therefore 
modified (Fig. 2) to increase resilience by lengthening 
the bolts, reduce some high local stress and incorporate 
a gold gasket. This design has now successfully passed 
its trials. 

Expanded joint 

Smaller expanded joints have been applied suc
cessfully to NPD, the Canadian pressure tube reactor 
and a joint arrangement similar to that proposed by 
the NPD team for the SGHWR conditions, was used 
(Fig. 3). Cold-worked Zircaloy-2 has a high strength 
at room temperature and must be deformed plastically 
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Figure 2. Final top pressure tube bolted joint 
1: 12% chromium steel hub; 2: 12% chromium steel com
pensator ring; 3 : Precipitate hardened stainless steel studs; 
4: Stainless steel support ring; 5: Precipitate hardened stainless 
steel bolts; 6: Precipitate hardened bolt flange; 7: Zircaloy 

pressure tube; 8: Gold gasket 

during rolling. The hub material against which it has 
to be compressed must combine high elastic modulus 
and strength. Heat treated 12% chromium martensitic 
steel which also has an expansion coefficient inter
mediate between Zircaloy and austenitic steel was 
chosen. Subsequent pull-out, creep, load temperature 
cycling and thermal shock tests on 12 rigs, each with 
2 joints, demonstrated that the design is suitable for 
SGHWR application. Two failures have occurred in 
tests, one in which joints were subjected to a high 
temperature of 320 oc and the other as a result of an 
accidentally large shock bending moment. These 
joints only leaked at a rate of about 60 clusecs after 
initial failure and in one case, during subsequent 
tests, the leak resealed. In the other case, the low leak 
rate was not increased appreciably during further 

(a) Glandless, wet stator, 1 000 lb ft 2 

(b) Glandless, wet stator, 200 lb ft2 

plus 800 lb ft" electrically coupled . 
(c) Glanded, external flywheel, 1 000 lb ft• . . 
(d) Glandless, wet stator, 200 lb ft 2 approximately 
(e) Glandless, dry stator, 200 lb ft 2 approximately 

cycling tests. Expanded joints will be used in the 
SGHWR because they are simpler in design and cost 
less than a bolted joint. 

PRIMARY CIRCULATING PUMPS 

The primary circulating pumps must be leak free 
and simple in design, since failures require reactor 
shutdown for maintenance. Whilst in North America 
the trend has been towards limited-leakage glanded 
units on grounds of inertia requirements, capital 
cost and efficiency, study of these factors has led to 
the choice of a glandless unit for SGHWR. 
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Figure 3. Rolled joint between Zircaloy-2 and 12% chromium 
steel 

1: Stainless steel (18/8/1 Ti); 2: Heat treated 12% chromium 
steel; 3: Expansion length; 4: Zircaloy-2 (cold-worked) 

When pumping power fails, the margin between 
the cooling required and that available immediately 
reduces, Fig. 4. The inertia that has to be built into 
the pump system to ensure curve (1) never decays 
to a value below curve (2) has been investigated 
taking into account the delay in tripping the reactor, 
the normal running margin and the hydraulic charac
teristics of the circuit. 

The effect of pump inertia, normal running margin 
and the time to trip upon burn-out margin or fuel 
can overheating is shown in Fig. 5. Glandless pump 
design studies showed that an inertia of 1 000 lb ft2 

( 42.2 kg m2) was possible without going beyond 
current design knowledge, although efficiency must 
be sacrificed. Optimum pump unit efficiency would 
occur with about 200 lb ft2 (8.4 kg m2) inertia and 
represents normal practice if no rundown limitations 
applied. 

An inertia of about 1 000 lb ft2 was required and 
three alternatives were studied and compared with 
units designed for optimum efficiency. 

Efficiency to 
Cost pump shaft% 

1.0 72 

1.3 72 
1.3 82 
0.9 82 

1.3/1.8 80/82 

The unit with an electrically coupled motor
alternator-flywheel is more expensive than the 1 000 
lb ft2 glandless unit, it depends upon questionable 
electrical coupling integrity, and has no better over-all 
efficiency. For case (c) the most reliable pump gland 
with adequate potential for the duty appears to be the 
floating ring design development for Central Elec
tricity Generating Board feed pumps. For the 4 pumps 
each of 450 kW shaft power, the gland sealing re
quirement represents an appreciable fraction of the 
pump energy and the capital cost of the seal water 
plant is also significant at this pump size. An important 
factor in the capital cost comparison is that the wet 
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Figure 4. Pump rundown characteristics 

P/143 

1: Coolant flow curve; 2: Coolant flow requirement curve; 
A: Normal running margin; B: Rapid decay due. to pump 
rundown; C: Stable natural circulation; D: Reactor trip time; 
E: Decay of nuclear and stored heat input; F: Deficit of cooling 

capability 

stator glandless units, case (d), are considerably lower 
in price than dry stator units, case (e), as extensively 
used in North America. 

Wet stator units have already been built for com
mercial power stations, are operating at the size 
required for the prototype reactor and are suitable 
for 1-2 years continuous operation. Operational 
experience of the activity problems in a reactor 
circuit, available from the use of smaller units in 
our materials testing reactors and loops, indicate no 
difficulties. 

SUPERHEAT CHANNEL DESIGN 

The primary object of the prototype reactor is to 
demonstrate the reliability, economy and safety of 
the system when producing saturated steam. Superheat 
has proved economically attractive in power station 
practice and in order to demonstrate the development 
potential of the SGHW system, 8 superheat channels 
are incorporated into the prototype to raise the 
steam temperature from 280 °C saturation to 538 °C 
maximum. 

The pressure tubes and standpipes are very similar 
to those in the boiling channel and consist of a 
Zircaloy in-core section rolled into heat treated 
ferritic stainless steel hubs at either end. Materials 
other than Zircaloy are unsuitable for the in-core 
section either because they are too weak at the oper
ating conditions proposed or, alternatively, their 
neutron absorption is too high in the thicknesses 
required. 

Zircaloy is not an ideal material as both corrosion 
and hydrogen embrittlement increase with increasing 
temperature. For design purposes a zirconium tem
perature limitation of 320 °C has been adopted. It 
follows therefore, that the Zircaloy in the pressure tube 
(and in any other Zircaloy superheat channel com
ponent) must be insulated from the superheated steam 
and cooled to remove both the heat transmitted 
through the insulation and that generated within the 
Zircaloy due to nuclear heating. The integrity of the 
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Figure 5. Coolant circuit performance characteristics 
(a) Effect of pump inertia (assuming no reactor trip): 

Curve lb ft1 kg mB 
1 1 500 62.3 
2 1 ()()() 42.2 
3 700 29.6 
4 350 14.8 
5 200 8.4 

J 

(b) Effect of normal running margin (assuming 1 000 lb ft1 

inertia 0.8 s trip): Curve 1 : 110% rating; Curve 2: 125 % rating; 
and (c) Effect of reactor trip delay (assuming 1 000 lb ft2); Curve 

1: 0.5 strip; Curve 2: 1.0 s trip;Curve 3: 1.5 strip 
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pressure tube is essential and the cooling must be 
both positive and have ample margin to cover dif
ferences in calculated and actual performance. 

Several designs of superheat channel have been 
investigated and that shown in Fig. 6 appears to be 
the most satisfactory. In this design, a fixed internal 
liner is welded to the standpipe and tailpipe so as to 
form an annulus between it and the pressure tube 
extending over a length of channel equivalent to about 
twice the core height. The in-core section of the liner 
is in Zircaloy and the out-of-core section predomin
antly ferritic stainless steel. Rolled joints connect the 
Zircaloy and stainless steel sections together. The 
annulus formed between the pressure tube and 
Zircaloy /steel liner is cooled by circulating drum water 
through it. This water is tapped from the discharge 
side of the reactor circulating pumps, flows upwards 
through the annulus and returns to the drum. The 
steam quality at exit from the cooling annulus is 
approximately 15 % by weight, thus allowing a 
considerable margin for uncertainty in heat loss 
calculation and a very positive method of heat re
moval. The latter, coupled with the similarity of 
materials at each point on the two walls of the an
nulus results in a low differential expansion under all 
steady operating conditions. Nevertheless, a bellows 
expansion piece is included in the upper end of the 
liner wall to allow for transient conditions. A further 
point to be noted is that the inner wall of the annulus 
must be designed to withstand the maximum dif
ferential pressure occurring between the drum and the 
channel steam outlet. This differential pressure acts 
inwards tending to collapse the liner. 

In order to insulate the Zircaloy components 
from the superheated steam, a further removable 
liner of 0.020 in thick stainless steel is inserted inside 
the Zircaloy and steel annulus. This liner which is at 
steam temperature is located at the upper end on a 
conical seat and is spaced from the Zircaloy and steel 
liner by stainless steel spring spacers of the type shown 
in Fig. 6. A sufficiently thin liner can be designed to 
avoid a serious penalty from neutron absorption. The 
spring spacer design allows partial closing of the gap 
between the two liners to occur without overheating 
the Zircaloy liner where it touches the spring of the 
spacer even when the latter is fully compressed. 

The insulating properties of the annulus between 
the stainless steel liner and the Zircaloy-steel liner 
depends on the steam in the annulus being sub
stantially stagnant. For this reason, the conical seat 
on which the stainless steel liner sits is backed up by 
a labyrinth seal and all heat transfer calculations are 
based on the assumption that the leakage flow in the 
stagnant annulus is, equal to that across the labyrinth 
with the sealing effect of the conical seat ignored. 

The Zircaloy and stainless steel liner tubes are 
manufactured by a helical welding technique which 
provides a tube straightness better than 1 in 3 000. 

Test rigs are being set up to investigate the problems 
of vibration on the liner and fuel element system, fuel 
element insertion into the channel and past the steam 
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Figure 6. SGHW 100 MW(e) prototype reactor 
1: Pressure tube, zirconium in-core section; 2: Pressure tube, 
steel .out-of -core section; 3 : Zirconium steel liner; 4: Cooling 
annulus; 5: Coolant inlet from drum; 6: Coolant outlet to drum; 
7: Inner stainless steel liner; 8: Conical seat for inner liner; 
9: Inner liner labyrinth seal; 10: Stagnant steam insulation; 
11: Saturated steam inlet; 12: Superheated steam outlet; 13: 
support ring; 14: Free leaf springs 

inlet port and fretting between the stainless steel 
spacers and the Zircaloy liner. A test is also being 
carried out on the labyrinth seal to confirm the leakage 
calculation. 

EXPERIMENTAL LOOPS 

Loops are provided on the prototype SGHW 
reactor to demonstrate and exploit its potential 
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particularly with respect to the use of less expensive 
primary circuit materials and the development of more 
advanced fuel element designs. Two loops are installed; 
one large boiling loop constructed from ferritic steel 
connected to a standard reactor channel providing 
a self-contained heat rejection system for the output 
from that channel and one boiling pencil loop con
structedfrom austenitic stainless steel connected to two 
stainless steel small pressure tubes connected in parallel 
and located at inter-lattice positions in the reactor 
core. 

The coolant circuit material of the prototype 
reactor is stainless steel but economics studies have 
shown it would be desirable to use mild steel and the 
suitability of this both at power and during shutdown 
will be investigated with the large loop. The technique 
of hydrogen overpressure used in PWR systems to 
suppress oxygen levels may not be applicable to the 
SGHW direct boiling cycle as hydrogen will be con
tinuously stripped out in the power plant condenser 
off-gas system. Recycling the hydrogen introduces 
further problems. Experiments carried out in a 
small loop are not conclusive since the ratio of the 
coolant volume to the loop surface area is not repre
sentative for a power reactor. Hence, operation of a 
full-size prototype loop having facilities for adding 
and recirculating any excess hydrogen is a prudent 
requirement before an SGHW reactor using a mild 
steel coolant circuit is constructed. Provision for add
ing ammonia and hydrazine and for the accommoda
tion of test coupons is also provided. 

Tests of fuel pins in the small loop covers the early 
development stages for advanced fuel designs, whilst 
the large loop enables the cluster design to be en
dorsed under irradiation conditions without risk to 
the main circuit and power plant. The large loop is 
designed for a maximum working pressure of 1 500 
psig (105 kgfcm2

) to have a heat rejection capacity 
of 200% of the normal boiling channel heat output 
and to handle up to 150% of the normal boiling 
channel flow. Prediction of the safe operating margin 
to burn-out has so far been based upon using out-of
reactor tests in conjunction with calculation and very 
restricted in-reactor measurements. The 200% heat 
rejection capacity will enable an adequate margin 
to burn-out to be demonstrated for a given cluster 
design. 

Information is available from the advanced gas 
cooled reactor system relating to stainless steel clad 
uo2 fuel, supplemented by steam-cooled single-fuel
pin tests in the Canadian NRX reactor (carried out 
under a joint AECL/UKAEA development pro
gramme). A major feasibility problem not encountered 
in the C02 cooled reactor system is stress corrosion 
at the inlet end of the fuel. Since this depends upon 
the moisture carried over from the steam drum, 
its chloride content and the oxygen level, the correct 
conditions would not be obtained in a recirculating 
loop. Therefore, to avoid risk of contaminating the 
reactor and turbine when testing advanced fuel 
designs, one superheat channel is arranged so that 
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coolant of the correct composition can be used and 
passed directly to the turbine condenser and clean-up 
plant after leaving the superheat channel. 

REFUELLING EQUIPMENT 

The principal design problems for an on-load 
SGHWR machine are the same as those of the gas
cooled stations, for which there is extensive design 
and operating experience, with the additional problem 
that no organic seal is adequate for operation at 
the saturation temperature of 537 oF (280 °C). The 
shielded machine must be accurately positioned over 
and sealed to the pressure tube (whose location will 
depend on the reactor temperature) and then remove 
the fuel element assembly into the machine and 
replace it by a fuel assembly already stored in the 
machine. The irradiated fuel will be releasing a 
significant proportion of its full power heat and this 
heat must be removed all the time the fuel is in transit 
to the machine as well as in the machine itself. The 
machine has also to operate successfully with the 
reactor off-load, unpressurized, and cold. 

The fuelling machine is mounted eccentrically 
in rotating shields which permit it to be positioned 
over any reactor pressure tube as well as the discharge 
facility and other positions (Fig. 1). These rotating 
shields form part of the primary containment struc
ture and seals are provided so that the primary 
containment boundary is maintained at all times. 

Seals for the rotating shields 

The seal, which is 36ft (11 metres) long, must have 
a high standard of leak tightness under any possible 
condition, including accidents, during the life of the 
plant. The use of hydrostatic bearings in supporting 
the shield has also led to an acceptable solution of 
the sealing problem. 

The performance of the hydrostatic bearing de
pends on the introduction of a pressurized oil film 
between the rotating and the stationary member. 
The latter comprises a large number of seal pads. 
Oil at about 150 psig is fed to the seal pads and flows 
radially across the pads into weirs from which it 
returns to the pump suction by gravity. Assembly 
of these pads as a continuous ring around the shield 
periphery provides a hydrostatic oil seal. 

Under both normal and accident conditions the 
oil pressure resists the difference in pressure between 
the primary and secondary containment. Frictional 
resistance to shield rotation is negligible during 
normal operation and even should the oil supply fail, 
there is adequate time to stop shield rotation before 
there is a significant increase in bearing friction. 

To take account of inaccuracies in the large con
crete shield structures, the bearing pads are mounted 
on rubber blocks. The relative stiffnesses chosen for 
the oil film and the rubber have been shown to be 
tolerant to radial tilting of the pads to 0.2 in (5 mm) 
and individual pad levelling of 0.08 in (2 mm). 
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A small-scale bearing rig 5 ft (1.6 m) diam, with pads 
4 in x 12 in (100 x 300 mm) was constructed at 
Fairey Engineering Ltd., Stockport. This showed that 
because the oil was held up in the weirs, leakage would 
only occur many minutes after the oil supply to the 
bearing failed. There was no measurable leakage in 
normal operation. 

Nose unit to standpipe seal 
During refuelling operations, the nose unit of the 

machine forms a pressure boundary with the top of 
the reactor pressure tube, but as this is located within 
the primary containment boundary, some leakage 
at the junction is permissible. The nose unit must cater 
for positional inaccuracies between the rotating shield 
and the pressure tube axes and must not exert undue 
vertical forces on the standpipe. The seal must be 
capable of withstanding a temperature of about 
300 o C at a pressure of I 000 psig and a leakage of 
about 1 lb of water per day is considered acceptable. 

The nose unit face should be able to operate without 
replacement for a large number of operations over a 
period of about 1 year. A spherical component 
mating with a conical seat has been chosen as the most 
suitable arrangement for the seal since it can accom
modate misalignment between the pressure tube and 
machine nose unit while still maintaining an adequate 
seal, Fig. 7. It is necessary, in order to achieve a low 
leak rate, to counter the steam pressure forces and 
to maintain a heavy load across the seal and therefore 
a number of equally spaced clamps are used to load 
the components. The angle of the surface on the pres
sure tube is greater than the angle of repose so that 
large dirt particles falling on the surface are unlikely 
to remain. 

Initial tests at English Electric, Whetstone, with 
several make and break operations, in some cases 
with components at angles up to 20 minutes, gave 
leakage rates of less than 0.15lbfday. Tests are being 
carried out with the following hard components: 
(a) two faces of tungsten carbide, (b) Stellite 6 (66% 
Co, 26% Cr) and Stellite 12 (59% Co, 29% Cr, 
9% W, 1.8% C), (c) two faces of Fontargen 716 
(a cast iron with 35% Cr), (d) die steel (16!% Cr, 
0.5% Mo) and spheroidal graphite Ni-resist (a cast 
iron with 3% C, 3% Si, 0.8% Mn, up to 22% Ni, 
1% Cr), (e) two faces of die steel (16!% Cr, 0.5% Mo). 

Tests with the components at several misalignment 
angles up to ! o and at various attitudes will be 
included. Information will also be obtained from the 
tests upon the effect of ovality of the faces and erosion 
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Figure 7. Metallic seal, nose unit to standpipe 
1: Drive and compensating mechanism; 2: loading finger; 
3: Conical face on standpipe; 4: Spherical face on nose unit 

of the surfaces from wet steam flowing across the 
faces. Other tests will be carried out to prove the 
suitability of the materials for superheat channel 
refuelling. 

SUMMARY 

The paper has described some of the more novel 
engineering features of the SGHWR system and the 
associated development work currently being carried 
out in the laboratories of the three UK nuclear con
sortia, their member firms and the UKAEA. 

Based upon interest shown during collaborative 
international discussions, the authors have elaborated 
on those topics which are likely to have widest appeal. 
Even so, the space available has only permitted re
stricted presentation of the work carried out. 
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ABSTRACT -RESUME-AHHOTALU!IJI-RESUMEN 

A/143 Royaume-Uni 

Quelques problemes de construction 
relatifs au reacteur prototype a eau lourde 
et generateur de vapeur de 100 MW(e) 

par N. Bradley et a/. 

Le memoire etudie certaines solutions mecaniques 
nouvelles adoptees pour le reacteur a eau lourde et 
generateur de vapeur decrit par Fawcett, Firth et 
Holmes dans le memoire P/129 (voir les presents 
Actes, vol. 5). 

Le probleme de la fixation des tubes de force en 
zirconium sur le circuit primaire en acier a ete etudie 
et deux types de joints mecaniques, a sa voir lamines et 
boulonnes, ont ete mis au point et essayes avec succes. 

La double moderation entraine un pas tres serre du 
reseau de tubes de force et on decrit la solution 
mecanique adoptee. On donne les resultats des essais 
concernant la distribution de la temperature dans le 
moderateur. 

Des canaux surchauffes sont prevus pour demontrer 
que les futurs reacteurs a eau lourde generateurs de 
vapeur pourront exploiter les avantages du sur
chauffage sans sacrifier la securite ou la disponibilite 
du prototype. Dans ces canaux, la chaleur gamma 
engendn\e dans le tube de force en zirconium est 
evacuee par la circulation d'eau bouillante a travers un 
anneau interne fonctionnant en parallele avec les 
canaux principaux a eau bouillante. Une mince 
garniture en acier inoxydable empeche le transfert 
convectif de la chaleur de la vapeur surchauffee a 
l'anneau interne. 

On decrit les boucles experimentales, prevues pour 
une grappe d'elements de combustible en regime d'eau 
bouillante avec un circuit en acier au carbone, et deux 
canaux pour element combustible en «crayons» avec 
un circuit en acier inoxydable. On a prevu la possibilite 
de vider le refrigerant d'un canal surchauffe dans le 
condenseur lors d'essais de combustibles d'un type 
a vance. 

Le rechargement en combustible du reacteur en 
fonctionnement pose nombre de problemes techniques 
qui exigent des solutions originales. On decrit les 
essais entrepris en vue de resoudre les problemes 
principaux. 

On indique les parametres qui influencent le temps 
d'evacuation de la pompe de circulation primaire et 
les moyens de donner au systeme l'inertie requise. 
On donne egalement les raisons du choix d'une pompe 
de circulation sans garniture, a moteur immerge. 

A/143 CoeAHH6HHoe KoponeacTBO 

HeKoTOpble HHmeHepHble npo6neMbl, 
CBR3aHHbl8 C npOTOTHnHbiM peaKTOpOM 
SOHW 3118KTpHY8CKOH MO~HOCTbiO 
100 Mom 

H. op3AnH et al .. 

B ;:~;o.KJia;:~;e paccMaTpHBaiOTCH ne.KoTopbie 113 6o
Jree HOBbiX HHffieHepHbiX OC06eHHOCT8H pea.KTO
pa SGHW, ormcannoro <I>oceTTOM, <l>epToM a 
XoJIMCOM (a ;:J;OKJia;:~;e P/129, T. 5 HaCTOHI.Qero H3-
AaHHH. 

MccJie;:~;oaaJiacb npo6JieMa coe;:~;nnemm ~nprw
nneBbiX Tpy6 nO/]; /);aBJieHHeM CO CTaJibHbiMH Tpy-
6aMH nepBH'IHOrO .KOHTypa, If 6hiJIIf ycneiiiHO 
pa3pa6oTaHhl n HCnhlTaHhl ;:~;aa Tnna Mexann'Ie
CRHX coe;:~;nnennii (6oJITOBoe coe;:~;nnenne H BaJib
I~OB.Ka). 

,[(aoiinoe 3aMe;:J;JieHHe ( THmeJiaH n o6hl'!HaH 
BO/];a) Be;:J;eT .K lfCnOJib30BaHHIO TeCHOH peiiieT.KH 
Tpy6 no;:~; ;:~;aaJienneM, u B AO.KJia;:~;e onucano npu
HHToe nnmenepnoe peiiienue 3Toii npo6JieMhl. 
llpHBO/];HTCH Ta.Kme pe3yJibTaTbl HCnhlTaHUH no 
pacnpe;:~;eJieHHIO TeMnepaTyphl B Macce 3aMe;:J;JIU
TeJIH. 

B npoTOTHnHoM pea.KTope npe,l\ycMoTpeHhi 
(6ea YI.Qep6a AJIH 6e3onacnocTu n a.KcnJiyaTa~un 
npoToTnna) KaHaJihl AJIH neperpeaa napa, npe;:~;
Ha3Ha'!eHHhle AJIH Toro, 'IT06hl npo;:~;eMoHcTpupo
BaTb B03MOffiHOCTb UCnOJib30BaHUH B 6YAYI.QIIX 
3HepreTn'Iec.Kux pea.KTopax SGHW npenMyi.QeCTB 
neperpeaa. B aTux RaHaJiax TenJio, renepupyeMoe 
n ~npROHHeBoii: Tpy6e no;:~; ;:~;aaJieaneM, nepeno
CHTCH ~Hp.KyJiupyiOI.Qeii .KHnR!I.Qeii BO/];OH 'Iepe3 
BHyTpeHHHe .KOJib~8Bbie KaHaJibi, pa6oTaiOI.QHe 
napaJIJieJibHO C rJiaBHbiMH .KaHaJiaMH .KHneHHH. 
Ton.KaH o6oJIO'I.Ka H3 nepmaaeiOI.Qeii cTaJin npe
.JJ;OTBpai.QaeT .KOHBe.KTifBHYIO TenJionepe)J,a'!y OT ne
perpeToro napa R .KOJib~eBhlM .KaHaJiaM. 

B AO.KJia;:~;e ;:~;aeTCH ormcaane ncnbiTaTeJibHhlX 
neTeJih, npe;:~;naana'!eHHhlX AJIH nccJie;:~;oaaHHH 

c6op.Kn TerrJIOBhl;:J;eJIHIOI.QHX aJieMeHTOB B ycJioBH
nx KHnHI.Qeii BOAhl AJIH .KOHTypa H3 yrJiepo;:~;ncToir 
cTaJin H TenJIOBbi;:J;eJIHIOI.Qero aJieMeHTa n3 ;:~;ayx 

Y3KHX cTepmaeii AJIH .KoHTypa 113 nepmaaeiOI.Qeir 
CTaJIU. IJpe;:J;yCMaTpHBaiOTCRi Mepbl /];JIH OTBO/];a 
TenJionocnTeJIH na o;:~;noro .KaHaJia neperpeaa a 
ROH/];8HCaTop npH HCllbiTaHHH YCOBepiiieHCTBOBaH
HbiX .KOHCTpy.K~HH TOnJIHBHOH c6op.KH. 

Ileperpy3.Ka TOnJinBa ao BpeMH pa6oThi pea.K
Topa npe;:~;cTaBJIHeT PHA .KOHCTpy.K~HOHHhlx npo6-
JieM, Tpe6yiOI.QHX HOBhlX peiiieanii. Coo6I.QaeTCH 
06 lfCnhlTaHHHX, Be;:J;YI.QHX .K peiiieHHIO OCHOBHbiX 
upo6JieM. 

B )J,OKJia;:~;e o6cym;:~;aiOTCH napaMeTphl, BJIHH-
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IOIIJ;He Ha BpeMH peBepca IJ;HpRyJIHIJ;HOHHOrO Haco
ca rrepBHqHoro ROHTypa, II Cpep;CTBa, C IIOMOIIJ;biO 
ROTOphlX MO)KHO o6ecrreqJITb CHCTeMe HC06XO]l;H
MYIO nHep:n;HIO. Coo6m;aiOTCH npHqHHhl BLI6opa 
GeccaJihHURoBoro :u;npRyJin:u;noHnoro Hacoca. 

A/143 Reino Unido 

Algunos problemas de ingenierfa del reactor 
prototipo SGHW de 100 MW(e) 

por N. Bradley eta/. 

La memoria comenta algunas de las caracteristicas 
menos usuales del reactor SGHW descrito por 
Fawcett, Firth y Holmes en el documento P/129 
(vease el Vol. 5 de las presentes Aetas). 

Sa ha investigado el problema de union de los 
tubos de presion de zirconio al circuito primario de 
acero y han sido desarrollados y probados con exito 
dos tubos de juntas meca.nicas, mandriladas y ator
nilladas. 

La moderacion dual conduce a un reticulado de 
tubos de presion muy compacto. Se describe la 
solucion adoptada para la construccion. Se dan los 
resultados de las pruebas de distribucion de tempera
tura en todo el volumen del moderador. 

Se disponen canales de sobrecalentamiento para 
demostrar que los futuros reactores de potencia 
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SGHW pueden aprovechar las ventajas del sobrecalen
tamiento sin sacrificar la seguridad y factor de utili
zacion del prototipo. En estos canales, el calor gamma 
generado en el tubo de presion de zirconio es extraido 
por circulacion del agua hirviendo a traves de un 
anillo interno que trabaja en paralelo con los canales 
de ebullicion principales. Una delgada capa de acero 
inoxidable impide la transmision de calor por con
veccion desde el vapor sobrecalentado al anillo. 

Se describen los circuitos experimentales, prepara
dos para un elemento combustible de haz de barras 
con agua en ebullicion y circuito de acero al carbono, 
y dos canales con elemento combustible del tipo hipiz 
y circuito de acero inoxidable. Se ha previsto descar
gar refrigerante de un canal de sobrecalentamiento al 
condensador cuando se prueben diseiios de com
bustible avanzado. 

La carga de combustible en el reactor durante el 
funcionamiento presenta un numero de problemas de 
proyecto que requieren soluciones no usuales. Se 
indican los ensayos conducentes a hallar soluciones 
para los problemas principales. 

Se destacan tambien los parametros que afectan al 
tiempo de parada de la bomba de circulacion principal 
y los medios por los cuales se puede conseguir la 
inercia requerida en el sistema. Se dan las razones para 
la eleccion de una bomba de circulacion de rotor 
sumergido y sin prensaestopas. 



P/228 United States of America 

Components for sodium reactors 

By H. 0. Monson,* F. A. Smith,* W. J. Hallett** and J. J. Morabito*** 

Components for sodium cooled power reactors 
have evolved through many years of development and 
application [1]. Significant progress has been m~de. 
However further improvements are needed to satisfy 
operatio~al requirements of future central station 
power plants in respect to in:reased size, . hi~?er 
temperature of operation, and Improved reliability. 
This paper discusses the major components: steam 
generators, heat exchangers, reactor vessels ~nd 
pumps for sodium reactor systems. Recent operatmg 
experience, difficulties encountered and necessary 
corrective modifications are described. Procedures for 
installation, removal and cleaning of components are 
treated in another paper [2] presented at this Con
ference. 

Since the Second Geneva Conference, the United 
States has gained experience with diverse designs of 
major components in sodium reactor systems. The 
Hallam Nuclear Power Facility (3, 4], a 256 MW(th) 
graphite-moderated reactor, has been thoroughly 
tested and operated for several months as a load
following plant. The Experimental Breeder Reactor II 
[5, 6], a 62.5 MW(th) fast breeder, has completed 
pre-operational testing and is presently starting low 
power operation. The Enrico Fermi plant [7, 8], a 
300 MW(th) fast breeder,**** has conducted pre-opera
tional testing and is undergoing low power operation. 
Smaller and older installations continue to provide 
information, e.g., Los Alamos Molten Plutonium 
Reactor Experiment (LAMPRE) (9], Sodium Reactor 
Experiment (SRE) (10], and Experimental Breeder 
Reactor I (EBR-1) [11]. The experience being gained 
from these systems is expected to be augmented 
strongly in the future by specific component tests and 
test programs, some currently in progress, fostered 
by the Sodium Components Development Program of 
the U.S. Atomic Energy Commission. 

STEAM GENERATORS 

Steam generator development since the 1958 Geneva 
Conference has been principally concerned with 
larger units of higher temperature capability. Most of 

* Argonne National Laboratory, Argonne, 1\linoi~. 
**Atomics International, Canoga Park, California. 
***Atomic Power Development Associates, Detroit, Michi-

gan. . . · f 
****Nominal rating: the plant IS desi~ned ~or ma~m~um o 

430 MW. Operation with first core loadmg will be limited to 
200MW. 
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this effort has been associated with reactor plant 
project developments. The successful operation of 
the Hallam steam generators and the demonstrated 
ability of the Fermi units to accommodate a large 
sodium-water reaction are important contributions to 
the field of steam generator development. 

Design 

Figure I and Table I illustrate the principal 
features of the Hallam, EBR-11, and Fermi steam 
generators [12]. The Hallam and EBR-11 units are 
natural circulation boilers employing double wall 
tubes, whereas Fermi is a once-through type with 
single wall tubes. . . 

In the Hallam units, re-entrant tubes are utilized 
to permit free differential expansion between tubes and 
shell and minimize thermal gradients in the high 
pressure tube sheets. In the EBR-II units, a compensa
tory initial differential expansion between tubes and 
shell was provided during fabrication by cold springing, 
i.e., the shell was heated and elongated approxi
mately 1/8 in while the tubes were being welded to the 
tubesheets. In the Fermi units, flexibility of the 
return bend involute tubes accommodates differential 
expansion. 

For direct detection of possible leakage, helium gas 
is used to monitor the spaces between the two walls of 
the duplex tubes and between the water and sodium 
tubesheets in the Hallam units. In the EBR-II steam 
generator, the duplex tubes function only as a double 
barrier between sodium and water, and the spaces 
between water and sodium tube sheets are completely 
open to the atmosphere. 

In EBR-11, two modified evaporators have been 
substituted for the four superheaters originally 
contemplated. This became necessary becaus~ of 
difficulty encountered in making consistently reliable 
tube-to-tubesheet welds on the thin wall duplex tubes 
employed in the design of the original superheaters. 
The modification of evaporators to render them 
useful as superheaters consisted of installing inserts 
in the evaporator tubes so as to restrict the flow 
channel to a 1/8 in annulus and effect the requisite 
steam velocity. With these two substitute units the 
generator is capable of producing 800 °F steam at full 
load. Provisions have been made for installation of 
another two such units to enable generation of steam 
at 840 °F in the future. 
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Figure 1. Sodium-to-water steam generators 
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Table 1. Sodium-to-water steam generator characteristics 

HALLAM 

Evaporator Superheater 

Full load heat transfer 
per unit, MW 69 t6 

Number of units 3 3 
Steam pressure, psig . 900 895 
Shell side fluid . Water Steam 

Flow rate, lb/hr. 2.5t x to• 2.5t x to• 
Temp "in", oF . 304 530 
Temp "out", oF 530 875 

Tube side fluid . Sodium Sodium 
Flow rate, lb/hr. 2.82 X to6 2.82 X to6 

Temp "in", oF . 830 895 
Temp "out", oF 555 830 

Heat transfer area, ft2 • 3 680 2t50 
Number of tubes . 680 560 
Outer tube size, in . 1.52 od 1.52 od 

0.072 wt 0.072 wt 
Inner tube size, in. 1.38 od 1.38 od 

0.085 wt 0.085 wt 
Material: water side. A2t2 GrB 2! Cr-t Mo 

Na side. 2! Cr-t Mo 5 Cr-t Mo--t Ti 
core tube . 304SS 304 ss 

Manufacturer Griscom-Russell 

Operating experience 
The Hallam steam generators have operated for a 

period of months at various power levels up to full 
power. More than 5 000 MWd had been accrued at 
the end of March 1964. The only difficulty experienced 
with these generators has been carryover of water due 
to variation of water level in the evaporator with 
change in load [13]. A program of water level regulator 
setting versus load was established to maintain 
carryover within the 25% design limit. This program 
required controlling the water level within ± 1 in to 
keep the level low enough to prevent carryover and 
yet high enough to cover the upper tubes of the 
evaporator. With the exception of this one problem, 
operation of the units has been completely satisfactory. 

The EBR-II steam generator has not experienced 
power operation to date; however, it has been filled 
with sodium and water as part of the pre-operational 
test program and has operated for several days 
isothermally at 580 °F with full flow on the sodium 
side and 1 250 psig steam on the water side. No 
troubles have developed. 

The Fermi steam generators have not yet been 
placed into power operation, but have undergone 
significant testing and modification. In 1961, after 
installation, it was discovered that many of the tubes 
in the No.2 unit were leaking. Examination established 
that the leakage was due to stress corrosion cracking 
at the tube bends which was attributed to residual 
cleaning solution containing sodium hydroxide and 
sodium nitrate. Examination of the No. 1 and No. 3 
units indicated that their tubing was sound. The No. 2 
unit was completely retubed [14]. 

In late 1962, the No. 1 unit was filled with sodium 
and water and operated isothermally at a maximum 
sodium flow for approximately two weeks, when 

EBR-II FERMI 

Evaporator Superheater Once-through 

5.7 4.2 t43 
8 4 3 

t 3t0 t 300 900 
Sodium Sodium Sodium 

3.t2 X to5 6.24 X to5 5.30 X to6 

794 866 820 
588 794 520 

Water Steam Water and Steam 
o.3t x to• o.62 x to• 4.76 x to• 

550 580 380 
580 840 780 
620 620 t0800 
73 73 t200 

1.438 od 1.438 od 0.625 od 
0.094 wt 0.094wt 0.042 wt 
1.250 od 1.250od (single 
0.092 wt 0.092 wt tube) 

2! Cr-t Mo 2! Cr-t Mo 2! Cr-t Mo 
2! Cr-t Mo 2!Cr-t Mo 2! Cr-t Mo 

ANL Griscom-Russell 

failure of several tubes caused a sodium-water 
reaction to occur. On noting a rise in pressure, the 
operator triggered the safety system which dumped the 
water from the generators. The reaction, however, 
generated enough hydrogen to raise the cover gas 
pressure above the 60 psi setting of the rupture disc. 
All systems designed to accommodate such a reaction 
functioned satisfactorily, and the separator collected 
all the sodium expelled from the unit. Subsequent 
examination indicated that the failures were due to 
flow-induced vibration of tubes opposite the sodium 
inlets, with the damage occurring four feet below the 
steam manifold where the tubes make the first 
horizontal pass through the inner support bar. In 
addition to the primary failures, wall thinning and 
pressure ruptures occurred on four of the tubes in the 
area of the sodium-water reaction. The units have 
since been modified to incorporate a baffie and tube 
clips in the vertical section of tubing (Fig. 1), and 
subsequent testing indicates that the vibration has been 
eliminated. Since modification, the No. 3 unit has been 
placed in service without water, but with sodium on 
the shell side, and has operated satisfactorily up to a 
maximum temperature of 600 °F and full flow for a 
period of about one month. 

At Los Alamos Scientific Laboratory, a smaller, 
once-through, single wall tube steam generator has 
been successfully tested for 9 500 hours [12]. This unit 
consisted of an evaporator section and a superheater 
section with a tempering heat exchanger installed 
between the superheater and evaporator to reduce the 
temperature of the sodium entering the evaporator. 
The 2 MW unit operated with temperatures of 
1 000 °F sodium entering, 750 °F sodium leaving, 
producing steam at a temperature of 925 °F and 
900 psia. 



Figure 2. Sodium-to-sodium heat exchangers U'l -o 
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Table 2. Sodium-to-sodium heat exchanger characteristics 

Full load heat transfer 
per unit, MW . 

Number of units . 
Shell side fluid . . 

Flow rate, lb/hr. 
Temp "in", oF . 
Temp "out", oF 

Tube side fluid . . 
Flow rate, lb/hr. 
Temp' 'in", oF . 
Temp "out", °F 

Heat transfer area, ft 2 
• 

Number of tubes . . 
Tube size, in . . . . 

Material, tube and shell . 
Manufacturer . . . . . 

HALLAM 

42.6 
6 

Secondary Na 
1.3 x to• 

555 
895 

Primary Na 
1.4 x to• 

945 
610 

2 870 
t 395 

0.625 od 
0.03t wt 

304 ss 
M. W. Kellogg 

In addition to steam generator development related 
to specific reactor projects, the Atomic Energy 
Commission, under its Sodium Components Develop
ment Program, has undertaken the construction of a 
35 MW facility capable of testing steam generators 
(and heat exchangers) with maximum sodium tempera
ture of 1 200 °F [15]. A 30 MW model of a once
through type generator utilizing duplex tubes of 
316 stainless steel and Inconel is presently under 
construction and scheduled for testing in this facility 
in 1964 [16]. The Commission is also sponsoring the 
design of a 1 000 MW steam generator and the 
fabrication and testing of a 30 MW model of this 
unit [17]. 

HEAT EXCHANGERS 

The chief interest in sodium-to-sodium heat ex
changer design continues to be directed toward develop
ment of larger units for service at higher temperatures. 
Operating experience acquired since 1958, although 
not extensive, has been encouraging. Perhaps the most 
significant development is the demonstration of 
repairability of a failed heat exchanger without 
removal of the unit from the system (as described 
later). 

Design 
The general arrangement and charactenstics of the 

Hallam, EBR-11 and Fermi intermediate heat ex
changers are depicted in Fig. 2 and Table 2. All are of 
shell-and-tube design and are installed with the tubes 
vertical to preclude the problem of thermal stratifica
tion which occurred with the Sodium Reactor 
Experiment heat exchanger [18]. A special feature 
of the EBR-11 and Fermi exchangers is the provision 
for removal of the tube bundle from the shell without 
disconnecting the shell from the system. In the 
Hallam unit, a distinctive feature is the use of a 
bellows expansion joint in the shell to accommodate 
differential expansion of the shell and tubes. 

Not described in the figure or table is a 30 MW heat 
exchanger [16] under construction for testing in the 

EBR-II 

62.5 
1 

Primary Na 
3.7 X t06 

883 
695 

Secondary Na 
2.5 X 106 

588 
866 

4 539 
3 026 

0.625 od 
0.052 wt 

304 ss 
Struthers-Wells 

FERMI 

143 
3 

Primary Na 
5.3 X t06 

900 
600 

Secondary Na 
5.3 x to• 

520 
820 

5 840 
t 860 

0.875 od 
0.049 wt 
304 ss 
A leo 

Sodium Component Test Installation [15]. This unit 
is designed for 1 200 °F operation. 

Operating experience 
The most significant operating experience under 

design conditions has been obtained with the Hallam 
heat exchangers. Heat transfer coefficients for the 
three units have been determined from measurements 
of sodium temperatures and flow rates on both 
primary and secondary sides at several power levels. 
These measurements have established that the heat 
transfer coefficients are within 10 per cent of the 
predicted values and that the exchangers are per
forming satisfactorily. Only one malfunction has 
occurred in several months of operation. A leak 
developed between the secondary and primary systems 
as a result of tube failure in one of the units. This unit 
was removed from the system and the defective tube 
identified. This tube and sixteen others were removed 
to determine the cause of the initial failure and to 
permit an estimate of the condition of the remainder 
of the tubes. Extensive metallurgical and mechanical 
property tests were conducted, together with analyses, 
which showed the failure to have been caused by 
flow-induced vibration. Vibration dampening shims 
were then installed in the exchanger near the shell side 
inlet as illustrated in Fig. 2. The same modification 
was made on the remaining five units without removing 
them from the system by cutting entry holes through 
their sides and later welding in appropriate closures. 
Subsequent performance has been completely satis
factory. 

The three Fermi heat exchangers have been sub
jected to rated flow of sodium at a maximum tempera
ture of 1 000 °F isothermally on the shell (primary) 
side, with no evidence of malfunction. The tube sides 
of two units have been operated at 600 °F at rated 
flow (again isothermally) without difficulty, 'but no 
significant transfer of heat has been effected. 

The EBR-11 intermediate heat exchanger has been 
subjected to rated flow on the primary, or shell, side 
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Table 3. Sodium reactor vessel characteristics 

Reactor type . . . . . 
Reactor power, MW . 
Operating temperature: 

Coolant "in", oF . 
Coolant "out", oF . 

Operating pressure: 
Coolant "in", psig . 
Coolant "out", psig . 

Size of vessel: 

HALLAM 

Thermal 
256 

610 
945 

30 
negligible 

33 
19 
304SS 

EBR-11 FERMI 

Fast Fast 
62.5 430 

700 600 
833 900 

60 100 
10 negligible 

13 36 
8 14 

304SS 304SS 

Height, ft . 
Diameter, ft 

Material ... 
Manufacturer Baldwin-Lima-Hamilton Blaw-Knox Combustion Engineering 

at 650 °F (isothermal) with no evidence of difficulty. 
The tube side of the exchanger recently has been filled 
with sodium; however, the approach to power is only 
starting and no performance data are yet available. 

REACTOR VESSELS 

Reactor vessels employed for sodium-cooled reactors 
have encountered only insignificant operational 
problems. Perhaps of most interest at this time are the 
large differences in vessel configurations, their relative 
design complexities, provisions for thermal shock 
protection, and fabrication problems. 

Design 
The Hallam, EBR-II and Fermi reactor vessels are 

briefly described in Fig. 3 and Table 3. Major variations 
in configuration are evident. These variations are 
related to differences in the primary system concepts, 
particularly in respect to fuel handling, shielding and 
containment provisions. 

The Hallam vessel is of relatively simple design [19]. 
It incorporates an expansion bellows (19 feet diam) 
for accommodating thermal expansion of the vessel 
wall (Fig. 3). A fabrication problem arose in making 
the weld at the reactor site between the lower angle on 
the bellows assembly and the reactor vessel wall. 
Shrinkage of this weld rotated the lower angle 
excessively and caused significant distortion in the 
two lowest convolutions of the bellows. Extensive 
investigation substantiated the conclusion that the 
bellows in this distorted condition could perform 
properly in operation. The same vessel earlier had 
suffered minor damage during transport to the 
construction site. Again, intensive analysis was 
required which indicated that re-work was not neces
sary and that vessel integrity was not jeopardized. 

The EBR-II reactor concept is unique in that the 
entire vessel is submerged in the primary system bulk 
sodium within a large "primary tank," thus obviating 
any need for leak tightness of the vessel or its connect
ing piping. The chief fabrication problem was the 
·difficulty of keeping the relatively complicated grid 
structure (Fig. 3) clean throughout the assembly 
process. After installation of the reactor vessel in the 

primary tank, a thorough final cleanup of the grid to 
remove chips, turnings and other foreign matter had 
to be performed. This required extensive use of 
specially designed retrieval tools, borescopes and 
mirrors, an<;i proved costly and time consuming. 

The Fermi vessel is the most complicated of the 
three. Thermal shielding is particularly extensive, and 
removable core grid plates are incorporated. Fabrica
tion of the vessel and its transport to the site required 
substantial effort and represented a significant 
achievement. 

Operating experience 
The Hallam reactor vessel experienced approxi

mately five months of nuclear power operation (more 
than 5 000 MWd) by the end of March 1964, at 
temperatures from 350 °F to 945 °F. Although 
presently undergoing only low power operation, the 
Fermi vessel has experienced about three years of 
pre-operational testing with isothermal sodium tem
peratures from 400 °F to 900 °F, and one week at 
1 000 °F. The EBR-11 vessel has undergone more than 
a year of pre-operational testing in isothermal sodium 
at 270 °F to 650 °F. No problem has been encountered 
with any of these units to date other than a cavitation 
erosion effect in a Fermi vessel grid plate attributable 
to abnormal circumstances [2]. 

SODIUM PUMPS 

A distinct trend toward use of mechanical centri
fugal pumps-as opposed to ac or de electromagnetic 
pumps-for high capacity service has become evident. 
Very significant operating experience with this type of 
pump has been accumulated. Although several 
instances of operational difficulty have occurred, no 
basic or inherent deficiency has been identified. 
Extrapolation to the very large pump sizes required 
for the advanced plants under study [20-23] is 
considered clearly feasible. 

Design 
Arrangement and principal features of the Hallam, 

EBR-ll and Fermi plant primary system pumps are 
indicated in Fig. 4. In all of these plants the primary 
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Table 4. Sodium pump (design) characteristics 

Primary system pumps: 
Type ..... 

Number of units .. 
Capacity, gpm ... 
Dynamic head, ft . . 
Design temperature, op 
Motor speed, rpm .. 
Motor power, hp . . 
Sealing arrangement 

Material ..... . 
Type of speed control . 

Manufacturer. . . . . 
Secondary system pumps: 

Type ..... 

Number of units . . . 
Capacity, gpm . . . . 
Dynamic head, ft . . . 
Design temperature, op 
Motor speed, rpm .. 
Motor power, hp . . 
Sealing arrangement. 

Material ..... . 
Type of speed control . 

Manufacturer. . . . . 

HALLAM 

Mechanical 
free surface 

3 
7 200 
160 

1000 
900 
350 

Mechanical shaft 
seal 

304 ss 
Eddy current 

coupling 
Byron-Jackson 

Mechanical 
free surface 

3 
7 200 
170 

1000 
900 
350 

Mechanical shaft 
seal 

304 ss 
Eddy current 

coupling 
Byron-Jackson 

system pumps differ in some degree from the secondary 
system pumps. The general design characteristics for 
both primary and secondary pumps are indicated in 
Table 4. 

Operating experience 

The Hallam pumps have operated for several 
thousand hours at temperatures ranging from 300 °F 
to 950 °F, including 1 000 hours or more at about 
950 °F. Operation has been generally satisfactory, 
although all six have had to be removed for main
tenance and minor modification at least once. 

The three primary pumps exhibited too low a 
sodium level within the pump casing under high speed 
conditions. This was found to result from excessive 
flow through the impeller weep holes, and necessitated 
removal of the pumps and plugging of four of the 
eight weep holes in each. Since this correction, level 
control has been satisfactory. 

After a number of months of uneventful operation, 
binding of one of the secondary pumps occurred, 
causing a system scram and stopping all three pumps. 
It then was found that, in addition to the one pump 
being tightly bound, the other two were difficult to 
turn and could not be restarted. The pumps were 
dismantled and inspection revealed accumulations of 
small amounts of foreign material in the 0.010 in 
clearance of the hydrostatic bearings and in the larger 
clearances of the impeller wear rings. It was concluded 
that these accumulations constituted the primary 
cause of the pump seizures, but that a contributing 

EBR-II FERMI 

Mechanical Mechanical 
free surface free surface 

2 3 
5 500 11 800 
200 310 
800 1000 

1075 900 
350 1060 

Totally enclosed Mechanical shaft 
drive motor seal 

304 ss 304 ss 
Variable frequency Wound rotor motor 

and voltage with liquid rheostat 
Byron-Jackson Byron-Jackson 

AC linear induction Mechanical 
free surface 

1 3 
6 500 13 000 
142 100 
700 1000 

1 180 (M.G. Set) 900 
500 (M.G. Set) 350 

Total metal Mechanical shaft 
enclosure seal 

304 ss 2! Cr-1 Mo 
Variable voltage Eddy current 

(M.G. Set) coupling 
General Electric Byron-Jackson 

cause was misalignment of pump internals caused by 
uneven temperature distribution in the pump casings. 
Cleanup of the bearings, enlargement of the wear ring 
clearances, correction of pump casing cooling systems, 
and filtration of the secondary system sodium were all 
undertaken as remedial measures. Subsequent opera
tion has been satisfactory. 

In EBR-II binding of both primary pumps occurred 
after less than 200 hours of operation at 550 °F to 
650 °F. Inspection after dismantling showed that in 
both pumps rubbing had occurred between the pump 
shaft and the lower labyrinth seal (Fig. 4) which 
eventually resulted in binding. The initial cause of the 
rubbing has not been definitely established. Possible 
causes include insufficient initial clearance and warpage 
of the shafts (of three-piece welded construction) 
prior to operation. The pumps were fitted with new 
shafts of modified design to minimize possibility of 
warpage, and clearances at both lower and upper 
labyrinth seals were increased. The re-installed pumps 
have been put into operation satisfactorily, but 
insufficient operating time has been accumulated to 
support additional conclusions. 

The three Fermi primary pumps have performed 
exceptionally well. Operating time exceeds 7 000 
hours, including about two weeks at 1 000 °F. No 
difficulties have arisen with the pumps themselves~ 
The associated check valves, however, were found to 
close with too high a velocity resulting in excessive 
piping strains. To eliminate this, a dash-pot snubber 
(illustrated in Fig. 4) is being added to each unit. 
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Modification of two pumps has been completed and 
one of these returned to service. 

Only two of the three Fermi secondary pumps have 
yet been put into operation. These have performed 
without difficulty of any kind, operating approximately 
two months at temperatures of 500 °F to 600 °F. 

CONCLUSIONS 

Operating experience with major components since 
the Second Geneva Conference has been generally 
encouraging. Difficulties have arisen in a number of 
instances which required corrective modifications; 
however, no basic or inherent deficiencies have become 
apparent. Experience with such components should 
increase at an accelerated pace in the future, particu
larly as present sodium reactor plants become more 
fully operational and the U.S. Atomic Energy Com
mission Sodium Components Development Program 
matures. It is expected that this experience will assure 
timely development of components eminently suitable 
for very large, high-efficiency, central station power 
plants. 
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ABSTRACT-RESUME-AHHOTALU,1}1-RESUMEN 

A/228 Etats-Unis d'Amerique 

Composants pour reacteurs a sodium 
par H. 0. Monson et a/. 

Malgre les nombreux succes et les ameliorations 
apportees pendant les dernieres annees a Ia technologie 
des systemes a sodium, presque tous les aspects de 
ces systemes font encore appel a la technique et a 
I' esprit d'invention et sont susceptibles d'ameliorations 
importantes. Le memoire decrit les composants 
essentiels d'un reacteur a sodium- caissons, gene
rateurs de vapeur, echangeurs de chaleur et pompes
et indique les problemes en cours d'etude. 

Les Etats-Unis ont la chance d'avoir pu acquerir, 
depuis Ia deuxieme Conference de Geneve en 1958, 
une experience notable concernant divers modeles 
de composants essentiels de reacteur a sodium. Le 
reacteur prototype de Hallam, reacteur a sodium 
modere au graphite de 256 MW(th), a ete essaye, mis 
en service, et a fonctionne pendant des mois a pleine 
puissance. Le reacteur surgenerateur experimental 

no II (EBR-11), surgenerateur a neutrons rapides de 
62,5 MW(th), a commence son fonctionnement a 
pleine puissance a pres de multiples essais. L'installation 
Enrico Fermi, comprenant un surgenerateur a 
neutrons rapides de 300 MW(th), a subi egalement ses 
essais et fonctionne a puissance reduite. Des instal
lations plus petites et plus anciennes continuent a 
fournir des renseignements; par exemple, le reacteur 
experimental a plutonium fondu de Los Alamos 
(LAMPRE), le reacteur experimental a sodium 
(SRE), et le reacteur EBR-I. De plus, !'experience que 
ces systemes permettront d'acquerir doit etre con
siderablement accrue par des essais de composants 
particuliers et des programmes d'essais, dont certains 
sont en cours, so us 1' egide du Programme de developpe
ment des composants pour sodium de l'U.S. Atomic 
Energy Commission. 

Pour les generateurs de vapeur et les echangeurs 
de chaleur, on s'attache surtout a eviter tout contact 
entre le sodium et l'eau, eta limiter la corrosion sous 
contrainte, les chocs thermiques et les vibrations. On a 



598 SESSION 3. 7 P/228 

observe des incidents sur un echangeur de chaleur 
intermediaire de Hallam et un generateur de vapeur de 
Fermi. Untube s'estrompudans l'undes sixechangeurs 
de chaleur de Hallam. On a attribue cette defaillance a 
une vibration du tube, produite par la grande vitesse 
du sodium a proximite d'un point d'entree. Des vibra
tions analogues ont provoque la rupture de plusieurs 
tubes dans l'un des trois generateurs de vapeur de 
Fermi, conduisant a une notable reaction eau-sodium. 
Ce probleme a ete supprime par modification des 
supports de tubes etfou des chicanes d'ecoulement. 
Pour EBR-II, ces composants n'ont encore donne 
aucune difficulte, mais le reacteur vient d'entrer en 
fonctionnement. 

Aucun des caissons n'a encore subi d'accident ou de 
difficultes serieuses. Cependant, seul le reacteur 
d'Hallam a ete soumis aux principales conditions de 
fonctionnement pour lesquelles il a ete con~u. On 
s'interesse tout specialement a la complexite relative 
de ces caissons, qui vise en particulier a eviter les 
contraintes thermiques excessives, et a l'effort de 
fabrication qui en resulte. 

Les pompes du reacteur d'Hallam, du type meca
nique centrifuge, ont subi des incidents etdes difficultes 
de fonctionnement dus a differentes causes, telles que 
l'accumulation de corps etrangers dans les bagues de 
rattrapage de jeu des pompes et le mauvais alignement 
du corps de la pompe par suite d'une mauvaise 
distribution de temperatures. Il a fallu demonter les 
six pompes pour corriger ces defauts. Les deux 
pompes primaires d'EBR-11 sont tombees en panne 
durant les essais preliminaires. Dans les deux cas, la 
panne etait due au frottement entre le rotor de la 
pompe et un labyrinthe d' etancheite destine a 
emplkher la vapeur de sodium de passer le long du 
rotor. On pense avoir resolu ce probleme en utilisant 
des rotors moins sensibles aux deformations et des 
labyrinthes d'etancheite moins ajustes. Les pompes 
centrifuges du reacteur Fermi ont fonctionne de 
fa~on entierement satisfaisante plusieurs milliers 
d'heures. Dans tous ces reacteurs, les paliers (hydro
dynamiques), lubrifies au sodium, des pompes n'ont 
cause aucun ennui. 

A/228 CWA 

OcHOBHble yanbl HarpHeBbiX peaKropos 

r. 0. MoHCOH et al. 

HecMoTpH Ha MHoro<JHCJICHHhie ycnexn H npo

rpecc, )J,OCTHrHyThie 3a IIOCJIC)J,HHC rO)J,hl, TCXH0-

.1:0rHH HaTpHCBhiX peaKTOpOB BCC em;e Tpe6yeT 

coBeprneHCTBOBaHHH. B nacToJim;eM l(OKJiap,e pac

CMaTpnBaiOTCH OCHOBHhiC Y3Jihl HaTpHCBhlX peaK

TOpoB: peaKTopnhie 6aKH, naporenepaTophl, Te

Imoo6MennnKH, HaCOChl H OIIHChiBaiOTCH HCKOTO

pble IIpOOJICMhi, KOTOphiC B HaCTOHW.CC BpCMJI HC

CJJC)J.YIOTCH. 

llocJie BTopoii Memp,yHapop,Hoii KoHq>epeHI~nu 
JIO MllpHOMy HCIIOJih30BaHHIO UTOMHOH :meprnn 

H. 0. MONSON et at. 

11 1958 rop,y B CiliA naKorrJieH 3HaqnTeJihHhiii 

OUhiT B KOHCTpynpoBaHJIH OCHOBHhlX Y3JIOB HaTpH

eBhlX peaKTopoB. HaTpneBhiii: peaKTop c rpa«f>nTo

DhiM 3aMe)J,JIHTeJieM XoJIJI3MCRoii aToMnoii: 3Jiei..:

TpocTan~nn TenJioBoii: Mom;nocThiO 256M er 6hm 

UCIThiTaH, nym;en B 3KCITJiyaTa~HIO H pa6oTaeT yme 

HCCROJihKO MCCJI~CB Ha IIOJIHYIO MOI~HOCTh. 3a

lWllqHJIHCb npep,BapHTCJibllhle HCIThiTaHHJI 31\CIIC

}HJMCHTaJihHOrO peaRTopa-pa3MnomnTeJIJI EBR.-II 

ua 6hiCTphlx neii:Tponax TeiiJIOBoii Mom;noCTbiO 

62,5 Mer, peaRTop cp,an B 31\CIIJiyaTa~niO. 3aRoH

'l.HJIHCh npe,lJ.BapHTCJibHblC HCllhiTaHHJI peaKTOpa

pa3MHOiKHTCJIJI na 6hlcTphix ueii:Tponax aTOMHoii 

:meRTpOCTaH~HH IIMCHH 8HpHRO «l>epMH TCIIJIO

HOH Mom;noCThiO '300 Mer, peaKTop yme pa6oTaeT 

Ha rronnmeunoM :mepreTnqecKoM pemnMe. Menee 

MOID;HbiC II OOJiee CTapbie ycTaHOBRH IIpO)J.OJiiKaiOT 

pa6oTaTh n o6eciieqnBaTb nn«f>opMa~niO. K unM 

01'HOCJITCJI Jloc-AJiaMOCCKHH 31\CnepHMCHTaJihHhiii 

peaRTOp Ha paCIIJiaBJICHHOM IIJIYTOHHif 

(l.AMPRE), 3KCIIepnMeHTaJibHhiii naTpneBbiH pe

aJ-iTOp ( S RE) n 31\cnepnMeHTaJihHhiii peaKTop

paaMHOiKHTeJih ua 6hlcTpbiX HeiiTpoHax (EBR-1). 

t\poMe Toro, onhiT, npno6peTaeMhiii: ua 3Tnx 

ycTaHOBRaX, CO BpCMCHCM CHJibHO YBCJIHqHTCJI 

GJiarop,apH 3RcnepnMeHTaJihHOMY rrpnMeneHniO B 

nux cne~naJihHhiX yaJioB n rrpoBep,enniO ncnbfia

TeJibllhiX rrporpaMM. HeKoTopbie na nux yme 

OCYID;CCTBJIJIIOTCJI B COOTBCTCTBHH C nporpaMMOii: 

paapa6oTRn yaJioB naTpneBbiX peaRTopoB npn 

RoMnccnn no aToMnoii: 3Heprnn CiliA. 

fJiaBnoe BHHManne B paapa6oTRe rraporeuepaTo

JlOB H TCIIJIOOOMCHHHROB COCpep,OTOqeno Ha CITOC0-

6ax IIpep,oTBpam;enliH ROHTaRTa Memp,y naTpneM 

H BO)J,Oii: H Ha CBC)J,CHHH R MHHHMYMY ROJlp03HH 

IIO,ll. HaiipHiKCHHCM TCIIJIOBhlX yp,apOB If Bn6pa

l{Dii. 
B rrpoMemyToqnoM TenJioo6MennnRe XoJIJI3M

CKoii: aTOMHOH 3JICRTpOCTaH~HH H B rraporenepaTo

pe aTOMHOH 3JICRTpOCTaH~HH HMCHH 8npnRO «l>ep

MH nponaornJin aBapnn. B O,li.HOM na InecTu 

TerrJioo6MeHHHROB XoJIJI3MCKoii aToMnoii: 3JICRTpo

cTan~nn JIOITHyJia Tpy6a. Y CTaHOBJICHO, qTo 3TO 

IIpOH30IIIJIO H3-3a BUOpa~UH Tpyohi, Bhl3BaHHOH 

OOJibiiiOii CIWpOCTbiO ITOTORa HaTpHH OROJIO BXO)J,HO

ro OTBepcTnJI. AnaJioruqHaJI Bn6pa~nJI BhiBeJia H3 

CTJlOH HCCROJibKO Tpy6 B O)IHOM H3 TpCX napore

nepaTopoB aTOMHOii: 3JICRTp0CTaH~HH HMCHH 8n

pHRO «l>epMU If Bbi3BaJia 3HaqnTCJibHYIO peaR~HIO 
Mt'iKAY naTpHeM Ii BO)J,Oii. llaMeHeHHeM CITOC06a 

aaKpenJieHuH Tpy6 u ( nJin) npnMenenneM nep«f>o

pupomuiHhiX neperopoJJ,OR yp,aJIOCh ycrremno pe

lllHTh 3TY aap,a'ly. B peaRTope-paaMHomnTeJie 

EBR-II HnRaKnx TPYAHOCTeii: c 3THMH yaJiaMn no

I>a ne oTMeqaJIOCh, npaBp,a, ero 3RCIIJiyaTa~nH 

.'"llllllb TOJibRO HaqaJiaCh. 

Hu op,nn na peaKTOpHbiX IwpnycoB em;e ue Bhl

mcJI U3 CTpOH II He HaOJIIO)J,aJIOCb CCpbC3HhiX 

TPYAHOCTeii B 31\CIIJiyaTa~Hn. 0JJ,HaRo noRa JIHIIIb 

op,Ha XoJIJI3MCRaH aTOMHaH 3JieRTpocTaH~UH pa6o

T<H'T B pacqeTHbiX 3KCIIJiyaTa~IIOHHbiX YCJIOBHJIX. 

B naCTOJIID;ee BpCMJI OCHOBHOe BHHMaHHC yp,eJIHCT

CH cosepmeHCTBOBaHHIO ROHCTPYR~nn 3THX Rop-
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nycoB, B oco6eHHOCTH ycTpOHCTBY TeiTJIOH30JI.HIJ;H

OHHbiX neperopo)J;OR )J;JI.H ycTpaHeHH.H '1pe3MepHbiX 

TepMH'leCRHX Hallp.HmeHHH H Bbl3bJBaeMbiX HMH 

I1pOH3BO)J;CTBeHHbiX 3aTpyp;HeHHH. 

QeHTpo6eJRHI.Ie Hacocbl XoJIJI<JMCRoii: aToMHoii 

3JH'RTpOCTaHIJ;HH HCllbiTbiBaJIH HeCROJibRO aBapHH 

II <JRCITJiyaTaiJ;HOHHbiX Tpyp;HOCTeH ITO pa3HbiM 

npH'IHHaM, B TOM 'IHCJie BCJiep;CTBHe HaROITJieHH.H 

nuopop;HbiX BeiiJ;eCTB B aaaopax ROJibiJ;eBbiX npo

RJiap;oR II HCRpiiBJieHHH ROIRYXOB H3-3a Henpa

BHJibHOfO pacnpep;eJieHH.H TeMnepaTypbi. )l;JI.H yc

TpaHeHH.H <JTHX p;e«l>eRTOB npHIIIJIOCb 3aMeHHTb BCe 

mecTb HacocoB. Ha peaRTOpe EBR-11 o6a rJiaB

IlbiX Hacoca nepBOfO ROHTypa Bb16biJIH H3 CTpOH 

BO BpeM.H npep;BapnTeJII.HbiX ncni.ITaHHH. B Ram

i'J:OM H3 3THX CJiy'laeB aBapH.H llpOH30IIIJia H3-3a 

TpeHH.H Memp;y BaJIOM HaCOCa II <<Jia6HpHHTHOH 

npoRJia)J;ROH>>, npep;Ha3Ha'leHHOH )J;JI.H npep;OTBpa

IIJ;eHH.H yTe'IRH napoB HaTpHH BIJ;OJib BaJia. YcTa

HOBJieHbi HOBble BaJibl C 6oJiee BbiCOROH npO'IHO

C'l'biO R HCRpHBJieHHIO H HOBble <<Jia6HpHHTbl» C 

6oJII.IIIHM aaaopoM. 8THM RaR 6yp;To 6biJia peiiieHa 

11 3Ta aap;a'la. QeHTpo6eJRHbie HaCOCbl aTOMHOH 

3JieRTpOCTaHIJ;HH HMeHH 8HpHRO «.l>epMII pa6oTaiOT 

BllOJIHe yp;OBJieTBOpHTeJibHO yme MHOfO TbiC.H'l 'la

COB. Bo scex 3THX Hacocax nop;IIIHHHHRH c HaTpH

eHo:ii CMa3ROH pa6oTaiOT 6eaaBapHHHO. 

A/228 Estados Unidos de America 

Componentes para reactores de sodio 
por H. 0. Monson et a/. 

A pesar de los muchos exitos y avances conseguidos 
durante los ultimos aiios en la tecnologia de los 
sistemas de sodio, pnicticamente cada uno de sus 
aspectos es un reto a la pericia y al ingenio, y cabe 
efectuar mejoras sustanciales. En esta memoria se 
describen las principales componentes de los reactores 
de sodio- vasijas del reactor, generadores de vapor, 
cambiadores de calor y bombas - y se seiialan 
algunos problemas en los que se esUt trabajando 
actualmente. 

Desde la Segunda Conferencia de Ginebra, que 
tuvo Iugar en el aiio 1958, los Estados Unidos han 
podido adquirir un considerable acervo de experiencias 
gracias a diversos proyectos de componentes prin
cipales de reactores de sodio. Los reactores de los que 
mas experiencia se ha obtenido son la instalaci6n 
de potencia de Hallam, reactor de sodio-grafito de 
256 MW termicos, en la que se realizaron muchos 
ensayos, y que durante varios meses ha operado a 
plena potencia. El EBR-11 (Reactor reproductor 
experimental II), de 62,5 MW termicos, ha comenzado 
ya la operaci6n a potencia despues de un gran numero 
de ensayos previos. La central Enrico Fermi, reactor 
reproductor rapido de 300 MW termicos, ha sido 
tambien objeto de ensayos previos a la entrada en 
operaci6n, y actualmente se halla operando a baja 
potencia. Ademas de estas tres instalaciones, hay 
otras mas pequeiias y mas antiguas que aun continuan 
suministrando informacion, como, por ejemplo, el 
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LAMPRE (Experimento de reactor de plutonio 
fundido de Los Alamos), el SRE (Experimento de 
reactor de sodio) y el EBR-I (Reactor reproductor 
experimental 1). Ademas, se espera que en el futuro 
aumente notablemente la experiencia obtenida con 
estos reactores, gracias a los ensayos de componentes 
especificas y a los planes de experimentacion, algunos 
en fase de realizacion, fomentados por el Programa 
para el Desarrollo de las Componentes de Reactores 
de Sodio, de la Comisi6n de Energia At6mica de los 
Estados Unidos. 

En los diseiios de generadores de vapor e inter
cambiadores de calor se dedica especial interes al 
proyecto de los dispositivos utilizados para prevenir 
posibles contactos entre el sodio y el agua, y para 
minimizar las tensiones por corrosion, el choque 
termico y la vibracion. Se han presentado fallos en 
un intercambiador intermedio de calor de la central 
de Hallam y en un generador de vapor de la planta 
Fermi. Uno de los seis intercambiadores de calor de 
Hallam sufri6 la rotura de un tubo debida a la 
vibraci6n producida por la alta velocidad del sodio 
cerca de la entrada. Analoga vibraci6n hizo fallar 
varios tubos en uno de los tres generadores de vapor 
de la central Enrico Fermi, produciendose una 
importante reacci6n del sodio con el agua. Se resolvi6 
el problema de modo efectivo modificando los soportes 
de los tubos, o mediante distribuidores de flujo o 
aplicando ambas soluciones a la vez. En el EBR-II 
no se ha presentado basta la fecha ninguna dificultad 
con estas componentes, aunque la operaci6n apenas 
ha comenzado. 

Tampoco las vasijas han fallado ni han planteado 
dificultades de importancia basta ahora. Sin embargo, 
unicamente la unidad de Hallam ha operado ya en 
las condiciones principales para las cuales fue diseiiada. 
Del mayor interes son la relativa complejidad de 
estas vasijas, particularmente en cuanto se refiere 
a los distribuidores para prevenir excesivas tensiones 
termicas, y los efectos resultantes en el esfuerzo que 
represente su fabricaci6n. 

Las bombas de la instalaci6n de Hallam, bombas 
mecanicas del tipo centrifugo, han sufrido fallos o 
dificultades de operaci6n debido a varias causas, 
tales como acumulaci6n de material extraiio en los 
espacios libres de los segmentos y desalineaci6n de la 
caja de la bomba, debido a una distribuci6n inadecuada 
de temperaturas, y ha sido necesario sacarlas para su 
correcci6n. Las dos bombas primarias principales del 
EBR-11 fallaron durante las pruebas previas a la 
entrada en operaci6n. En ambos casos los fallos se 
atribuyeron a la friccion entre el arbol de la bomba y 
un «cierre en laberinto» destinado a reducir el flujo 
de vapor de sodio a lo largo del arbol. Se piensa que 
el problema podra resolverse con el empleo de ejes 
menos susceptibles al alabeo y de cierres en laberinto 
con mayores espacios libres. Las bombas centrifugas 
de la central Enrico Fermi han funcionado a entera 
satisfacci6n durante varios miles de horas. En todas 
estas instalaciones, los cojinetes hidrodinamicos lubri
cados por sodio no tuvieron averias. 
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Mild steel in primary circuits of water-cooled 
power reactors 

By K. Videm* 

Despite the extensive use of carbon and low-alloy 
steels in conventional steam generating plants, it has 
been questioned whether such steels have a sufficiently 
good corrosion resistance for nuclear reactor applica
tions. 

The possibility for using normal boiler steels in 
pressurized water reactors has been investigated in 
the US [1, 2] and results have been so promising that 
carbon steel is used in primary system components 
of a pressurized water reactor at the US National 
Reactor Test Station in Idaho [3] and in out-of-core 
sections in the NPD reactor at Hanford [4]. However, 
nothing has been published so far regarding experience 
with these steels. Carbon steel has also been used in 
the primary steam circuit in the Halden Boiling Water 
Reactor (HBWR) and, as described later, with good 
results. 

There are two factors specific for reactors which 
make the application of carbon and low-alloy steels 
difficult: the water in a reactor cannot easily be 
treated as is done in conventional plants in order to 
minimize corrosion, and corrosion products in the 
water must be maintained at a low level in order to 
prevent fouling of the heat transfer surfaces and to 
minimize radioactive contamination of the outer parts 
of the primary system. 

A direct-cycle boiling reactor is used as a reference 
for the present discussion of the application of mild 
steel. For the assessment, information is required 
about the water quality wherever mild steel is to be 
applied (pressure vessel, steam pipeline, condensate 
and feed water system), and about the corrosion 
properties of the steel under these conditions. Associa
ted problems are purification of the water and induced 
activities. The present paper will discuss all these 
problems with the main emphasis on corrosion. 

WATER QUALITY IN BOILING-WATER 
REACTORS 

It is difficult to keep the oxygen concentration in a 
boiling reactor at the same level as in a conventional 
power plant because of radiolytic decomposition of 
the water. With a normal recombination unit in a 
bypass system, the water phase will contain about 
0.02-0.1 ppm oxygen, and the steam phase 5-20 ppm 
[5]. Experiments in the Halden Boiling Water Reactor 

* Institutt for Atomenergi, Kjeller Research Establishment, 
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have shown that the decomposition rate increases 
linearly with power, which means that the oxygen 
content in the steam is about constant. Increased 
pressures tend to decrease the amount of oxygen in 
the steam. In comparison with light-water reactors, 
it appears that the oxygen production is reduced to 
about 1/3 if heavy water is used as coolant [6]. 

The normal maximum oxygen content in the water 
for a once-through-boiler is 0.02-0.04 ppm, i.e., as in 
the water phase of a boiling reactor. The oxygen 
content in the reactor steam is, however, two orders of 
magnitudes higher than that in the conventional 
boiler. The steam pipelines and the turbine in a direct 
cycle reactor will be exposed to this oxygenated steam. 
Accumulation of gases in the condenser is not per
mitted. The gases must be evacuated as is done with 
infiltrated air in conventional plants. The oxygen 
content in the condensate will, therefore, be much 
lower than in the steam, and as low as in a conventional 
plant. 

The amount of oxygen in the moderator and steam 
can be reduced by the injection of hydrogen into the 
feed water or directly into the reactor. However, a 
high dosage rate is required to reduce the oxygen to 
low values. 

In conventional power plants alkalies are usually 
added to the water to maintain pH at 10-11 (measured 
cold). The use of fixed alkalies (NaOH, KOH, LiOH) 
is not recommended in a boiling reactor because the 
large heat flux on the fuel elements can locally 
concentrate the hydroxides with serious corrosion 
problems as a consequence. A volatile base like 
ammonia would be ideal in this respect. 

The behaviour of ammonia in a boiling reactor has 
been investigated in HBWR [6]. The ammonia would 
oxidize to nitric and nitrous acids, unless the moderator 
contained more than 0.03 ppm dissolved deuterium. 
With smaller amounts of ammonia, addition of 
deuterium gas was required to reach 0.03 ppm. With 
larger quantities of ammonia, its own decomposition 
supplied enough deuterium to inhibit the oxidation. 
The nitrogen and hydrogen (or deuterium) will have 
to be removed from the condenser in a direct cycle 
reactor, and some ammonia must be added to 
compensate for decomposition losses. In the reactor 
tank, only a low concentration of ammonia can be 
maintained under boiling. Ammonia addition will 
therefore mainly affect the corrosion of the condensate 
and feed water system. 
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Figure I. Corrosion rate of mild steel vs. 
exposure. Literature data 

CORROSION OF MILD STEEL 

High temperature corrosion 

Corrosion experiments with mild steel in water at 
elevated temperatures have been performed by many 
workers. Some of their results are shown in Figs. 1 and 
2. It appears that each worker gets his own set of 
data and this makes it difficult to isolate the effect of 
the many variables. 

In an effort to clarify the situation, we are carrying 
out a study of some of the more crucial points. For 
this work we have available two loops made of 
stainless steel operated with a small over-pressure and 
a boiling natural circulation loop of carbon steel. In 
order to simulate the water conditions in a carbon 
steel system in the stainless steel loops, rust generators 
consisting of carbon steel sheets are exposed in 
addition to the actual corrosion specimens. In this 
way we can vary the area of steel surface to the water 
volume ratio. The experimental technique is as 
follows: the specimens, some of them with a pre
formed oxide film, are mounted in the loop and the 
system evacuated. If NH3 is to be added, this is done 
immediately while oxygen is admitted when the system 
has reached 80 °C. The water is continuously purified 
in mixed-bed ion exchangers. The steel used in the 
experiments has the following composition: 0.1 % C, 
0.6 % Mn, 0.02 % P, and 0.03 % S. 

The corrosion rate of steel decreases with time for a 
long period until a constant corrosion rate is reached. 
The metal loss in the first period can be expressed as a 
function of timet by an equation of the following type: 

Metal loss = ktP (1) 

where k and p are constants. 
In Fig. 3 is shown the effect of oxygen in neutral 

water on the instantaneous corrosion rate after a 
month. Vreeland et al. [7, 8, 9] were the first to report 
that small amounts of oxygen could act as an inhibitor. 
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It is seen that this occurs in the range 0-10 ppm 
oxygen, larger amounts accelerating the corrosion. 
Very high oxygen contents lead again to inhibition as 
described by Gerasimov [1 0] and Ruther and Hart [12]. 
The type of oxide films formed under the various 
oxygen levels are indicated at the top of Fig. 3. 
Bloom [13] suggests that the inhibition by small 
amounts of oxygen in the water is due to the develop
ment of y-Fe20 3• Stereo electron micrographs showed 
many oxide whiskers on steel exposed to deoxy
genated conditions while a much smoother and 
tighter oxide occurred when small amounts of 
oxygen was added. 

The reaction order, p, is indicated on the figure 

0o~o~m~o;J~~1~o----~1o~o--~==~~1~~ 
ClKygen content (ppm) 

Figure 3. Effect of oxygen on the corrosion rate in high tem
perature water. Corrosion rate measured after one month's 

exposure 
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Figure 4. Corrosion rate of mild steel vs. 
exposure. Present results 

and it is seen that p is reduced from 0.36 under 
degassed conditions to 0.08 at 10 ppm. A low p 
means a rapid decrease of the corrosion rate with time. 
Oxygen is thus a more effective inhibitor the longer 
the exposure. 

Figure 3 indicates significantly different corrosion 
rate points for the same oxygen content. We believe 
this is mainly due to variation in the mild steel surface 
area to water volume ratio, a high ratio giving lower 
corrosion rates. With a high surface area to water 
volume ratio, specimens added after the test had 
started corroded with the higher rates typical for 
experiments with low ratios. In an experiment at 
315 °C with 0.1 ppm 0 2 and with 500 cm2/l, specimens 
which had been exposed from the start (320 hours) 
had a metal loss of 70 mgfdm2, specimens which 
joined the test 20 hours after the first ones, lost 
90 mg/dm2, and still newer specimens (150 hours) 
lost 180 mgfdm2• 

Vreeland et al. [7, 8, 9] observed that the corrosion 
rate, and especially the corrosion product release 
rate, could be much reduced by increasing the heating
up rate. They also emphasized the special importance 
of having a good oxygen control at the start of the ex
periment. In addition to varying the mild steel surface 
area to water volume ratio, the variation in the results 
by various workers can possibly be explained by 
insufficient control of the heating-up rate and the 
oxygen content. 

Results from some prolonged experiments are 
shown in Figs. 4 and 5. It is seen that the corrosion 
rates had not reached a constant value when the tests 
were interrupted. At this point the rates were: 

40 mg/dm2/month for neutral, degassed water at 
315 °C 

30 mg/dm2/month for degassed water with ammonia 
to pH 10, at 230 °C 

12 mg/dm2/month for neutral water with 0.1 ppm 
0 2 at 230 °C. 
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Figure 5. Rate of corrosion product release vs. 
exposure. Present results 

The last figure was found in an experiment with a 
fairly low steel to water ratio; still lower corrosion 
rates can be achieved as indicated in Fig. 3. 

The effect of oxygen in water with ammonia has less 
interest since the two constituents are not compatible 
under irradiation. Some results are, however, given 
in Table 1. 

The effect of a static pre-filming operation varied 
with the environment used in the subsequent dynamic 
exposure in a complex way. The following conclusions 
are tentatively drawn. 
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Figure 6. Result of in-pile exposure of steel specimens compared 
with out-of-pile tests 
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Table I. Behaviour of mild steel in dynamic tests with water containing ammonia 
additions at 230 °C 

Order of corrosion rate 
Steel area to water Oxygen Corrosion rate after reaction constant k a Release rate 

volume ratio content 1 month's exposure constant kr a 
pH (cm2/l) (ppm) (lng/dm2/month) pU. (mg/dm2/month-"> (lng/dm2/month-P) 

10 10 less than 0.22 
10 20 less than 0.02 
10 500 less than 0.02 
10 20 10 

"p, k, and kr in the following equations: 
metal loss = k x tP 
oxide released = k,tP 

40 
35 
11 
2 

Pre-filming in static degassed water reduced the 
corrosion rate under degassed dynamic conditions. 
The rate was increased in neutral oxygenated water. 
Pre-exposure in neutral water, with sufficiently high 
oxygen content to cause passivation, decreased the 
corrosion rate significantly under dynamic conditions 
in neutral oxygenated water and in high pH water, 
but had very little effect in neutral degassed water. A 
somewhat reduced rate was always found for speci
mens pre-exposed in static water of the same type as 
used in the subsequent dynamic test. It is possible that 
the reduced corrosion rates found in the natural 
circulation loop compared to the forced circulation 
systems can be explained by this, because the flow was 
very small during the heating-up period. This could 
then act as a static pre-filming exposure. A similar 
effect will probably operate during the heating-up of a 
reactor. 

We have seen from the previous section that the 
oxygen content in the steam is much higher than in a 
conventional plant, and one may conclude that this 
will cause excessive corrosion. Vreeland, Gaul and 
Pearl [7, 8, 9] have, however, shown that the corrosion 
rate in saturated steam is in fact somewhat lower than 
in the corresponding water phase, and the release rates 
are much lower in steam since the corrosion products 
are not so easily washed away. In the experiments 
described, the steam lines and steam test sections were 
not heated so that water condensed both on piping 
and on specimens, and the samples in the so-called 
steam corrosion tests had presumably a water film. 
If this is correct and the oxygen distribution not too 
far from equilibrium, the close correlation between 
corrosion rates in steam and water is not surprising. 

Reactor experience 
ASTM-A-212 A steel has been used for the main 

steam pipe line in HBWR. After the first fuel charge 
operation at 150 °C, the surface had a good appear
ance and was covered with a black magnetite film. 
Machined areas had been attacked uniformly, while 
very shallow pits occurred on the as-rolled surface. 
The pits were less than 2 microns deep. The exposure 
period was: ll years of which 1 000 hours were on 
temperature. The metal loss was determined to be 
200 mgfdm2 and the release as low as 20 mgfdm2• 

These values are plotted in Fig. 6 and are in the 
normal range for steel in neutral water and steam. 

0.36 105 95 
0.36 95 50 
0.36 60 30 
0.1 20 

Before operation with the second fuel charge at 
230 °C, extra steam pipes were installed. The appear
ance of the old and new pipelines was identical after 
operation. The metal loss was 306 mg/dm2 and 330 
mgfdm2 for steel exposed 5 800 hours at 230 oc only 
and 1 000 hours at 150 °C + 5 800 hours at 230 °C 
respectively. The release value for specimens exposed 
at 230 °C was only 16 mgfdm2• 

The corrosion behaviour of carbon steel installed 
in EBWR was good for the first 6 569 hours [5]. 
Accelerated attack occurred in the last month prior 
to shutdown for rebuilding to 100 MW operation. 
Values for metal loss for different steels exposed for 
2 249 and 5 771 hours in EBWR are included in 
Fig. 6 [5]. As seen from Fig. 6, the in-pile values 
correspond well with the present out-of-pile corrosion 
tests in neutral water with 0.1 ppm oxygen. 

Corrosion in water up to 100 °C 
Data regarding rates of release of corrosion 

products under dymamic conditions in low tempera
ture water are lacking. In order to accumulate such 
data, we have erected two forced circulation loops 
operating at atmospheric pressure. A deoxygenated 
resin is used for oxygen removal. By electrolytic 
decomposition of water in a separate cell, without 
liquid contact with test environment, oxygen can be 
maintained at 0.005-10 ppm. Some results are given 
in Table 2. We see that steel dissolves in water with a 
low oxygen content at room temperature. If the water 
is maintained reasonably pure, the corrosion product 
will also be dissolved. The corrosion rate was found 
to be constant with time in experiments lasting 
1-250 hours. The rate was higher than anticipated 
(10 mgjdm2/month at 25 oc and 50 mg/dm2/month at 
50 °C), as many publications state that steel reacts 
very slowly with oxygen-free water. 

If the temperature is above 60-70 °C, magnetite 
forms in the absence of oxygen, and the corrosion rate 
is somewhat decreased. Larger amounts of oxygen 
lead to nonadherent rust (oc- or y-FeOOH or oc-Fe20 3 
depending on temperature and oxygen level) and the 
corrosion rate is high. 

The change from a slow attack to rapid rusting was 
rather irreproducible and could not be correlated with 
oxygen content, pH and temperature only as. it was 
extremely sensitive to the purity of the water and to 
flow conditions. We have observed that mild steel 
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Table 2. Results of corrosion tests of steel in water below 100 oc 
Oxygen Temp. Type of Corrosion rate 

Type of test ppm oc pH auack Rate law (mg/dm2/month) Oxide film Appearance 

Boiling under reduced A pressure 0 25 7 uniform linear lOa none bright 
Loop, continuously purified water 0.02 25 7 uniform linear 15 a none bright 
Loop, continuously purified water 0.4 25 7 uniform cubic 10 a none bright 
Loop, continuously purified water 8 25 7 uniform not known less than 3 unidentified, very thin bright 
Agitated, no purification 8 25 7 rusting linear 2000 y-Fea03 rusty 
Stirred, no purification 8 25 10 uniform not known less than 3 unidentified, very thin bright 
Stirred, no purification 8 25 10 uniform not known less than 3 unidentified, very thin bright 
Boiling under reduced A pressure 0 50 7 uniform linear 50 a none bright 
Loop, continuously purified water 0.2 50 7 uniform linear 400a unidentified, thin grey 
Loop, continuously purified water 6 60 7 rusting linear 2000 y-Fea03 rusty 
Agitated, no purification 6 60 7 rusting linear 1500 y-Fea03 rusty 
Agitated, no purification 6 60 10 uniform not known less than 5 unidentified bright 
Boiling in A atmosphere 0 100 7 uniform cubic 10 Fe30, grey 
Boiling with reflux condensers ? 100 7 uniform cubic 15 Fe30, grey 
Boiling with reflux condensers ? 100 10 uniform not known less than 5 unidentified bright 

a All corrosion products formed were released to the water in these tests: rate of release of oxide (calculated as Fe30 4) = 1.38 
corrosion rate. 

could be exposed in our loops to 30 oc water with 
8 ppm oxygen with practically no attack ( <3 mg/dm2

/ 

month) provided that the water was kept flowing and 
maintained at a high purity with ion exchange 
clean-up. Concentration gradients of oxygen in the 
environment is assumed to be important in the rusting 
process, and it is assumed that the effect of flow is to 
reduce such gradients. 

assuming formation of an oxide film on the metal. 
Ellipsometric investigations have, however, not re
vealed much difference between polished and corroded 
steel specimens and the films must consequently be 
very thin. The low rate in oxygenated water is in sharp 
contrast with the normal rusting of steel and it is 
hoped that further work will clarify the details. 

The corrosion rate in water with 8 ppm oxygen was, 
as seen from Table 2, lower than in water with 0.025 
ppm oxygen. This is difficult to explain without 

Increase in pH makes iron more stable thermo
dynamically and makes the oxides less soluble. The 
result is a decrease in corrosion rate for all oxygen 
levels (see Tables 2 and 3). 

Table 3. Exposure at low temperature of steel earlier exposed at higher temperature 

Oxygen Temp. pH 
Type of test ppm °C CNH3) Behaviour of pre-filmed specimens a 

Loop, continuously purified water 0.02 25 7 Practically no change after 
200 hours 

Loop, continuously purified water 0.4 25 7 Practically no change after 
200 hours 

Loop, continuously purified water 4 25 7 Little affected, lost 0.01 
mg/dm2 after 200 hours 

Loop, continuously purified water 8 25 7 Little affected, lost 0.01 
mg/dm• after 200 hours 

Agitated, no purification 8 25 7 Pits 0.2 mm deep 
Agitated, no purification 0.1 M NaCl 8 25 7 Oxide coating completely 

destroyed after 48 hours 
Loop, continuously purified water 0.2--{).4 60 7 Little affected, lost 0.1 

mgfdm• after 200 hours 
Loop, continuously purified water 4 60 7 Little affected, lost 0.6 

mg/dm• after 75 hours 
Agitated, no purification 6 60 7 Oxide coating completely 

destroyed after 700 hours 
Loop, continuously purified water 0.02 70 7 Little affected after 120 hours 
Boiling with reflux condensers low 100 7 Little affected after 700 hours 
Agitated, no purification 8 25 10 Little affected after 700 hours 
Agitated, no purification 6 60 10 Little affected after 700 hours 
Boiling with reflux condensers low 100 10 Little affected after 700 hours 

• The pre-treatments were 2 days exposure in (1) superheated steam 400 °C, 100 kg/em• 
(2) degassed water at 315 °C 
(3) water with 1 ppm 0 2 at 315 oc 
(4) water with 2 000 ppm 0 2 at 315 oc 
(5) degassed water at 230 °C 
(6) water with 1 ppm 0 2 at 230 oc 

Behaviour of specimens without pre-formed 
film 

Reacted slowly to dissolved Fe(OH)2 

Remained bright 

Remained bright 

Remained bright 

Severe rusting 
Severe rusting 

Metal loss 13 mg/dm2 after 200 hours 

Rusted, metal loss 26 mg/dm• after 75 
hours 

Severely rusted 

Metal loss 14 mg/dm2 after 120 hours 
Developed uniform magnetite film 
Little affected 
Little affected 
Little affected 

(7) water with 1 000 ppm 0 2 at 230 oc 
(8) water with NaOH to pH 10 at 315 °C 

The table is based on treatment (3). Treatments (1, 2, 3, 5, 6 and 8) gave very similar results, while (4) and (7) gave much less resistant 
films. 
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Problems associated with the application of mild 
steel for the condensate and feed water system in a 
nuclear plant should not be appreciably different from 
those in the conventional plants. Systems operating 
with neutral water have usually an oxygen content 
50 ppb or lower. Kiekenberg [14] reports that the 
oxygen content in the turbine condensate in power 
stations in Hamburg, Germany, was 15-45 ppb. This 
content was further reduced with thermal degassers to 
15-20 ppb. In this water, Fe(OH)2 released from steel 
pipes increased the iron content from 5 ppb in the 
turbine condensate to 50 ppb at the boiler entry. 

Corrosion in alternating high and low 
temperature water 

The corrosion of components normally exposed to 
high temperature water during shut-down periods 
might be an important problem. The behaviour of 
mild steel under such conditions has therefore been 
examined. We see from Table 3 that as long as the 
oxygen content in the cold water is low, no harmful 
corrosion will occur on specimens with a corrosion 
film formed at high temperature. Oxygen monitoring 
of the water and facilities for reducing the oxygen 
content during shut down is therefore recommended. 
The purity of the water is also important and the 
clean-up system should be allowed to operate in 
shut-down periods. 

If the system is kept at lower temperatures for 
longer periods and when a low oxygen content is 
difficult to maintain, addition of alkalies should be 
considered and preferably even an oxygen scavenger 
such as hydrazine hydrate. 

In agreement with results published by Vreeland, 
Pearl and Gaul [7, 8, 9] pits formed at low temperature 
were not found to grow under subsequent high 
temperature exposure. 

We have also carried out experiments with thermal 
cycling. The cycling as such did not appear to have 
much influence. In no case did spalling of the oxide 
occur. 

From the preceding sections, we conclude that the 
oxygen content in the primary water in a reactor is so 
low that no severe corrosion of mild steel will occur 
at any temperature. Not even condensed steam with 
originally 10-20 ppm oxygen is expected to give 
difficulties. 

DISCUSSION 

In a boiling-water direct-cycle reactor we can have 
either neutral water with fair amounts of radiolytically 
produced oxygen in the steam or ammoniated water 
with a low content of oxygen. We conclude that normal 
boiler steels will have a satisfactory corrosion resist
ance in high temperature water under both conditions. 
This view is supported by the experience with mild 
steel steam pipelines in HBWR. After longer exposure 
periods a corrosion product release rate of 10-15 
mg/dm2/month can be expected (3-5 mg/dm2/month 
for stainless steel) [5, 15, 16]. The initial corrosion 
product release rate is much higher. However, this can 
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largely be avoided if a conditioning treatment is 
applied prior to actual reactor operation. If the 
reactor is to be operated with neutral water with 
radiolytic gases present, it is essential to use oxygen
ated water for the pre-treatment. 

The rather high corrosion rates in neutral water at 
low temperature present difficulties. The ferrous 
hydroxide will be pumped into the reactor tank 
(if condensate clean-up is not applied), and little is 
known regarding its behaviour there. Precipitation of 
corrosion products on the fuel elements is a main 
objection against the application of mild steels in 
water cooled power reactors. An increased flow rate 
in the purification circuit cannot eliminate this 
problem. It appears that colloidal corrosion products
have a pronounced tendency to precipitate shortly 
after their release, while products which have been 
in the water for a longer period are more inert in this 
respect. If the period required to transform corrosion 
products from the active to the inert form is short 
compared with the bulk water clean-up time, purifica
tion will hardly affect the tendency to precipitation on 
fuel elements. Precipitation on the fuel elements is 
irradiation-induced [17], and cannot be simulated by 
out-of-pile experiments. We therefore plan to install 
rust generators in HBWR to study this problem. 

Relatively large amounts of corrosion products will 
originate from attack on components exposed in 
neutral low temperature water. No specific recom
mendation can be forwarded in this field. However, 
condensate clean-up will be an advantage. Reactor 
experiments are badly needed, and more out-of-pile 
corrosion tests with good water control would 
certainly be useful. Experiments aimed at finding 
cheap pre-treatments which can reduce the release 
rate should be worth while. 

Alkalisation of the water is attractive because the 
release rates in low temperature water are significantly 
reduced. Addition of ammonia does not reduce the 
corrosion rate at high temperatures. However, 
ammonia changes the nature of the released substance 
in such a way that a relatively large fraction of the 
corrosion products will be present as solid particles. 
Experiments with in-pile loops demonstrate that 
precipitation and transportation of corrosion pro
ducts are much easier to handle at higher pH. It should 
be noted that it is reported that ammonia is much less 
effective than the hydroxides of the alkalimetals in 
this respect [16, 18]. 

The solid particles present in high pH water can be 
removed by filtering while the ionic and colloidal 
constituents make filtering less effective in neutral 
water. We believe that hot filtering can be developed 
into a technically and economically attractive process 
fairly easily. Interesting results. have b~en obtained 
with a bed of magnetite (19, 20]. Beds of more 
insoluble matter are under investigation. High tempera
ture filtering is suggested, used in combination with 
cold ion-exchange clean-up, and it is hoped that the 
ion exchange purification rate can be reduced by the 
introduction of hot filtering. 
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The radioactive corrosion products from the core 
will be transported with the water to out-of-core 
positions. The absence of nickel, chromium and 
cobalt in the mild steel system reduces the total 
activity in spite of the larger amounts of corrosion 
products. Decontamination of mild and low alloy 
steels can be carried out. This necessitates removal 
of the corrosion film and a conditioning treatment of 
decontaminated surfaces must be considered. 

CONCLUSIONS 

Oxygen in the range 0-10 ppm is acting as an 
inhibitor for the corrosion of mild steel in neutral 
high temperature water. Without additions to the 
water, apart from oxygen, steel exposed to the steam 
phase corroded at about the same rate as those in the 
water phase when oxygen was in equilibrium with the 
two phases. Small amounts of oxygen act as an 
inhibitor also in ammoniated high temperature water. 

The steel surface area to water volume ratio has a 
major influence on the corrosion behaviour of steel 
under dynamic exposure at high temperature. 

Only a part of the oxide coating on steel forms a 
continuous film, the rest of the oxide being whiskers. 
No correlation between corrosion rate, bulk thickness 
and type of oxide could, therefore, be found. 

The effect of oxygen on the corrosion of steel at 
20-100 °C is complex; small amounts of oxygen 
appeared to accelerate corrosion, but under some 
conditions larger amounts could cause passivation. 

The water and steam in a boiling-water reactor will 
contain about 0.02-0.05 ppm and 5-20 ppm oxygen 
respectively without any treatment, this will inhibit 
corrosion of carbon and low-alloy steels in water and 
steam at high temperature. The rates of corrosion and 
corrosion product release will decrease with time to 
about 10 mgfdm2/month after 2-3 000 hours. Vreeland 
et al. [7, 8, 9] suggest a release rate as low as 2 mg/dm2/ 

month. The steady state corrosion and release rates 
for low alloy steel at high temperature are nearly as 
low as those for stainless steel, and on this basis the 
consequences of using mild steel instead of stainless 
steel are small. 

The initial corrosion product release rate is much 
higher for mild steel, and the purification system must 
be designed with this in mind. A significant reduction 
of the initial release can be achieved with an adequate 
pre-conditioning treatment. 

The corrosion films formed at high temperature 
offer good protection at low temperature as long as 
the oxygen content in the water is low, but are 
destroyed by prolonged exposure in air-saturated 
water below 100 °C. 

The gases borne with the steam will be extracted in 
the turbine condenser in a direct cycle reactor, 
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whereby the oxygen content in the condensate will be 
of the same order as in conventional power plants and 
the corrosion problems for the two types of plants 
similar in many respects. The corrosion rate of steel 
exposed in neutral water at low temperature is much 
higher than that of stainless steel. If low temperature 
components are made of mild steel, fairly large 
amounts of ferrous hydroxide will be present in the 
feed water if condensate clean-up is not used, with 
unknown consequences. 

Alkalisation of the primary water is attractive as the 
release rate from steel at low temperature is signifi
cantly reduced. The use of ammonia will facilitate 
water purification by hot-filtering. It is, however, not 
clear whether ammonia has sufficiently good stability 
under reactor conditions for general applications in 
light- and heavy-water reactors. 
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A/592 Norvege 

L'acier doux dans les circuits primaires 
de reacteurs de puissance refroidi a l'eau 

par K. Videm 

Pour etudier la possibilite de remplacer des aciers 
inoxydables par des aciers de chaudiere ordinaires 
dans la construction de reacteurs de puissance 
refroidis a l'eau, i1 faut connaitre la qualite de l'eau et 
de la vapeur dans tout le systeme et le comportement 
de l'acier dans ce milieu. Le memoire porte essentielle
ment sur les problemes de la corrosion et de la puri
fication dans un ensemble en acier doux et concerne 
en particulier les reacteurs a eau bouillante a cycle 
direct. 

La vapeur d'un reacteur a eau bouillante contient 
generalement 5 a 20 ppm d'oxygene. Il est possible de 
diminuer la quantite d' oxygene en introduisant de 
l'hydrogene dans le reacteur. Il est aussi possible 
d'augmenter le pH jusqu'aux valeurs utilisees dans les 
centrales classiques en introduisant de l'ammoniaque. 
Cependant des essais effectues au HBWR (sujet 
traite dans un autre memoire presente ala Conference) 
ont montre que de tres grandes quantites d'hydrogene 
sont necessaires dans les deux cas. 11 serait preferable 
d'utiliser des aciers doux avec de l'eau neutre contenant 
de 1' oxygene et de l'hydrogene radiolytiques. 

Une serie d'essais de corrosion, effectuee hors de 
pile a des temperatures elevees aussi bien que basses, a 
ete effectuee dans ce but, et les resultats sont compares 
aux donnees de la litterature et aux resultats d'expe
riences de corrosion realisees dans un reacteur a eau 
bouillante (HBWR). Un effort tout particulier a ete 
fait pour etudier l'effet de !'oxygene et du pH et 
les moyens de traiter les aciers afin de reduire la 
corrosion et !'apparition de produits de corrosion. 

On arrive a la conclusion que la resistance a la 
corrosion des aciers de chaudiere ordinaires dans les 
reacteurs a eau bouillante est acceptable a haute 
temperature; par contre, les problemes poses par les 
elements se trouvant a basse temperature, ou dont la 
temperature baisse lors des arrets du reacteur, sont les 
plus difficiles a traiter. 

Dans tous les ca, !'utilisation d'aciers au carbone ou 
d'aciers faiblement allies augmente la quantite de 
produits de corrosion introduits dans l'eau et exige 
ainsi un systeme de purification plus efficace. 

A/592 HopserHR 

HcnonbaoeaHHe HH3KoyrnepOAHCTO~ 
CTaflH B nepBH4HbiX KOHTypax 3Hep
reTH46CKHX peaKTOpOB C BOAAHbiM Ten
nOHOCHTeneM 

On;eHKa noaMomHocTeii aaMeHbi HepmaneiOxu;eii: 

Cl'aJIH 06blqHOH KOTeJibHOH CTaJibiO B aHepreTHqe

CKOM peaKTOpe C BO)J;JIHbiM TeiiJIOHOCHTeJieM Tpe-

6yeT 3HaHHJI KaqeCTBa BO)J;bl H napa Ha JII060M 

)T"IaCTKe CHCTeMbl H IIOBe)J;eHHJI CTaJIH B aTHX OK

py>KaiOIIJ;HX ycJioBHHx. ,[(aHHblii o6aop CBHaaH 

rJiaBHhiM o6paaoM c rrpo6JieMaMH KoppoaHH H oqH

CTKH B CHCTeMe H3 HH3KOyrJiepO)J;HCTOH CTaJIH; 

o6cym)J;eHHe rrpo6JieM )J;aeTCH Ha rrpHMepe KHIIH

xu;ero peaKTopa C IIpHMbiM IJ;HKJIOM. 

flap, IIpOH3BO)J;HMbiH KHIIJIIIJ;HM peaKTOpOM, CO

,u;ep>KHT 06hiqHO OT 0,0005 )1;0 0,002 % KHCJIOpO

,ll;a. Co)J;epmaHHe KHCJiopo)J;a MOif\Ho CHH3HTh rry

TeM HH>KeKTHpOBaHHJI BO)J;OpO)J;a B peaKTOp. 

,Uo6aBJieHHeM aMMHaKa MO>KHO yBeJIHqHTb TaK>Ke 

pH )1;0 BeJIHqHH, HCIIOJib3yeMbiX B 06biqHbiX ycTa

H(IBKaX. 0)J;HaKo peayJILTaTbl aKCIIepHMeHTOB, Bbi

IIOJIHeHHbiX Ha KHIIJIIIJ;eM aHepreTHqecKOM peaKTO

pe HBWR ( aKcrrepHMeHTbl orrHcbiBaiOTCH B crre

n;HaJILHOM )J;OKJia)J;e, rrpe)J;CTaBJIJieMOM Ha )J;aHHYIO 

IWH!PepeHIJ;HIO) , IIOKa3hiBaiOT, 'ITO B o60HX CJiyqa

JIX Tpe6yiOTCJI oqeHb BbiCOKHe )1;03hl BOIJ,OpO)J;a. 

EoJiee aaMaH'IHBhiM perneHHeM 6MJia 6M BoaMmK

HOCTh HCIIOJib30BaTh HH3KOyrJiepO)J;HCTyiO CTaJib B 

Heii:TpaJibHOH BO)J;e, B KOTOpOH IIpHCyTCTByroT pa

,ll;HOJIHTHqecKHH KHCJIOpO)J; H BO)J;OpO)J;. 

C aToii n;eJibiD 6MJia ocyxu;ecTBJieHa cepHH Kop

poaHOHHhiX HCCJie)J;OBaHHH BO BHepeaKTOpHbTX 

HCIIhlTaTeJibHhlX rreTJIJIX KaK IIpH BhlCOKHX, TaK II 

IIpH HH3KHX TeMrrepaTypax; IIOJIY'JeHHhie peayJih

THThl CpaBHHBaiOTCJI C orry6JIHKOBaHHhlMll B JIHTe

paType )J;aHHhlMH H C peayJILTaTaMH KOpp03HOH

HblX aKCIIepHMeHTOB, BbiiiOJIHeHHhlX Ha KHIIJIIIJ;eM 

~mepreTHqecKoM peaKTope HBWR. Crreu;naJibHhle 

YCHJIHJI 6b1JIH IIOCBHIIJ;eHbi HayqeHHIO a<P<PeKTa 

CO)J;ep>KaHHJI KHCJIOpO)J;a, BeJIHqHHhl pH H MeTO)J;OB 

IIpe)J;BapHTeJibHOH IIO)J;fOTOBKH CTaJieii: B n;eJIJIX 

yMeHbiiieHHJI Kopp03HH H Bhl)J;eJieHHJI IIpO)J;YKTOB 

KOpp03HH. 

fipHIIIJIH K BhlBO)J;y, 'ITO Kopp03HOHHaJI CTOH

IWCTb 06hlqHOH KOTeJihHOH CTaJIH IIpH BbiCOKHX 

TeMrrepaTypax B ycJIOBHJIX KHIIJIIIJ;ero peaKTopa 

BIIOJIHe IIpHe.MJieMa H 'ITO KOpp03HJI OT)J;eJihHhlX 

Y3JIOB IIpH HH3KOH TeMrrepaType H KoppO)J;HpOBa

HHe yqaCTKOB, o6blqHo HaXO)J;JIIIJ;HXCJI IIpH BhlCO

KHX TeMrrepaTypax, BO BpeMJI OCTaHOBKH peaKTOpa 

HBJIHIOTCH caMbi.MH TPYAHOpaapeiiiH.Mhl.MH rrpoG
JieMaMH. 
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flpH BCeX o6CTOHTeRbCTBaX HCITORb30BaHHe yr

JiepO)J;HCTOH CTaRH HRH HH3KORerupOBaHHOH CTa

JIK rrpHBe,n;eT K yBenuqeHHIO BLI,!I;eReHHH rrpo,n;yK

TOB KOpp03HH B BO,!I;Y H K He06XO,!I;HMOCTH rrpuMe

neHHH 6onee 3tPtPeKTHBHOH CHCTeMbi oqHCTI\H. 

A/592 Noruega 

El acero suave en circuitos primarlos 
de reactores de potencia refrigerados por agua 

por K. Videm 

Para valorar las posibilidades de sustitucion de 
aceros inoxidables por aceros normales de caldera en 
un reactor de potencia refrigerado por agua, es 
preciso conocer las caracteristicas del agua y del vapor 
a lo largo de todo el sistema, y el comportamiento del 
acero en este medio. El presente estudio trata funda
mentalmente de los problemas de corrosion y de 
purificacion en un sistema de acero suave en un 
reactor de agua hirviendo de ciclo directo. 

El vapor de un reactor de agua hirviendo normal
mente contiene de 5 a 20 ppm de oxigeno. Es posible 
reducir el contenido en oxigeno por inyeccion de 
hidrogeno en el reactor. Tambien es posible aumentar 
el pH,hasta los valores con que operan las instalaciones 
chisicas por adici6n de amoniaco. Sin embargo, los 
resultados de las experiencias realizadas en el HBWR 
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(descritos en otra memoria de esta Conferencia) 
demuestran que en ambos casos se requiere un 
suministro de hidrogeno muy elevado. Seria una 
solucion mas intersante e1 poder emplear acero suave 
en un agua neutra que contuviera oxigeno e hidrogeno 
radioliticos. 

Con este fin se han efectuado una serie de experien
cias de corrosion sin irradiacion, en circuitos a 
elevadas y bajas temperaturas, y se nan comparado los 
resultados con los datos de la bibliografia y con 
experiencias de corrosion efectuadas en un reactor de 
potencia de agua hirviendo (HBWR). Se dedico un 
esfuerzo especial a estudiar el efecto del contenido en 
oxigeno y del pH, y de los metodos de preacondiciona
miento de los aceros, con el fin de disminuir la 
corrosion y la liberacion de los productos de corrosion. 

Se llega a Ia conclusion de que el acero de calderas 
presenta a elevadas temperaturas una resistencia a la 
corrosion aceptable en reactores de agua hirviendo, y 
que los problemas mas dificiles de tratar son la 
corrosion de los componentes que operan a baja 
temperatura y e1 ataque durante los periodos de 
parada de las zonas que normalmente trabajan a 
elevadas temperaturas. 

En todos los casos el empleo de acero al carbono o 
de aceros de baja aleacion da Iugar a una cantidad de 
productos de corrosion mayor, que pasan al agua 
por lo cual se precisara un sistema mas eficaz de 
purificacion. 
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Special problems relating to monotube boilers· in 
nuclear power stations 

By J. Kigi and P. Doroszlai* 

The merits of the monotube steam generator 
emphasize its ever-increasing importance in reactor 
plants with steam production outside of the core. 
In gas-cooled reactor plants the monotube principle 
provides appreciable advantages in regard to the 
integrated steam generator which is located in the 
same pressure vessel as the reactor core. Owing to the 
advantages resulting from the reduction of the number 
of tube passages through the pressure vessel, in 
conjunction with various possible simplifications, as 
compared with the conventional monotube boiler, 
preference is given to the monotube principle already' 
at low steam pressure, for which, in conventional 
plant, other boiler types would be employed. The 
following chapters deal with the dynamic properties 
of nuclear steam generators. 

Problems posed 

We can distinguish between the dynamic behaviour 
for small disturbances, which is characteristic of 
control processes during normal operation, and the 
behaviour of the boiler as a result oflarge disturbances, 
which may occur under special operating conditions 
such as start-up, shut-down, feedwater cutout, reactor 
scram, etc., just to mention some e?tamples. Generally 
in this group of operating conditions the thermo
dynamic values are subject to changes within wide 
limits. The classification of the dynamic problems was 
made in view of the differing methods employed for 
handling each case, which is essential to ensure a 
reasonable amount of calculation work, as is shown 
further below. In both cases the problem is to find the 
variation in time of characteristic values such as 
temperatures and pressures after a disturbance. A 
first solution to the problem consists of course in the 
application of a non-linear mathematical model for 
the boiler, according to the practice employed for 
dynamic investigations of reactor cores. Experience 
has however shown that the treatment of boiler 
control problems in this way requires a very great 
amount of computer capacity. Frequently two heat 
exchange systems in the gas flow must be partially 
connected in parallel, partially in series, and represent 
together with the other plant components, and the 
control circuits, a very extensive and complicated 
system. Here it is advisable to use a linearized com-

*Sulzer Brothers Ltd., Winterthur. 
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puting method, starting from the assumption of small 
disturbances. On the other hand, the linearized model 
(theory) can of course not be readily employed for 
large disturbances. Here a non-linear simulation is 
necessary, whereby it is possible to keep the extent of 
the work within reasonable limits, since these investiga
tions may often be confined to the boiler itself and the 
control systems can be disregarded. 

From our experience, proper control problems are 
best solved with the aid of the analogue computer, 
while for the non-linear simulation the digital computer 
may also be used. 

In all cases it is advisable to supplement the dynamic 
investigations by stationary analysis, i.e., to calculate 
the steady state distribution of temperatures and 
steam conditions in the heat exchange system for 
various operating conditions. Here again the analogue 
computer has proved to be a very useful instrument. 
Manual calculations in the case of systems connected 
both in series and in parallel immediately become very 
complicated and time consuming, while with the 
computer many problems can be solved within a 
short time. Significant information on energy and mass 
content of the system such as, for example, steam 
temperatures as a function of the load may be obtained 
in this way. 

Demonstration with a few examples 

The following investigations have been made for 
the steam generator of the EDF4 nuclear power plant,, 
with the exception of curves (a) and (b) in Fig. I. 

Stationary investigations 

Figure 2 illustrates the distribution of C02 tempera
ture and water/steam temperatures over the heating 
surface for 100% load and 25% load. It was assumed 
that the C02 outlet temperature from the boiler does 
not vary with load. The corresponding heating surface 
excess at partial load is offset by properly shifting the 
evaporator end point. In the same illustration the 
energy content of the tube system as well as the mass 
content as a function of the load are also depicted. 
The major amount of mass is stored in the pre heater. 
As the load decreases so also does the water and steam 
content. Conversely, the stored thermal energy 
increases quite considerably as the load drops, which 
is attributed to the corresponding increased size of the 
superheater, storing a great amount of energy in its 
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Figure I. Transfer functions for different preheaters 
(For details see Figure 3) 

hot tubes. As the load drops, the evaporator and 
preheater sections show a decrease in the energy 
content. Already from these curves important con
clusions can be drawn for the control of the steam 
generator, which can be verified later on by the 
results of the control dynamic investigations: 

(a) With an increase in load the amount of feed
water that must be temporarily supplied to the boiler 
is greater than the amount corresponding to the new 
steady state. The excess water is stored in the preheater 
which changes its length accordingly; 

(b) The steam generator has a considerable load
dependent thermal capacity, which benefits the 
control system. If the load increases, an appreciable 
amount of energy is released merely through shifting 
of the evaporation end point downstream with 
increased feed flow. If we form the time constant 

T = ~with t:..E = released energy for a load change 

1000~----H-"t-,n-gs-ur-~-co--------~~---------------~---1~00 

of H =thermal rating of the boiler, we obtain a value 
of approx. 22 seconds. This means that the increased 
energy requirements after a positive load change 
during that time can be met by the tube system itself. 
This value is approximately 20 times greater than the 
pressure-dependent accumulator time constant. On 
the basis of these conditions it may be predicted that 
the quality of the over-all control system will depend 
to a great extent on feed flow control and in particular 
on the proper choice of the corresponding anticipa
tion signals. This will be confirmed in a later sec
tion. 

Dynamic control investigations with linearized model 

The dynamic behaviour of the preheater-evaporator
superheater system, subject to constant heat inputs 
and steam pressure as a function of time, is described 
in detail in [1]. By applying this theory it is possible 
to deal with many problems, at least qualitatively. 
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Figure 2a and b. Stationary analysis of once-through boiler at different loads. Thermal power I 600 MW 
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More accurate investigations however call for adapta
tion to the conditions imposed by the counter-flow 
heat exchange in boilers of nuclear power plants, viz: 

(a) To every change in the evaporation pressure 
there is a corresponding change in heat transfer by 
reason of a change in the average temperature differ
ence between -heat transport medium and working 
medium; 

(b) Changes in the heating surfaces in the individual 
sections, as shown in Fig. 2, correspond to changes in 
the temperature field, and in turn in the heating (see 
heating distribution at full load and after 10% feed 
flow disturbance in Fig. 2). The assumption of 
constant heat input in a particular section during 
partial disturbances on the working-medium side must, 
therefore, be abandoned. 

By dividing the preheater, evaporator and super
heater into a number of sections, whereby the energy 
balance between gas flow and working-medium flow is 
established for each section, taking into account the 
variable pressure in the system, a linearized simulation 
method has been developed that permits of dynamic 
investigations of the boiler, without requiring excessive 
computer capacity. A reactor plant having parallel 
and independent water/steam systems in the common 
C02 flow can still be simulated, under the assumption 
of an ideal reactor, i.e., constant gas outlet tempera
ture during all load conditions, on a Beckman-Ease 
computer equipped with 8 dead-time elements of 
special design. 

Pre~eater 

The transfer behaviour of the preheater is of 
decisive importance, not only as far as the control of 
the boiler is concerned but also as regards the control 
of the entire plant and it gives a good example of 
what has been mentioned earlier. Figure I illustrates 
a number of transient responses for various preheater 
types of gas-cooled reactors calculated under different 
assumptions. In general the designation Ll signifies in 
the following the deviation of a factor from the steady 
state. The designation LlM G --+ il'Y)a infers that, for 
the curve in question, il'Y)a is the response of the tem
perature 'Y)a to a disturbance ilMG of the gas flow MG. 
The symbols employed are defined in Figs. 8 and 9. 

Let us first of all look at curves (c), (d), (e), (f) and 
(g), which all belong to the same preheater of a steam 
generator of 1 600 MW thermal for a C02 cooled, 
graphite moderated natural uranium reactor. 

Following a change in heat input or changes of the 
feed water flow, the preheater changes its outlet 
temperature {}a and its length in the same proportion 
[1]. This variation in length, in turn affects the process 
in the evaporator and superheater. Curve (e) shows the 
outlet temperature for a feed flow change, calculated 
for constant heat input in space and time. Figure 3 
illustrates the relevant tube dimensions and tube 
lengths. This is a finned tube which, for these calcula
tions, is replaced by a smooth tube having the same 
mass per unit length and the same inside diameter 
with a fictitious wall thickness. 
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Curves (f) and (g) show the temperature responses 
at preheater outlet for heating or feed flow disturbances 
at inlet as they actually occur with time-dependent 
counterflow heating (variable in time). Curves (e) 
and (f) show an appreciable difference which cannot 
be neglected. The reason for the much slower tempera
ture response lies in the continuous shift of the heat 
input as a result of the increase in length of the 
preheater section, which, in turn, must become 
apparent over the feed water flow. Only gas flow and 
tempetature disturbances on the gas side at econo
miser inlet lead to rapid responses of 'Y)a and {}a (see 
curves (c) and (d)). Curve (b) illustrates a transfer 
function equivalent to function e, for a steam gener
ator of the same power but having an economiser 
with a large number of parallel unfinned tubes. It 
will be seen that, from a control point of view, the 
widening and shortening of the economiser surfaces 
is considered desirable. But the very numerous parallel 
tubes have an adverse effect on design, such as the 
disadvantage of having many header weldings and 
tolerance problems. An interesting feature is the 
transfer behaviour as depicted by curve (a) which is 
shown for a boiler for a high-temperature reactor of 
the same output as the examples described above. 
The intensive heating, with a practically constant 
temperature difference over the tube length, allows 
for short heating surfaces with a brief dead time so that 
a very good control behaviour may be expected. 

Transfer behaviour of the entire steam generator 
The transfer behaviour of the steam generator may 

be illustrated by a set of transfer functions, whereby 
one has to distinguish between the following two cases: 

(a) the steam pressure remains constant, 
(b) the steam demand MT of the turbine is an 

independent variable, forced upon the steam generator 
and determining the load of the plant. 

Figures 4 and 5 refer to case (a), while Figs. 6 and 7 
apply to case (b). In the case shown we are again 
concerned with a steam generator system of I 600 
MW(th) power having the same constants as the 
ones used for the plotting of curve 3 in Fig. 1. The 
boiler consists of two absolutely identical tube 
systems running in parallel and arranged in one and 
the same gas flow; within certain limits the two 
systems may operate independently of each other. 
Consequently, in all illustrations the symmetric cases 
for simultaneous disturbances in both systems and the 
asymmetric cases with disturbances on only one 
system are plotted. Of particular interest here is the 
mutual interference of the systems resulting from the 
coupling on the gas side. Generally speaking it may be 
said that in the present instance the coupling on the 
gas side is relatively small. 

Of special interest is the variation of the boiler 
gas outlet temperature as the result of a feed water 
disturbance (Fig. 7). An increase of feed flow pri
marily leads to a drop in the temperature, as a result of 
the increased preheater length and of the increased 
heat transfer coefficient k, in conjunction with the 



612 

Case 

a 

b 

e 

c 

d 

f 

9 

SESSION 3. 7 P/696 J.. KAGI and P. DOROSZLAI 

Dimensions af tubes 

N 
,..; 

././// ///// 

--· ----· -i--

.///////// 

--· _..;. ___ -r-

// 

Jl Jl 
'//////////. ///V/./? 

-cO 
M 

-~f--~- . -r-

v.. '/. ////// ///. '/./h 

lJlf 
1.4 4.76 --

simplified } 
tube for 
calcu· 
lations 

-r-. --

Number of 
parallel 
tubes 

3090 

L = 20.4 

10 000 

L = 12.4 

1404 

L =58 m 

L = length af 
preheater section 

Type of heat input 

430 

33SOC ---::::362 
261~ 

~ 9 
'•• t 1111111111111111 

constant in space 
and time 

11 0109

......___.,.,t ~~~~~~~~~~~~~~~~~~ 

variable in space and 
time 
(counterflow heating) 

265 

~255 
217~ / 

88 

Figure 3. Geometrical and thermal characteristics of the preheaters compared in Figure 2 
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corresponding displacement of the temperature field, 
and rises again after approximately 100 seconds 
under the influence of the continuously increasing 
evaporation pressure. On the basis of this curve alone 
it would appear as if control of feed flow from the gas 
outlet temperature were not possible, but the following 
deliberations show that in practice 'f}a may still be 
used as the controlling variable. 

Entire plant 
Figure 8 illustrates the dynamic behaviour of the 

entire plant following step-disturbance of the turbine 
steam flow MT· The control system is shown in the 
accompanying sketch, the broken line illustrating the 
control impulses of proportional-integral character, 
while the full lines illustrate the proportional anticipa
tion signals. In this case the reactor was idealised by 
putting 111Je = 0, which is quite permissible for the 
present purpose. The response of the gas outlet 
temperature 'f}a shows that, after an output disturbance 
the immediately increased gas flow will guarantee the 
proper functioning of the feed control, by overriding 
the influence of pressure on 1Ja, which was described 
in the previous chapter. An interesting point is the 
brief drop in the steam pressure within the first 50 
seconds, with subsequent pressure peak caused by the 
anticipating signal from MT on the feed water flow. 

I 
I 
I 
I 
I 
I I 'Ia L _______ j 
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It is clearly seen here that the anticipating signals, as 
postulated previously, exert a very favourable influence 
on the control process. If it is omitted, considerably 
greater control deviations occur for 'f}a and p, which 
can be only slowly adjusted by the integral part of the 
control impulse coming from the adjusting time of the 
PI controllers. The reset time of the PI controller for 
'f}a must be relatively long on account of the stability 
(sluggish behaviour of the preheater). Figure 9 shows 
a slightly different control layout where the feed 
water flow is controlled by the pressure, while 'f}a 

acts on the gas flow. The transfer behaviour essentially 
corresponds to that of the first control layout, except 
for the slightly greater deviations of the steam pressure. 
A close examination of the curves shown and a 
comparison of the individual transient responses of the 
steam generator will provide interesting aspects, but a 
detailed discussion would lead beyond the scope of the 
present paper. Although the gas outlet temperature 'f}a 

depends on the steam pressure as well as on the 
steam/water content of the steam generator, feed flow 
control depending on it, is possible. 

REFERENCE 

1. Dr. Paul Profos, Die Regelung von Damp/anlagen, Springer
Verlag (1962). 

Figure 9. Dynamic behaviour of a I 600 MW(th) power station 
Disturbance of steam flow at turbine flMT = 10% 
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A/696 Suisse 

Problemes speciaux du gtimerateur de vapeur 
monotubulaire dans Ia centrale nucleaire 

par J. Kagi et P. Doroszlai 

Le memoire traite differents problemes resultant de 
!'utilisation du generateur de vapeur monotubulaire 
dans la centrale nucleaire. 

La premiere partie de I' etude concerne les problemes 
relevant du calcul, de la construction, de la fabrication 
et du montage, ainsi que des conditions de fonctionne
ment et de questions de securite speciales. A l'aide de 
differents exemples pris dans le domaine des reacteurs 
refroidis au gaz [reacteurs a l'uranium naturel 
refroidis au C02, Advanced gas-cooled reactors (AGR), 
reacteurs a haute temperature (HTGR)], certains 
problemes specifiques selectionnes sont analyses a Ia 
lumiere de !'experience acquise lors de la construction 
des generateurs de vapeur classiques, compte tenu des 
essais et etudes faits recemment. Est considere tout 
specialement le generateur de vapeur dit « integre », 
implante dans le meme caisson que le reacteur. 
Quelques resultats d'etudes de projets detailles sont 
traites specialement. 

Dans la seconde partie, il est question des problemes 
dynamiques du generateur de vapeur monotubulaire. 
Ceux-ci peuvent en principe etre divises en deux 
groupes, celui des fortes perturbations, comme celles 
qui£e presentent dans des conditions de fonctionne
ment speciales, et celui des faibles perturbations, telles 
qu'elles se manifestent dans le reglage en marche 
normale. Par fortes perturbations, on entend des 
etats de marche enttainant une variation des valeurs 
thermodynamiques dans un vaste domaine, comme le 
demarrage, l'arret, la chute des barres du reacteur, les 
perturbations provoquees par une panne du systeme 
de reglage, etc. Un modele simplifie pour la simulation 
non lineaire du generateur de vapeur avec une 
calculatrice analogique est presente. Les problemes 
sont traites d'une mainere concrete a I' aide de quelques 
exemples de calcul pour les types de reacteur sus
mentionnes. 

Les operations de reglage sont traitees moyennant 
une theorie linearisee. Dans un premier paragraphe, 
on indique a l'aide d'exemples les systemes de reglage 
possibles pour les differents champs d'application 
ainsi que les relations statiques des grandeurs ther
miques pour differents etats de charge. Les calculs 
eventuellement tres complexes et longs concernant 
la repartition de la temperature et de la pression sont 
resolus au moyen d'une calculatrice analogique. 

Dans le deuxieme paragraphe, il est question des 
fonctions de transfert du generateur de vapeur pour 
differentes perturbations possibles. De plus, le 
comportement de !'installation dans son ensemble est 
illustre a l'aide de resultats de calcul. Le but est de 
nouveau la comparaison entre les trois domaines 

d'application principaux indiques plus haut. A l'aide 
d'un exemple, la concordance entre le calcul et les 
resultats d'essais effectues dans une boucle d'essais est ~ 
mise en evidence. 

A/696 Wsei14apHR 

Oco6bJe npo6neMbl npHMOTOYHbiX na
poreHeparopos Ha aroMHbiX aneKrpo
craH~HfiX 

m. KarH, 11. ,lJ,opo>KnaH 

B HacToHm;eM ;a;mma.a;e paccMaTpHBaiOTCH paa

JIJPIHhle rrpo6JieMhl, B03HHKarom;ue rrpu HCITOJib3o

naHHH rrpHMOToqHoro rraporeaepaTopa aa aToM

HoB :meKTpOCTaHll;HH. 

B .a;oKJia.a;e o6cym.a;aiOTCH npo6JieMhl, B03HHKa

rom;ue npH pacqeTe, CTpOHTCJibCTBC, H3fOTOBJICHHH 

H MOHTame, a TaKiKC YCJIOBHH :mCIIJiyaTall;HH H 

CIICll;HaJibHbiC BOIIpOCbi 6eaorraCHOCTH. C IIOMOill;biO 

pa3JIHqHhlX npHMepOB, B311ThlX H3 o6JiaCTH peaK

TOpOB C ra30BhlM OXJiaiK)l;eHHeM (peaKTOpOB Ha 

npupo.a;aoM ypaHe c oxJiam.a;eHHCM C02, yconep

rneHCTBonaHHhlX peaKTOpOB AG_R c raaoBhlM ox

.rram.a;eaueM, BbiCOKOTCMnepaTypHbiX peaKTOpOB 

HTGR), aHaJIH3HpyroTC11 HeKoTophle cneu;ulfluqe

cKHe npo6JieMhl B cneTe onhiTa, HaKorrJieHHoro 

IIpH CTpOHTCJibCTBC 06biqHbiX naporeHepaTOpOB, H 

C yqeTOM HC)l;aBHO IIpOBC)l;CHHhlX HCIIhlTaHHH H 

uccJie;r~;onaHHH. Oco6o paccMaTpHnaeTCH TaR Ha3hl

naeMhl:ii <<BKJIIOTICHHbiH» naporeHepaTop, KOTOpbiH 

ycTaHaBJIHBaCTCJI B O;rJ;HOH o60JIOTIKC C peaKTOpOM. 

,IleTaJibHO paccMaTpHBaiOTCJI HCKOTOpbie peayJib

TaThl npoeKTHbiX HCCJIC)l;OBaHHH. 

06cym)l;aiOTCJI TaKiKe npo6JieMbi )l;HHaMHKH npH

MOTOTIHOfO naporeaepaTopa. B npnHu;une ux 

MOiKHO paa;r~;eJIHTb Ha ;rJ;Be rpyrmhl: npo6JieMhl 

CH.llbHbiX B03MYill;CHHH, B03HHKaiOIU;HX B OC06hlx 

YCJIOBHJIX :mcrrJiyaTall;HH, H npo6JICMbl CJia6hlX 

B03MYill;CHHH, npOHBJIJIIOill;HXCH B peryJIHpOBaHHH 

npH HOpMaJibHOH pa6oTe. flo .a; CHJibHbll\IH B03MY · 

Ill;CHHRMH TIO;rJ;pa3yMeBaiOTC11 peiKHMhl pa6oThl, BJie

KYill;HC aa co6o:ii HaMeHeHHe TepMo;rJ;HHaMHTieCKHX 

BCJIHTIHH B ITIHpOKOM ;rJ;Haiia30HC, HaiipHMep IIYCK, 

OCTaHOBKa, na.a;eHHe CTepiKHeH peaKTOpa, B03My

m;eHHJI, Bhl3hlBaCMhle TIOJIOMKOH B CHCTeMC pery

.liHpOBaHHJI, H T. )];. fipe)l;CTaBJieHa yrrpolll;CHHaH 

MO;rJ;CJib ;rJ;JIJI HCJIHHCHHOfO MO)l;eJIHpOBaHHJI napore

HCpaTopa c noMOill;LID cqeTHo-pernarom;e:ii MaiTIHHhl. 

ll po6JieMhl pernaiOTCH Ha KOHKpeTHhlX TipHMepax 

pacqeTon )l;JIH yrroMHHYThlX THIIOB peaKTopon. 

Onepau;uu peryJiuponaHHH pacc~aTp~aiOTCH 
nyTeM ycpe;r~;HeHHH JIHHeapuaoBaHHOH TeopHH. B 
TiepBOM pa3;rJ;CJie C TIOMOill;biO TipHMCpOB IIOKa3aHhl 

B03MOiKHhle CHCTeMhi peryJIHpOBaHHH ;rJ;JIH pa3JIHTI

HhlX 06JiaCTeH rrpHMeHeHHJI, a TaKme CTaTH'ICCKHe 
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OTHOIII8HliH T8IIJIOBhiX B8JIH'IHH )l;JIH pa3JIHlJ:HhlX 

cocTOfiHHii: HarpyaKH. B~>I'IHCJieHHH, Kacaroru;Heca 

pacrrpep;eJieHHH TeMrrepaTyphl, B HeKoTophrx cJiy

'IaJix O'I8Hh CJIOiRHhie H )l;JIHHHbie, pemaiOTCJI C 

ITOMOIIJ;hiO C'I8THO-pernaroru;eii MaiiiHHbi. 

Bo BTopoM paa)J;eJie paccMaTpnBaiOTCH <flyrm

I~HH rrepeHoca rraporeHepaTopa Jl:JIH paaJIH'IHbiX 

B03MOiRHhiX B03Myru;eHHii. KpoMe Toro, rroBeJI:eHne 

ycTaHOBKH B qeJIOM HJIJIIOCTpHpyeTCH C IIOMOIIJ;hiO 

peayJI~>TaToB pac'IeTa. IJ;eJihiO HBJIJieTCH cpaBHe

HHe Tpex OCHOBHhiX o6JiaCTeH IIpHMeHemiH, 0 KO

TOpbiX I'OBOpHJIOCh Bhliiie. C IIOMOIIJ;hiO rrpnMepa 

BlilHBJIH8TCH CBH3h Memp;y paC'IeTOM II peayJihTa

TaMH HCilbiTaHHH, IIpOB8J1:8HHhiX B aKCIIepnMeH

TaJihHOtl Il8TJie. 

A/696 Suiza 

Problemas especiales del generador de vapor 
monotubular en una central nuclear 

por J. Kagi y P. Doroszlai 

En la memoria se examinan diferentes problemas 
que plantea la utilizacion de un generador de vapor 
monotubular en una central nuclear. 

La primera parte trata de los problemas relativos al 
calculo, construccion, fabricacion y montaje, asi como 
de las condiciones de funcionamiento y de las 
cuestiones especiales de seguridad. Con ayuda de 
diferentes ejemplos, tornados de los reactores refrigera
dos por gas [reactores de uranio natural refrigerados 
por C02, Advanced gas-cooled reactors (ADR), y 
reactores de elevada temperatura (HTGR)], se anali
zan determinados problemas especificos de acuerdo 
con los experimentos realizados en la construcci6n de 
generadores de vapor clasicos, teniendo en cuenta los 
ensayos y estudios que se han llevado a cabo reciente
mente. Se considera muy en particular el generador de 
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vapor denominado « integrado »,que va montado en el 
mismo recipiente que el reactor. Se examinan especial
mente algunos resultados de estudios de proyectos 
detallados. 

La segunda parte trata de los problemas dinamicos 
del generador, que en principio pueden dividirse en dos 
grupos: el de las grandes perturbaciones, como las 
que se presentan en condiciones especiales de funcio
namiento, y el de las perturbaciones ligeras, tales como 
las que se manifiestan en el control de marcha normal. 
Por grandes perturbaciones se entiende estados de 
funcionamiento que originan una variaci6n en gran 
escala de los valores termodimimicos como, por 
ejemplo, la puesta en marcha, la parada, la caida de las 
barras de control, las perturbaciones provocadas por 
una averia del sistema de regulaci6n, etc. Se expone un 
modelo simplificado para la simulaci6n no lineal del 
generador de vapor con una calculadora anal6gica y se 
estudian problemas concretos mediante algunos 
ejemplos de calculo relativos a los tipos de reactor 
mencionados. 

Las operaciones de regulaci6n se estudian segun una 
toeria expresada en terminos lineales. En el primer 
apartado se indican, con ejemplos, los sistemas de 
control posibles para los diferentes campos de 
aplicaci6n y las relaciones estaticas entre las magni
tudes termicas para varios estados de carga. Los 
calculos de distribuci6n de temperaturas y presiones, 
que serian muy largos y laboriosos, se resuelven con 
ayuda de una calculadora anal6gica. 

El segundo apartado trata de las funciones de 
transferencia del generador de vapor para diferentes 
perturbaciones posibles. Ademas, se describe con 
ayuda de los resultados del calculo el funcionamiento 
de la instalaci6n en su conjunto, con objecto de com
parar nuevamente los tres campos principales de 
aplicacion. Se demuestra con un ejemplo que los 
resultados del calculo concuerdan con los de las 
pruebas realizadas en un circuito de ensayo. 
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Experience in the design, calculation and manufacture 
of power reactor components 

By K. J. de Jong, C. de Pater and M. C. van Veen* 

The Neratoom Group has dealt, or is dealing, with 
four main components for power reactors, viz.: 

Two secondary steam generators for SENN 
( Societa Elletro-nucleare Nazionale, a BWR at 
Garigliano, Italy); 

A core structure for SENN: 
A core structure for KRB (Kernkcraftwerk RWE

Bayernwerk, a BWR at Gundremmingen, Germany); 
A reactor pressure vessel for SEP (Samenwerkende 

Elektricitetts Produktie-bedrijven, a BWR at Dode
waard, Holland). 

The components for SENN have been delivered 
and are operating satisfactorily. The KRB core 
~tructure is in the manufacturing stage, whilst the 
reactor pressure vessel for SEP is in the design stage. 
In general we want to emphasize one point which is in 
our opinion very important in order to meet the high 
standards of reliability and performance required for 
nuclear components. In a paper by Rickover [1] it has 
been stated that the (American) industry finds it 
difficult to reach the manufacturing standards 
required. Moreover Rickover states that the problems 
are not only of a technological nature but that organiza
tional problems also play an important role. It is 
said that industry pays insufficient attention to these 
problems. Manufacturing procedures would seem to be 
not sufficiently understood, and specified requirements 
should be seen more as desirable, rather than as 
stringent, requirements. In the light of these remarks 
it is our opinion that in this era where industry is 
trying to meet the high requirements, the role of the 
client in the selection of industries that will be the 
suppliers for nuclear components is very important 
and delicate. Besides the normal commercial factors, 
such as price and time of delivery, the technological 
and organizational possibilities of manufacturers 
must play a role in the selection. ln general clients do 
not sufficiently take into account these factors in the 
project stage. Should this be the case then it is our 
opinion that the results will be better than reported 
by Rickover. Besides the very important contact 
between supplier and client in the project stage we 
think that intimate contact, between all departments 
and specialists who have to take action at one stage 
or another at the suppliers works, is inevitable. The 
design departments which usually have contact with 

* Neratoom Group, The Hague. 
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clients should also discuss manufacturing procedures 
with qualified work specialists. In our opinion this is 
the only way to arrive at an integrated design. By 
having these contacts, the manufacturing problems 
and also the cost saving possibilities can play a role in 
the choice between two alternatives. Also when these 
manufacturing specialists are playing a role in the 
design stage they gain a better understanding of the 
meaning of the unusual tolerances and the exacting 
manufacturing instructions. As an example, for the 
contract for the secondary steam generators a special 
group was formed by the supplier, consisting of 
design office, tooling department, boiler shop and 
machine shop specialists, and welding and material 
specialists. In the early stages of design, weekly 
meetings were held at which the design office outlined 
their ideas which were in many cases adjusted by the 
mentioned specialists. During these meetings a 
manufacturing analysis was born, growing more 
detailed as the design progressed. Plans for develop
ment work of manufacturing methods originated 
from these meetings in an early stage. The result was 
that all departments concerned had a clear picture of 
what was being asked of them when the definitive 
construction drawings left the design office, and that 
the design office was well aware of the technical 
possibilities and could discuss with the client the 
details of the manufacturing instructions. We are 
quite certain that due to this special organization time 
was gained and less mistakes were made than would 
have been the case if the normal works organization 
had been used. 

SECONDARY STEAM GENERATORS FOR 
SENN POWER STATION 

Description 

The two secondary steam generators for SENN are 
of the vertical type. Design data per generator are as 
follows: 

Design pressure: 90 atm (g), 
Design temperature: 302 °C, 
Operating pressure (primary side): 74 atm (g), 
Primary water inlet temperature: 277 °C, 
Primary water flow: 4 200 t/hr, 
Secondary steam pressure**: 34 atm (g), 

* * At max continuous load. 
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Figure I. General arrangement of secondary steam generator for SENN 
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Secondary steam temperature*: 242 °C, 
Secondary steam flow*: 109 t/hr, 
Feed water temperature: 190 °C. 

PjnB 

Figure 1 shows a general arrangement of the steam 
generator. 

Materials used. Vessel: steel plates ASTM-A-302 
grade B (max C content 0.20%). Tube plates and 
nozzles over 6" dia forged from ASTM-A-336-58T 
grade Fl. Tubes: Monel to ASTM-B-163 stress
relieved. Surfaces in contact with primary water were 
clad by hand welding with Inco 140 Monel electrodes 
in three layers with a 200 oc preheat. Water partition 
plate and transition rings: stainless steel ASTM-A-l-
182-59T grade F304. Test requirements for materials 
were to ASTM standards supplemented by special 
requirements such as 100% ultrasonic tests for all 
plates, forgings and tubes. For the tube plate forgings 
more extensive impact tests were required in order to 
establish the transition temperature. 

Calculations 
The calculations which had to be carried out were 

concerned with heat transfer and strength of the 
construction. 

Heat transfer 
In calculating the required heat-transfer surface use 

was made of the well-known Colburn formula for the 
heat transfer of water to tubes and of a number of 
boiling correlations, including those of Rohsenow and 
Forster and Zuber. In these calculations a fouling 
factor of 0.0035 h ft2 °F/Btu was used. In addition 
calculations were carried out to ascertain the circula
tion ratio in the steam generator. From this circula
tion ratio and the slip ratio, i.e., the ratio of steam 
velocity to water velocity in the steamfwater mixture 
in the boiling section, follows the water content of the 
steam generator during operation. This water content 
is of importance in connection with the dynamic 
behaviour of the steam generators. Moreover, these 
data can be used as a basis to calculate the fluctuation 
of the water level with sudden load fluctuations. The 
steam generators will in the first instance have to 
absorb the load fluctuations of the turbine. As carry
over of water by the steam to the turbine must in any 
case be avoided (guaranteed moisture content in 
steam 0.1 % max), the cyclones have a great length so 
that they are capable of handling fairly strong level 
fluctuations. The steam generators were simulated on 
an analogue computer to study their dynamic 
behaviour under transient conditions. 

Strength calculations [2] , 
As the applicable codes do not contain any formulae 

for the calculation of thick perforated plates, we have 
based our calculations in this respect on a formula 
proposed by Miller but in a somewhat modified form. 
The object of the static stress calculation carried out is 
to prevent relatively considerable quantities of the 
material exhibiting plastic deformation under working 

* At max continuous load. 
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conditions. This could very well be the case if the 
designs were to be based exclusively on the code rules, 
e.g., in the case of structural discontinuities (connec
tion between tube plate and shell, of nozzles on the 
shell, etc.). In this stress analysis, allowance had to be 
made for external forces and moments, such as can 
occur with nozzles. It was made a condition: that the 
stresses thus calculated, exclusive of the stress con
centrations, should not be higher than 90% of the 
yield point of the material at the working temperature. 
In addition to this stress analysis under static conditions 
a dynamic stress analysis was made for this component. 
It is known that materials are susceptible to fatigue 
and that with a certain number of oscillations, 
dependent on the amplitude of the load fluctuations, 
the material collapses. These stress variations occur 
with load fluctuations, changes in temperatures and 
pressures and when starting up or shutting down the 
installation. The stress can be calculated as a function 
of time at critical points during a transient, for which 
calculation the results of the above-mentioned 
analogue computer study are essential. In the case of 
these stresses the thermal stresses, as well as the stress 
concentrations, play a very important part. When the 
stresses are determined it is possible to ascertain with 
the aid of fatigue diagrams whether the installation 
can safely withstand the specified number of load 
fluctuations during the life of the installation. These 
calculations are very time-consuming. It was shown 
that the generators can withstand the specified trans
ient conditions. 

Manufacturing and quality control 

General 
Design and manufacture comply with ASME 

standards Section VIII, 1959, and the qualification of 
welders and the making and testing of test welds have 
taken place in accordance with the specification of 
ASME Section IX, Welding Qualifications. As these 
codes do not provide the relevant directions, test 
standards have been drawn up by the principal and 
the manufacturer in mutual consultation and are largely 
based on American practice. The general supervision 
and inspection of welding operations was in the hands 
of Lloyd's Register of Shipping. Also design and 
manufacture had to meet the specifications of the 
ANCC (Associazione Nazionale per il Controllo 
della Combustione). The generators were divided in 
several parts so that they could be manufactured in 
the boiler shop. Further assembly including the making 
of the first layers of the closing welds, which are the 
upper and lower circumferential welds, took place in a 
clean shop. These were finished by an automatic 
welding machine and stress-relieved by means of 
induction heating. Interesting features of manufacture 
are described in the following paragraphs. 

Cladding with Monel 
When overlaying Monel alloy on carbon steel it is 

essential that the iron content of the overlay be kept 
as low as possible to avoid cracking and decrease in 
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the corrosion resistance of the cladding. In an 
investigation conducted in our own laboratories, into 
the welding process best suited for the job we began by 
manual arc welding without a barrier layer, which is 
sometimes recommended. When it was found to 
yield satisfactory results it was adopted. The welding 
technique used was particularly aimed at reducing 
penetration to a minimum and this was achieved by 
using thick electrodes, 5 mm diameter; by welding 
with the smallest possible current, 140 A; by welding 
with a relatively low rate of travel, the arc being 
chiefly directed towards the pool and the bead already 
deposited; and by adopting a minimum preheat 
temperature, 200 °C, of the steel to be overlaid. 
Inspection tests adopted from US Navy standards for 
austenitic stainless steel overlays were applied. Upon 
approval of the Procedure Qualification Test, the 
tube sheets were overlaid and stress-relieved. The top 
layer was then machined bright and the surface 
inspected for cracks or other flaws by the liquid 
absorption method. Apart from a few gas inclusions, 
no flaws were found. The adhesion of the Monel on the 
steel substratum was ultrasonically tested and found 
to be satisfactory. 

Tube to tube-plate connection 
The two steam generators each contain 1 785 

hairpin-type Monel tubes of 3/4", each of which had 
to be welded to the Monel clad tube plate. The tubes 
were rolled into the tube plate after welding. In this 
case, too, the ASME code gives no information on 
quality standards. It was attempted to make a joint 
free from cracks, gas inclusions or lack of fusion and 
with sufficient strength and a smooth transition from 
the weld to the tube and tube sheet, so as to reduce 
the resistance of the incoming primary system water 
to a minimum. A smooth transition without narrowed 
passage is also required in order to allow the tube 
expander to be easily introduced into the tube after 
welding. Furthermore, a minimum leak path of 75% 
of the thickness of the tube wall was required. The 
welding machine used consists of a water-cooled 
argon-arc torch that can rotate around a central pivot. 
With this apparatus the time cycle of the torch is 
adjustable from 3 seconds upwards. A great number 
of variables can influence the results of this welding 
process and many experiments were carried out to 
study the influence of the following factors: 

Protective gas: argon + 15% hydrogen, 
Electrode: 0.095 in. (2.4 mm) diam thorium oxide 

tungsten electrode, 
Arc length: 0.03 in. (0.8 mm)between tip of electrode 

and tube plate, 
Protruding tube length: 0.098 in. (2.5 mm) above 

tube plate surface, 
Tracking diameter of electrode: 0.8 in. (20.4 mm), 
Starting point; lowest point, 
Rolling tube before welding: no rolling, not even 

over a short length for fixing only, was allowed. 
The main test procedure for checking the quality of 

experimental welds consisted of the systematic 
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preparation of cross sections for macroscopic and 
microscopic examination. To get an idea of the 
strength of the welded joint before expansion, the 
tubes were pushed out of the tube sheet under thrust. 
The forces recorded were of the order of 6 tons. Some 
non-expanded tube joints were pressure tested with 
water to 1 000 atm and in these tests no leakage was 
found. Calculated pressure required for tearing off 
the tubes was over 2 000 atm. A repair procedure was 
established for joints that would fail, for whatever 
reason, during the actual welding to the tube sheet. 
Defective joints were removed by a special milling 
machine and rewelded by hand by the argon-arc 
process using a filler metal. 

Inspection. Initially, test specimens were welded by 
each shift immediately before making the actual 
welds on the tube sheet and these were tested as 
described. When, after some ten shifts, the results 
proved to be good without exception, this check was 
abandoned. The joints were visually inspected at the 
end of each working day, where necessary, with a X 7 
magnifying glass and, for detail, with a X 25 glass. 

The tube rolling process. After welding, the tubes 
were rolled into the tube plate over the total thickness 
350 mm of the plate. Although the weld had sufficient 
strength to carry the load, rolling was necessary to 
obtain a good heat transfer between tube and tube 
plate and to prevent the formation of a crevice between 
tube and plate that would give rise to crevice corrosion 
of the tube sheet material. It was postulated that the 
rolling fit should be such as to require a force 150% 
that of design pressure to push the tube out of the 
tube hole without a welded joint. Elliot Company 
protractive expanding equipment was selected. One 
reason for the selection of protractive expanding was 
that the tube extrusion occurring in the direction of 
the U-bend was well defined. This is important 
because the clearance between tubes at the top of the 
tube bundle is of the same magnitude as the extrusion 
of the tube. 

Testing 

The secondary shell was pressure tested to 5 atm 
with air and the tube to tube-plate connections 
checked for tightness by a soap bubble test. Several 
leaky connections were found, all of which occurred 
in hand-welded joints. These were repaired and 
rechecked. A further test was applied by filling the 
secondary shell with freon-12 at 2 atm and scanning 
the tube plate with a halogen detector. Ten more 
faulty connections were found this way. Out of 
7 140 joints, 42 faulty ones, or 0.6% were repaired. A 
final hydraulic pressure test at 138 atm was carried 
out. 

Welding the transition pieces 

The transition pieces between the steel nozzles and 
the austenitic stainless steel pipes of the primary water 
system were welded with Inconel welding electrode 
182, whereupon the ferritic material and the weld were 
overlaid on the inside with Monel. Inconel alloy was 
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preferred to stainless steel because it is less susceptible 
to iron absorption, Jess subject to hot cracking and 
has no tendency to carbon migration and sigma phase 
formation. A preheat temperature of 200 °C was used. 
The weld was stress-relieved for 2 hours at 625 °C. 
Although the stress-relieving effect of annealing is 
doubtful with such a combination of materials, this 
treatment was carried out to reduce the hardness of 
the ferritic nozzles in the transition zone. As a quality 
test, the joints were X-rayed, tested by ultrasonics and 
the inner and outer surfaces were checked by the 
liquid absorption test. 

CORE STRUCTURES FOR SENN AND 
KRB.POWER STATIONS 

Material and heat treatment 
Figure 2 gives an idea of the dimensions and the 

intricate construction of the SENN core structure. 
With structures that support reactor cores and 
especially structures that have to maintain a very 
accurate position of the fuel elements in the reactor 
core, very high dimensional accuracy is required. 
Usually these structures are made out of stainless 
steel, at the moment preferably of the ASTM type 304. 
In cases where machining with high precision must be 
carried out (for instance ±0.1 mm on I 500 mm 
pitch) it is necessary to aim at a condition of minimum 
internal stresses (for instance welding stresses) of the 

F1gure 2. Core structure for SENN 
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structure. Using normal working practice this condition 
is difficult to accomplish with stainless steel type 304. 
The best heat treatment, from the point of view of 
corrosion, consists of quenching in water from 
1 100 °C. In this case however it is almost inevitable 
that stresses remain in the structure due to non
uniform cooling. With a stress relief at 500-550 °C, 
which is acceptable from the point of view of inter
crystalline corrosion, only limited stress relaxation 
occurs even by prolonged annealing. This is the 
reason why we apply a heat treatment that will sound 
strange for people accustomed to manufacture in 
stainless steel. We anneal at 725 °C with maximum 
heating and cooling speeds of 50 °Cjh, the reason 
being that with annealing at 725-750 °C it is possible 
to remove about 90% of all internal stresses, while the 
structure has still sufficient strength to maintain its 
form. Chromium carbides will indeed be formed along 
the grain boundaries but, if this is limited by a modest 
carbon content, it is not these carbides which will 
cause the corrosion but the dechroming on the grain 
boundaries. However at 725 °C chromium diffusion 
takes place over the whole grain, for which reason the 
effect is limited. This heat treatment has been success
fully applied. 

Optical measurements 

In the case of a core plate of say 3 000 mm diam, 
where a tolerance of ±0.1 mm on the co-ordinates of 
the position of the holes for the fuel elements has to be 
measured, we are faced with a dimensional control 
problem of the first order. The problem is in fact the 
measurement of deviations to a reference system of 
two perpendicular lines with an accuracy that is a 
fraction of the allowed tolerance, in this case about 
±0.01 mm. It is our opinion that this kind of dimen
sional quality control cannot be performed by purely 
mechanical means. We used an optical method, 
Fig. 3. The measuring procedure is carried out in this 
case with an adjustable telescope that could be moved 
by means of an autocollimator aimed at a mirror 
connected to it in such a way that the telescope axis 
remains parallel to it. The telescope is adjusted along a 
linear measuring machine over the fixed nominal 
pitch distances by means of measuring block gauges 
that must make electrical contact. By placing an 
optical target on the points to be measured the 
deviation of each measuring point could be read by 
adjusting the telescope. By means of optical prisms 
and two optical targets the telescope can be re-located 
with the linear measuring machine in such a way that 
measurements can also be made in the second co
ordinate direction. In this way it proved possible to 
measure in a plane of6 X 6 m with very high accuracy. 
It is also possible to measure deflection in the direction 
of the third co-ordinate by means of test loading. 

Cost saving effects 
Both the chosen dimensional tolerances and the 

choice of the material have a great influence on the 
cost price of the core structure. During the past years 
it has been possible to compare costs of two reactor 



SESSION 3. 7 P/728 K. J. de JONG et a/. 623 

Figure 3. Optical measuring set-up 

core structures for the same reactor type and about 
the same power. For both structures the same material 
was required, that is to say stainless steel, type 304. 
By changing the design of the second core structure 
in view of the manufacturing experiences on the first 
core structure and also by allowing greater tolerances 
in many places it proved possible to decrease the 
manufacturing cost per kilogram of the finished 
article by about 25%. A further reduction in manufac
turing price can be achieved by using the so-called 
ferritic stainless steels, for instance ASTM type 405 
with 11~-14!% chromium. This material is 20% 
lower in price than type 304, and also machining can 
be done faster and to a better standard. A further 
advantage compared to 304 apparent not only in the 
design but also during manufacture is that ferritic 
stainless steel has about the same coefficient of thermal 
expansion as carbon steel. The greater precautions 
necessary during welding (preheating is required) are 
in our opinion Jess important than the mentioned 
advantages. 

REACTOR PRESSURE VESSEL FOR 
SEP POWER STATION 

Description 

The SEP po\\er station will use a direct-cycle 
boiling-water reactor of General Electric destgn. The 

pressure vessel is still in the design stage. The following 
data are provisional: 

Design pressure: 90 atm (g). 
Design temperature: 350 cc, 
Inner diameter: 2 800 mm. 
Total height: 11 000 atm. 
Wall thickness to ASME code III: 80 mm, 
Total weight: about 100 tons. 

Materials 

The material that is applied in mo~t cases at the 
moment for pressure vessels for water reactors. with a 
wall thickness of over 75 mm, is ASTM-A-302, 
grade B. In our opinion the 302 B material shows two 
manufacturing problems. In the first place the 
weldability is limited due to crack sensitivity which i~ 
caused by the high allowed carbon content ( <0.25 ~~~). 
In the second place there is a rather high sensitivity 
for temper-embrittlement which shows itself during 
the stress-relief annealing operation required after 
welding. For reactor pre~sure ve~~els with very thtck 
walls the total duration of stress-relieve annealing can 
be rather long, especially as the heating and coolmg 
speeds mu~t be hmtted. In order to avoid these prob
lems a material is propo~ed known as 1.2 M D07. 
developed by Societe des Forge~ et Atelier-, du 
Creusot. By decreasing the carbon content to 0.1 g \ 
maximum and 0.16% nominal thi~ is a steel wtth a 



624 SESSION 3. 7 P/728 

low transition temperature and an improved weld
ability. By decreasing the carbon content however the 
strength properties of the steel are influenced; to 
improve this 0.5% nickel is added, resulting in a yield 
stress that is the same as for the 302B material. The 
tensile stress is 6% lower. This however is of less 
importance when the modern American or European 
codes are used for calculating the wall thickness of the 
reactor vessel. The carbon equivalent, an often-used 
measure for the weldability of steel, calculated 
according to Cottrell and Bradstreet [3], is 0.311 for 
1.2 MD07 steel as against 0.33 for A302-B, and 
0.393 for modified A336. The sensitivity for temper
embrittlement of the 1.2 MD07 steel is limited 
mainly by limiting the molybdenum and manganese 
content to the lower regions of the 302B specification 
and by decreasing the phosphor content [4]. Forging 
tests have shown that for rings with a wall thickness 
of 300 m and a total duration of stress-relief of 20 
hours at 625 °C, transition temperatures for the 
Charpy-V test specimen with 5 kgmjcm2 at -30 °C 
can be obtained for tangential test specimens at a 
quarter of the wall thickness. See Table I for the 

Table I. Reactor pressure vessel materials 

Quality ASTM A 302B ASTM A 336MoD 1.2 MD07 

c. 
Mn 
Cr. 
Ni. 
Mo . 
Tensile strength 
Yield stress 20 oc 
Yield stress 350 oc 
Allowable stress 
ASME III 

<0.25 
1.15-1.50 

0.45-0.60 
56.3 
35 
28 
18.7 

<0.27 
0.50-0.80 
0.25-0.45 
0.50-0.90 
0.55-0.70 

56.3 
35 
28 
18.7 

<0.18 
1.0-1.5 

<0.2 
0.3-0.7 
0.35-0.55 

52.5 kg/mm• 
35 kg/mm• 
28 kg/mm• 
17.5 kg/mm2 

comparison of the mentioned reactor pressure vessel 
steels. Radiation tests with the 1.2 MD07 steel have 
given results comparable with those found for 
A302-B steel [6). The 1.2 MD07 steel that can be 
worked up as forgings and as plates has also been 
used for the reactor vessel, the pressurizer and the 
primary pipelines for the Ardennes power station at 
Chooz. 

The application of forged rings 

It is notable that in Europe, and in contrast to the 
US, a tendency exists to not only forged flanges 
but also forged rings to form the vessel body for the 
pressure vessels of water reactors. Often the bottoms 
and heads are also constructed of one or more forged 
pieces. Examples are the vessels for the SENN 
station, the Ardennes station and the KRB station. 
At the present time, the same procedure is being 
considered for the pressure vessel of the SEP power 
station. We consider this method of construction to be 
the best one technologically for items which are so 
costly as reactor pressure vessels. We think we can 
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claim a more perfect working method. We want to 
show this by the following points: 

(a) In the first place during forging the inner part 
of the forging block is removed. This part of the 
bloom solidifies last during casting, and thus contains 
most of the flaws. The result is that, especially when 
vacuum cast ingots are used, forged rings give a very 
homogeneous material. 

(b) In the second place because only circumferential 
welds are used the total length of welds is decreased 
appreciably. A figure of at least 40% is mentioned [5]. 
As the welding process does not need to be interrupted, 
circumferential welds are automatically welded more 
easily than longitudinal welds. Moreover the de
formation due to welding stresses is decreased by the 
higher rigidity of cylindrical rings. If it is specified, as 
is usually done, that welds may not be segmental, one 
has a greater degree of freedom in the design, viz., in 
the positioning of nozzles. As the behaviour of the 
weld and the heat-affected zone under radiation is to 
a great extent an unknown factor, the possibility of 
positioning the welds in such a way so that they are 
outside the highest radiation intensity is an advantage. 

(c) As forgings have to be completely machined 
after heat treatment a high dimensional accuracy of 
the vessel can be obtained. The out-of-roundness will 
be practically nil and the matching of weld prepara
tions is very good. 

(d) It may be considered that one disadvantage is 
that the use of stainless steel cladding on rolled plate 
is not possible. We do not think this is a disadvantage 
with steels of the manganese molybdenum type, as 
described above, that have to be heat treated. It is very 
difficult, not to say impossible, to carry out a heat 
treatment that gives good results both in the base 
material and the stainless steel cladding. We think 
better results are obtainable by the method of welding 
on clads, which can of course also be done on vessels 
made out of plate material. 

Pressure vessel codes 

We are now in a position where pressure vessels are 
being offered for power stations in different countries. 
Usually calculations are required not only according 
to the codes ruling in the country of the reactor 
designer, but also to codes ruling in the country where 
the reactor will be operated. In the case of a marine 
reactor the requirements of the insurance classification 
offices also play an important role. In the first place, 
not all countries have rules for nuclear pressure 
vessels, thus lengthy discussions with the authorities 
concerned are required to establish a set of rules. In 
the second place, where one has to design a vessel to 
more than one code, conflicting requirements have to 
be discussed between the authorities concerned. The 
conventional codes ruling in most cases do not give 
sufficient information on the design requirements of 
nuclear vessels, so additional, provisional rules are 
given or calculation methods have to be agreed upon 
and much detailed analysis is asked for. All this is 
very time-consuming and delays the preparing of 
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construction drawings. This is a disadvantage as the 
times of delivery for nuclear components are usually 
rather short. In the view of this philosophy we think 
it is advantageous to aim at a unified code for reactor 
vessels. This code should not only contain the calcula
tion methods but also the allowable stresses in 
different materials and the requirements of quality 
control on materials and fabrication. If a code should 
exist which is internationally valid and used by all 
authorities, we are of the opinion that a growing 
understanding will show what manufacture and design 
of nuclear components really means. Much confusion 
in the earlier design stages would be prevented. We 
consider the new ASME code, Section III for Nuclear 
Vessels, a very good basis for such an international 
code. Another money-saving method of working 
would be that test and inspection documents issued 
by an authorized inspection body would be accepted 
by other authorities concerned. It has happened that 
authorities of one country would not accept the 
documents of the authorities of a qualified and 
neutral inspection body, so that even such simple 
tests as the tensile tests had to be repeated. Much 
travelling would be eliminated when an agreement 
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could be made such that the official bodies charged 
with the inspection in a country could accept inspection 
documents reciprocally from inspection bodies having 
the same authority in other countries. The two 
mentioned factors have price-decreasing influence and 
will result in shorter delivery times. 
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ABSTRACT -RESUM E-AHHOTAW~JI-RESUMEN 

A/728 Pays-Bas 

Experience acquise dans l'etude, le calcul et 
Ia fabrication de composants pour reacteurs 
nucleaires 

par K. J. de Jong et a/. 

Le groupe Neratoom s'est occupe, ou s'occupe, de 
quatre composants principaux pour reacteurs de 
puissance. 

Le memoire decrit des composants etudies par la 
General Electric des Etats-Unis pour les centrales 
nucleaires SENN, KRB et SEP, qui sont du type a 
eau bouillante. 

Sur la base des specifications de fonctionnement, on 
a fait l'analyse des contraintes et les calculs de trans
mission de chaleur pour mettre au point les generateurs 
de vapeur secondaires destines a Ia centrale SENN. 

Un travail analogue sera fait pour la cuve du 
reacteur de la centrale nucleaire SEP de 50 MW(e). 

Les supports des elements combustibles pour la 
centrale nucleaire SENN ont ete construits, et ceux 
pour la centrale KRB le seront d'apres les plans de 
construction fournis par le client. 

Le memoire signale les calculs detailles decrivant 
le comportement dynamique des generateurs de 
vapeur SENN. 

On decrit les exigences rigoureuses en matiere de 
construction et de controle et la fa~on dont elles ont 
ete respectees. Elles concernent les procedes de 
soudage, les essais et le controle des soudures, Ia 
detection de criques et les controles d'etancheite. 

Les methodes appliquees en vue de realiser la 
precision dimensionnelle elevee exigee dans les 
specifications des supports des elements combustibles 
sont aussi decrites. 

En ce qui concerne les cuves de reacteur, on 
discute l'inftuence des reglements en vigueur dans 
divers pays concernant les cuves sous pression. 
Etant donne que les exigences pour le calcul et le 
controle ne sont parfois pas suffisamment definies, 
des desaccords peuvent en resulter. Les auteurs sont 
d'avis qu'il faut s'efforcer d'elaborer un code inter
nationalement accepte pour le calcul des contraintes 
et les exigences en matiere de controle. 

En outre, les deux methodes de construction des 
cuves de reacteur, a savoir }'utilisation de pieces 
cylindriques forgees et celle de plaques laminees et 
cintrees a chaud, sont discutees. 

A/728 HHAepnaHAbl 

OnbiT npoeKTHpoeaHHR, pacYeTa H H3-
roroeneHHR 3HepreTHYeCKHX yanoe 
peaKTOpOB 

K. H. ,LJ.e HoHr et al. 

$upMa <<HepaTOM rpyn» 33HHMaeTC.H 'IeThlpLMH 

OCHOBHhlMH yaJiaMH aHepreTH'IeCKHX peaKTOpOB. 

B ;a;aHHoM ;LJ;OKJia;a;e onHChlBaiOTCH yaJihl ;LJ;JIH 

aToMHLix aJieKTpocTaH~Hii SENN, KRB H SEP c 
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I-;JfllJI~HMU peaRTOpaMII, CIIpoeKTllpOB3HIIbll\111 

aMepnRaHcKoii <J>upMofi <<,lJ;meiiepaJI ::meKTpHK>>. 

Ha ocnone pa6o1JHX crre~u<f>uKa~ui:i OJ>JJIH rrpo

Be)];eHI>I aiiaJiua Hanpnmenuii H pac'IeTJ>I TerrJione

pe)];a'IH n paapa6oTaHa KOHCTPYK~HH naporenepa

Topon BTopuqnoro IWHTypa AJIH peaKTopa SENN. 
AnaJiorH'IHJ>Ie paooTbl 6y~yT BbiiiOJIHeHLI )J;JIH 

peaKTOpHoro Kopnyca IIO)]; )1;3BJICHHeM ;'I;JIH 3JI('f>-. 

TpocTaH~HH SEP aJieKTpH'Iec:Koii Mo~HOCThiO 
50 Mer. 

AKTHBHLie aoHhi )];JIH peaKTOpon SENN H KRB 
0YAYT H3rOTOBJICHbl B COOTBCTCTBHH C 'ICpTeJKaMII, 

npe)];CTaBJICHHbiMH 33Ka31JHKOM. 

B Aol\JiaAe npHBOAHTCH no)];po6nhre paclJeTLI, 

KacaiO~HCCH AHHUMH'ICCHOfO IIODC)];CHUH IIapore

HepaTOpOB peaKTopa SENN. 
OnucJ>IBaiOTCH TaKme mecTKHe Tpe6onaiiiiH, 

IIPCA'LHBJIHCMble K H3rOTOBJICHHIO H IWHTpOJIIO, JI 

IIYTH IIX BhliiOJIHCHIIJI; OCBe~aiOTCH CJIC)];YIOIIVJC 

BOIIpOchl: CBapKa, HCIIhiT3IIHe II KOHTpOJJh CBap

HhlX lliBOB, IICIIhiTaHHe Ha HUJIH'IHC Tpe~HH H Ha 

YTC'IKy. 

,ZJ;aeTCH OIIHCaHHC MCTO,!I;OB, IICIIOJJh3YCMhiX ;r:(JIH 

;'l:OCTHJKCHHH BbiCOKOii TO'IHOCTII COOJIIO)];CHHH pa3-

MepoB, Tpe6yeMoii B COOTBCTCTBHH CO CIIC~II(~JII
l\a~Heii )I,JIH KoHcTpyK~HH aKTHBHoii aoHI>I. 

q TO KacaeTCH peal\TOpHLIX Kopnycon IIO;'J; ;');aB

:teHHeAI, TO B AOKJia)I,e OIIIIC3HO 3H31JCHHC KO;J,O

HbiX nporpaMM ;r:(JIH pacqeTa Kopnycon noA )I,anJie

nueM, IIpHMCHHCMhiX B pa3JJH1JHhlX CTpaHaX. IJo

CKOJJhRY TpCOOBUHHH K paClJCTaM II KOHTpOJIIO 

IIHOrAa HC;r:(OCTaTOlJHO onpe;r:(CJJCHbl, 3TO MOJKCT 

<'JJYJKIITh IICTO'IHIIKOM paCXOJK)];CHHH. flo MHCHUIO 

anTopon, paayMHo OhlJJo OLI npHHHTh Mem;r:(yHa

POAHYIO Ko)I,onyro nporpaMMy ,!I;JIH pac'IeTa Hanpn

meHHJI n onpe,!l;eJIHTL Tpe6onanuJI l\ KOHTpoJIIO. 

KpoMe Toro, paccMaTpnnaiOTCH ,!I;Ba MeTO,!I;a na

roTOBJJeHHH peaKTOpHhlX KoprryCOB IIO,!I; ,!1;3BJJCHH

CM, a JIMCHHO HCIIOJIL30BUHIIC KOBUHhiX KOJIC~ II 

IIpORaTaHHLIX 11 1130rHyTLIX IIJllfT. 

K. J. de JONG et a/. 

A/728 Paises Bajos 

Experiencia adquirida en el diseiio, el calculo 
y Ia fabricaci6n de elementos para reactores 
de potencia 

por K. J. de Jong et a/. 

El Grupo Neratoom se dedica ala fabricacion de 
cuatro tipos principales de elementos para reactores de 
potencia. 

En la memoria se describen los elementos 
destinados a las centrales nucleo-electricas SENN, 
KRB y SEP, del tipo agua hirviente, proyectadas por 
la General Electric de los Estados Unidos. Sobre Ia 
base de las especificaciones pertinentes, se han 
efectuado los amllisis de esfuerzos y los calculos de 
transmission de calor y se ha realizado el disefio de 
los generadores de vapor del circuito secundario de la 
central SENN. 

Un trabajo analogo se efectuara para el recipiente 
de presion del reactor de Ia central SEP, cuya 
potencia es de 50 MW(e). Se ha construido Ia 
estructura del nucleo de la central SENN y se construira 
Ia de Ia central KRB, en ambos casos con arreglo a los 
respectivos pianos facilitados por el cliente. 

En Ia memoria se da cuenta de los extensos calculos 
que describen el comportamiento dinamico de los 
generadores de vapor de Ia central SENN. Se indican 
las estrictas normas de fabricacion y control aplicadas 
y la manera en que se han satisfecho. Se examinan las 
siguientes cuestiones: metodos de soldadura, ensayo y 
control de soldadura, ensayos para Ia deteccion de 
grietas y escapes. Se describen los metodos utilizados 
para alcanzar Ia elevada precision dimensional reque
rida en las especificaciones de las estructuras del 
nucleo. 

En lo que respecta a los recipientes de presion, se 
examina la influencia de las reglamentaciones sobre 
dichos recipientes vigentes en diferentes paises. Como 
las prescripciones relativas al calculo y control carecen 
a veces de precision, suelen surgir discrepancias. 

Los autores estiman conveniente que se procure 
preparar una reglamentacion internacionalmente 
aceptada en materia de calculo de esfuerzos y exigen
cias del control. Se examinan asimismo los dos metodos 
posibles de fabricacion de recipientes de presion para 
reactores, a saber, el empleo de anillos forjados y el de 
planchas laminadas y curvadas. 
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Apport de Ia realisation d'une grande centrale nucleaire 
dans Ia conception et Ia construction 
des equipements pour reacteurs 

par P. Klees et C. Gerard* 

La realisation d'une centrale nucleaire impose 
actuellement a l'industrie manufacturiere de franchir 
une etape significative dans le raffinement des pro
cedes de fabrication. Elle permet aux constructeurs 
d'accroitre leur experience tant sur le plan de Ia 
conception des systemes et des equipements que sur 
celui de leur execution. 

Le present memoire a pour objet d'illustrer ce 
gain d'experience par quelques exemples rencontres 
au cours de la construction de la centrale nucleaire 
des Ardennes. 

ELEMENTS CARACTERISTIQUES 
DE LA CONCEPTION 

DES SYSTEMES ET EQUIPEMENTS 

Caracteristiques fonctionnelles 
de Ia centrale consideree 

Ces caracteristiques se classent en deux categories 
selon qu'elles resultent du fait qu'il s'agit d'une 
installation nucleaire ou des conditions propres a 
Ia centrale des Ardennes. Elles ont toutes une influence 
directe sur la conception des systemes et Ia specifi
cation des equipements. 

Dans Ia premiere categorie nous rangeons notam
ment: 

a) La disponibilite importante de l'usine (garantie 
de 6 000 h/an pendant la premiere annee) necessaire a 
realiser compte tenu du rapport eleve entre les frais 
fixes et les frais proportion nels; 

b) Le confinement des equipements nucleaires dans 
le but d'empecher la dispersion non controlee de 
substances radioactives aussi bien en exploitation 
normale que lors d'un incident. 

Dans Ia seconde categorie, il faut retenir: 
a) L'implantation « mixte » de l'usine, dont Ia salle 

des machines est construite sur une plateforme en rive 
droite de Ia Meuse et dont les installations nucleaires 
sont amenagees dans deux cavernes creusees a 100m a 
l'interieur de Ia co !line et distantes de 25 m entre elles; 

b) La possibilite d'accroitre Ia puissance thermique 
fournie par le reacteur, au fur et a mesure de !'instal-

* Ateliers de constructions electriques de Charleroi, Division 
nucleaire. 
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lation des creurs successifs. Bien que Ia puissance 
electrique nette garantie soit de 242 MW(e), les 
equipements de Ia partie classique ainsi que les 
echangeurs de chaleur et les pompes primaires de 
circulation ont ete COn9US et realises SUr la base d'une 
puissance de 10% superieure ala puissance nominale 
garantie, soit 266 MW(e); 

c) L'emploi d'un poison chimique (H3B03) dilue 
dans le moderateur comme agent controleur du flux 
neutronique, en vue de reduire les facteurs de pointe 
et d'augmenter la densite moyenne de puissance du 
creur. 

Aspects particuliers 
de Ia conception des systemes 

Systemes auxiliaires 

Nous decrirons dans ce paragraphe quelques 
solutions adoptees dans le cas de Ia centrale des 
Ardennes pour la conception des systemes en vue de 
respecter les caracteristiq ues fonctionnelles enoncees 
ci-dessus: 

Maltrise de Ia corrosion 

La corrosion est ma1trisee dans les systemes 
primaire et auxiliaires par: a) l'emploi generalise pour 
le circuit primaire et ses auxiliaires d'aciers inoxydables 
austenitiques du type 18/8 sans stabilisant; b) un traite
ment chimique de l'eau primaire reduisant le taux des 
differentes formes de corrosion, assurant Ia filtrabilite 
maximale aux produits de Ia corrosion residuelle et 
limitant leur depot sur les parois des circuits et sur les 
surfaces d'echange de chaleur. 

Il est necessaire de tenir compte des reactions 
nucleaires (n, y), (n, p) ainsi que de Ia liberation des 
produits de fission, des reactions radiochimiques 
entre les constituants du fluide primaire et de l'effet 
des radiations sur !'incrustation des produits de 
corrosion. En conclusion, il est apparu que les 
prescriptions ci-apres devaient etre suivies pour l'eau 
de refroidissement du circuit primaire: 

Res!stiv;te chimique et d'inhibiteur de corrosion 
, . . . , { determines par les quantites de poison 

pHalS C presentes 
Concentration d'oxygene < 0, I ppm 
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< 0,1 ppm 
< 0,1 ppm 

PJ770 

Concentration de chlorures 
Concentration de fluorures 
Concentration d'hydrogene 25- 35 cm3 (TPN)Jkg 

H 20 
Salinite totale 

Inhibiteur de corrosion 

< 0,5 ppm (additions 
exclues) 

3 ppm de LiOH (2 ppm 
en Li) 

Ces prescriptions sont realisees par: 
a) Un rin~age des circuits a l'eau demineralisee 

avant le premier demarrage; 
b) L'emploi d'eau demineralisee de grande purete 

pour le remplissage initial et pour I' appoint: 

Resistivite (!1 em) > 1 000 000 
pH a 25 oc voisin de 7 
Concentration d'oxygene < 0,1 ppm 
Concentration de chlorures < 0,1 ppm 
Concentration de fluorures < 0, 1 ppm 
Salinite totale < 0,5 ppm 
Concentration d'anhydride 

carbonique < 0,2 ppm 

c) L'elimination de l'oxygene dissous dans l'eau 
par reduction a I' aide d'hydrazine (10- 20 ppm) 
pendant les demarrages et par recombinaison avec 
de l'hydrogene maintenu en Ieger exces (2- 3 ppm) 
pendant la marche en puissance. De plus l'hydrogene 
reagit avec l'azote present dans l'eau de remplissage 
ou d'appoint pour former de I' ammoniac et empecher 
la formation d'acide nitrique; 

d) La marche a un pH superieur au pH neutre, ce 
qui reduit le salissement des surfaces des elements de 
combustible et augmente la filtrabilite des produits de 
corrosion en suspension dans l'eau; 

e) Le controle du pH se fait au cours de la puri
fication de l'eau primaire par derivation d'une 
fraction de son debit a travers un echangeur d'ions a 
lit basique de resines cationiques et anioniques de la 
forme Li+ OH-. L'addition de LiOH n'est necessaire 
qu'apres une importante dilution du fluide de refroi
dissement primaire; 

f) L'acide borique, utilise comme poison chimique, 
est soumis a des prescriptions analogues a tout autre 
element d'addition, en particulier ses teneurs maximales 
admissibles en chlorures et en fluorures ont ete fixees 
a 4 ppm. 11 presente en outre les qualites d'etre 
parfaitement soluble et de ne pas provoquer de 
corrosion des aciers utilises. 

Le controle de Ia variation de concentration 
du poison soluble dans l'eau primaire 
en relation avec !'exploitation du creur 

Ce controle est realise par: 
a) L'injection de H3B03 concentre, a 12% en 

poids de bore, dans le systeme primaire au moyen 
d'une pompe doseuse et d'une pompe d'appoint. La 
.concentration maximale prevue actuellement est de 
3 190 ppm de bore, lors d'un arret a froid avec le 
premier cceur; 

b) Le retrait du bore par dilution jusqu'a un seuil 
de concentration fixe a 260 ppm de bore et au moyen 
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d'un echangeur d'ions a resines anioniques fortement 
basiques et du type regenerable, dimensionne pour le 
retrait de 9 kg de bore avant que la regeneration ne 
soit necessaire, en-dessous du seuil fixe. Le rechauffage 
des tuyauteries et equipements vehiculant ou contenant 
des solutions concentrees d'acide borique est assure 
par des cables electriques installes sous }'isolation 
thermique. 11 evite la precipitation du bore. Dans le 
cas present, on a prefere un systeme electrique a un 
rechauffage par de la vapeur, apres examen comparatif 
de la souplesse, de la securite et de l'economie des 
deux solutions. 

La manipulation de charges et de fluides radioactifs 

Les assemblages de combustible sont transferes 
de la piscine du reacteur a la piscine de desacti
vation et vice versa par un dispositif maintenant 
l'etanch6ite entre les deux piscines et constitue d'un 
tube dans lequel circule un piston libre. 

Le tube de transfert, d'un diametre interieur de 
406 mm, repose horizontalement a l'interieur d'une 
galerie de 25 m de long, creusee dans le roc entre les 
deux cavernes. Son isolement est realise par deux 
vannes a guillotine du type meplat, commandees 
par moteur electrique. Le piston libre est realise sous 
la forme d'un chariot contenant un panier qui en fin 
de course dans l'une ou l'autre des piscines peut 
basculer en position verticale et recevoir les assem
blages de combustible ainsi que les differentes charges 
a transferer. Le circuit hydraulique qui actionne le 
piston libre comprend une pompe de circulation com
mandee par un moteur electrique et se ferme par les 
piscines et le tube de transfert. 

Les circuits vehiculant un fluide radioactif sont 
con~us de maniere a respecter le taux de fuite admis 
pour le fluide transporte. Les fuites admises pour les 
circuits primaire et auxiliaires vers }'atmosphere de Ia 
caverne du reacteur correspondent a la vaporisation 
de 1 200 g d'eau primaire par heure et celles des 
circuits auxiliaires vers l'atmosphere de la caverne 
des auxiliaires a la vaporisation de 300 gfh. Ces 
fuites se produisent essentiellement aux bourrages 
des tiges de commande des vannes. Les vannes a 
service radioactif dont le diametre est superieur ou 
egal a 2,5 pouces (63,5 mm) sont equipees d'une 
connexion de reprise des fuites evacuant celles-ci 
vers un reservoir de drainage. La repartition judicieuse 
des anneaux de bourrage avant et apres l'anneau 
lanterne de reprise des fuites permet d'assurer 1e 
serrage adequat des bourrages et limite les fuites a la 
fois vers le reservoir de drainage et vers !'atmosphere. 

La conception des joints a bourrages des tiges de 
commande des pistons des pompes d'appoint permet 
d'esperer qu'apres 2 000 heures de fonctionnement la 
fuite sera limitee a environ 50 1/j par pompe en 
regime. 

La complete securite de fonctionnement 
et Ia haute disponibilite des systemes 

Celles-ci sont assurees par une combinaison 
judicieuse entre la duplication des equipements 
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vitaux les plus sollicites et l'interconnexion des 
systemes en vue de leur interchangeabilite pour 
remplir une meme fonction. Nous citerons: le 
doublement des pompes d'appoint et des pompes 
d'injection de securite ainsi que !'installation de trois 
pompes de refrigeration auxiliaire, chacune de ces 
dernieres etant calculee pour la moitie du debit 
nominal du systeme. 

Controle et instrumentation 
Notre objectif est de montrer dans ce paragraphe 

comment sont resolus des problemes importants 
d'alimentation et de controle specifiquement lies ala 
securite de fonctionnement de la centrale. 

Conception d'une source sure d'alimentation 
en energie electrique 

Deux reseaux distincts aboutissent au site de 
Chooz; leurs tensions respectives sont de 220 kV et 
63 kV. II a ete demande au constructeur de Ia centrale 
de tenir compte de la disparition simultanee des deux 
reseaux. Cette exigence a entraine la scission du 
reseau 5,5 kV en deux parties distinctes MA et MB 
(fig. 1). En marche normale, Ie jeu de barres MA est 
alimente par TS, et MB est alimente par TD 1 ; TD2 
est en reserve et peut etre substitue soit a TS, soit 
a TDl en cas de defaillance de ceux-ci. 

Une raison propre au fonctionnement du reacteur 
a necessite !'introduction du troisieme jeu de barres 
MC a 5,5 kV. En cas de defaillance generale de 
}'alimentation electrique, il est obligatoire d'assurer 
pendant au moins une minute le fonctionnement de 
deux des pompes primaires. Cela est realise en 
connectant ces pompes au jeu de barres MC, normale
ment alimente par l'alternateur auxiliaire AA. Ce 
dernier, lors d'un incident sur le reseau, continue a 
tourner pendant plusieurs minutes par suite de 
l'inertie importante du groupe turbo-alternateur. 

Pour le demarrage, les deux pompes PPI et PP2 
sont branchees sur MB. Chaque transformateur de 
demarrage alimente les jeux de barres MA ou MB, 
jusqu'a ce que l'alternateur soit excite et en mesure de 
fournir au transformateur de soutirage TS la puissance 
requise par MA. Des que l'alternateur auxiliaire est 
pret, les deux pompes PPI et PP2 sont successivement 
branchees sur MC. 

En cas de defaut sur l'un des jeux de barres MA ou 
MB, lesjeux 380 V normaux exterieurs (MF et MG) et 
normaux cavernes (MK, ML) peuvent etre connectes 
automatiquement sur le reseau 5,5 kV restant en 
fonctionnement. 

En cas de defaillance simultanee ou independante 
de MA et de MB, il est necessaire d'alimenter les jeux 
de barres secourus, tant a l'exterieur qu'en cavite. 
Cela est realise a l'aide de trois groupes diesels de 
secours. On admet qu'un groupe est en revision et 
qu'un groupe refuse de demarrer. Le troisieme 
groupe est a lui seul capable d'alimenter les auxiliaires 
vitaux necessaires pour assurer l'arret de la centrale 
en toute securite. 

II est a remarquer que les pompes d'injection de 
securite (lSI, 2 et 3), dont il est question au para-
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graphe suivant, sont raccordees aux jeux de barres 
secourus. 

Analyse et prevention 
des accidents d'origine nucleaire 

Le role du systeme d'injection de securite est de 
refroidir le creur du reacteur avec de l'eau boriquee, 
en vue d'eviter la fusion des gainages ala suite d'une 
rupture importante dans le circuit primaire. La 
conception de ce systeme repose sur un ensemble de 
conditions de base dont les principales sont detaillees 
ci-dessous: 

a) La breche la plus importante a considerer avec 
une probabilite non negligeable est celle corres
pondant a la rupture complete d'une tuyauterie de 
8 pouces (20,3 mm); 

b) Dans ce cas, la temperature maximale admise 
pour le gainage des elements combustibles est egale a 
1 100 °C. Une faible fraction des gainages, evaluee 
a 5-10%, peut eventuellement etre trouee, ce qui est 
a considerer comme un accident tolerable; 

c) Pour des ruptures de dimensions plus reduites, 
le calcul montre que la possibilite de dommages aux 
gaines diminue fortement; 

d) La rupture franche d'une tuyauterie de 24 pouces 
(610 mm) du circuit primaire se presentant avec une 
probabilite extremement faible, on peut lui associer 
une limite de temperature moins stricte (fusion des 
gainages) se situant a 1 400 °C; 

e) Dans !'hypothese d'une vidange complete de la 
cuve du reacteur, !'elevation de temperature des 
gainages cesse des que l'eau de remplissage atteint la 
partie inferieure du creur. 

II a ete tenu compte en outre de certaines conditions 
propres a la centrale des Ardennes: a) le reservoir 
d'eau boriquee etant situe sur la colline englobant la 
caverne du reacteur, on dispose d'une hauteur 
geometrique de 213 m; b) on dispose du debit de 
3,8 1/s en provenance des pompes d'appoint du 
reacteur; c) du fait de la presence des quatre connexions 
d'injection d'eau boriquee (une par boucle primaire),, 
le debit net deverse dans la cuve du reacteur vaut 1es 
3/4 du debit total des pompes d'injection; et d) l'effet 
de gravite et la puissance de pompage sont utilisab1es 
avec des delais respectifs de 10 et 20 secondes a pres 
I' accident. 

L'analyse effectuee avec 1e code SOCO a montre 
que !'injection forcee de 95 1/s, face a une contre
pression de 105 kg/cm2 dans 1e systeme primaire, 
protege efficacement 1e creur. L'entree en action du 
systeme est automatique, et declenchee par 1a baisse 
coi:ncidente du niveau d'eau dans 1e pressuriseur et de 
1a pression dans 1e reacteur. Le pi1ote peut aussi 
demarrer le systeme manuellement ou operer 1e 
transfer! sur contro1e manuel apres un demarrage 
automatique. 

Respect des marges de securite imposees par l'etude 
du creur · 

Certaines valeurs maxima1es des parametres du 
creur sont basees sur les proprietes physiques des 
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Figure I. Centrale des Ardennes. Schema unifilaire de principe 
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Figure 2. Centrale des Ardennes. Schema de principe de Ia boucle d'essais des pompes a HP et HT 
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materiaux utilises. Le point de fusion du combustible 
et le depassement de !'ebullition nucleee (DEN ou 
DNB en langue anglaise) constituent deux de ces 
limites. 

Les techniques de calcul disponibles actuellement 
permettent de determiner Ia distribution de puissance 
et d'analyser les conditions de fonctionnement dans 
les canaux ou le debit calorifique est maximal. 
Neanmoins, des mesures periodiques de Ia repartition 
spatiale du flux neutronique et du flux calorifique 
permettraient de recalculer a tout moment de Ia vie 
du creur les facteurs de pointe et le rapport DEN, 
ainsi que le facteur global de redistribution du debit 
entre les differents canaux. 11 en resulterait une 
verification, beaucoup plus sure que par calcul seul, 
des marges de securite imposees au depart. 

Le systeme de mesures dans le creur consiste en 
45 thermocouples et 33 tubes a billes. Chacun de ces 
tubes est situe en lieu et place d'un barreau combus
tible et est relie a un systeme d'air comprime situe en 
dehors de Ia cuve du reacteur. 11 est ainsi possible 
d'envoyer et de retirer en differents points du reacteur 
une colonne de billes d'acier dont !'activation est 
ensuite mesuree pour dresser Ia carte du flux. 

Philosophie d'isolement de !'enceinte etanche 

Le constructeur a propose d'adopter Ia philosophic 
definie par Ie projet de norme ASA [1] en notant que: 
,a) le cas d'une rupture simultanee a l'interieur et a 
l'exterieur de !'enceinte d'une tuyauterie penetrant 
dans celle-ci n'est pas a envisager puisqu'il est equi
valent a Ia rupture de !'enceinte elle-meme; b) les 
circuits, a !'exception de ceux de ventilation, penetrant 
dans Ia caverne du reacteur sont eprouves a une 
pression d'essai superieure a celle qui existerait dans 
Ia caverne en cas d'accident majeur (3,75 kg/cm2 eff.) 
et font done partie integrante de !'enceinte de securite 
lorsqu'ils forment une boucle fermee a I'exterieur ; 
c) les parois constituant cette enceinte peuvent, en cas 
d'accident, etre contaminees sur leur face interieure, et 
des procedures operatoires evitant tout danger en tout 
temps sont prevues pour le fonctionnement d'equipe
ments pouvant etre ainsi contamines; d) les circuits 
penetrant dans !'enceinte comportent les categories 
suivantes: 

a) Tuyauteries vehiculant des fluides radioactifs; 
b) Tuyauteries transportant des fluides non radio

actifs a l'abri d'une rupture, lors d'un accident dans Ia 
caverne, par leur disposition ou leur epaisseur de 
paroi (circuits de vapeur et d'eau alimentaire); 

c) Tuyauteries vehiculant des fluides non radio
actifs, susceptibles de subir une rupture provoquee 
par un accident dans I' enceinte; 

d) Gaines de ventilation. 
Les solutions ci-dessous repondant au projet ASA 

ont ete proposees suivant Ia categorie de tuyauteries 
envisagees: 

a) Addition d'une vanne d'isolement ou d'un clapet 
dans Ia tuyauterie, a l'interieur de Ia caverne du 
reacteur, lorsqu'une rupture a l'exterieur de I' enceinte 
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risque de provoquer une liberation de substances 
contaminees; 

b) Pas de vannes supplementaires d'isolement; 
c) Addition d'une vanne d'isolement a l'exterieur de 

Ia caverne; 
d) Installation a l'exterieur de !'enceinte d'une vanne 

a fermeture rapide, de l'ordre de 3 a 5 secondes. 
II a ete demande au constructeur de prevoir des 

vannes d'isolement supplementaires pour eviter Ia 
contamination de portions de circuits situes dans Ia 
caverne des auxiliaires. 11 en resulte !'installation de 
plusieurs vannes surabondantes. 

Codes et normes 

Le choix judicieux des codes de calcul peut coriduire 
a des simplifications appreciables. Nous citerons le cas 
de Ia cuve du reacteur dont les epaisseurs ont ete 
calculees d'apres le principe du document [2] dit 
Navy code. 

11 importe de veiller ace que les normes dimension
nelles specifiees soient en usage dans Ia pratique 
commerciale courante. 

Dans le cas de Ia centrale des Ardennes, on a 
specifie pour les circuits vehiculant des fluides radio
actifs ou pouvant en vehiculer accidentellement les 
normes dimensionnelles ASA, et dans Ies autres cas 
les normes AFNOR. 

Materiaux 

En ce qui concerne les materiaux employes dans les 
centrales a eau, nous renvoyons a Ia reference [3]. 

Pour Ia centrale des Ardennes, on a utilise Ies 
materiaux suivants: 

Gainage du combustible AISI 304 
Cuve 

Corps, couvercle et tubulures ACIER SF AC 1,2 
M07 

Revetement interne 

Echangeur de chaleur 
Corps 
Plaque tubulaire 
Tubes 

acier equivalent a 
l'AISI 304 

Soudotenax 52 
Soudotenax 52 
AISI 316 

ASPECTS CARACTERISTIQUES 
DE LA CONSTRUCTION DES EQUIPEMENTS 

Les constructeurs de Ia centrale des Ardennes ont 
acquis une experience technologique particuliere en 
matiere de : soudage et placage par Ia construction des 
equipements prima ires; chromage par Ia realisation 
de certaines pieces des mecanismes de commande des 
barres; forgeage dans !'execution de Ia cuve du 
reacteur; realisation de faible tolerance de fabrication 
dans les pieces internes de Ia cuve; traitements 
thermiques dans !'elaboration des principales pieces 
des equipements primaires. 

Nous insisterons sur Ia fabrication specialement 
delicate de deux de ces equipements: 

Les pieces internes du reacteur qui ont comme fonc
tion de localiser et supporter les assemblages combus
tibles, de guider les barres de contr6le et, enfin, de 
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repartir le debit dans la cuve du reacteur. Les plus 
importants problemes de realisation portent sur les 
plaques superieure et inferieure de support et de main
tien du cceur ainsi que sur l'enveloppe du cceur. Les 
tolerances sur les entre-axes des trous de logement des 
assemblages dans les plaques par rapport aux axes de 
celles-ci sont extn!mement serrees: de 1' ordre de 
quelques centiemes de mm. Il en va de meme pour la 
tolerance sur la perpendicularite des axes des plaques, 
qui est de l'ordre de quelques centiemes de mmfm. 

Il est essentiel de se rendre pratiquement indepen
dant des facteurs enumeres ci-dessous, qui sont 
d'autant plus importants que les plaques sont grandes 
et tres decoupees (200 trous): 

i) Erreur de positionnement de la broche de 
l'aleseuse; 

ii) Difference de coefficient de dilatation entre 
l'acier au carbone de la machine et l'acier inoxydable 
de la pieces; so it environ 6 Ill °C m (l'importance de ce 
coefficient est telle qu'une variation simultant!e de 
1 oc de la temperature de la piece et de la machine 
provoque un effet appreciable); 

iii) Ecarts de temperature entre la piece et la 
machine. 

Dans ce but, il fut decide de fabriquer sur une 
machine a pointer de grande precision (de l'ordre du 
micron) un gabarit de forage reproduisant les trous 
d'axes des plaques ainsi que les axes des trous a y 
aleser. 

En outre, il fut juge plus precis et plus commode 
d'utiliser ce gabarit comme etalon et comme moyen de 
controle plutot que des broches micrometriques 
placees entre des tampons loges dans les alesages. 

Les mecanismes de commande des barres de contr6le, 
qui sont du type a encliquetage magnetique a trois 
bobines. Les plus importants problemes de realisation 
ont porte sur : 

a) L'usinage de la tige 'de commande, longue· de 
5,50 m et presentant des cannelures dans lesquelles 
s'engagent les cliquets assurant le mouvement de la 
barre. 11 a fallu, pour realiser ces pieces aux tolerances 
severes imposees, transformer provisoirement un tour 
d'atelier de grande precision et de 3 m d'entre
pointes; 

b) La soudure des enveloppes sous pression a 
visser sur le couvercle de la cuve du reacteur. Ces 
enveloppes, realisees en acier inoxydable AISI 405, 
com portent trois cordons de soudure en acier AISI 307 
constituant les entrefers pour les trois bobines de 
commande. L'epaisseur de paroi etant de l'ordre de 
35 mm, le volume du metal d'apport est consequent 
et des precautions particulieres doivent etre prises 
pour eviter les inclusions dans la soudure. La difficulte 
a ete resolue en grande partie grace a un entrainement 
intensif des soudeurs. 

Par ailleurs, des specifications extremement severes 
ont ete redigees pour tous les equipements, primaires 
et auxiliaires. Nous estimons qu'a l'instar de ce qui 
s'applique pour la construction des centrales classiques, 
il y a lieu d'etablir une «jurisprudence» en matiere 
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d'application de ces specifications. Cela est indis
pensable pour permettre la competitivite de l'energie 
nucleaire. Il est possible selon nous d'apporter, sans 
toucher au fond de ces specifications, les simplifica
tions principales ci-apres: 

a) L'inspection en usine pour toutes les pieces 
effectuee par les organismes de controle etrangers aux 
constructeurs devrait etre limitee a un controle par 
sondage, etant admis que les certificats et rapports 
d'essais seraient etablis par le constructeur dans tous 
les cas ou ils sont necessaires; 

b) Les essais de reception des differentes categories 
de materiel doivent pouvoir etre executes dans les 
installations permanentes des constructeurs et dans 
les memes conditions que dans le cas de materiel 
classique; 

c) La proprete nucleaire devrait etre consideree 
comme obtenue lorsque seront respectees les pro
cedures de nettoyage specifiees plutot que des criteres 
d'inspection du type « gant blanc» dont la definition 
est entierement subjective. 

INSTALLATIONS D'ESSAIS SPECIFIQUES 
AUX EQUIPEMENTS DE CENTRALE NUCLEAIRE 

En vue d'assurer la fourniture des principaux 
equipements avec une garantie totale, il est necessaire 
de disposer d'installations d'essais specifiques, dont 
les principales sont citees ci-dessous. 

Stand d'essais des pompes primaires (voir fig. 2) 

Les caracteristiques hydrauliques et thermiques des 
groupes essayes peuvent atteindre les valeurs suivantes: 

Debit maximal: 7 000 m3/h 
Pression maximale a !'aspiration: 170 kg/cm2 

Pression differentielle maximale: 10 kgfcm2 

Temperature maximale: 300 °C · 
Puissance electrique disponible, 

a tension et frequence variables: 2 500 kV A 

Installation d'essais pour Ia robinetterie a haute 
pression 

Pression maximale: 
Temperature maximale: 
Pression differentielle: 

170 kg/cm2 

320 °C 
de 0 a 170 kgfcm2 

Station d'essais pour mecanismes des barres 
de control e. bar res de controle et. elements 
combustibles 

Un autoclave de 12m de hauteur et 325 mm de 
diametre interieur est prevu pour l'essai de ces 
equipements a des temperature et pression de 260 °C 
et 154 kgfcm2• Un debit reglable de 0 a 250 m3/h 
simule la circulation du refrigerant dans le cceur. 

Les references [4- 6) donnent une description 
complete de ces installations, qu'il n'est pas possible 
d'inserer dans le cadre de ce memoire. 
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EVOLUTION FUTURE DE LA CONCEPTION 
DES SYSTEMES ET DES EQUIPEMENTS 

A LA SUITE DE L'AMELIORATION 
' ' DES PARAMETRES DES CENTRALE$ A EAU 

Des a present, l'etat d'avancement des etudes et de 
Ia construction permet de formuler une serie d'amelio
rations pour les centrales futures, sans vouloir 
pretendre fournir une liste exhaustive. 

Amelioration des facteurs de pointe 

Habituellement, les facteurs de pointe sont decom
poses en une serie de sous-facteurs nucleaires et 
techniques. La methode de combinaison de ces sous
facteurs par simple produit est tres conservative, car 
elle revient en fait a considerer que toutes les con
ditions les plus defavorables se produisent en un meme 
point. Une methode plus realiste consiste a combiner 
ces sous-facteurs par une methode statistique. Si ce 
procede est applicable sans trop de difficultes aux 
sous-facteurs issus des tolerances de fabrication, qui 
se caracterisent par une distribution connue, il est par 
contre beaucoup plus difficile de l'appliquer aux 
sous-facteurs nucleaires. 

Augmentation du debit de refrigeration 

Cette augmentation permet d'accroitre la tempera
ture moyenne du refrigerant, pour des conditions 
donnees a la sortie du canal critique. Elle accroit 
egalement le coefficient de securite relatif a !'elevation 
d'enthalpie et au flux de chaleur provoquant le DEN. 

C'est ainsi que le debit total passerait de 5 900 m3/h 
pour une centrale de 266 MW(e) net a 14 500 m3/h 
pour 500 MW(e) net. 

.Ebullition 

Le troisieme moyen permettant d'accroitre la 
temperature moyenne du reacteur consiste a admettre 
une certaine ebullition dans le creur. Un premier pas 
en ce sens a ete franchi en admettant !'ebullition locale 
dans le creur, puis !'ebullition massive a la sortie du 
canal critique~ mais en regime transitoire uniquement. 
La tendance future sera d'admettre un faible pour
centage d'ebullition a la sortie du canal critique en 
regime permanent. 

Cyclage du combustible 

L'introduction dans la centrale des Ardennes d'un 
noyau a trois regions a permis un gain appreciable 
vers l'uniformite de la distribution de puissance. 
Toutefois ce gain se deteriore au fur et a mesure de 
l'accroissement des dimensions physiques du noyau, 
les trois regions ayant tendance a vivre independam
ment l'une de !'autre. Pour les grands creurs, un poten
tiel d'amelioration important reside en une methode 
combinant les elements frais et uses selon une loi 
determinee. Tout le probleme consiste a definir 
!'optimum parmi toutes les combinaisons possibles. 
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Exploitation industrielle des resultats obtenus 
par !'instrumentation interne du cceur 
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Jusqu'a present, le programme moyen d'action des 
barres de reglage est determine a l'avance par calcul 
pour un cycle d'irradiation. 

A partir des renseignements fournis par !'instrumen
tation interne du creur, il est possible de connaitre a 
intervalles rapproches la carte du flux et d'arriver a la 
modeler en vue d'une utilisation optimale du com
bustible. Cette methode necessite l'emploi d'un 
systeme de traitement des informations et d'un 
calculateur digital charge de reviser periodiquement 
le programme de controle. 

Simplification des systemes auxiliaires 

Cette simplification doit se concevoir dans I' optique 
suivante: 

a) Suppression des vannes primaires dont la 
presence est ignoree dans le calcul du systeme de 
protection; 

b) Remplacement du systeme de purification par des 
filtres en derivation sur le systeme primaire; 

c) Remplacement du systeme de transfert du com
bustible decrit ci-avant par !'utilisation d'une seule 
machine de chargement pour la manutention du 
combustible dans le reacteur et dans la piscine de 
desactivation; 

d) Application d'une philosophie d'isolement de 
!'enceinte etanche basee sur le projet de l'ASA [1]; 

e) Conception des systemes auxiliaires, et en 
particulier la ventilation, le traitement des dechets et 
la protection biologique, sur la base d'un taux de 
liberation de produits de fission conforme ala realite, 
compte tenu d'un facteur de securite raisonnable 
(10 au lieu de 500). 

Normalisation des equipements primaires 

Les boucles primaires sont actuellement standar
disees et conc;ues pour le transfert de 425 MW{th). 

CONCLUSIONS 

L'expose ci-dessus a montre jusqu'a quel point a ete 
pousse dans la centrale des Ardennes le souci de la 
protection des installations1 aussi bien en fonctionne
ment normal qu'en cas d'accident. Ce souci, couple 
dans beaucoup de cas a la nouveaute des fabrications, 
a entraine comme consequence : le choix dans les 
calculs de marges de securite tres conservatives; 
!'installation d'equipements surabondants dans cer
tains systemes; !'utilisation de criteres de reception 
exceptionnellement severes. 

Cette situation, qui pouvait se justifier dans le cas 
de la construction d'une premiere centrale, doit faire 
place progressivement a des regles se rapprochant 
davantage de la bonne pratique industrielle, speciale
ment en ce qui concerne la fixation des marges de 
securite, laquelle doit tenir compte de la qualite des 
equipements. Cette condition, jointe a !'experience 
technologique acquise par le constructeur, aux 
ameliorations et simplifications envisagees, doit 
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normalement conduire les centrales nucleaires a une 
situation 6conomique favorable pour autant qu'une 
expansion suffisante du volume des fabrications 
permette aux constructeurs l'utilisation poussee des 
moyens mis en place. 
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A/770 Belgium 

The effect of the construction of a large 
nuclear power plant on the design and 
manufacture of reactor equipment 

By P. Klees and C. Gerard 

The paper shows, on the basis of the experience 
accumulated during the construction of the Ardennes 
plant at Givet, the progress made by the manufactur
ing industry in the refinement of the fabrication pro
cedures, and also outlines future trends. 

The paper sums up the functional requirements of 
the plant considered, which have a direct bearing on 
the system design and on equipment specifications. 
These requirements have led to special solutions 
concerning: 

(a) Corrosion control; 
(b) Regulation of .soluble poison concentration and 

of water quality in relation to core operation; 
(c) Handling and treatment of radioactive charges 

and fluids; 
(d) Complete operational safety and high system 

availability. 
It shows how several control problems, related to 

plant operating safety, have been resolved: 
(a) Design of a reliable power supply for vital 

auxiliaries ; 
(b) Analysis and prevention of accidents of nuclear 

origin; 
(c) Effect of the safety margins imposed by the core 

design. 
The isolation and containment. philosophy adopted 

for the Ardennes nuclear plant is commented upon 
and conclusions are drawn which are applicable to 
other plants. 

On the basis of practical experience obtained by the 
constructors of the Ardennes plant, the paper defines 
new methods and procedures developed for welding 
and cladding, chroming, application of small fabrica
tion tolerances, and heat treatments. 

Attempts are made to define what should be the 
criteria and the means adopted for the control of 

material and fabrication in shops, acceptance tests of 
the different equipment categories, and nuclear 
cleanliness. 

Also described are the installations especially 
designed for the development and testing, under 
operating conditions, of the primary pumps and valves, 
the core elements, and the control rod drive mechan
isms. 

Part of the paper is devoted to future trends in 
system and equipment design, following improvements 
in the reactor parameters. 

A/770 6enbrHR 

8KJ1aA C03AaHHR aTOMHOA SJ16KTpo
CTaHLtHH 60J1bWOA MO~HOCTH B npoeK
THpOBaHHe H CTpOHTeJ1bCTBO o6opy
AOBaHHR A11R RAepHbiX peaKropoe 

n. Kneec, W. }t{epap 

B npeAJiaraeM.oM. AOKJiaAe ua 6aae onLITa, ua
KonJieBuoro CTpOHTeJIHM.B aTOM.BOH aJieKTpOCTaB-
1\HH B ApAeHHax, B il\uue, paccM.aTpuuaiOTCH yc
nexu, AOCTHfHYThle npOM.LilliJieHHOCTbiO B 06Jia
CTH 0Tpa60TKH M.eTOAOB H3fOTOBJieHBH, B B o6~BX 
'IepTax uaJiaraiOTCH AaJibHeiiruue nyTu paaBBTBH. 
· B AOKJiaAe KpaTKO uaJiaraiOTCH pa6o11ue xapaR
TepHCTBKB paCCM.aTpBBaeMOH QTOMBOH aJieKTpo
CTaHD;HH, OKa3LIBaiO~Be HenocpeACTBeBHOe BJIHH
HHe Ha npoeKTHpOBaHHe CHCTeM. B ClleJJ;BcpB.KaJJ;BIO 
o6opYAOBanua. Bhlruey.KaaaHHhle Tpe6ouauua npu
ueJiu K cnen;uaJibHhiM. perueHHHM., KacaiO~HM.CH: 

a) npeoAoJieuua Koppoauu; 
b) KOHTpoJIH a a uaM.eueuueM. pacTBopuMoro no

l'JIOTHTeJIJI B 3a .KalJeCTBOM BOALI B CBJI3H C 3KC
IIJiyaTaJJ;Heii aKTBBHOH 30HLI; 

C) o6pa~eHHJI C »CBAKBMH B TBepALIM.H paABO,
aKTBBHbiMB Be~eCTBaM.B H HX o6pa60TKH; 

d) llOJIHOH 6eaonaCHOCTH pa60Thl B BLICOKOH 
~OCTYllHOCTB CBCTeM. 

lloKaaauo, .Ka.KBM o6paaoM peruaiOTca He.KoTo-
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pbiC npo6JieMbl KOHTpOJIH, OC06eHHO CBH3aHHbie C 
6eaonaCHOCTbiO pa60Thl ycTaHOBKH: 

a) npoeKTuponanue H'aAe»moro ucToqHJma 
JJICKTpOllHTaHUH; 

b) anaJiua u npep;ynpemp;enue np;cpHbiX ann
puii; 

c) co6Jirop;enue 6eaonacnbrx npep;eJion, HaJia
raeMbiX uayqeHHCM aKTHBHOH 30Hhl. 

06cymp;aeTCH H30JIH~HOHHbiH MaTCpiW.il, IIpHliH
Tblll )J;JIH aTOMHoil aJieKTpocTaH~HH n App;ennax; 
llpHBO)J;HTCH llOJIOIKCHHH, IIpHMCHHMbiC K p;pyrHM 
YCTaHOBKaM. 

llpHBO)J;JITCH TOqHbiC IIpHMCphi, IIOKa3biBaiO~He 
OCHOBHOe 3HaqeHHe Bhi6opa KO)J;OB H !IOpM. 3To 
TCM 6oJiee HBJIHCTCH npep;MCTOM o6cymp;eHHH, 
('CJIH, KaK B p;aHHOM CJiyqae, peqb H)J;CT 06 06'b
C)J;HHCHHOM npep;npHHTHH pa3Hb1X CTpaH. 

OnucaH Bhr6op MaTepuaJIOB AJIH oCHOBHbiX ya
JIOB nepnuqnoif ycTaHOBKH, H o6'bJICHHIOTCH npli-
11HHbl Bbi6opa. 

Ha ocnone onbiTa, HaKonJieHHoro Ha npaKTHRe 
cTponTe.JIHMH aTOMHoii aJieKTpocTaH~HH n App;eH
Hax, OIIpep;eJIJIIOTCH HOBbiC MCTO)J;hl H CllOC06bi, 
BHOBb paapa6oTaHHble HJIH llpHMCHCHHbiC B npo
MhiUIJICHHOM MaCIDTa6e )J;JIH CBapKH II ITJiaKHpOB
KH, XpOMHpOBaHHH, ROBRH, OCYI.QCCTBJICHHH He-
60JiblliHX ~OIIYCKOB ll3fOTOBJieHHH, TCITJIOBOH o6-
pa6oTKH. 

,Il;eJiaeTcn nonhiTRa onpep;e.JIIITh RpiiTepiin u 
c.pep;cTna, npHHIIMaeMhle AJIH KOHTPOJIH aa MaTe
pua.JiaMu u uaroTon.JieHneM na aanop;e, npiieMoq
HbiX HCIJhiTaHHH pa3JIHqllbiX KaTeropiiii MaTepu
aJia II np;epnoii qncTOTbl. 

OnucaHhl onhiTHbie ycTaHOBKH, cnpoeKTuponan
Hhle cne~na.JILHO )J;JIH paapa6oTKH ·u nponepRII n 
p;eiicTnnTeJII>HhiX pa6oqux ycJionunx nacocon II 
KJianaHOB nepnuqnoro ROHTypa, 3JICMCHTOB aRTliB
HOH aoHbl u npiiBO;:J;HbiX MexaHH3MOB peryJIIIpyro
I.QHX cTepmneii. 

l.JaCTb )J;OKJiap;a llOCBH~eHa 6yp;y~eMy pa3Bli
Tlll0 CliCTCM ll o6opyp;oBaHHIO, CBH33HHOMY C 

yconepmeHCTBOBaHIICM napaMeTpOB aTOMHbiX 3.Tie
l\1'pOCTaH~liH C BO)J;HHbiM peaKTOpOM. 

B aaKJiroqenue paccMaTpnnaiOTCH npep;e.Jibl 6e
aonacnoCTll ll MCTO)J;bl H3fOTOBJICHliH, npep;ycMa
TpllnaeMbiC BHaqa.Jie, H Ha HX OCHOBC onpep;eJIH
IOTCH IIpliCMJICMbiC HpliTCpliH )J;JIH 6yp;y~ero 

npoMhllli.JICHHOfO CTpOIITC.JibCTBa. 

A/770 Belgica 

Aportaci6n de Ia realizaci6n de una gran 
central de potencia a Ia concepcion y cons
trucci6n de equipo para reactores 

por P. Klees y C. Gerard 

La memoria muestra, tomando como base ·Ia 
experiencia adquirida por los constructores de Ia 
Central de las Ardenas en Givet, los progresos realiza-

P. KLEES and C. GERARD 635 

dos por Ia industria constructora de equipo para 
conseguir un perfeccionamiento de los procedimientos 
de fabricacion y da un esquema de Ia evolucion 
futura. 

Se resumen las caracteristicas funcionales de Ia 
central considerada que tienen una inftuencia directa 
sobre la concepcion de los sistemas y la especificacion 
de los equipos. Los requisitos mencionados han 
conducido a soluciones especiales que se refieren: 

a) AI domino de los problemas de corrosion; 
b) AI control de Ia variacion de veneno soluble y de 

Ia calidad del agua en relacion con Ia explotacion del 
nucleo; 

c) AI manejo y tratamiento de ftuidos y cargas 
radiactivas; 

d) A Ia seguridad completa de funcionamiento y a Ia 
elevada disponibilidad que deben tener los sistemas. 

Se muestra Ia forma en que se han resuelto algunos 
problemas de control, ligados, especificamente, a Ia 
seguridad de funcionamiento de Ia instalacion: 

a) Concepcion de una fuente segura de suministro 
de energia electrica; 

b) Analisis y prevencion de los accidentes de origen 
nuclear; 

c) Respeto de los margenes de seguridad impuestos 
por el estudio del nucleo. 

Se analizan las bases del sistema de aislamiento 
adoptado para Ia Central de las Ardenas y se obtienen 
conclusiones aplicables a otras instalaciones. 

Se citan ejemplos concretos que· demuestran Ia 
importancia fundamental que tiene Ia eleccion de 
c6digos y normas. Esta elecci6n esta mas sujeta a 
discusi6n si se trata, como en el caso presente, de una 
empresa comun a diferentes paises. 

La memoria describe, para las piezas importantes 
del sistema primario, la eleccion de materiales y 
explica las razones que se han tenido en cuenta. 

Se definen, tomando como base la experiencia 
practica que. han adquirido los constructores de la 
Central de las Ardenas, los metodos y los proce
dimientos nuevos que se han puesto a punto o 
industrializado para: Ia soldadura y el chapeado, el 
cromado, Ia forja, Ia realizaci6n de tolerancias 
estrechas de fabricacion, y los tratamientos termicos. 

Se intenta definir lo que deberian ser los criterios y 
medios a adoptar para: el control de los materiales y 
de las fabricaciones en taller, las pruebas de recepci6n 
de las diferentes categorias de material, y Ia limpieza 
nuclear. 

Se hace una descripcion de las instalaciones con
cebidas especialmente para Ia puesta a punto y Ia 
comprobaci6n, en las condiciones reales de funciona
miento, de: las bombas y valvulas primarias, los 
elementos del nucleo, y de los mecanismos de mando 
de las barras de control. 

Una parte de Ia memoria esta consagrada a la 
evoluci6n futura en Ia concepcion de los sistemas y 
equipos, como consecuencia de Ia mejora de los 
diferentes parametros de las centrales de agua. 
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Strength problems of the flanged joint 

By J. Kuchta* 

NOTATION 

p: internal pressure 
0'1 : total stress 
q 2 : membrane stress 

( )z: dimensions of basic shape 
n: number of bolts 
1 : stress on the external surface of wall 
2: stress on the internal surface of wall 
a: figure has value for point 1 
b: figure has value for point 3 
c: figure has value for point 4 
Other dimensions are noted on Fig. 1. 
One of the main problems connected with pressure 

vessels of some nuclear power reactors is the successful 
design of the joint between the removable t~p dome 
and vessel which is needed for exchange of mternals 
or fuel, or' some other reason. The importance of this 
arises especially in the case of gas-cooled power 
reactors, of cylindrical shape, moderated by heavy 
water. 

The demand for maximum economy in unit cost 
leads the designer to increasing the output of reactors, 
but there are certain limits of heat, physics, strength 
and technological parameters in the active zone of this 
reactor type, which require that the achievement of 
higher unit output can only be done by increasing the 
diameter of the active zone. 

Diameters of 6 000 mm for the active core are quite 
usual but as the diameter of the vessel increases, and 
taking into account the fact that the coolant is gas at a 
pressure of 100 kgf/cm2, the r~quirements for re~ia
bility of the joint becomes more Important. The design 
of flange joint must assure with sufficient safety not 
only the retaining of great axial forces, but ~lso a 
satisfactory uniform seal against pressure. dunng ~ll 
operations. The effects of stress-concentration, of size 
factor, of accumulated energy, neutron flux and other 
factors connected with choice of material and manu
facturing technology must not be neglected. The 
problem arises of applying some of the classical ~ypes 
of flanged joint or their modification to a highly 
stressed vessel of unusually large dimensions. 

However not all classical types of flanged joint have 
the same r;nge of application for increased diameters 
o( vessels. Every joint has some limiting parameter and 
its effect with increase of dimension grows steadily 
more expressive, till at a certain value it cannot 
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comply strictly with strength or technological require
ments. At transition sections, where two different 
thicknesses of components join, i.e., at a spherical 
top dome and a flange, there are uniform membrane 
stresses and also bending stresses, which can reach 
especially in the median section values of considerable 
magnitude. For design reasons it is not possible to 
make this joint so smoothly to ensure that notch 
effect does not occur. 

The possibility of decreasing the stress concentra
tion in a local area of transition is, practically speaking, 
limited. However, there is still the possibility with 
suitable design, even with the existence of unavoida?le 
notches of eliminating at these points the bendmg 
stress and leaving only the uniform membrane stress. 
In this way the value of stress concentration is usually 
decreased and the distribution of stress becomes 
sufficiently uniform. 

Therefore it is necessary first to choose a type of 
flanged joint suitable for the vessel diameter and to 
accepted materials-the optimising of type, and 
second to make a choice in detailing the actual 
dimensions to eliminate bending stresses-the opti
mising of shape. 

But shape optimisation gives no finite form of 
flanged joint. Its design during development suffers a 
series of changes, large and small, for design or 
technological reasons, which arise during the course 
of the work. Every such design change means a new 
optimisation. 

For successful development the designer needs to 
gain concrete knowledge about the strength behaviour 
of the joint in the most important operating conditions, 
not only about the joint but also about its components. 
He needs to know, at every stage of the project, how 
some of the necessary changes affect the state of stress 
in important cross-sections, especially where un
avoidable design notches exist. 

The proving of the above-mentioned optimisations 
and some arising design changes on models would 
require a great deal of time and money. The whole 
process is done more effectively on the digital com
puter. In this way the designer gains a satisfactory 
basis for the optimum design of a joint and for 
evaluation of the effect of design changes during a few 
hours, without losing time by doing many variants of a 
design which are often ineffective. 

It is necessary to note that the calculating methods 
have some inaccuracies and that they cannot include 
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Figure I 

Figure 2. Types of flanged joints 

some details and small changes. For comparison of 
various shapes their accuracy is adequate. The chosen 
shape is verified on the model and according to the 
results of measurements the relevant modifications 
and additions to calculated data are introduced. 
Such a method for the preparation of the design means 
a saving of time and expense. In this case it has been 
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applied to three types of flanged joint, as shown in 
Fig. 2: 

(a) Loose type flanges; 
(b) Integral type flanges with bolts; 
(c) Integral type flanges with studs. 
These have been analysed for a vessel with a mean 

diameter of approximately 6 000 mm, with an internal 
pressure of about 70 kgf/cm2 and with a temperature 
difference in the joint reaching 50° C. Usually in these 
calculations the so-called method of forces is used. 
Its principle is that the whole joint is sectioned into 
separate axially symmetric sections for which in the 
theory of strength of materials more or less accurate 
expressions for radial deformation, cross-sectional 
torque and distribution of stress exist. 

A simple calculation scheme for a joint with loose 
flanges indicating the required forces and dimensions 
is shown in Fig. 1. At the sections shown, the un
known shear forces and bending moments are included 
and the deformations are determined partly from these 
and partly from other external forces; pressure, 
gasket force, temperature differences, weight, etc. 

From the condition of continuity of deformations 
in the sections a system of linear algebraical equations 
is obtained. Its left hand side expresses the elasticity 
dependence of the joint, its right side the action of all 
the external effects. The calculated values of unknown 
forces, moments and other effects are substituted into 
the equations for stress, eventually for deformations 
of separate parts. The more perfect the determination 
of external effects and the more exact the formulae 
used, the less the calculated values will differ from 
reality. 

The material of the vessel was chosen in order to 
allow the membrane circumferential stress in the 
smooth part, O't = 1 500 kgf/cm2, and membrane 
stress in the unweakened part of the spherical top 
dome O'm = O't = 500 kgf/cm2 on condition that the 
largest used thickness of sheet cannot exceed 500 mm. 
It was also necessary to assume that the sealing force 
equals 50 per cent of the total force acting on the top 
dome in the operation. 

The first type optimisation for the given parameters 
of vessel and material has indicated that no applied 
type of joint with integral flanges fulfilled the strength 
and technological requirements, and that it was 
impossible to use them in the design of the vessel. 

Only the loose flange joint has fulfilled all conditions 
and has indicated that it is ready for subsequent 
shape optimisation. Let us look closer at both opti
misation processes. Their preparation consists in the 
rationalization of general strength calculations for the 
type of joint which can be considered for application. 

The final results are equations for longitudinal and 
circumferential stresses on the internal and external 
surfaces of the wall at flanges, bolts-and at all points 
where a high state of stress can be expected. The 
equations for the most important deformations of 
separate parts of the joint have all been determined. 

This task as well as the programming of the general 
calculation on the digital computer, does not take much 
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time for the experienced worker when he uses various 
means. In the later process the designer, on the basis 
of design experience and technological possibilities, 
determines the so-called "basic shaP.es", one for each 
type of joint used in the range of parameters and 
dimensions of the vessel. 

For the determined "basic shapes" a system of 
dimensional variation is made by means of the above
mentioned general calculations. This process consists 
in changing one dimension in such a way that its 
chosen difference in value in the "basic shapes" on 
both sides does not change the values of other 
dimensions. 

The calculated stresses, and/or the deformations 
in the above-mentioned sections with a high state of 
stress which decide the strength reality of the design, 
are drawn in diagrams. The curves of changes in 
stress dependence on change of dimension in the most 
highly stressed points for every applied type of 
joint are obtained. 

In accordance with the values of stress and on the 
basis of gradients of the curves, it is possible to reach 
a satisfactory conclusion, if some parts of the "basic 
shape" are oversized or if it is capable of further 
dimension correction without affecting the stress in 
another point, or if the limits of the given range of 

technological possibilities and available deformations 
are not exceeded. In this way the unsatisfactory types 
of joint can be eliminated without losing time by 
further work on them. 

The type of joint which complies with type optimisa
tion is subjected to the shape optimisation. This task 
is more simple, because we know the dependence of 
stress on the changes of dimensions on the basis of the 
diagrams obtained. It has been shown that there is a 
sufficient number of other variants in practice to 
eliminate the bend and to give an adequately strong 
joint. It is necessary to say that for a simultaneous 
combination of some changes of various dimensions, 
the character of the curves is the same, though the 
gradients are slightly affected. The character of the 
obtained curves stays the same within a broad 
dimensional range about the "basic shape." 

As examples, in Figs. 3 to 10 are shown some 
curves of the dependence of stress on changes of 
dimensions of a "basic shape" joint with loose flanges. 
For clarity the longitudinal stresses on external and 
internal surfaces of the wall are shown, from which the 
effect of dimensions on the existence of the bending 
stresses can be seen. This is only for points 1, 3, 4 in 
Fig. 1. At other tested points the same dependences 
have been obtained and therefore they are not shown. 

ABSTRACT -RESUME-AH HOTAU111R-RESUM EN 

A/834 Tchecoslovaquie 

Problemes de resistance des joints a brides 
par J. Kuchta 

La realisation d'un joint ctemontable entre le 
couvercle et la cuve est l'un des principaux problemes 
poses par de nombreux reacteurs de puissance. 
L'importance d'un joint de conception sure croit avec 
le diametre de la cuve. 

On est ainsi amene a adapter certains types de joints 
a brides classiques ou modifiees a des cuves tres 
grandes et compliquees. Les divers types de joints 
classiques ne peuvent pas tous convenir a des cuves 
tres grandes. 

11 faut done d'abord choisir le type de joint con
venable (optimisation du type), puis en chois\r les 
diverses dimensions (optimisation de la forme). De 
cette fa~on on peut choisir <;les formes realisables pour 
les regimes de fonctionnerrient les plus durs, eliminer 
les contraintes de flexion indesirables et ne laisser 
que les tensions de membrane. 

La realisation d'un modele de ces deux optimisations 
ne serait economique ni en temps ni en cout. 11 
faut done optimiser de fa~on analytique en utilisant 
une machine a calculer. Le fabricant obtient en 
quelques heures les donnees necessaires ala conception 
du joint. Pour verifier le plan obtenu il suffit de 
controler une variable choisie. 

On a analyse trois types de joints a brides pour une 
cuve de 6 000 mm de diametre, sous une pression de 

70 kgf/cm2 environ, avec une difference de temperature 
dans lejoint atteignant50°C, avecunepression assurant 
l'etancheite de l'ordre de 50% de la pression totale 
agissant sur le couvercle, et en postulant quelques 
autres conditions concernant la technologie et les 
materiaux. 

Le joint a bords libres s'est revele le meilleur et l'on 
indique pour ce type la procedure d'optimisation de la 
forme. Pour l'obtenir rapidement il faut disposer de 
courbes donnant la variation des contraintes dans les 
sections importantes en fonction des changements de 
dimensions. 

On utilise I' analyse de la resistance generale du joint 
a bords libres en fonction des effets, que l'on etudie a 
l'aide d'une machine a calculer. Apres avoir defini les 
variables de dimensions essentielles approximative
men! dans le domaine des parametres de la cuve pour 
laquelle le joint est optimise, on fait varier les dimen
sions. L'influence de ces changements de dimensions 
sur les contraintes dans les sections importantes est 
traduite en graphiques. A partir de ces courbes on peut 
tirer des conclusions non seulement sur les possibilites 
des variables dimensionnelles mais aussi sur le 
comportement global de la jonction. 

Les renseignements obtenus permettent de realiser 
les meilleures formes dans un grand domaine de 
parametres de la cuve avec un petit nombre d'autres 
variables. 

Le memoire comprend des graphiques de courbes 
caracteristiques pour un joint a bords libres. 
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A/834 l..fexocnoaaKHA 

Bonpoc~ npoYHOCTH ~naH~eaoro co
eAHHeHHR 

111. Kyna 

Xopomaa ROHCTPYR~HJI C'beMHoro coe~HHeHHJI 
uphlmKH c KopnycoM peaKTopa JIBJIJieTcJI o~Hoii 

H3 OCHOBHhlX npo6JieM ~JIJI MHOI'HX JI~epHhiX ;mep

reTHqeCKHX peaKTOpOB. 3HaqeHHe Ha~effiHOCTH 
ROHCTPYK~HH aToro coe~HHeHHJI noapacTaeT c 

yBeJiuqeHHeM ~HaMeTpa Kopnyca. 

BoaHHRaeT aa~aqa npnMeHHTh o~nH ua RJJac

cuqecKHX THITOB qmaH~eBhiX coe~HHeHHH HJJH ero 

pa3HOBH~HOCTh Ha KOpnyce qpe3Bhlqai1HO Kpyn

HOI'O H OTBeTCTBeHnoro annapaTa. PaaJJHqHhTe 

KJiaCCHqecKHe THIIhl qJJiaH~eBhiX coe~HHeHHH, ITO

BH~HMOMy, He O~HHaKOBO nepcneKTHBHhl B ~aH

HOM CJiyqae BBH~Y yBeJJuqeHHhiX paaMepOB 

Ropnyca. 

B CBJI3H c aTHM Heo6xo~HMO B nepByiO oqepe~h 
OT06paTh y~o6HLIH THIT COe~HHeHHH (THITOBaH 

OITTHMH3a~HH) H aaTeM npOH3BeCTH BhiOOp paaMe

pa ;n;eTaJieii ( onTHMHaau,HH ljlopM~>I). TaKHM ny

TeM MOffiHO HaHTH TeXHOJIOrHqeCKH npHeMJieMhie 

4JopMhl ~JIH HaHOOJiee THffieJIOI'O pemHMa 3KC

ITJiyaTaiJ,HH, HCKJIIOqHB HeffieJiaTeJihHhie HaiTpHme

HHH H3l'HOa H OC.TaBJIB JIHillh MeM6paHHhie HanpH

meHHH. 

BBn;n;y Toro qTo c ToqKH apeHHH ~eHemHhiX pac

xo;n;oB H aaTpaThl BpeMeHH Mo~eJIHpoBaHHe o6eux 

OllTHMH3aiJ,HH He3KOHOMHqHo, OITTHMaJihHhle pe

lUeHHH HaXO~HT aHaJIHTHqeCKHM nyTeM C ITO

MOIIJ,hiO cqeTHo-pemaiOIIJ,eii MamHHhl. B peayJII>Ta

TC KOHCTPYKTOp noJiyqaeT Heo6xo;n;HMhle ;n;aHHhle 

;n;JIH ITpOeKTHpOBaHHH ljJJiaHIJ,eBOI'O COe)l;HHeHHJI B 

Teqenue HeCROJihKHX qacoB. ,ll;JIH npoBepRH c~e
JiaHHoro npoeRTa ~OCTaToqHo npoBeCTH H3MepeHHH 

O)l;HOI'O H36paHHOI'O BapHaHTa. 

BI>IJIH paccMoTpeHhi TPH THna ljJJiaHu,eBhiX coe

;n;nHeHHH Ropnyca ~HaMeTpoM 6000 .MM c nepena

~oM ~aBJieHHH 70 aT, pa3HOCThiO TeMnepaTyp B 

COe~HHeHHH nopa;n;Ka 50° C H npHffiHMHOH YITJI~T
HHIOIIJ,eH CHJIOH 50% o6IIJ,eit Harpy3KH, ~eHCT
BYIOIIJ,eH Ha KphllllKY npH 3a)l;aHHhiX TeXHOJIOI'JI

'IeCKHX ycJIOBHJix H KOHCTPYK~HOHHhlx MaTepua

Jiax. 

OnTHMaJII>HhiM oRa3aJIOCI> coe~HHeHHe co CBo-

6o~HhiMH ljJJiaH~aMH, )l;JIH KOTOporo npHBO~HTCJI 
MeTO~ OITTHMH3aU,HH ljlopMhl. ,ll;mi ycrremHOI'O ll 

6hiCTporo BbiiTOJIHeHHH aTOH 3a~aqH ~OCTaToqHo 
HMeTb UpHBhle aaBHCHMOCTH HanpHmeHHJI B pe

maiOIIJ,HX ceqeHHHX OT H3MeHeHHH OT)l;eJibHbiX paa

:MepoB. 

OcHonon cJiymnT pacqeT Ha npoqHocTL coe;n;H

HeHHH CO CB060)l;HhiMH ljJJiaHU,aMH, BhlllOJIHeHHhiH 

no :MeTo~y HarpyaoR "u cnporpaMMHponaHHhiH ~JIH 
cqeTHO-BhlqHCJIHTeJihHOH MamHHhi. IIocJie paapa-

6oTKH OCHOBHOI'O BapHaHTa paaMepoB B npe;n;e

JiaX napaMeTpOB KOpnyca, ~JIH KOTOpOrO OllTHMH-

3HpyeTCH coe~HHeHHe, npHBO)l;HTCH CHCTeMa paa-
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MepHhlx Bapua~Hi1. BJIHHHHe aTHX paaMepHLIX 

U3MeHeHHH Ha HanpHmeHHOCTL B pemaiOIIJ,HX ce

'leHHHX coe;n;nHeHHH oTo6pameHo Ha rpaljluKax. 

IJo xapaRTepy KpHBhiX MOffiHO CY)l;HTL He TOJihKO 

0 B03MOffiHOCTHX OCHOBHOI'O BapHaHTa paaMepOB, 

HO TaRme H 0 IIOBe~eHHH Y3Jia B U,eJIOM. 

IJpH ITOMOIII,H llOJiyqeHHhiX ~aHHhiX MOffiHO C 

MHHHMaJihHbiM qHCJIOM CJie)l;yiOIIJ,HX BapHaHTOB 

~06HTbCH OllTHMaJILHOH ljlopMhl COe~HHeHiiH B ~0-
CTaToqHO illHpOKHX rpaHH~aX napaMeTpOB ROp

nyca. 

R ~ORJia~y npHJiomeHhl rpaljJHKH c xapaRTepuc

TJJqecRHMH RpHBhiMH COe~HHeHHH CO CB060~HhiMH 
(JJJiaH~aMH. 

A/834 Checoslovaquia 

Problemas de resistencia de las uniones por 
bridas 

por J. Kuchta 

La solucion del problema de las uniones desmon
tables entre Ia cubierta y el recipiente del reactor es de 
primordial importancia en Ia construccion de los 
reactores nucleares de potencia. La importancia de Ia 
seguridad de esas uniones crece a medida que el 
diametro del recipiente aumenta. 

Surgeel problema de Ia aplicacion de uno de los tipos 
clasicos de las uniones por bridas o-de sus variantes 
a los recipientes de dimensiones y cargas extrema
damente grandes. Sin embargo, no todos los tipos 
clasicos de las uniones por bridas son aplicables al 
aumentar las dimensiones del recipiente. 

En primer Iugar, se debe escoger un tipo apropiado 
de union ( optimizacion del tipo) y a continuacion elegir 
las dimensiones de los componentes ( optimizacion de 
Ia forma): de este modo pueden encontrarse para los 
regimenes de trabajo mas severos formas tecnologi
camente adecuadas y, al mismo tiempo, evitar las 
indeseables tensiones en Ia dobladura, manteniendo 
solo las tensiones de membrana. 

Debido a que el estudio de las dos optimizaciones 
sobre modelos es aritieconomico desde el punto de 
vista de su costo y del gasto de tiempo, se recurre a 
calculos que se realizan con ayuda de maquinas calcu
Iadoras. En consecuencia, el constructor obtiene datos 
para el disefio de Ia union por bridas al cabo de 
algunas horas. En caso de necesidad basta realizar 
medidas sobre una de las variantes elegidas. 

Se han estudiado tres tipos de uniones por bridas 
para un recipiente de 6 000 mm de diametro, a unos 
70 kgfjcm2 de presion, con diferencia de temperatura 
en Ia juntura del orden de 50 °C y con el aprovecha
miento para el cierre del 50 por ciento de Ia fuerza 
total que actua sobre Ia cubierta en las condiciones 
termicas y tecnologicas dadas. 

Se ha mostrado optima la union por bridas libres, 
en la cual se procede a la optimizacion de la forma. 
Para Ia rapida y eficaz solucion de este problema se 
necesitan curvas ·que relacionen las tensiones en las 
secciones criticas con las variaciones de las diferentes 
dimensiones. 
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Como base de partida se adopta el calculo general 
de Ia resistencia de las uniones por bridas libres, 
realizado por el metoda de fuerzas y programado para 
la maquina calculadora. Despues de proponer el 
sistema dimensional basico con parametros pr6ximos 
a los del recipiente real, cuya juntura se somete a la 
optimizaci6n, se estudia la influencia de la variaci6n 
de estos ultimos. Los resultados de estos estudios se 
representan en graficos. 
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La forma de las curvas encontradas permite sacar 
conclusiones no solo acerca de las posibilidades del 
sistema basico de las dimensiones, sino tambien 
acerca del comportamiento de la totalidad de la 
instalaci6n. Estos datos permiten obtener con un 
numero minimo de variantes subsiguientes, formas 
6ptimas de junturas en un margen bastante am plio de 
parametros del recipiente. Se adjuntan graficas con 
curvas caracteristicas de la union por bridas libres. 
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Some engineering studies conducted in introducing 
a British type reactor for the Tokai atomic 
power station 

By T. Yoshioka, C. Asada*; M. Kawasaki, R. Ueda, K. Taketani, M. Sasagawa, 
S. Nomura, Y. Okamoto and S. Sato** 

In connection with the construction of the Tokai 
atomic power station, the Japan Atomic Power 
Company and the Japan Atomic Energy Research 
Institute have jointly carried out extensive experimental 
studies on the engineering and safety aspects of the 
fuel elements. 

Uranium fuel oxidation and fission gas release 

Defect test on model fuel elements 
The first half of this series of experiments is a so

called defect test [1-2]. Reduced model fuel elements 
were prepared by canning with Magnox natural 
as-cast uranium rods, 10 mm in diam and 25 mm in 
length. Each canned specimen was intentionally 
punctured with a pinhole 0.2 to 1.0 mm diam. The 
model was heated externally to 450 oc and to 550 °C 
in atmospheres of either carbon dioxide, air or an 
equivolume mixture of the two. The creation of a gap 
between the uranium and the clad caused oxidation 
to take place over a wide area around the pinhole, 
irrespective of the pinhole diam. 

In the case of carbon dioxide oxidation, only a 
slight swelling by oxidation was observed after one 
day. The weight increase was about 100 mg/day at 
550 °C and about 7 mg/day at 450 °C, with little 
variation due to pinhole diam. Weight increased 
linearly with time. In the case of air oxidation, 
swelling grew rapidly, and when after several hours at 
550 °C the gain in weight approached 300 mg the 
cladding burst and uranium oxide powder formed by 
oxidation was released. The weight increase by 
oxidation measured about I 000 mg (see Fig. I) in 
10 hours at 550 °C (slightly lower at 450 °C), irre
spective of pinhole diam. The log-log plot of weight 
increase versus time with air oxidation presented two 
straight lines connected by a break point. 

Fission gas release during oxidatl.on by carbon dioxide 
Fission product release from uranium heated in air, 

steam and carbon dioxide are reported by Hilliard [3], 
Scott [4] and Parker [5], respectively. The purpose of 
the present experiment was to determine the correla
tion of fission gas relase with uranium oxidation by 

*Japan Atomic Power Company, Tokyo. 
** Japan Atomic Energy Research Institute, Tokai-mura. 
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carbon dioxide. The experiment was carried out at 
relatively low temperatures to enable us to· simulate 
the operating conditions of the reactor concerned. 

The specimen used in the experiment was a uranium 
pellet weighing about I g and was irradiated to I 015 nvt. 
After cooling, it was heated in purified carbon dioxide 
and the oxidation rate was measured gravimetrically 
in a thermo-balance. The thermo-balance was swept 
periodically with pure helium to collect fission gas 
in a low temperature charcoal trap. The fraction of 
fission gas released during oxidation was determined 
by measuring the activity of the collected gas. The 
temperatures investigated were 500, 600 and 700 °C. 

Experimental results are shown in Fig. 2. The 
correlation of fission gas release percentage with 
oxidation percentage was found to be linear at the 
temperatures investigated. The fractions of fission gas 
released to completion of oxidation were about 10, 22 
and 40% at 500, 600 and 700 °C, respectively. Plots 
of the fraction against the reciprocal of the tempera
ture were found to agree with the Arrhenius type 
relation of small activation energy (5.1 kcaljmole). 
This temperature dependence indicates that diffusion 
in the oxide powder is not the exclusive factor in the 
release of fission gas during oxidation. 

Diffusion coefficient of fission gas in the oxide 

In connection with the study described in the 
preceding section, the diffusion rates of fission gas in 

Figure I. Appearance of specimens after a few hours air oxidation 
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Figure 2. Correlation of fission gas release with oxidation of 
uranium by carbon dioxide 

the uranium dioxide powder produced upon carbon 
dioxide oxidation of uranium at 600 and 700 °C have 
been measured at temperatures ranging from 450 to 
750 °C. 

Two kinds of uranium dioxide powder were used. 
They were prepared under identical conditions except 
for the temperatures at which the uranium was 
oxidized. The powders were irradiated to 1015 nvt. 
They were not subjected to any treatment such as 
sintering or compacting before or during irradiation. 
After cooling, fission gas released during isothermal 
heating was collected in low temperature charcoal 
traps, and analyzed by gamma ray spectroscopy. 

The fraction of fission gas released during heating 
was apparently proportional to the square root of the 
heating time as can be explained from the general 
diffusion mechanism. The apparent diffusion co
efficient D', i.e., diffusion coefficient divided by the 
square of the radius of the theoretical sphere of the 
oxide, was 2.0 x I0-12, 1.8 x IQ-11, 1.5 x IQ-10 and 
1.4 x IQ-9 s-1 at 450, 550, 650 and 750 °C, respec
tively, for the powder produced at 600 °C, and 
5.7 x I0-10 and 2.8 x IQ-8 s-1 at 600 and 700 °C, 
respectively, for the powder produced at 700 °C. For 
that produced at 600 °C, the logarithms of D' versus 
the reciprocals of temperature were linear, with 
activation energy of 16 kcal/mole. By analogy, the 
Arrhenius plot for the powder produced at 700 °C 
could also be presumed a straight line though only two 
points were obtained, and the activation energy was 
calculated to be 28 kcaljmole. In the present investiga-
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tion, all gaseous fission products were collected and 
measured, and found to be almost exclusively 133Xe. 

Oxidation by decomposed carbon dioxide 

In the reactor under operation, carbon dioxide is 
partially decomposed by ionizing radiations and by 
its contact with graphite. To meet this problem, the 
oxidation rate of uranium by partially decomposed 
carbon dioxide was measured gravimetrically and 
compared with that by non-decomposed carbon 
dioxide . 

Decomposition of carbon dioxide was effected by 
silent discharge. Precise determination of the de
composition percentage was made by measuring the 
vapour pressure of the gas remaining uncondensed at 
liquid nitrogen temperature. But for routing operation, 
a very simple absorption flask was used, containing 
40% KOH aqueous solution to absorb carbon dioxide. 

Experimental results are shown in Fig. 3 together 
with the oxidation rate by non-decomposed carbon 
dioxide, for comparison. The oxidation rate increases 
almost proportionally with increase in decomposition 
percentage. But it is important to note that, in the 
present case, the decomposition contributes to uran
ium oxidation purely as source of oxygen supply to the 
carbon dioxide. This is confirmed by the fact that the 
rate of oxidation by the decomposed carbon dioxide 
was the same as that caused by carbon dioxide into 
which oxygen from water electrolysis was con
tinuously supplied to an equivalent amount. 

Creep properties 

For the creep tests a vacuum creep testing machine 
of the author's original design was used, and all the 
tests were carried out in vacuum to minimize oxidation. 

The creep specimens of 8 mm diam and 50 mm 
gauge length were machined from two groups of cast 
bars of different composition. Typical compositions 
determined by analysis and heat treatment data are 
shown in Table 1. 

Table 2 shows the experimental results obtained 
from the present creep tests. The results are plotted 
graphically in Fig. 4. The logarithmic relation between 
the secondary creep rate and the stress for both 
groups present roughly straight lines. 

Figure 5 shows that a straight-line relation exists 
also between the logarithm of the secondary creep 
rate and the reciprocal of absolute temperature. 

The results presented in Figs. 4 and 5 confirm a well 
known expression [6-8] of the secondary creep rate: 

€ = an exp (K- Q/RT) (1) 

where € is the secondary creep rate in bar-I, a the 
applied stress in kg/mm2, T the absolute temperature 
in °K, Q th~ activation energy of creep, while nand K 
are constants. 

Using Eq. (1), the values of Q, nand K derived from 
the present results are summarized in Table 3 for two 
groups. 

In this case, the calculation error was treated by the 
method of weighted least squares. 
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Table I. Typical chemical composition and heat treatment 

Group 

A 

B 

c 
ppm 

600 

350 

Fe 
ppm 

60 

350 

AI 
ppm 

39 

1100 

Table 2. Results of isothermal creep tests 

Group 
Temp. Stress Secondary creep 

oc kg/mm2 rate hr-1 

425 2.5 1.87 X 10-• 
425 3.5 7.20 X 10-• 
425 3.58 9.96 X 10-• 
475 2.5 2.39 X 10-• 
475 3.0 5.52 X 10-5 

475 3.5 7.79 X 10-5 

475 3.5 1.20 x to-• 
5t5 3.5 9.t2 X 10-• 
525 2.0 1.36 x to-• 

A 525 2.5 3.87 x to-• 
525 3.0 s.2o x to-• 
525 3.5 3.24 x to-• 
525 3.5 1.37 x to-• 
575 2.0 1.58 x to-• 
575 2.5 4.90 x to-• 
575 2.5 2.88 x to-• 
575 3.0 7.29 x to-• 
575 3.5 1.32 x to-• 
575 3.5 4.22 x to-• 

475 3.5 1.94 X 10-5 

525 2.5 8.30 x to-• 
B 525 3.0 uo x to-• 

525 3.5 2.44 x to-• 
575 3.5 l.8t x to-• 

Grain size ranged between 275 and 650 fl, and the 
carbon content between 390 and 950 ppm in group A, 
but these variations did not affect the creep rate in 
any significant manner. On the other hand a remark
able effect on the creep rate is brought by the presence 
of even a small amount of cast structure resulting 
from incomplete heat treatment. 

Conclusions 

(a) The isothermal creep properties for group A 
and B may be represented by the following relations: 

Group A (temperature range 425 o to 575 °K) 
E = cr3.929 exp ( -l.OS2 to 59.6 kcal/ RT) 

Group B (temperature range 475 o to 575 °K) 
E = cra.2o2 exp (1.476 to 57.1 kcal/RT) 

(b) The addition of Fe and AI produces high creep 
resistance and good grain stability. 

Heat treatment 

720 oc x 15 min---+ W.Q. (twice) 600 oc x 2 hrs 

720 oc x 15 min---+ W.Q. 600 oc X 1 hr 

(c) The presence of texture results in a very marked 
change of the creep rate. 

Irradiation effects on Magnox ALSO 

To study the effects of neutron irradiation on the 
mechanical properties of Magnox ALSO, room 
temperature yield and fracture stresses were measured 
for 2 mm diam polycrystalline wire specimens with 
grain diameters varying from 0.03 mm to 0.24 mm. 
After heat treatment to vary grain size, specimens were 
irradiated in JRR-2 to doses between 1017 neutrons/ 
cm2 and 2 x 1019 neutronsfcm2 at an irradiation 
temperature of about 50 °C. Tensile tests were 
performed with an Instron testing machine. The grain 
size dependence of yield and fracture stresses were 
measured at a strain rate of 1 %/min. And the strain 
rate dependence of yield and fracture were measured 
for specimens of 0.07 mm grain diam by changing the 
strain rate from 1 %/min to 100%/min. These results 
were compared with those of non-irradiated specimens. 
No definite irradiation effects were obtained in the 
specimens irradiated to doses up to 1018 neutronsfcm2• 

After a dose of2 x 1019 neutronsfcm2, neutron irradia
tion tends to raise the yield stress of Magnox ALSO 
specimens as shown in Figs. 6 and 7, although the 
fracture stress is unchanged. The yield stress, cry, can 
be related to the average grain diam, d, by the equation 

CTy - CTj + Kyd-112 

where CTi and Ky are constants. The values of ai and Ky, 
estimated from Fig. 6 are 3.S kg/mm2 and 1.3 kgfmm312 

respectively for irradiated samples and 3.6 kg/mm2 

and 1.2 kg/mm312 respectively for non-irradiated 
samples. Irradiation to 2 x 1019 neutronsfcm2 slightly 
increases both <ri and Ky of Magnox ALSO. The 
changes in yield stress associated with irradiation are 
independent of the strain rate (Fig. 7). 

The present study includes work being conducted by 
the Japan Atomic Energy Research Institute in 
co-operation with Furukawa Electric Company Ltd., 
and Sumitomo Metal Industries Ltd. 

Collapse tests 

Collapse tests of sub-sized fuel elements have been 
carried out with high temperature and high pressure 
C02 gas. An autoclave was specially designed for this 

Table 3. Values of Q, n and K in the creep equations derived from two groups 

Group 

A 
B 

M 

3.929 ± 0.275 
3.202 ± O.Ot9 

K 

-1.082 ± 1.490 
1.476 ± 0.617 

Q (cal/mole) 

59 600 ± t200 
57 tOO± t 200 
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Figure 7. The effect of strain rate on yield and fracture stresses of 
Magnox ALSO specimens at room temperature 

test, and was used to periodically measure with dial 
gauges change of fuel diam at operation temperature 
and pressure. 

Fuel samples were isotropically compressed with 
C02 gas under the following conditions: 

550 °C: 30 kg/cm2, 40 kg/cm2, 50 kg/cm2 

30 kg/cm2 : 550 ± 20 °C, 550 ± 10 °C, 500 ± 20 °C, 
at 6 cycles per day. In order to avoid the effect of 
primary creep, the samples were exposed to 550 oc at 
5 kg/cm2 of C02 gas for 4 days before starting the 
thermal cycling tests. 

Experimental results are shown in Figs. 8 and 9, 
and diametric contraction rates are estimated from 
these curves and summarized in Table 4. 

Fluid dynamics and heat transfer 

Fluid dynamics and heat transfer tests were under
taken on full-size shells of the power reactor fuel 
element by means of a high temperature high pressure 
gas loop. This loop was designed to solve thermal 
problems of gas cooled reactors. The fuel elements 
of the Tokai reactor are Magnox clad uranium rods, 
and the fuel surface carries polyzonal spiral fins. The 
finned fuel elements 76.3 mm in length, 61 mm diam 
at fin tip, 45 mm diamat fin root, the fins being 16 in 
number and helical with a lead of 18.3 mm. Outside 
the fins are four longitudinal splitters, 20 mm in 
height, and 2 mm in thickness. Three finned element 
shells are inserted in the test channel which is 3 m 
long and I 00 mm in diam. 
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Figure 10 shows the cross section of the test 
equipment. The test channel is installed in the test 
section of the gas loop. The three fins in the channel 
are heated by a 30 kW stainless steel heater. The 
heater surface is electrically insulated by ceramic 
coating. Alumel-chromel thermocouples are pinned 
into the fin roots, and static holes are opened on the 
channel wall. The space between the fin and the heater 
is filled with nickel powder. This loop is operated on 
carbon dioxide at a pressure of 10 kgfcm2• A total of 
80 kW of electric heating capacity is available for the 
preheating stage. The gas temperature at the channel 
inlet is controlled to a constant level of 400 °C. The 
circulator circulates 70m3/min of carbon dioxide at a 
static head of 1 500 mm water column. Measurements 
of flow rate, gas and fin temperature, pressure drop, 
and heat input were made. 

The heat transfer coefficient is calculated from the 
temperature distribution, and the friction factor is 
obtained. The relation to fluid flow of flow resistance 
and heat transfer is represented in dimensionless units 
in Fig. 11. The results reproduced on the Bradwell 
pattern [9-10] are shown for comparison also in the 
the same figure. 

Studies on Tokai graphite 

The reactor graphite in Japan was, as explained 
above, required to be particularly stronger in mechan
ical strength, due to the requirements of the aseismic 
design. Accordingly, a decision was made for the 
Tokai reactor to use the Pechiney graphite of France, 
which is mechanically stronger, in place of the British 
AGL previously considered under the original design. 

Graphite in the Calder Hall type reactor is one of 
the materials of utmost importance, in the aspects 
of both reactor characteristic performance and 
safety, and therefore, the selection was made only 
after serious consideration, with various tests per
formed also in Japan, as are presented hereunder 
of the AGL, Pechiney (PC-Q1 and PC-Q3) and 
Japan-made (TD-AG) graphite to be of use in coming 
to the correct decision. 

Graphite oxidation 

Graphite oxidation in C02 gas and in air is one 
essential point of importance in the fundamental 
characteristics of graphite, the former, known as 
mass-transfer, being involved in the problem effecting 
deterioration in both density and mechanical strength 
of the graphite, while the latter in the problem affecting 
performance at the time of an accident. 

Table 4. Diametric contraction rates of fuel elements 

550 oc 30 kgs/cm2 

Condtttons 30 kgs/cm2 40 kgs/cm2 50 kgs/cm2 550 ± 20 oc 550 ± l0°C 500 ± 20 oc 

Rates 
(mm/day) -0.003 -0.010 -0.011 -0.037 -0.011 -0.014 
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Figure II. Fluid dynamics and heat-transfer data 

The laboratory tests were performed at 800-1 000 oc 
for the oxidation in C02 gas as its rate is slow at iow 
temperature, and those in air at different temperatures 
of 600 and 700 °C. From the results thus obtained no 
significant difference was found between the graphites 
of various manufacturers. 

Further in these laboratory tests, investigations were 
carried out to determine the change arising from 
oxidation in porosity distribution of the graphite 
and for the contamination effect relative to oxidation, 
and certain worthwhile results were obtained. 

Mechanical strength of the graphite and the effect of 
oxidation 

The graphite blocks of the Tokai reactor were made 
in the shape of hexagonal columns, with keys and 
keyways provided in turn on the faces in the axial 
direction, so that the blocks are firmly interlocked. 

Mechanical strength tests were performed on the 
complete graphite block. Tests were also performed on 
the test pieces cut out of the block for the following 
mechanical properties: 

(a) Ultrasonic measurement of elasticity. This 
method is advantageous, as the breaking strength is 
measurable without breaking the test piece. The 
elasticity was obtained by measuring the timing of an 
ultrasonic pulse propagating in the test piece. 

(b) Bending strength tests. The 3-point bending 
method was adopted for the tests, with a 12 mm wide, 
15 mm high and 76.2 mm long rectangular test piece. 

(c) Compression breaking strength test. A cylin
drical test piece, 15 mm in diam and 15 mm high, was 
used for the test piece, using Olien compression testing 
equipment. 

(d) Compression strength test. The same equip
ment as that for the compression breaking strength 
test was used, with a test piece having the same 
dimensions, but measurements were taken at a 
loading rate of 0.3 mmfmin. 

The results obtained may be summarized as follows: 
(a) Mechanical strength of the test piece before 

oxidation. Compared with the total average strength 
of all the types tested, PC-Q1 was found to be the 
strongest and PC-Q3 the lowest, with AGL and 
TD-AG ranking in between the two. AGL, having 
the highest specific density and specific gravity, was 
found to be relatively high in elasticity but not 
proportionally high in strength. 

(b) Comparison in oxidation rate. The four types of 
graphite were placed in a natural convection current 
reaction tube filled with air, and their oxidation rates 
were compared. 

This made it quite clear that both PC-Q1 and AGL 
were more resistant to oxidation. Further, various 
factors influencing the oxidation rate were investigated. 
It was shown that apparent density, porosity and 
porosity distribution as well as thermal expansion 
influenced the thermal oxidation rate. The true 
density, graphitisation temperature and magnitude of 
ash content had a much smaller effect on the oxidation 
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rate. However, for the AGL certain differences from 
the above findings were observed for which it was 
difficult to produce a reasonable explanation in the 
light of results previously obtained from the measure
ment of porosity distribution. It was recognized that 
this was due to other causes, for example differences 
arising during the course of manufacturing the raw 
material. 

(c) Size effect in oxidation. Experiments were 
performed on test pieces of cylindrical shape in four 
different sizes ranging from 6.24 mm to 50.0 mm in 
diam at temperatures ranging from 400 to 700 °C to 
investigate the effect of the temperature T and the size 
don the oxidation rate, and the results approximately 
indicated that a relationship proportional to the 
Arrhenius formula and d-n, respectively existed. It also 
indicated a slight change in the activation energy with 
the size, becoming smaller as the size got smaller, 
indicating a certain relationship existed between the 
oxidation rate and the geometrical surface area. 

(d) Mechanical change arising from oxidation. 
Prior to the breaking strength tests, a comparison was 
made between the change in the modulus of elasticity 
and the extent of oxidation. It was found that the 
modulus of elasticity changed faster. The change in 
mechanical strength relative to the extent of oxidation 
was found to be similar, which indicates that the 
modulus of elasticity and mechanical strength, as seen 
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from the macro-scale interpretation of the micro
structural forces, will be decreased more than the 
simple decrease in properties due to weight losses 
arising from oxidation in the internal porosity. It was 
also shown that changes in the modulus of elasticity 
and strength were taking place at approximately an 
equal ratio, thus indicating the effectiveneSI' of the 
elasticity measurement, by means of an ultrasonic 
method, for the purpose of non-destructive investiga
tion. 
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ABSTRACT -RESUME-AHHOTA~It1JI-RESUMEN 

A/857 Japon 

Quelques etudes d'engineering faites a !'occa
sion de !'introduction d'un reacteur de type 
anglais a Ia centrale de Tokai 

parT. Yoshioka et at. 

En liaison avec Ia centrale nucleaire de Tokai, Ia 
Japan Power Company et l'Institut de recherches 
nucleaires du Japon ont effectue ensemble des etudes 
experimentales tres poussees sur I' engineering et Ia 
surete des elements combustibles, ainsi que sur le 
graphite. 

Des recherches ont ete effectuees, a diverses tem
peratures, sur l'qxydation de modeles perfores 
d'elements combustibles, et de blocs de graphite, dans 
une atmosphere de gaz carbonnique ou d'air. Des 
experiences ont ete egalement effectuees en vue 
d'etudier Ia relation entre le degagement de gaz de 
fission et le degre d'oxydation, par le gaz carbonique 
de !'uranium irradie. On a trouve que Ia quantite de 
gaz de fission degagee durant l'oxydation, est, en gros, 
proportionnelle a l'etendue de l'oxydation. Le total de 
gaz de fission degage durant Ia periode d'oxydation 
etait, a 500 °C, de 11 % du contenu initial de gaz de 
fission; a 600 °C, de 25%; et a 700 °C de 45 %. Les 
coefficients de diffusion de Xe dans les oxydes d'uran
ium produits par l'oxydation ont fait ]'objet d'experi-

ences supplementaires. De plus, !'influence de Ia 
decomposition du gaz carbonique sur le taux d'oxy
dation de !'uranium a aussi ete etudiee. 

Des essais de fiuage a temperature elevee ont ete 
effectues sur !'uranium, en vue d'etudier le phenomime 
d'ecrasement de !'element combustible. Les vitesses 
de fiuage secondaire se differents uranium ont ete 
mesures a l'aide d'un essayeur de fiuage a vide, sous 
des charges constantes de 2 a 3, 5 kg/mm2

, a des 
temperatures de 425 a 575 °C. Les graphiques des 
taux de fiuage en fonction du logarithme des charges 
et de !'inverse de Ia temperature, se sont reveles etre 
lineaires, et !'addition de fer ou d'aluminium a cause 
une augmentation de Ia resistance de fiuage. 

Pour etudier l'effet de !'irradiation neutronique sur 
les proprietes mecaniques du Magnox AL 80, Ia 
relation entre Ia resistance a Ia traction et Ia taille du 
grain et le taux de deformation a ete etudiee experi
mentalement; les resultats se soot reveles conformes a 
!'equation de Petch. 

Puisque le combustible en question est un cylindre 
creux, il pourrait s'ecraser dans le reacteur. En vue de 
resoudre ce probleme, un modele reduit d'element 
combustible a ete soumis a des pressions de gaz 
carbonique de 30 a 50 kgfcm2, a des temperatures de 
450 a 550 °C, et cycle thermiquement entre des 
limites de ±20 °C. Les resultats ont montre que Ia 
variation de diametre etait comprise dans les limites 
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des erreurs experimentales (0,05 mmjmois de reduc
tion, sous des charges de moins de 30 kg/cm2 et de 
40 kgfcm2, respectivement). 

Les caracteristiques du flux de chaleur de !'element 
combustible ont ete etudiees au moyen d'une boucle 
d'essai fonctionnant a 10 kgfcm2 a 800 °C. Un 
element d'uranium gaine de Magnox a ete chauffe 
interieurement dans la boucle et les caracteristiques de 
conduction de chaleur, ainsi que le coefficient de point 
chaud ont ete etudies en mesurant la distribution de 
temperature ala surface. L'etendue de la deformation 
et le comportement durant la reduction de pression 
ont aussi ete observes. 

Des essais de resistance mecanique ont ete effectues 
sur des blocs de graphite entiers et des eprouvettes 
coupes dans ces blocs. Des informations interessantes 
ont ete obtenues. 

A/857 flnoHH.A 

HeKOTOpble HHmeHepHble HccneAOBa
HHfl, CBfl3aHHble C nnaHaMH HCnOnb30-
BaHHfl Anfl aTOMHOH 3neKTpocTaH~HH 
s ToKaH-Mypa peaKTopa THna aHrnHH
CKHX peaKTOpOB 

T. 1-iocHoKa et al. 

B CBH3H co CTponTe~hCTBOM aToMHou 3~eKTpo
CTaHn;nn B ToKan-Mypa <f>npMa <<JJ:marreH aToMnK 
nay3p» u HrroHcRn:ii: Hay'lHo-ncc~ep;oBaTe~hCRn:ii: 
HHCTHTYT aTOMHOH 3HeprHH COBMCCTHO rrpoBemi 
o6rrmpHbiC 3RcrrepnMeHTa~bHhle ncc~ep;onaHnH 
IIHiKeHepHbiX rrpo6~eM H BOIIpOCOB 6eaorraCHOCTll, 
CBH3aHHhlX C TCIWOBbi)J;C~HIOIIJ;HMII 3~CMeHTaMH H 
rpa!lJHTOM. 

Mcc~ep;ona~och oRnc~eHne nep!lJopnponaHHhiX 
MOfl:e~eii: TCII~OBhlfl:Cn1IIOIIJ;HX 3~CMeHTOB H rpa<f>n
TOBhiX 6~01\0B B aTMoc<f>epe )J;BYORHCH yr~epOfJ:a 
HJIH B03Ayxa rrpn paa~n'lHhlX TeMnepaTypax. llpo
nop;n~nch TaRme 3RcrrepnMeHTbi no nay'leHniO 
B3aHMOCBH3H Mem)J,y BhiCB06omp;eHHeM. raaoo6-
pa3HblX rrpop;yRTOB p;e~eHHJI H CTeUeHbiO 01\HC~e

HliH o6~y'leHHOrO ypaHa B aTMOc!lJepe fl:BYORHCII 
yr~epo)J,a. ELmo ycTaHoB~eHo, 'ITO Ro~n'leCTBO ra
aoo6pa3HhiX npOAYKTOB )J,e~eHHH, BhlCBo6om
;J,aiOIIJ;HXCJI npn oRnc~eHHH, rpy6o rrponopu;no
ua~hHO CTeTICHII OKHC~CHHH. 06In;ee KO~HlJCCTBO 
raaoo6pa3HhiX rrpo)J,yRTOB fl:e~eHnH, Bhlfl:e~nnmnx
cH aa nepnop; oRnc~eHHJI rrpn TeMnepaType 500° C, 
COCTaBUJIO 11 % OT rrepBOHalJa~bHOrO 1\0~HlJeCTBil 
raaoo6paaHhix npOAYRTOB fl:e~ennH, npn TeMnepa
Type 600° C- 25% n npn 700° C- 45%. llpn 
,i..\OIIO~HifTeJihHOM :mcnepHMCHTC 6bmH H3MepeHbl 
I\03<f><f>nn;neHTbl fl:HlPlPY3Hll 1\CeHOHa B 01\HCHX ypa
Ha, o6pa3yiOIIJ;HXCH npu oRuc~eHUII. HpoMe Toro, 
H3y'laJIOCb BmiHHIIe paa~omeHIIJI fl:BYORIICII yr~e
JlOfl:a Ha CKOpOCTb OKIIC~CHIIH ypaHa. 

Bhmii nponep;eHhl BhiCOROTeMnepaTypHhie IICTihi
TaHnH Ha RpiiH ypaHa C IJ;C~biO II3y'leHII1I HB~CHIIli 
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paapymeHIIH Ten~oBbip;e~HIOIIJ;IIX 3~eMeHTOB. Ma
MepeHIIH BTOpH'IHOH II0~3y'leCTII ypaHa npOBO)J;II
~IICb npii noMOID;II BaKyyMHoro ycTpo:iicTna fl:~H 
HCIIbiTaHIIH Ha II0~3y'leCTb npH IIOCTOHHHbiX Ha
rpy3RaX 2-3,5 nei.M.M2 II TeMnepaTypax 425-
5750 C. fpa!lJIIIm CROpOCTH II0~3y'leCTII RaK <f>ynR
IWH ~orapn<f>Ma narpyaoK n o6paTHo:ii BeJIH'lHHhi 
TeMnepaTypbl ORa3a~IICb ~IIHeHHhlMII, II 6hi~O 
ycTaHOBJieHo, 'ITO p;o6an~eHIIe me~eaa n~II a~IO
MIIHIIH IIOBhliiiaeT COIIpOTHBJieHIIe IIOJ13Y'IeCTII. 

llpOBO)J;II~OCb 31\CTiepHMeHTa~hHOe H3y'leHIIe 
B~IIHHHH He:iiTpOHHOI'O o6~y'leHIIH Ha MeXaHH'le
CRIIC cno:iicTBa MarHoKconoro c1mana AL-80, aa
BIICIIMOCTH COIIpOTHB~eHIIH pa3phiBY OT paaMepa 
3epeH II CROpOCTH p;e!lJopMaiJ;IIII; IIOJIY'lCHHhle pe-
3Y~bTaTbi COr~acyiOTCH C ypaBHeHIIeM lleT'la. 

lloCROJihRY paCCMaTpHBaeMble TeTI~OBbi)J;C~HIO
In;He 3~eMeHThi npep;cTaB~JIIOT co6o:ii rro~hie u;n
JIHHp;pu, TO B YC~OBHHX pa60Tbl peaRTOpa MOryT 
UMeTh MeCTO paapyiiieHHJI TOIIJIHBa. JJ:~H peiiieHHJI 
aTOH rrpo6~eMbl IlpOBOfl:HJIOCb HCIIbiTaHlf.e yMeHb
IIIeHHOH Mop;e~H TeTI~OBhi)J;e~JIIOID;ero 3~eMeHTa B 
aTMoc<f>epe fl:BYORHCH yr~epop;a IIOfl: fl:aB~CHHeM 
30-50 nelc.M2 npn TeMnepaType 450-550° C n 
Terr~oBOM D;IIKJie B npefl:eJiax +20° C. lloJiy'leH
Hhie pe3y~hTaThi noRaaa~n, 'ITO npn narpy3Kax 
MeHee 30 ne/c.M2 H3MeHeHne fl:HaMeTpa naXOfl:H~ocb 
B rrpep;e~ax 31\CnepnMeHTa~bHOH omn6Kn, a npn 
uarpyaRe 40 ne/c.M2 uMe~o MecTo yMeHbiiieHne no 
fl:HaMeTpy, paBHOe 0,05 .M.M B MeCHIJ;. 

May'leHne xapaKTepncTHK Ten~onoro IIOTOI<a B 
TCII~OBblp;e~JIIOIIJ;HX 3~eMeHTaX OCyiiJ;eCTB~H~OCh 

HpH IIOMOIIJ;II IICllbiTaTe~bHOii neT~II, pa6oTaiOIIJ;eii: 
TIOfl: p;an~enneM 10 ne/c.M2 n rrpii TeMnepaTy
pe 800° C. YpaHOBhiii: Ten~oBhifl:C~JIIOID;HH 3JieMeHT 
n MarHoKconoll: o6oJio'lRe TIOfl:Orpena~cJI nsHyTpii 
B UeT~e, H xapaKTepiiCTHI\a TCII~GIIpOBOfl:HOCTII II 
Ro3<f>!lJIIn;IIeHT MeCTHoro rreperpena IICC~ep,ona
~HCh rryTeM H3MepeHnH pacnpep,e~eHnH TeMnepa
TYPhi na rronepxnoCTII. Ha6~10p,a~IICL TaRme cTe
neHh fl:e<f>opliWIJ;IIII II IIOBCP,eHIIC TCII~OBhi/],C~HIO
In;ero 3~CMCHTa IIP,ll CHHiKCHIIH p,an~eHHH. 

Mcm>ITaHIIH MexaHIIlJecRoii npo'IHOCTII rpa!lJuTa 
rrpOBO)J;H~IICh Ha rpa!lJHTOBhiX 6~01\aX II Ha OIIhiT
HbiX RYCI<ax, BhlpeaaHHhiX H3 u;e~oro 6~oRa. Tio
.'IY'leHhi paaHoo6pa3HLIC n;eHHLie fl:aHHLie. 

A/857 Japon 

Estudios de ingenierfa realizados al introducir 
el tipo britanico de reactor para Ia central 
nuclear de potencia de Tokai 
porT. Yoshioka eta/. 

La Japan Power Company y el Instituto de Investi
gaci6n sobre Energia At6mica del Jap6n han realizado 
conjuntamente un amplio programa experimental, 
relacionado con la central nuclear de potencia de 
Tokai, sobre problemas tecnicos y de seguridad de 
elementos combustibles y grafito. 

Ha sido investigada la oxidaci6n de modelos 
de elementos combustibles perforados y de bloques de 
grafito en atmosfera de aire y di6xido de carbono en 
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diferentes condiciones de temperatura. Se han reali
zado tambien experiencias para estudiar la correlaci6n 
entre la liberaci6n de productos de fisi6n gaseosos y 
la extension de la oxidacion por dioxido de carbono 
del uranio irradiado. Las cantidades totales de gases 
de fision liberados durante el periodo de oxidaci6n 
han sido: a 500 °C, el 11 % del contenido inicial de 
gases de fision, a 600 °C, el 25% y a 700 °C, el 45 %. 
Como experiencia adicional se han medido los 
coeficientes de difusion de Xe en 6xidos de uranio 
producidos por oxidacion. Ademas, se ha estudiado el 
efecto de la descomposicion del di6xido de carbono 
en la velocidad de oxidaci6n del uranio. 

Se han realizado pruebas de arrastre de uranio para 
estudiar el fen6meno de deformaci6n de los elementos 
combustibles. Las velocidades secundarias de agriet
amiento de diversos uranios se han medido con un 
comprobador de arrastre en vacio para diferentes 
cargas entre 2 y 3,5 kg/mm2 y tempcraturas com
prendidas entre 425 y 575 °C. La velocidad de arrastre 
es una 'funci6n lineal del logaritmo de la carga y del 
inverso de la temperatura, y la resistencia al arrastre 
aumenta cuando se afiaden hierro o aluminio. 

AI estudiar el efecto de irradiacion neutr6nica sobre 
las propiedades mecanicas del magnox AL 80, se ha 
investigado experimentalmente la dependencia del 
limite elastico del tamafio del grano y de la velocidad 

T. YOSHIOKA et a/. 

de deformacion, encontrandose un resultado de 
acuerdo con la ecuaci6n de Petch. 

Como los elementos combustibles son tubos 
cilindricos, puede ocurrir una deformacion del mismo 
en las condiciones de operacion del reactor. Para 
resolver este problema, se ha sometido un modelo de 
elemento combustible a presiones de dioxido de 
carbono de 30 a 50 kgfcm2 y temperaturas de 450 a 
550 °C realizando ciclos termicos entre ±20 °C. Los 
resultados demuestran que la variacion en diametro se 
encontraba dentro del error experimental y una 
reduccion de 0,05 mmfmes para cargas menores de 
30 kgfcm2 y 40 kgfcm2 respectivamente. 

Se han estudiado las caracteristicas de flujo termico 
de los elementos combustibles en un circuito experi
mental que se encuentra sometido a una presion de 
10 kgfcm2 y 800 °C de temperatura. Se calento interna
mente un elemento combustible revestido de magnox 
situado en este circuito experimental, determinand.ose 
los coeficientes de transmisi6n de calor y de punto de 
temperatura maxima mediante la medida de la 
distribucion de temperaturas en la superficie. Se 
observo la extension de la deformacion y el comporta
miento durante la reduccion de presion. 

Se han realizado pruebas mecanicas de bloques de 
grafito y de diferentes trozos cortados de estos 
bloques, obteniendose diversas informaciones utiles. 
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Reactor plant equipment 

Chairman: G. Stiennon (Belgium) 

Paper P/330 (presented by A. G. Filippov) 

DISCUSSION 

D. S. HIORNS (United Kingdom): It is pointed out 
in the paper just presented that the reliability and 
safety of a reactor system are prejudiced if the operator 
has a lot of manipulations to perform. In this con
nection, I should like to draw attention to paper 
P/126, which describes a system in which the opera
tor's task is simplified. 

J. A. THIE (United States of America): My principal 
question relates to the blocks numbered 17 in Fig. 1 
of the paper. Are both systems operating at the same 
time, or is just one of the pair operating, with transfer 
to the other taking place in case of failure? If there is a 
transfer, what information causes it? 

A. G. FILIPPOV (USSR): In view of the possibility 
that discrepancies may arise in the settings of the 
amplifiers and ionization chamber currents during 
reactor operation, automatic correctors (VI in Fig. 1) 
are provided in the controller channels to prevent 
unbalance at the output of the reserve controller 
amplifier. The automatic corrector of the operating 
controller is at the same time out of circuit. The 
automatic correctors are switched on and off manually 
by the operator using blocks 17 in Fig. 1. 

J. A. THIE (United States of America): At what 
percentage of full power does a trip take place when 
the demand is set at 10% of full power and at 100 or 
150% of full power? What exponential period is used 
before reaching the ramp rate? 

A. G. FILIPPOV (USSR): In the power range 
10-150% the accident prevention operates for a 
20% power increase above the rated value. Before 
the linear power rise, an exponential rise, normally 
with a period of 20-30 s, is used. 

J. WEILL (France): You say that your reactors have 
to be started up rapidly. In view of this, what system 
do you use for the start-up phase? 

A. G. FILIPPOV (USSR): In order to reduce the 
reactor start-up time and for reasons of safety we use 
automatic systems to go from the subcritical state to 
1-10% of the rated power. An exponential law is 
used. 

J. WEILL (France): What type of detectors do you 
use? If they are ionization chambers, as your paper 
appears to indicate, are they compensated with regard 
to gamma rays? 
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A. G. FILIPPOV (USSR): Ionization chambers with 
compensation for the gamma background are used in 
the control systems. 

J. WEILL (France): What average speed have you 
selected for your compensation and control rods 
(expressed in units of reactivity per second) ? 

A. G. FILIPPOV (USSR): The average speed of the 
control rods is about 20 X w-s s-1 and of the 
compensating rods about 10 X lQ-6 s-1• 

Paper P/52 (presented by G. Lamiral) 

DISCUSSION * 
P. FORTESCUE (United States of America): Have 

any of the models been tested to failure or leakage 
using a gas rather than water to apply the pressure? 
Would different results be anticipated if a gas were 
used? Does the existence of a steel liner affect the 
mode of failure? 

G. LAMIRAL (France): For various reasons we have 
not carried out tests on models under gas pressure, 
but tests we have made on the third model of the EDF-
3 vessel seem to indicate that ruptures caused by gas 
pressure would not differ essentially from ruptures 
caused by water pressure. In view of the design of the 
openings, the cracks would start from the outside of 
the vessel. 

The steel liner could have some effect on the way in 
which the vessel ruptured; this liner has to withstand 
considerable strains during prestressing and at the 
same time it may undergo plastic deformation, so it 
must be made of good quality soft steel capable of 
considerable expansion. In tests to failure, especially 
with threaded prestressed cables, it might be feared 
that the cables would break before the sealing film and 
that the break would be very violent, but tests have 
shown that this fear is not justified. It must also be 
realized that although tests to failure carried out on 
models at increased pressure, constitute a check on 
the calculations, they do not correspond to a possible 
mode of rupture since the pressure in the reactor 
during operation could not be more than a few per cent 
higher than the service pressure. 

It is possible, though not likely, that the strength 
of the cables could decrease (for example, through 
corrosion) with the reactor at the service pressure. 
For this contingency, as we have pointed out, it was 
found necessary to do away with a large number of 

*See also later discussion on paper P/140. 
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cables to ensure that the breaking pressure is achieved 
and any serious accident preceded, well in advance, by 
serious cracking clearly visible from the outside of the 
vessel. 

P. FoRTESCUE (United States of America): Do you 
in France see any practical problems in building 
concrete pressure vessels to contain a working pressure 
of up to 70 kg/cm2 of helium gas? 

G. LAMIRAL (France): Studies being carried out on 
the vessel of the INCA Reactor take into account 
pressures of 40 and 60 bars. We do not think the 
design of prestressed concrete vessels raises special 
problems below pressures of about 100 bars. The only 
problem connected with the use of helium appears to 
be in connection with leak-proofing; checks on the 
metallic skin would have to be very much more 
stringent than those in the case of a carbon-dioxide
gas-vessel. 

P. FORTESCUE (United States of America): At what 
physical size is it more economical to use a concrete 
vessel than a steel vessel ? 

p 

EDF3 </>2 
EDF2 

EDFl 

Figure I 

G. LAMIRAL (France): The graph in Fig. I compares 
the economics of steel vessels and prestressed concrete 
vessels. However, the graph is more in the nature of 
an aid to explanation than an accurate representation. 
The vessel price is given as a function of some dimen
sional parameters, for example the diameter of the 
reactor core at a given height. 

The graph is for a given pressure, say 28 bars. For 
metal vessels (curve AB) there are no minimum 
dimensions, and the vessels can be as small as desired. 
It will be noted that there is a discontinuity in price at 
cp1 corresponding to the dimensions above which the 
vessels can no longer be built in the factory and must 
be built on site. The curve then rises very rapidly and 
difficulties increase very quickly with the dimensions 
until, at a certain size c/>2, construction is no longer 
possible. 

In the case of prestressed concrete vessels there is an 
(intuitive) lower limit, for any given system of pre-

stressing, below which construction is not possible; 
the price curve is then continuous (using the same 
materials) and no upper limit to the size can be seen. 

For the EDF 1 station, the economic comparison 
was in favour of steel vessels, and steel was also chosen 
for EDF 2. 

Difficulties encountered in designing vessels of 
manganese-molybdenum steel led to the development 
of new manufacturing processes and the curve for 
steel vessels now becomes AB'. At the same time, 
experience gained at Marcoule made it possible to 
reduce the cost of prestressed concrete vessels. For 
EDF 3, therefore, the comparison was in favour of 
prestressed concrete. At the present time, if the EDF 3 
vessel had to be rebuilt, a saving of 15-20% could be 
realized and it is probable that if comparisons between 
steel and concrete were now to be made for EDF 1 and 
EDF 2, the result would be in favour of concrete for 
EDF 2 and perhaps even for EDF I. I would point 
out that the EDF 2 vessel is in the shape of a sphere, 
18.3 m in internal diameter, while the EDF 1 vessel 
is cylindrical in shape, with a diameter of 10m and a 
height of 23 m. 

The above comparison has been made for a given 
pressure of the order of about 28 bars, and it should be 
noted that for higher pressures the upper limits of the 
dimensions of metal vessels would be lower, whilst the 
lower limits of reinforced concrete vessels do not seem 
to change very much. 

Paper P/ 140 (presented by A. Houghton Brown) 

DISCUSSION 

P. FORTESCUE (United States of America): Could 
you specify the time scale implied by item (c) in the 
second section of your paper, namely that "The mode 
of ultimate failure shall be progressive without sudden 
rupture". In other words, in what period of time would 
the loss of half the initial gas pressure be considered 
sudden? 

A. HOUGHTON BROWN (United Kingdom): The 
progressive mode of failure mentioned in the paper is 
not related to time. The progression is with increasing 
deflections under increasing pressures; the time during 
which the pressure is applied is not significant. 

M. TRoosT (United States of America): What is the 
thickness of the liner insulation and how many layers 
are used? Secondly, what heat flux is the insulation 
designed for? 

A. HoUGHTON BROWN (United Kingdom): I should 
like to ask my colleague Mr. Spruce to answer these 
questions. 

T. W. SPRUCE (United Kingdom): The thickness of 
the stainless steel insulation is of the order of 2 
inches, and it is made up of about 30 layers of foil 
suitably spaced apart. 

The heat flux on the insulation varies considerably 
over the surface, but I am not able to quote the actual 
values offhand. 
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R. S. TAYLOR (United Kingdom): I should like to 
make a few comments relating to the papers on pre
stressed concrete pressure vessels, especially papers 
P/52 and P/140. A number of quite different solutions 
have been proposed to the basic problem of building 
vessels of large dimensions, operating at high pressures. 
Each of the designs described clearly results in safe, 
workable structures. This diversity of approach 
i~dicates the inherent flexibility of concrete vessels in 
meeting the requirements of the reactor designer. 

The pressure vessel design adopted must result from 
close liaison between the vessel and reactor designers, 
and the optimum solution will depend on the particular 
criteria applied. 

In the case of the Wylfa power station (described in 
paper P/141) each reactor provides a net electrical 
output of 590 MW. The internal diameter of each of 
the two vessels is 96 ft and the design pressures 440 psi. 
An economic solution was found by adopting a 
spherical internal surface, with an external surface 
formed to enable the heavy prestressing gear to be 
accommodated, and practical and expeditious con
struction to be achieved. This form of design also 
yields very low specific quantities in comparison with 
other vessel shapes and this point is illustrated in Fig. 2 
of paper P/141. 

Doubt has sometimes been expressed as to whether 
the spherical vessel, in its practical form, is amenable 
to close stress analysis. The Wylfa type of vessel has 
in fact been based upon a wide research and develop
ment programme, and as will be seen from Fig. 3 of 
paper P/141, the correspondence between experi
mental and predicted strain is very good. The effect 
of departures from a true sphere are in fact minor in 
comparison with the discontinuities inherent in the 
cylindrical form. 

The behaviour of the spherical type of vessel is 
essentially the same both in the working range and at 
ultimate load and shear forces are very low. The 
necessity for building in considerable margins to cover 
the uncertainties of the transition of the cylindrical 
vessel from working to ultimate load is obviated. 

Paper P/810 
DISCUSSION 

L. CAVE (United Kingdom): In describing the 
Marviken BHWR vessel, your paper states that the 
nozzles on the bottom head of the vessel are of 
the "set-on" type; Fig. 3 shows that the nozzle is 
rather long, so that any rotation during welding or 
stress relief will be magnified considerably. 

The problem of nozzle rotation received consider
able attention in the UK during the development of the 
earlier civil stations, and we found that it is preferable 
to use "set-through" nozzles on these large steel 
vessels. For example, in the case of the Tokai reactor 
the use of "set-through" nozzles, together with pre
setting to correct for the estimated effects of welding 
and stress-reEef, avoided the need for any major 
machining of the nozzles after fabrication to correct 
for misalignment. 
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In addition, the method of welding for "set-through" 
nozzles is easier and more reliable than for the "set-on" 
type. I should be interested to know, therefore, why 
"set-on" nozzles have been chosen for the Marviken 
vessel. 

0. HELLSTROM (Sweden): We have studied this part 
of the vessel extremely carefully with regard to 
rotation. The expression "set-on" is generally valid, 
but some of the nozzles could be more aptly classified 
as "set-in" nozzles. 

A. L. GAINES (United States of America): What 
method of inspection is performed for the difficult 
operation of welding the nozzles into the head? 

0. HELLSTROM (Sweden): Careful inspection of 
every bead is carried out visually and using magnetic 
particles and dye penetrants. This assures a weld free 
from cracks and other defects. 

A. L. GAINES (United States of America): During 
heat-up and cool-down temperature transients, does 
the unique construction of the vessel closure result in 
axial position changes of the sealing surfaces? What 
rate of transient can be withstood during the expected 
life of the vessel? 

0. HELLSTROM (Sweden): The closure is acceptable 
with regard to the technical specifications relating to 
temperature changes during start-up and shut-down 
of the reactor. The time is between 8 and 16 hours, 
depending on the kind of operation. 

M. C. VAN VEEN (Netherlands): What is your 
opinion as to the use of a weld-factor of 0.9, compared 
with the factor of 1.0 recognized by the ASME codes 
for the highest class of weld? 

0. HELLSTROM (Sweden): I think a weld-factor of 
0.9 is not necessary for a reactor pressure vessel in 
view of the high requirements and strict control of the 
product. However, I am sure that we shall change this 
factor from 0.9 to 1.0 in our Swedish code. 

M. C. VANVEEN (Netherlands): Have you carried 
out any welding tests on 9% Ni-steel plates of 5-7" 
thickness? 

0. HELLSTROM (Sweden): Not as far as I know. 

Paper P/227 (presented by A. L. Gaines) 

DISCUSSION 
B. SAITCEVSKY (France): It is not always possible to 

transport very large vessels by water from the factory 
to the site. Could you say anything about the types of 
construction and the times and costs involved in the 
case of site-built vessels? 

A. L. GAINES (United States of America): To date, 
there has been no firm demand for field-fabricated 
vessels. Existing industrial facilities permit the building 
of vessels up to 35 feet in diameter and 1 000 tons in 
weight. Moreover, the large power plants need con
denser cooling water in such quantities that they are 
usually located on navigable rivers. For these reasons, 
I do not have ready information on times and costs 
involved in site-assembly of reactor vessels. 
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C. DE PATER (Netherlands): Section III of the ASME 
code gives "Rules for the Construction of Nuclear 
Vessels". Can non-nuclear vessels also be based upon 
this section in the United States? 

A. L. GAINES (United States of America): Section 
III requirements may be used for vessels other than 
nuclear with the permission of the local regulatory 
authorities. These rules are also being applied to 
petroleum and chemical vessels. 

Paper P/522 (presented by A. Komarec) 

DISCUSSION 

A. L. GAINES (United States of America): The 
separate forged flange rings, while easing a difficult 
material procurement and fabrication problem, seem 
to limit the ability of the design to withstand fast 
heat-up rates. For what rate of temperature rise over 
what temperature range (starting to operating) has the 
vessel been designed and analysed ? 

A. KoMAREC (Czechoslovakia): A special feature of 
our reactor vessel is that the working temperature is 
low (not more than 150 oq and the temperature 
fluctuations, especially in the region of the flange 
joint, are not sharp. An analysis of starting and 
operating conditions showed that the flange joint is 
satisfactory. 

A. L. GAINES (United States of America): Did the 
testing of the 1 to 1 model include temperature and 
pressure cycling? 

A. KoMAREC (Czechoslovakia): The scale model of 
the vessel is practically ready, but testing has not yet 
begun. However, it has been decided to include pressure 
cycling in the test programme. Not much consideration 
is given to the effects of temperature cycling as this 
type of stressing is not characteristic of the vessel. 

A. L. GAINES (United States of America): The 
coincidence of the support ledge for intervals and the 
vessel support cone attachment would seem to 
accentuate thermal problems. For what rate of 
temperature change and what range of temperature, 
and for how many cycles, has the design analysis 
shown the vessel to be within design stress limits? 

A. KoMAREC (Czechoslovakia): The lower part of the 
vessel is cooled by gas, and a careful analysis has shown 
that the gas temperature (110 °C) varies only slightly 
for different reactor operating conditions. The 
starting conditions will be worked out experimentally 
using the scale model of the vessel. 

C. DE PATER (Netherlands): Can you give data 
regarding impact strengths and transition temperatures 
of the base metal, the weld metal and the metal of the 
affected zone, in particular with regard to the electro
slag welded joints? 

A. KoMAREC (Czechoslovakia): A special charac
teristic of vessels of large size is that they represent an 
integral whole. Although the transition temperatures 
of the base metal, the weld metal and the metal of the 
zone affected by the weld can be determined on 
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standard samples, these data are not representative for 
the structure of the vessel as a whole. The only true 
picture of the properties of the structural metals for 
reactor vessels is given by tests on large samples on 
which welded joints have been made. Such tests have 
been carried out in Czechoslovakia and they show that 
in all the required conditions of manufacture and 
operation the reactor vessel can support temperatures 
higher than the critical temperature of the structure as 
a whole. 

Paper P/ 138 (presented ~y H. Bateman) 

DISCUSSION 

P. FoRTESCUE (United States of America): Has 
experience shown that special problems are involved 
in the parallel operation of blowers with variable speed 
drive? Do stability considerations impose any especi
ally desirable form of flow characteristic? 

H. BATEMAN (United Kingdom): Our experience at 
Hunterston has not shown that any special problems 
are involved in the parallel operation of variable
speed blowers. The forms of characteristic obtained 
from either centrifugal or axial blowers of conven
tional design 'are satisfactory. 

Paper Pj 139 (presented by J. 0. Joss) 

DISCUSSION 

P. J. DUNCTON (United Kingdom): Experience on 
Hunterston, Tokai Mura and Trawsfynydd confirms 
the conclusions given in the section of the paper 
headed "Lessons for the Future". The comments on 
testing of prototype and production units are par
ticularly relevant, especially if the site is a long way 
from the place of manufacture. Both the Hunterston 
reactors have been brought up to design output, and 
only minor troubles remain in connection with the 
fuel-handling plant; there were extensive works and 
site tests before the reactor was raised to power. 

It may be of interest to indicate a few differences 
between the fuel-handling equipment on Hunterston, 
Tokai Mura and Trawsfynydd and that on Bradwell. 
Hunterston is the most radically different arrange
ment, in that it employs bottom charging of fuel with 
top charging of control assemblies. One fuelling machine 
is provided beneath each reactor, and one servicing 
machine above. Despite some complications and extra 
cost, this layout has a number of advantages in 
operation and reliability. First, all fuelling is done at 
reactor inlet temperatures so that fuel-chute problems 
are eased, and the machine can be tested under working 
conditions before the reactor power is raised. Secondly, 
the channel is removed from the core in only two units. 
This is done by a compression chain of proved 
reliability which is also very fast in operation. 

Like Bradwell, Tokai Mura and Trawsfynydd both 
employ universal machines. Each has facilities for 
removal of a fully-shielded hoist unit from the 
fuelling machine, when it is pressurized and connected 
to the reactor. This gives an emergency "back-door" 
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method for removal of fuel from the fuelling machine 
if it cannot be removed. One of the main differences 
from Bradwell arises as a result of the reactor design. 
The core pressure drop is higher (on Tokai it is much 
higher because of the need for a small, highly-rated 
core imposed by earthquake considerations) so that it 
is uneconomic to prevent fuel element levitation 
during refuelling by a parasitic pressure drop in 
every channel. Flow control confined to the channel 
being fuelled has to be adopted. On Trawsfynydd 
this is achieved by the use of a temperature-sensitive 
valve on the fuel chute, which throttles channel flow 
as successive elements are removed and prevents 
levitation. On Tokai Mura there is a loop circuit which 
keeps the channel flow roughly constant during 
fuelling: after removal from the core, elements are 
stacked vertically in the fuelling machine and the gas 
from the channel being fuelled is passed over the 
elements in the machine and back to the reactor. 
Both machines have been extensively tested. For 
Tokai, production testing of the fuelling machines 
was done over a rig which comprised a mock-up 
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charge chute and a section of the reactor with hot 
gas flow. 

My final comment on the paper just presented is 
relevant to the paragraph dealing with commissioning 
at Bradwell, which mentions the damage that occurs 
to fuel during fuel handling. Trawsfynydd has a 
stacked element similar to that of Bradwell, and to 
minimize damage during fuel handling the grab is 
fitted with a tubular shroud, or canister, which 
surrounds grab and fuel at all times except when fuel 
is actually within the core channel. As a result of this 
no damage has occurred to the elements either in 
works or site tests. 

B. SAITCEVSKY (France): I should like to mention 
that the Marcoule industrial reactors G2 and G3 
have been running since 1959 with refuelling machines 
operated when the reactor is at full power. The 
EDF2 and EDF3 reactors also have refuelling 
machines operating with the reactor at full power, 
and a description of them is given in paper P/54. 
Another machine which the CEA has developed for 
future use is described in paper P/51. 

Equipement des reacteurs 

President: G. Stiennon (Belgique) 

Memoire P/330 (presente par A. G. Filippov) 

DISCUSSION 

D. S. HIORNS (Royaume-Uni): On montre, dans le 
memoire qui vient d'etre presente, que la securite et 
la sfirete d'un appareillage de reacteur sont diminuees 
lorsque le conducteur doit accomplir un grand 
nombre de manreuvres. A ce propos, je voudrais 
attirer !'attention sur le memoire P/126, qui decrit 
un appareillage ou la tache du conducteur se trouve 
simplifiee. 

J. A. THIE (Etats-Unis d'Amerique): Ma prin
cipale question vise les blocs numerotes 17 sur la 
figure 1 du m~moire. Ces deux systemes fonctionnent
ils en meme temps, ou n'y en a-t-il qu'un des·deux en 
marche, avec reprise par l'autre en cas de panne? 
S'il y a reprise, par quelle information est-elle pro
voquee? 

A. G. FILIPPOV (URSS): Comme des differences 
peuvent se produire dans les reglages des amplifi
cateurs et des courants des chambres d'ionisation 
pendant la marche du reacteur, des correcteurs 
automatiques (VI sur la figure 1) sont pn!vus dans les 
circuits de controle pour eviter un desequilibre a la 

sortie de l'amplificateur du controleur en secours. 
Le correcteur automatique du controleur en service 
est en meme temps hors circuit. Les correcteurs 
automatiques sont enclenches et declenches manuelle
ment par le conducteur au moyen des blocs 17 de la 
figure 1. 

J. A. THIE (Etats-Unis d'Amerique):Aquel pourcen
tage de la puissance nominale y a-t-il declenchement 
quand la demande est fixee a 10% de la puissance 
nominale, et a 100 ou 150% de la puissance nominale? 
QueUe periode d'exponentielle prend-on avant 
d'atteindre la croissance lineaire? 

A. G. FILIPPOV (URSS): Dans la gamme de 
puissance de 10 a 150 %, la prevention d' accidents 
fonctionne pour un depassement de puissance de 
20% au-dessus de la valeur nominale. Avant la 
croissance lineaire de puissance on fait une montee 
exponentielle normalement d'une periode de 20 a 30 s. 

J. WEILL (France): Vous dites que le demarrage de 
vos reacteurs doit etre rapide. Dans ces conditions, 
pour la phase de demarrage, quel systeme employez
vous? 

A. G. FILIPPOV (URSS): Afin de reduire la duree du 
demarrage du reacteur et pour des raisons de 
securite, nous employons des systemes automatiques 
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pour passer de l'etat sous-critique a 1 a 10% de la 
puissance fixee. On suit une loi exponentielle. 

J. WEILL (France): Que! type de detecteurs utilisez
vous, et, s'il s'agit de chambres d'ionisation comme 
semble l'indiquer votre memoire, ces chambres 
sont-eUes compensees a l'egard du rayonnement 
gamma? 

A. G. FILIPPOV (URSS): Ce sont des chambres 
d'ionisation avec compensation pour le fond gamma 
qui sont utilisees dans les dispositifs de contr6le. 

J. WEILL (F ranee): QueUes vitesses moyennes 
avez-vous choisies pour vos barres de compensation 
et de contr6le (en unites de n!activite par seconde)? 

A. G. FILIPPOV (URSS): La vitesse moyenne des 
barres de contr6le est environ 20 x IQ-5 s-1 et ceUe 
des barres de compensation de 10 x w-s s-1. 

Memoire P/52 (presente par G. Lamiral) 

DISCUSSION * 
P. FoRTESCUE (Etats-Unis d'Amerique): L'une des 

maquettes a-t-elle ete testee jusqu'a rupture ou 
fissuration en utilisant un gaz au lieu d'eau pour 
agent de pression? Les resultats prevus seraient-ils 
differents si l'on utilisait un gaz? La presence d'une 
peau d'etancheite en acier a-t-elle un effet sur le mode 
de rupture? 

G. LAMIRAL (France): Pour des raisons diverses, 
nous n'avons pas fait d'essais sur maquettes sous 
pression de gaz, mais des essais effectues sur Ia 
troisieme maquette du caisson d'EDF3 semblent 
indiquer que la rupture sous pression de gaz ne 
serait pas nettement differente de la rupture sous 
pression d'eau. Vu Ia conception des ouvertures, 1es 
fissures commenceraient de 1'exterieur du caisson. 

La peau d'etancheite en acier pourrait avoir quelque 
influence sur le mode de rupture du caisson; cette 
peau doit resister a des contraintes considerables au 
cours de Ia precontrainte; en meme temps eUe peut 
subir des deformations plastiques; eUe do it done 
etre d'acier doux de bonne qualite susceptible d'un 
grand aUongement. Dans des essais jusqu'a Ia rup
ture, surtout avec des cables de precontrainte injectes, 
on pourrait craindre que les dibles ne cedent avant 
Ia peau d'etancheite et que la rupture soit tres brutale, 
mais des essais ont montre que cette crainte n'etait 
pas fondee. Il faut aussi realiser que les essais jusqu'a 
Ia rupture faits sur des maquettes a pression croissante 
constituent une verification des calculs mais ne 
representent pas un mode possible de rupture, car la 
pression dans le reacteur en fonctionnement ne 
pourrait depasser que de quelques unites pour cent Ia 
pression de service. 

Il est possible, bien qu'improbable, que la resistance 
des cables diminue (par exemple par corrosion), le 
reacteur etant a sa pression de service. Vu cette 
eventualite- comme nous l'avons montre- nous 
avons juge necessaire de supprimer un grand nombre 

*Voir aussi, plus loin, Ia discussion du memoire P/140. 

de cables pour nous assurer que la pression de rupture 
soit atteinte et que tout accident grave soit precede 
de loin par !'apparition de grosses fissures bien 
visibles sur l'exterieur du caisson. 

P. FORTESCUE (Etats-Unis d'Amerique): Voyez
vous, en France, des difficultes pratiques a construire 
des caissons de beton servant d'enceinte a de !'helium 
so us une pression de service atteignant 70 kgjcm2 ? 

G. LAMIRAL (France): Des etudes sont en cours sur 
le caisson du reacteur INCA avec des pressions de 
40 et 60 bars. Nous pensons que la conception des 
caissons de beton precontraint ne pose pas de pro
blemes particuliers pour des pressions inferieures a une 
centaine de bars. Le seul probleme lie a l'emploi 
d'helium semble etre celui de l'etancheite; les contr6les 
de la peau d'etancheite devraient etre beaucoup plus 
stricts que ceux effectues dans le cas d'un caisson a 
gaz carbonique. 

P. FoRTESCUE (Etats-Unis d'Amerique): A queUes 
dimensions devient-il plus economique d'employer un 
caisson en beton plut6t qu'un caisson d'acier? 

p 

EDF3 ¢2 

EDF2 
EDFl 

Figure I. 

G. LAMIRAL (France): Le graphique de la figure 1 
represente la comparaison economique de caissons 
d'acier et de caissons de beton precontraint. Cepen
dant, le graphique est plus un outil d'expose qu'une 
representation rigoureuse. Le prix du caisson est 
donne en fonction d'un parametre dimensionnel, qui 
peut etre le diametre du creur a hauteur constante, par 
exemple. 

Le graphique est etabli pour une pression donnee, 
28 bars par exemple. Pour des caissons metaUiques 
(courbe AB) il n'y a pas de dimensions minimales, et 
les caissons peuvent etre aussi petits qu'on le veut. 
On observera une discontinuite de prix a o/1, corres
pondant aux dimensions pour lesqueUes le caisson ne 
peut plus etre fait en usine et doit etre fait sur le 
chantier. La courbe s'eleve tres rapidement et les 
difficultes augmentent tres vite avec les dimensions 
jusqu'au moment ou, a une taille o/2, la construction 
devient impossible. 
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Pour les caissons en beton precontraint, il y a des 
dimensions minimales (intuitives) pour un type de 
precontrainte donne, au-dessous desquelles on ne peut 
pas descendre. La courbe de prix est ensuite continue 
(on emploie les memes materiaux) et on ne voit pas de 
limite superieure de taille. 

Pour la centrale EDF1, la comparaison economique 
donnait la faveur aux caissons d'acier, et l'acier fut 
aussi choisi pour EDF2. 

Des difficultes rencontrees dans la construction de 
ces caissons d'acier au manganese- molybdene nous 
ont conduits a modifier completement nos techniques 
de construction, et la courbe pour les caissons d'acier 
est alors devenue AB'. En meme temps, !'experience 
acquise a Marcoule permettait de reduire le cout 
des caissons de beton precontraint. Ainsi pour EDF3 
la comparaison a ete en faveur du beton precontraint. 
S'il fallait a l'heure actuelle refaire le caisson d'EDF3, 
nous estimons que nous pourrions faire des economies 
de 15 a 20%, et il est probable que, s'il fallait refaire 
des comparaisons entre acier et beton pour EDF1 et 
EDF2, la conclusion serait favorable au beton pour 
EDF2 surement et pour EDFl peut-etre. Je precise 
que le caisson d'EDF2 est une sphere de 18,30 m de 
diametre interieur, et que le caisson d'EDF1 est un 
cylindre de 10 m de diametre interieur et de 23 m de 
haut. 

La comparaison ci-dessus a ete faite pour une 
pression donnee, d'environ 28 bars, et on observera 
qu'a des pressions plus elevees la limite superieure des 
dimensions des caissons d'acier serait plus basse, alors 
que la limite inferieure des caissons de beton precon
traint ne semble pas varier beaucoup. 

Memoire P/140 (presente par A. Houghton Brown) 

DISCUSSION 

P. FoRTESCUE (Etats-Unis d'Amerique): Pourriez
vous preciser l'echelle de temps impliquee au point c) 
de la deuxieme section de votre memoire, a savoir 
que le mode de rupture definitive sera progressif, 
sans rupture soudaine. En d'autres termes, en combien 
de temps doit se produire une chute de pression du 
gaz ala moitie de sa valeur initiale pour etre consideree 
comme soudaine? 

A. HouGHTON BROWN (Royaume-Uni): Le mode 
progressif de rupture dont il est question dans le 
memoire ne se rapporte pas au temps. La progressi
vite porte sur des deformations croissantes sous des 
pressions croissantes; le temps d'application de la 
pression n'est pas significatif. 

M. TROOST (Etats-Unis d'Amerique): Quelle est 
1'epaisseur de l'isolement de la peau d'etancheite, et 
combien de couches utilisez-vous? Deuxiemement, 
pour quel flux thermique cet isolement est-il prevu? 

A. HOUGHTON BROWN (Royaume-Uni): Je voudrais 
demander a mon collegue M. Spruce de repondre a 
ces questions. 

T. W. SPRUCE (Royaume-Uni): L'epaisseur de 
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l'isolement en acier inoxydable est d'environ 2 pouces 
(5 em), et cet isolement consiste en une trentaine de 
couches de feuilles espacees convenablement. 

Le flux thermique sur l'isolement est tres variable 
sur !'ensemble de la surface, mais je ne puis citer 
immediatement les chiffres exacts. 

R. S. TAYLOR (Royaume-Uni): Je voudrais faire 
quelques remarques a propos des memoires sur les 
caissons sous pression en beton precontraint, speciale
ment en ce qui concerne les memoires P/52 et P/140. 
Bien des solutions de toutes sortes ont ete proposees 
au probleme fondamental de la construction de 
caissons de grandes dimensions a pressions nominales 
elevees. Chacune des conceptions presentees aboutit 
manifestement a des constructions sures et viables. La 
diversite de ces solutions indique la souplesse intrin
seque des caissons de beton pour satisfaire aux 
besoins des projets de reacteurs. 

Les plans adoptes pour le caissons sous pression 
doivent etre le fruit d'une etroite collaboration entre 
les ingenieurs qui etablissent le projet du caisson et 
ceux qui etablissent le projet du reacteur, et la solution 
optimale dependra des criteres particuliers choisis. 

Dans le cas de la centrale de Wylfa ( decrite dans le 
memoire P/141), chaque reacteur fournit 590 MW 
electriques net. Le diametre interieur de chacun des 
deux caissons est de 96 ft (29 m) et la pression nominale 
est de 440 psi (31 kgfcm2). Une solution economique a 
ete trouvee par !'adoption d'une surface interieure 
spherique et d'une surface exterieure adaptee au 
logement du lourd materiel de precontrainte et a la 
realisation d'une construction rapide. La forme 
adoptee dans ce projet donne aussi des valeurs 
specifiques tres faibles en comparaison d'autres 
formes de caissons, et cela est illustre par la figure 2 
du memoire P/141. 

On a parfois exprime des doutes sur la possibilite 
d'analyser de fa<;on precise les contraintes d'un 
caisson spherique dans sa forme pratique. Le modele 
du caisson de Wylfa s'appuie en fait sur un vaste 
programme de recherche et de mise au point, et l'on 
verra d'apres Ia figura 3 du memoire P/141 que 
!'accord est tres bon entre les mesures et les calculs de 
contrainte. L'influence des ecarts par rapport a une 
sphere parfaite est en fait peu de chose en comparaison 
des discontinuites inherentes ala forme cylindrique. 

Le comportement d'un caisson de modele spherique 
est fondamentalement identique dans le domaine 
d'utilisation et sous la charge de rupture, et les 
efforts de cisaillement sont tres faibles. La necessite 
de prevoir dans la construction des marges importantes 
pour couvrir les incertitudes du passage, dans un 
caisson cylindrique, de la charge nominale a Ia 
charge de rupture, se trouve eliminee. 

Memoire P/810 
DISCUSSION 

L. CAVE (R{)yaume-Uni): Dans la description du 
caisson du BHWR de Marviken, votre memoire dit 
que les ajutages sur le fond de la cuve sont du type 
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« rapporte ». La figure 3 montre que l'ajutage est 
plut6t long, si bien que toute rotation pendant la 
soudure ou toute contrainte remanente sera amplifiee 
considerablement. 

Le probleme de Ia rotation des ajutages a ete !'objet 
d'attentions particulieres au Royaume-Uni pendant le 
developpement des premieres centrales civiles, et 
nous avons trouve preferable d'employer des ajutages 
«penetrants » sur ces grands caissons d'acier. Par 
exemple, dans le cas du reacteur de Tokai, l'emploi 
d'ajutages «penetrants», avec mise en place prealable 
tenant compte des corrections pour les effets estimes 
de soudure et de contraintes remanentes, ont rendu 
inutile tout usinage important sur les ajutages une 
fois construits pour corriger des defauts d'alignement. 

En outre le procede de soudure pour des ajutages 
«penetrants» est plus simple et plus sur que pour le 
type « rapporte ». Je voudrais done sa voir pourquoi 
1' on a choisi des ajutages « rapportes » pour le caisson 
de Marviken. 

0. HELLSTROM (Suede): Nous avons etudie de 
tres pres cette partie du caisson pour ce qui concerne 
la rotation. Le terme « rapporte » s 'applique en general, 
mais certains des ajutages meriteraient mieux Ia 
classification en ajutages «penetrants». 

A. L. GAINES (Etats-Unis d'Amerique): Par queUe 
methode faites-vous le contr6le de Ia difficile operation 
de Ia soudure des ajutages sur le couvercle? 

0. HELLSTROM (Suede): On effectue avec soin une 
inspection de chaque cordon, visueUement et au 
moyen de limaille aimantee et de teintures penetrantes. 
Cela donne Ia certitude d'une soudure sans fissures ni 
autres defauts. 

A. L. GAINES (Etats-Unis d'Amerique): Pendant les 
evolutions de temperature au chauffage et au re
froidissement, Ia structure unique de fermeture du 
caisson conduit-elle a des ecarts d'alignement des 
surfaces sceUees? A queUe vitesse d'evolution le 
caisson peut-il resister pendant Ia duree prevue de 
son existence? 

0. HELLSTROM (Suede): La fermeture est adaptee 
aux specifications techniques concernant les change
ments de temperature au demarrage et en cours 
d'arret. La duree est comprise entre 8 et 16 heures, 
selon le type d'operation. 

M. C. VAN VEEN (Pays-Bas): Que! est votre avis 
sur l'emploi d'un facteur de tenue de soudures de 
0,9, compare au facteur de 1,0 reconnu par les codes 
ASME pour Ia meiUeure classe de soudures? 

0. HELLSTROM (Suede): Je pense qu'un facteur de 
tenue de soudures de 0,9 n'est pas necessaire pour un 
caisson de reacteur sous pression, vu les exigences des 
specifications et Ia severite du contr6le de Ia fabri
cation. Cependant je suis sur que nous changerons ce 
facteur de 0,9 en 1,0 dans notre code suedois. 

M. C. VAN VEEN (Pays-Bas): Avez-vous effectue 

des essais de soudure sur des plaques d' acier a 9% de 
Ni de 5 a 7 pouces (13 a 18 em) d'epaisseur? 

0. HELLSTROM (Suede): A rna connaissance, non. 

Memoire P/227 (presente par A. L. Gaines) 

DISCUSSION 

B. SAITCEVSKY (France): Il n'est pas toujours 
possible de transporter de tres grands caissons par 
voie fiuviale de l'usine jusque sur le site. Pourriez-vous 
nous parler des methodes de fabrication et des 
delais et couts mis en reuvre dans le cas de caissons 
construits sur place? 

A. L. GAINES (Etats-Unis d'Amerique): Ace jour, 
il n'y a pas eu de demande ferme de caissons fabriques 
sur place. Des etablissements industriels existants 
peuvent construire des caissons ayant jusqu'a 35ft 
(10,5 m) de diametre et pesant jusqu'a 1 000 tonnes. 
En outre, les grandes centrales ont besoin d'eau de 
refroidissement pour les condenseurs en quantites 
teUes qu'eUes sont placees en general sur des rivieres 
navigables. Pour ces raisons, je n'ai aucun renseigne
ment immediat sur les delais et couts mis en reuvre 
dans le montage sur place de caissons de reacteurs. 

C. DE PATER (Pays-Bas): La section III du code 
ASME donne des regles de construction de caissons 
nucleaires. Des caissons non nucleaires peuvent-ils 
aussi aux Etats-Unis suivre les principes de cette 
section? 

A. L. GAINES (Etats-Unis d'Amerique): Les dis
positions de Ia section III peuvent etre appliquees 
aux caissons autres que les caissons nucleaires avec 
l'autorisation des autorites locales responsables. Ces 
regles s'appliquent aussi aux caissons des industries 
petrolieres et chimiques. 

Memoire P/522 (presente par A. Komarec) 

DISCUSSION 

A. L. GAINES (Etats-Unis d'Amerique): Le forgeage 
separe des anneaux de brides, tout en simplifiant un 
probleme difficile d'approvisionnement de materiau 
et de fabrication, semble limiter les possibilites, pour 
!'ensemble, de resister a de grandes vitesses d'echauffe
ment. Pour queUe vitesse d'elevation de temperature et 
entre queUes limites (demarrage a fonctionnement) le 
caisson a-t-il ete prevu et etudie? 

A. KoMAREc (Tchecoslovaquie): Une caracteristique 
du caisson de notre reacteur est que la temperature en 
fonctionnement est basse (pas plus de 150 °C) et que les 
fluctuations de temperature, surtout dans Ia region 
de lajonction par Ia bride, sont peu accusees. L'analyse 
des conditions de demarrage et de fonctionnement a 
montre que Ia jonction par Ia bride donnait satis
faction. 

A. L. GAINES (Etats-Unis d'Amerique): L'essai de 
Ia maquette a l'echeUe 1 comprenait-il un cyclage en 
temperature et en pression? 
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A. KOMAREC (Tchecoslovaquie): La maquette du 
caisson est pratiquement pr~te, mais les essais n'ont 
pas encore commence. Cependant, on a decide de 
prevoir un cyclage en pression dans le programme 
d'essais. On n'a pas prete une attention excessive aux 
effs:ts du cyclage en temperature, car ce genre de 
contraintes n'est pas caracteristique du caisson. 

A. L. GAINES (Etats-Unis d'Amerique): La co1nci
dence de l'epaulement de support des intervalles avec 
l'embase conique de support du caisson semblerait 
devoir accentuer les problemes thermiques. Pour 
queUe vitesse d'evolution de la temperature, dans 
queUe gamme de temperatures et pour combien de 
cycles, l'etude du projet a-t-elle montre que le caisson 
restait dans les limites de contraintes du pro jet? 

A. KoMAREC (Tchecoslovaquie): La partie inferieure 
du caisson est refroidie par gaz, et une analyse poussee 
a montre que la temperature du gaz (110 oq variait 
peu pour diverses conditions de fonctionnement du 
reacteur. Les conditions de demarrage seront etablies 
experimentalement au moyen de la maquette du 
caisson. 

C. DE PATER (Pays-Bas): Pourriez-vous donner des 
chiffres concernant les resiliences et les temperatures 
de transition du metal de base, du metal de soudure et 
du metal de la region affectee, principalement en 
ce qui concerne les joints de soudure electrique? 

A. KoMAREC (Tchecoslovaquie): Une caracteristique 
des caissons de grandes dimensions est qu'ils forment 
un tout dans leur ensemble. Bien que les temperatures 
de transition du metal de base, du metal d'apport de la 
soudure et du metal de la zone affectee par le soudage 
puissent se determiner sur des echantiUons types, ces 
chiffres ne sont pas representatifs pour la structure du 
caisson dans son ensemble. La seule image vraie des 
proprietes des metaux de structure pour les caissons 
de reacteurs est donnee par des essais sur de grands 
echantillons sur lesquels on a realise des joints soudes. 
De tels essais ont ete faits en Tchecoslovaquie et ils 
montrent que, dans toutes les conditions voulues de 
fabrication et de fonctionnement, le caisson du 
reacteur peut supporter des temperatures plus elevees 
que la temperature critique de la structure dans son 
ensemble. 

Me moire P f 138 (presente par H. Bateman) 

DISCUSSION 

P. FORTESCUE (Etats-Unis d'Amerique): L'expe
rience a-t-elle revele des problemes particuliers dans 
le fonctionnement en parallele de souffiantes a vitesse 
d'entrainement variable? Les conditions de stabilite 
imposent-elles une forme specialement souhaitable 
des caracteristiques d'ecoulement? 

H. BATEMAN (Royaume-Uni): L'experience que nous 
avons acquise a Hunterston n'a revele aucun probleme 
particulier dans le fonctionnement en parallele de 
souffiantes a vitesse variable. Les formes de caracte
ristiques obtenues pour des souffiantes soit centrifuges 
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soit axiales de conception classique sont satisfai
santes. 

Memoire P/139 (presente par J. 0. Joss) 

DISCUSSION 

P. J. DuNCTON (Royaume-Uni): L'experience 
acquise a Hunterston, Tokai Mura et Trawsfynydd 
confirme les conclusions de la section du memoire 
intitulee« Le<;ons pour l'avenir ». Les remarques sur les 
essais de prototypes et d'unites de production s'ap
pliquent tout particulierement, surtout si le site est 
eloigne du lieu de fabrication. Les deux reacteurs de 
Hunterston ont ete portes a leur puissance nominale, 
et seuls quelques ennuis peu importants subsistent a 
!'installation de manutention de combustible; on a 
fait de nombreux essais en usine et sur le site avant la 
montee en puissance du reacteur. 

. II peut etre interessant de signaler quelques diffe
rences entre les appareils de manutention de com
bustible de Hunterston, Tokai Mura et Trawsfynydd, 
et celui de Bradwell. La disposition a Hunterston est 
particulierement originate, en ceci quelechargementdu 
combustible se fait par la partie inferieure et celui des 
elements de controle par la partie superieure. Une 
machine de chargement se trouve au-dessous de 
chaque reacteur et une machine de manutention 
au-dessus. Malgre quelques complications et depenses 
supplementaires, cette disposition presente de nom
breux avantages pour !'exploitation et la securite. 
Tout d'abord, tous les chargements se font aux 
temperatures d'entree du reacteur, ce qui simplifie les 
problemes des glissieres du combustible, et la machine 
peut subir des essais dans les conditions de service 
avant la montee en puissance du reacteur. En second 
lieu, un canal est retire du creur en deux elements 
seulement. Cela se fait par une chaine de compression 
eprouvee, qui est aussi d'un fonctionnement tres 
rapide. 

Comme Bradwell, Tokai Mura et Trawsfynydd 
utilisent toutes deux des machines universelles. 
Chacune est munie de dispositifs d'enlevement de 
treuil sous blindage complet hors de l'appareil de 
chargement sous pression et couple au reacteur. Cela 
offre une « sortie de secours » pour enlever le com
bustible de l'appareil de chargement s'il ne peut plus 
bouger. L'une des principales differences par rapport 
a Bradwell resulte de la conception du reacteur. La 
perte de charge dans le creur est plus elevee (a Tokai 
elle est beaucoup plus elevee, a cause de la necessite 
d'avoir un creur de petites dimensions et a hautes 
performances, imposee en prevision des tremblements 
de terre), de sorte qu'il n'est par economique d'em
pecher l'envol des elements combustibles en cours de 
chargement par une perte de pression parasite dans 
chaque canal. 11 faut un controle de l'ecoulement 
limite au canal ou s'effectue le chargement. A Traws
fynydd, cela se trouve realise au moyen d'une vanne 
commandee en temperature sur la glissiere du com
bustible; cette vanne regie l'ecoulement dans le canal 
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a mesure que les elements sont retires et empeche 
l'envol. A Tokai Mura, il y a une boucle qui maintient 
l'ecoulement dans le canal a peu pres constant pendant 
le chargement: une fois sortis du cceur, les elements 
combustibles sont empiles verticalement dap.s l'ap
pareil de chargement, et le gaz sortant du canal que 
l'on charge passe sur les elements dans l'appareil et 
retourne au reacteur. Les deux appareils ont fait 
I' objet d'essais tres complets. Pour Tokai, les essais de 
fabrication des appareils de chargement ont ete 
effectues sur un bane qui comprenait une maquette de 
glissiere de chargement et une section du reacteur avec 
ecoulement de gaz chaud. 

Ma remarque finale sur le memoire qui vient 
d'etre presente concerne le paragraphe ou il est 
question des deteriorations subies par le combustible 
pendant les manutentions. A Trawsfynydd, !'element 
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est empile comme celui de Bradwell, et, pour reduire 
les deteriorations au cours des manutentions, le 
grappin est equipe d'une enveloppe cylindrique, ou 
chemise, qui coiffe le grappin et le combustible a 
tout moment, sauf lorsque le combustible se trouve 
effectivement dans le canal du cceur. Le resultat est 
qu'il n'y a eu aucune deterioration d'element aux 
essais, ni en usine ni sur le site. 

B. SAITCEvSKY (France): Je voudrais rappeler que 
les reacteurs industriels G2 et G3 de Marcoule 
fonctionnent depuis 1959 avec des machines de 
chargement exploitees avec le reacteur a pleine 
puissance. Les reacteurs EDF2 et EDF3 ont egalement 
des dispositifs de chargement fonctionnant lorsque le 
reacteur est a pleine puissance, qui sont decrits dans 
le memoire P/54. Une autre machine developpee par le 
CEA pour l'avenir est decrite dans le memoire P/51. 

06opyAoaaHMe peaKTopHbtx ycTaHoaoK 

flpeiJceiJameAb r. CTbeHHOH (5enbr11H) 

,D,VICKYCCVIfl 

J],. C. Bl10PHC (Coe.u:nueuuoe 1-\opoJieBCTBo): 

B rrpeJJ,cTanJieHHoM )1;01\JiaJJ,e yRa3hiBaeTCH, 'ITO ua

,u:emuoCTh U 6eaonaCHOCTh peaRTOpHOli CHCTeMhl 

CTaBHTCH IIO,!l; COMHeHHe, 1\Dr,!l;a orrepaTOp ,!l;OJIJI\eH 

BhiiiOJIHHTh 3Ha'IIIT('JlhHOe lJHCJIO MaHHIIYJIHIJ,HM. 

B CBH3H c 3THM H wwmeu o6paTHTh BHHMaHne ua 
,Tl,(H\JJaJJ, P/126, B KOTOpOM OIUIChiBaeTCH CHCTeMa 

CO 3Ha'lHTeJihHO ynpOIIJ,E'HHhiMH 06H3aHHOCTHMU 

onepaTopa. 

J],m. A. TA:tl (Coe~nHeHHoe 1-\opoJieBc.TBo): Moii 

OCHOBHOii BOIIpOC OTHOCHTCH K 6JIOKaM, 0603Ha'leH

HbiM HoMepoM 17 ua pnc. 1 JJ,OKJiap,a. Pa6oTaiOT 

o6e CHCTCMhi O~VWBpeMeHHO IIJIJJ pa6oTaE'T TOJII>-

1\0 OP,Ha H3 ;'J,BYX CIICTeM C BKJJIOlJeHHeM BTO

pOH cncTeMhi B cJiyqae anapnn? EcJIH cyiiJ,ecTnyeT 

Tai\aH nepep,a'la, TO B KaKJL'I: CJiy'laHX OHa BKJIIO

'IaeTCH? 

A. r. <DI1JII1IIIIOB (CCCP): Ha CJiyqaji B03-

MOJI\HOro paccorJiaconaHIJH B uacTpoiiKe ycnJIHTe-
Jiei1 II TOKOB IIOHH3all,IIOHHhiX KaMep BO BpE'MH 

pa6oThl peaKTopa B KOHTpoJinpyeMhie KaHaJihi yc

TaHaBJIHBaiOTC H a BTOMa Til lJeCKIJC KOppeKTOIJbl 

HpeJJ,OTBpaiiJ,aiOu~ue paccorJiacoBar-me nhrxop,uoro 

cnruaJia peaepnnoro KoHTpOJihHoro ycnmrTeJIH. 

AnToMaTII'I<'CKnii KoppeKTp ,!l.eucTnyiOu~ero pery

.rrnpyiOIIJ,ero ycTpoiiCTBa OJ~HOBpeMeHHO B I~('!Ih HC 

BKJIIO'laeTCH. AnToMaTHlJecmre RoppeRTOphi BKJIIO

qaJOTCH II BhiRJIIO'laiOTCH npyquyro orrepaTopoM c 

HCIIOJih30BaHJieM 6JIOKOB 17 Ha pnc. 1 ;'1,01\Jia/J;a. 

,Um. A. TA:tl (Coep,uneuuoe 1-\opoJieBcTBo): Ilpn 

1\al\OM rrpoiJ,eHTe OT IIOJIHOU MOIIJ,HOCTH cpa6aThi

BaeT BhiRJIIOlJaiOIIJ,ee ycTpOHCTBO, 1\0f,!l;a 3a,!l;aeTCH 

pH,!l; ypoBHeH MOIIJ,HOCTII: 10, 100 H 150% OT IIOJI

HOH MOIIJ,HOCTn? qeMy paneu nepno,u: 31\CIIOHeHIJ,H

aJibHoro pocTa, KOTOphiH rrpa,!l;rnecTnyeT mmeiiuo

My pocTy MOIIJ,HOCTn? 

A. r. <DliJUIIIIIOB (CCCP): B P,HarraaoHe OT 

J 0 II 150% IIOJIHOH MOIIJ,HOCTH aBapnii:HaH 3aiiJ,nTa 
Cpa6aThiBaeT II pH 20% -HOM rrpeBhiUieHJIH HOMU
HaJihHOI'O 3Ha'leHHH. 06bi'IHO' HCIIOJih3yeTCH nepn-

0,!1. 31\CIIOHeHIJ,IIaJihHOfO pOCTa MOIIJ,HOCTII P,O JIU

neiiHOfO yqacTKa rropHJJ,Ka 20-30 cen. 
m. BEflJI (<DpaHIJ,HH): Bhl CKa3aJIJI, 'ITO Ba

llJJI peaKTOphi ;'J,OJIJI\Hhi 6biCTpO BhiXO,!l;HTh Ha MOIIJ,

HOCTh. B CBH3H C aTHM B03HHKaeT BOIIpoc: KaKyiO 

cncTeMy Bhl ncrroJihayeTe B rrepnoA nycRa peaR

Topa? 

A. r. <DMJII1IIIIOB (CCCP): J],JIH COKpaiiJ,eHHH 

npeMenn nycRa peaKTOpa n o6ecne'leHHH 6eaorrac

nocTn HaMil HCIIOJih3YI0TCH aBTOMaTH'leCKHe CHCTe
Mhl npn IIOP,'heMe MO~HOCTH OT IIO,!l;KpHTH'leCKOrO 

COCTOHHIIH ;'1,0 1-10% HOMJIHaJihHOii MOIIJ,HOCTH. 

Ilop,'heM MOIIJ,HOCTH CJie,!l.yeT 3KC110HeHIJ,HaJ1hHOMy 

aaRoHy. 

m. BEflJI (<DpaHIJ,HH): KaKoii TII!I AeTeKTO-

poB Bhl HCIIOJihayeTe? EcJin 3TO nonnaaiJ,HOHHhH' 
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HaMephi, Hal\ y1maano B BameM p;oKJia)l;e, TO HC

HOJihayeTen JIH n HHX J\oMuencarvm 'j-<f>ona? 

A. f. <DI1Jll1llll0B (CCCP): B peryJIHpyiOIIJ,HX 

CliCTCMaX liCIIOJlh3YIOTCH HOHU3aD;HOHHhie l\aMephi 

c J\oMrrenca u;ueir 'i -<J>ona. 

m. BE:tlJI (<Dpanu;nH): J\al\aH cpe)l;H.SUI CJ\0-

poCTL Bhi6pana BaMM )J;JIH 1\0MIIeHcnpyiOIIJ,HX u 
pPrymlpyroiiJ,nx cTepmnei"I ( BhipamennaH B CiJ:U

nHu;ax peal\THBHOCTH B CCJ\YH)l;Y)? 

A. r. <DMJIHllllOB (CCCP): Cpep;HHH CKOPOCTL 

peryJJHpyiOJLIIIX CTepmneif COCTaBJIHeT nopH)l;Ka 

20 · 10- 5 CeK-1, a 1\0MIIf'HCHpyiOIIJ,HX CTepmneii 

oHoJio 10·10- 6 ceK- 1• 

,LJ,V1CKYCCV1fl* 

n. <DOPTECI\bE (CiliA): llpH HCIIhiTaHifHKa

l\HX-JIH6o Mop;eJJeii Ha anapHM:noe rronpemp;eHHc> 

JfJUf YTC'IKY IICIIOJih3YCTCH raa, a He HO)l;a )J;JIH 

oGecnclJ:eHHH Heo6XO)l;HMOfO p;aBJieHHH? )J;oJiil\Hhl 

Jill IIOJIY'IaTbCH COBIIa)l;aiOIIJ,He peayJihTaTbi B CJIY

'Iae HCIIOJJhaonaHHH raaa? BJIHHeT JIM cTaJihHaH 

o6oJio'IKa na <f>opMy anapHH:Horo rronpemp;eHnH? 

m. JIAMMPAJib (<DpaHIJ;HH): MbJ He npono

)J;HJJH HCIIhiTaHim MO)l;eJieii c raaoM IIO)l; )l;aBJieHneM 

P,JIH ncex CJIY'Iaen. Ho, HameTCH, 6LIJIH ncnhlTaHhi 

Tpu Mop,eJin Hopnyca peaKTopa EDF-3 c u;eJihiO 

IIOKa3aTh, 'ITO paapymeHHH, Bhi3BaHHhie ra30M 110):1; 

;~aBJICHUCM, cyiiJ,eCTBCHHO HC OTJIHlJ:UIOTCH OT paa

pymennii B CJIY'IUC HCIIOJih30BUHHH BOJihi ITO)]; JlaB

JJCHHCM. llpnHIIMUH BO BHUMaHHC xapaHTep Tpe

IL~IIH, MOil\HO 3UKJIIO'II1TL, 'ITO pacTpCCKHBUHIIe HU-

11HRUeTCH C BHCIIIHCii UOBCpXHOCTJl KOpnyca. 

CTaJihHaH o6oJIO'IKa MomeT oKa3hiBaTh onpe)l;e

JJeHHOe BJIHHHHC Ha MCXUHH3M paapymeHHH KOp

Hyca. (ha o6oJIOlJ:Ka JIOJlil\Ha BhiJ1Cp1KI1BUTh 3HUlJ:li

TCJihHhie HaiipH1KeHHH BO BpCMH llpCJIBapHTCJibHOi[ 

OIIpeCCOBKH, B TO 1!\C BpCMH OHa MOiKCT ITO)l;BCp

raTbCH nJiaCTH'lecKOMY paCTHlliCHHIO. B CBH3H c 
3THM o60JIOlJ:Ka )l;OJiiKHa 6hiTb H3fOTOBJICHa H3 Bhl

COKOKU'ICCTBCHHOH CTaJIH, CITOC06HOH K 3HU'IHTCJib

HhlM paCTH1KCHHHM. llpH HCIIbiTaHHHX Ha ITOBpem

JICHJie oco6eHHO c BBCJICHHhiMH qepea yrrJIOTHeHHH 

Ka6eJIHMH MOiKCT CJIY'IHTbCH, 'ITO Ra6CJIH paao

pByTCH paHLIIIC yiiJIOTHCHHH, O)l;HUKO HCIIhlTaHHH 

He IIOJITBCp)J;HJIH 3TOrO <f>al\Ta JIU1KC rrpH 3Ha'IH

TeJibHOM paapymeHHH. Heo6xop;nMo TaKme noHHTL, 

'ITO XOTH HCilhlTaHHH HU IIOBpem)l;eHHe IIpOBOJ!,"HT

CH Ha MO)J;CJIHX npH 6oJiee BbiCOKOM )l;UBJICHHH C 

IJ;CJILIO IIpOBCpRH paC'ICTHbJX )l;aHHbiX, OHM He CO

OTBCTCTBYIOT B03M01KHOH <f>opMe HaTypHbiX IIOBpe

il\P,CHHii:, IIOCKOJILKY )l;aBJICHHC B npou;ecce 3KCIIJiy

HTUD;Hif peaKTOpa He MOiKCT IIpCBbiiiiaTb pa60'ICC 

.::\UBJieHHC 60JICC 1IeM HU HCCKOJlbKO IIpOD;CHTOB. 

BoaMomno, xoTH II MaJionepoHTHo, •rTo npO'r

nocTL Ka6eJieii: B peaKTOpe M01KeT CHH311TbCH (Ha-

* C1!. TlH'ffiC Hllii\C ,[\IICI-<YCCl!IO ]]() ,[\OWiaL\Y p J140. 
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llpHMep, H3-3a Ropp03HH) npH pa60'ICM )l;aBJICHHH. 

I\aK Mhl YKU3hlBUJIH, B 3TOM CJiy'lae npHUIJIOCL 

BhiHYTb 3Ha'IHTCJibHOC KOJIHlJ:eCTBO Ka6eJieii:, 'ITO

Obi yoeiJ:HThCH, 'ITO paapyiiiaiOIIJ,ee p;aBJieHHe p;o
CTHrHyTo H JJI060MY cepLC3HOMy HHD;HJI,"CHTY npe)l;

li!CCTByeT 3HUlJ:HTCJihHOC pacTpCCKHBaHHe, HCHO 

BH)l;HMOC C BHCIIIHCH CTOpOHbl 1\0pnyca. 

IJ. <DOPTECI\bE (CiliA): KaKHe npaKTH'le

cKue upo6JieMhl coopymeHUH 6eTOHHhiX Kopnycon 

)J,UBJICHUH, Bbl)l;CpiKHBaiOIIJ,HX pa6oqee p;aBJieHHe 

l'CJIHH .):1;0 70 Kz/CM2, B03Hl1KUIOT BO <DpaHD;l1Jf? 

m. JIAMMPAJib (<DpaHD;HH): IIpoBO)J,HTCH HC

('JIC)l;OBaHHH Kopnyca peaKTopa INEA Ha )l;UBJICHHH 

40 H 60 6ap, npHHHThle B pac'leTax. MLr He AY

MaeM, 'ITO B KOHCTPYKD;HH Kopnyca na npeJIBapn

TeJILHO HaHpHiKCHHOrO 6eTOHa B03HHKHYT KUKI1C

.liH60 npo6JieMhl B )l;IfUJJa30HC )l;UBJICHHH HH1KC 

100 6ap. IIo-BHJ:\HMOMy, e)l;HHCTBeHHoii: npo6JieMoii 

6yJ~CT o6eCDe'leHHC repMeTHlJ:HOCTH IIpH HCIIOJib30-

UHHI1H reJIHH. MeTaJIJIHlJ:ecKaH o6oJIO'IKa )l;OJimna 

HpOBepHTLCH 6oJiee TIIJ,aTCJibHO, 1IeM B CJiyqae KOp

nyca JJ;JIH yrJieKHCJioro raaa. 

II. <I>OPTECI\bE (CiliA): )J;JIH KUKHX <f>H3HlJ:C

CKHX paaMepOB 6eTOHHLiii KOpnyc HBJIHCTCH 6oJiee 

3KOHOMH'IHbiM, 'ICM CTaJILHOH Kopnyc? 

p 

EDF3 </>2 

EDF2 
EDFl 

PwcyHoK 1 

m. JIAMIIPAJib (<DpaHIJ;HH): Ha pHC. 1 cpaB

HHBaeTCH CTOHMOCTb CTUJibHhlX KOpiTyCOB C KOp

nycaMH na npe)l;BapHTCJILHO HanpameHHoro 6eTo

na. Op;HaKo rpa<f>HK p;aeT cKopee Ka'leCTBCHHoe 

oo'LHCHeHne, a He TO'IHOe npe)l;cTanJieHHe. CToH

MoCTL KOpnyca j\UCTCH KaK <f>yHKIJ;HH HeKOTOpbiX 

reOMCTpH'IeCKHX napaMeTpOB, HaiTpHMep, )l;HaMCT

pa aKTHBHOH 30Hhl peaKTOpa IIpH 3U)l;UHHOH Bbi

COTC. 

rpa<f>HK IIOCTpOeH [\JIH onpe)l;CJICHHOI'O TI;UBJie

HHH cKameM 28 6ap. AJIH MeTaJIJIHIJecrmx Kopny

con (HpHBaH AB) MHHHMaJihHLIC paaMephl oTcyT

CTBYIOT, TO eCTb Koprryc MOllieT 6b1Tb TaR MaJI, KUK 

no Heo6xo)l;HMO. AaJILIIIe HacTyrraeT paaphlB <J>yHK

UHH CTOHMOCTH 'fl 1, COOTBeTCTBYIOIIJ,HH TUKHM paa

MepaM, Bbiiiie KOTOphlx Kopnyca He MoryT Haro

TOBJIHThCH Ha 3aBOJ:\C H )l;OJiiKHbl MOHTHpOBUTbCH 

HCITOCpe)l;CTBCHHO Ha CTpOHTCJihHOH IIJIOIIJ,U)l;KC. 

3aTeM Kpi1BaH CTOHMOCTH H COOTBeTCTBYIOIIJ,HC 

TPYAHOCTif 6hlcTpo noapacTaiOT c pocToM paaMepon 

ll;O TeX DOp, KOrp;a npH OIIpC{\eJieHHOM 3HU'ICHHH 
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1' 2 coopymeHHe CTaHOBHTCH npaRTHl{CCRH HCB03-
MOmHhlM. 

B CJIY'Iae RopnycoB H3 upep;napnTeJihHO uanpH
meuuoro oeTOHa f);JIH JIIOOOH p;aHHOii: upep;napH
TeJihHO HaiipHmeHHOH CHCTeMbl (HHTYHTHBHO) 
ecTh npeJleJI, unme ROToporo coopymeune uenoa
Momno. 0T HHmHero rrpep;eJia RpHBaH CTOHMOCTH 
HeUpepbiBHO paCTOT (HCIIOJib3YIOTCH TC me Ma
TCpHaJibi) H, RaK BHf);HO Ha rpa<fJJfRC, IH' HMOCT 
Hepxuero npep;ena no paaMt>paM. 

,[J,JIH aToMuoii aJieRTpocTaH~nn EDF-1 ObiJI Bbi-
6pau CTaJibHOli Roprryc, IIOCROJlbRY OH oKa3aJICH 
:monoMwmee. CTaJibHOii: Ropnyc ObiJI TaKme Bbi-
6pan i'J;JIH pcaKTOpa EDF-2. 

Tpyp;uocTH, BCTpeTHBIIIHecH npn C03l\annn Rop
uycon 113 MapraH}\C-MOJIIfO)J;CHOBOH CTaJIH ll pHBCJBl 
K paapaoOTRe HOBhiX TOXHOJIOfH'J!'CKHX HpO}\eCCOB. 
Ha rpa<f>HTH' :JTO IIoKaaauo RpnnoH: AB' p;JIH cTaJih
HMX IWpnycon. B TO me npeMH npoBep;eHHbie B 
MapKyne :JKCIIepHMeHTM H<>ATB<'PlVfJIH noaMom
HOCTb CHHmCHHH CTOHMOCTU lHipllyCOB 113 npejWa
pnTll.'lbHO uanpHmeuuoro oeToHa. Ilo:lTOMY JVIH 
EDF-:1 cpanueune ObTJIO B HOJih3Y Ropnyca na 
npep;BapnTeJibHo uaupHmenuoro 6eTona. EcJin B 
HacToH~ee BepMH Kopnyc EDF-:3 upnmJCOCb Vbl 

llOCTpOUTh aaHOBO, TO aKOHOMHH COCTaBHJia 15-
20%. Ilpn cpanuennn cTaJihHoro 11 oeToHHoro 
Iwpnyca l];JIH peaKTopon EDF-1 n EDF-2 c yqeToM 
COBpCMCHHhlX ,UaHHhlX B03MOmHo, 'fTO HpCHMYIJ\C
CTBO OhlJio obi na cTopoHe oeToHuor·o 1wpuyca p;JIH 
peaHTopa EDF-2 n p;ame p;JIH peaKTopaEDF-1. H 
J\OJimeH yHaaaTh, 'ITO Ropnyc peaRTopa EDF-2 
nMeeT c<f>epnqecRyiO <l>opMy nnyTpennnM p;naMe-
1'pOM 18,3 M, a Roprryc peat\Topa EDF-1 I~HJIHH
p;pnqect<oii: (~OpMbi f);HaMeTpOM 1() M JI BbiCO
TOH 23 .lt. 

Ilpnnep;eHHoe BMIIIe cpaBHeHne cp;eJiano p;JIH 
;'\aBJICHifH rropH,'I.I\a 28 6ap. Momuo noKaaaTb, 'ITo 
JJ;JIH ooJiee BhiCoKoro p;aBJieHHH BepxnHii rrpep;en 
reOMeTpH'ICCKHX paaMepOB MeTa:JJIHlfeCI>HX Roprry
COB oyp;eT HHme, lJ:llM OCTOHHbJX. 0Ha3MBaCTCH, 
HHmHHii npep;eJI apMHpOBaHHhiX OCTOHHhiX IWpny
COB lf3MCHHCTCH O'ICHb HC3Ha'IHTCJibHO. 

COMPTE RENDU DE LA SEANCE 3. 7 

3Ta llOCJiep;oBaTeJibHOCTL orrpep;CJIHeTCH pOCTOM 
oTRJioHeHuii nop; p;eiicTBHeM yBeJIHlfHBaiOII\eroca 
;~anJieHHH. BpeMH p;eiicTBHH npnnomennoro ~\aD
.rrennH He cy~eCTBPHHO. 

M. TPYCT (CiliA): J{aKoBa TOJI~una H30JIHPY
IOII\eii OOOJIO'lKH II CKOJihl\0 CJIOllB HCIIOJih3YCTCH? 
KaKoii npep;nona raeMMii TCIIJIOBoif rroTOK 6yp;eT 
11poxOLJ;HTh qepea o6onolfRy? 

A. XOYTOH BPAYH (Coep;nuennoe 1\opo.wn
CTBO): H norrpomy Moero KOJIJiery p;-pa Cnp10ca 
OTBCTHTb Ha 3TH BODpOCLI. 

T. Y. CllPIOC (Coej~nHenHoe KoponencTno): 
ToJI~HHa H30JIHQHn H3 nepmaBeiO~eii CTaJIH rro
pHp;Ka 5 CM, OHa H3fOTOBJieHa H3 :~0 CJIOeB tPOJibl'H 
C COOTBCTCTBYIOII\HMH aaaopaMH. TerrJIOBOii: IIOTOK 
Ha IIOBepxHOCTH H30Jl.H}\HH cy~eCTBCHHO MeHHCT
CH, O)J;HaKO H HC B COCTOHHHH ceiiqac HaaBaTb T0'-1-
HYIO BCJIHl{HHy. 

P. C. T8:tl:JIOP (CoeLJ;HHeuuoe KopoJienCTBo): 
H xoqy cp;enaTb uecROJibl\O aaMeqaunii no p;oKJia
;J;aM, B KOTOpbiX OIIHChiBaiOTCH Roprryca H3 rrpep;
BapHTCJlbHO uanpHmeHHoro oeToHa, u, B qacT
HOCTH, no p;oRJia,').aM P/52 n P/140. IIpep;Jiomeno 
HCCKOJihKO pa3JIIfqHhiX pemeHni{ OCHOBHOH npo
OJICMbi coopymennH Roprrycon oOJibiiiHX paaMepou, 
pa6oTaiO~HX rrpn BbiCORHX p;aBJieHifHX. ,lJ,JIH Ram
/WfO IIpOeKTa lJ:eTKO OIIHCaHbl BOUpOCbi 6eaonac
HOCTH, BOITJIOII\!'HHbie B KOHCTPYRI~nn. Tanoe paa
Hoo6paaHe pemeHnii: yRa3MBaeT na npncy~y10 
O!'TOHHbiM ROpnycaM fHOROCTb C TOlfKH 3pCHHH 
yp;oBJieTBOpeHH.H TpCOOBaHHfiM ROHCTpyRTOpOB pc
aKTOpOB. 

Pa3pa6onm npoel\Ta Kopnyca p;anJieHn.H p;oJI
)Jma 11pOH3BOi'J;HTbCH B TllCHOH CB.H3H Memp;y KOH
CTpyKTOpaMH peaRTopa u Roprryca. OnTnMaJibHOP 
pelliCHlle oyp;CT 3aBHCCTb OT HCITOJib30BaHHH rrpa:n
THlJ:CCRHX KpitTepHPB. 

JJ,oKnaA P/140 (npeACTaBHn A. XoyTOH opayH) 

B cJiy'lae aTOMHoii: aJieKTpocTaHJ\HH B YnJitPe 
(orrHcanuoii: B p;oRnap;e P/141) Ramp;Mii peaRTop 
nhrpaoaThiBaeT aneRTpnqecKyiO Mo~uocTh 590 MeT. 
BuyTpeHHHH p;naMeTp Ramp;oro H3 p;Byx Ropnycon 
COCTaBJIHeT 29,2 M H paooqee p;aBJICHJil' :30 ar. 
BbiJIO uaiip;euo aRoHOMHlfnoe pemeHne c ucnoJibao
nauneM c<PepnqecRoii: Buyipenueir nonepxnocTn. 
<DopMa nm•mneii rronepxnocTH oMJia BbiopaHa n 
COOTBCTCTBHH C THmCJibiM IIpHCJJOCOOJieHHCM )J;JIH 
upep;BapHTllJibHOfO HaHpH1RCHHH OCTOHa, '-ITO OKa
aaJIOCh npaRTHqHbiM H COKpaTHJIO CpORU coopyme
HH.H. 8Ta tPOpMa HMCllT O'ICHh HH3RYIO YACJihHYIO 
Harpy3RY 110 cpaBHeHHIO C p;pyrHMH <f>opMaMif KOp
lfyCa, lfTO oTMelfeHo na pHc. 2 p;oKJiap;a P/141. 

,lJ,HCKYCCHfl 

II. <DOPTECI-\bE (CIIIA): MomeTe Jin BI.I 
yTOlfHHTh, '-ITO BLI HOHnMaeTe uop; uyuKTOM c npe
Mennoii IIIRaJIOH, npHBep;ennoii no nTopoii qaCTH 
Bamero p;oRJiap;a, a nMenuo no;:~; nMpamenneM 
<<MaRcHMaJihHaH anapnH p;onmna paannBaThCH rro
CTenenno 003 MfHOBCHHOl'O paapyiiiCHHH». ,lJ,pyrn
MH CJIOBaMH, Kal\OH nepnop; BpPMCHH p;OJimeH pac
CMaTpHBaTbCH naK BHe3aiiHhlH rrpn CHHmeHHH 
.o,aBJieHJJH raaa na 50% oT rrepBoHa'laJibHoro aHa
<temtH? 

A. XOYTOH BPAYH (Coep;HnennoP 1-\opom•n
CTBO) : Y Ka3aHHaH B /].OKJiap;e llOCJICAOBaTeJILHaH 
!flopMa paannTHH anap1m He CBHaana co npeMeneM. 

J1Hor,').a BhlpamaiOT COMHPHHe B TOM, 11TO 1\0p
JiyCa c<f>epuqecRoii <PopMbi Tpyp;no IIOj\p;aiOTCH ana
m13y ua cmuMaiOII\He ycnJIHH. Kopnyc peaKTopa 
u Y1m<J>e 6LJJI paapa6oTan ua ocnoBe l~aHHI>rx rrpo
rpaMMLI uayl.fHO-lfCCJIC;J;OBaTeJibCRUX JI OflbiTHO
lWHCTpyKTOpCKHX paOOT, H, KaK IJOI\a3aHO Ha 
pnc. :3 lWKJiap;a P/141. aKcnepuMeHTaJibHhll' H pac
•reTHbie .n.anHbie xopomo corJiacyiOTCH Memny 
cofioii. 0TKJIOHCHH.H OT c<f>epH'ICCKOii qiOpMhl II 
J(CiiCTIII1T('JibHOCTl1 HrpaiOT M£-'HhiTIYIO }lOJTh 110 
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CpaBHCHHIO C OTRJIOHCHUHMH, npuey~HMH IJ,HJIHH

)J.pH'ICClWH clJopMe. 

lloae)l;eHue Ropnycos clflepH'IeCRoi[ !flopMLI no 

cy:m;ecTBY o)l;nHaRoBoe RaK npu pa6oqeii uarpyaRe, 

TaR u npu npe)l;em.uoif uarpyaKe, CKaJII>IBaiO:m;ne 

ycnJiuH O'ICHh MaJihi. Ilpu coopymeHnn IJ,HJIHH)l;pn

qecKoro Kopnyca Tpe6yiOTCH 3Ha'IHTeJII>Hhie aana

Cbl npO'IHOCTH, 'ITOOhl nepeKpblTh HCOIIpC)l;CJICII

HOCTH, CBHaaHHble C IIepCXO)l;OM OT pa60'ICH K 

npe)l;eJihHoii uarpyaKe. B cJiyqae cl{ll'JlTI'fN'Koro 

1\0pnyca ::lTU HC06XO)l;lfMOCTb OTHU,[l.Ul'T. 

,lJ. OKnaA P /810 

.D,ItiCKYCCitiR 

JI. REllB (Coe)l;uneunoe RopoJieBCTBo): B Ba

meM AOKJia)l;e onucan Kopnyc MapBHKCHCKoro 

peaKTopa BHWR, npu noM yKaahlaaeTCH, •rTo 

HaTpy6oK )J,HH~a Ropnyca npnsapeu yroJIROBLil\t 

coe)l;unenHeM. Ha puc. 3 noKaaano, 'ITO naTpy6oK 

)l;OBOJibHO )l;JIHHHhlii, IlO:lTOMY rrpH CBapKe HJIH CHH

THH nanpHiKCHIIH JIIOOOC Bpa~eHRe 6y)l;eT 3UMCT

HO BOapaCTaTb. 

Upo6JieMe apa~ennH naTpy6Ka YACJIHJIOCh ana

'lnTeJibHOe BHUMaHHC Hpll paapa60TKC paHHHX 

aHI'JIHHCRHX aTOMHbiX ::lJICRTpOCTaHIJ,HH, H IIpH'IeM 

6biJIO YCTaHOBJICHO, 'ITO )l;JIH 60JibiDHX CTUJibHhiX 

1\0pnyCOB 6oJiee npe)l;nO'ITHTCJibHbiM HBJIHCTCH TaB

poBOC COC)l;IIHCHHC CO CKBOaHbiM naTpy6KOM. 

HanpuMep, B peaKTope B ToKau-Mypa HCIIOJIL

aosanue CKBOaHOI'O IIaTpy6Ka B CO'ICTaHHH C 

upe)l;BapHTCJibHOH nposepKOH BJIHHHHH CBapKH If 

onepaiJ,UHMH no CHHTHIO HanpHiKCHHH IICKJIIO

'IaCT HCOOXO)l;HMOCTb BblliOJIHCHUH TPYAOCMKOH 

MeXaHu'leCKOH o6pa60TKH naTpy6KOB )J,JIH BOCCTa

HOBJICHIIH COOCHOCTH If JlliKBH)l;aiJ,HH ;wyrHX J~C-

4JeKTOB nOCJIC HX uarOTOBJICHHH. 

RpoMI? Toro, csapKa cKsoaHI>IX naTpy6Kos TaR

poBLIM COC)l;HHCHHCM npow;e H 60Jiee Ha)J.CiKHa, 

'IeM yroJIKosoe coep;HHCHHP rraTpy6KoB. B CBH3H e 
aTUM XOTCJIOCb 6LI yaHaTb, HO KaKHM coo6pame

IlHHM AJIH MapBuKeHCKoro peaKTopa 6biJI Bbi6pan 

Tllll UaTpy6KOB C yrOJIKOBbiM COC)J,HHCHHCM? 

0. XEJIJICTPEM (lllaeu,nu): Mbi oqenL T~a
TCJibHO H3y'laJIH 3TOT yaeJI ROpnyca C TO'IKH ape

HUH apa:m;enHH. Ha:manue <<yroJIROBoe coe)l;nne

Hne», aoo6~e ronopH, o6ocHoBaHo, O)l;HaRo )l;JIH 

IIeiWTOpbiX rraTpy6JWB HaHOOJiee IIO,[l.XO,[l.fi~UM HU-

3llUHHCM OYAf::'T TCpM11H «yroJIROBO(' COO,[l.HHCHHl' C 

BCTUBJit'HHblM HaTpy6KOM)), 

A. Jl. fEflHC (ClllA): 1\aKo.ii MCTOl~ HCIIOJih

aosaJJe.R !lJJ.R npoBPpKH TPYAHhiX orrepau,uii no npu

aapKc naTpy6R<m K )],HHu~y? 

0. XEJlJlCTPEM (llls«:>u,n.R): BcP ~~~10 6I>wo 

Tlll,aTeJibHO OCMOTpeHo BH3YUJlbHO, HpOMt' Toro, 

JUI.R HpcmepRH HCilOJib30BaJIHCb MUI'HllTHble 'IUCTU

Jl,bJ 11 OKpaUICHHhiP C.Ma<ri1Hiii0~11P HCIIJ,PCTBU. iho 
ooecne'IHJ!O enapKy oea TJH'II~HH H APYI'11:\ 

A,el}leKTOB. 

A. Jl. rEHHC (CIJIA): Ho npeMH u;nH'IICHHH 
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TeMnepaTypbl npu narpese If OXJI3iK)l;CHHU BJIHHCT 

.JJif aRCHaJibHOe pacnoJIOiKCHHC YHHKaJibHOH KOH

t'TpyRIJ,Hlf neperopoARH Ropnyca Ha repMeTH•r

HOCTh IIOBCpXHOCTeif? l\aRaH CROpOCTb nepeXOA

HbiX llpOIJ,CCCOB OYJJCT )l;OIIYCTHMOit BO BpeMH ;}}{C

IIJiyaTaiJ,HU ROpnyca? 

0. XEJIJICTPEM (lllseu,nH): IleperopoAHa 

HBJIHCTCH TCXHH'ICCRU npueMJICMOH C TO"'IKH ape

HUH HaMeHeHHH TCMIIepaTyp BO BpCMH aarrycKa II 

.OCTaHOBRH peaRTOpa. iho BpCMfl COCTaBHT OT 8 )];0 

16 'l B 3aBHCHMOCTH OT xapaKTepa 3KCI!JiyaTai~lfif 

peaRTopa. 

M. It BAH BMH (Hu)l;epJiaH)l;bi): HaKoBo Ba

me MHCHHC o6 HCnOJibaOBaHHH IIOKa3aTCJIH Ra'le

CTBa CBapRH 0,9 no CpaBHCHUIO C IJORaaaTeJICM 1,0, 
ycTaHoBJieHHbiM HopMaMH ASME )],JIH Bblcmero 

nJiacca csapKH? 

0. XEJIJICTPEM (lllseu,un): H AYMUIO, 'ITo 

cnapRa c noRaaaTeJieM Ka'leCTBa 0,9 neo6xo)l;HMa 

AJIH peaKTOpHOI'O KOpiiyca )l;aBJICHI1.R C TO'IKH 3pl'

HHfl llbiCOKHX Tpt'OOBaHHH H CTpororo KOHTpOJIH 11X 

BblnOJIHCHHH. 0.)J,HaKO H ysepcH, 'ITO B HaiiiHX 

IIIBC)],CRHX HOpMaX ;:)TOT IIOJ\a3UTCJib Mhl U:lMPHUM 

C 0,9 AO 1,0. 
M. K BAH BMH (HHAep.'IaHALI): Ilposo)],MJm 

~Till BLI Rj}KHC-JIHOO OllblTbi IIO CBapRe CTaJibHhl X 

HJiaCTHH ( C CO)l;epmaHHCM HUKPJIH 9%) TOJI~UHOii 
B-18 eM? 

0. XEJIJICTPEM (IIJseu,uu): HacROJJhRo MHe 

U3BCCTHO, TaKHC OllhiTbl He IIpOBO,LJ,HJIHCb. 

.D,oKnaA P/227 (npeACTaBHn A. 11. reHHC) 

,lJ,I-1CKYCCI-1R 

E. 3AllY.EBCKl1:0 (<l>panu;nH): RaK 113HCCTHo, 

He acer)l;a aoaMomna TpaucnopTupoBRa O'ICHb 6oJib

JUHX ROpiiyCOB IIO BO)J.e OT 3aBO)l;a-HarOTOBHTCJIH 1\ 

cTponTeJILHoii IIJio:m;aARe. MomeTe JIH BLI 'ITO-.'IH6o 

CKa3aTb 0 THIIaX ROHCTpyKIJ,HH, BpeMCHH H CTOH

MOCTH coopymeHHH TaRUX lWpnycos Ha CTp<IHTt'JJb

HOH IIJIOIIJ,a)l;Ke? 

-A. JL rE:0HC (CiliA): B HUCTOH~ee BpeMH 

HCT CIIpoca CO CTOpOHbl cPHpM Ha Hal'OTOBJieHne 

RoprrycoB B uoJieBbiX ycJIOBHHX. CyiiJ,eCTByiO:m;aH 

1IpOMbllliJieHHaH TCXHHKa IJOaBOJIHCT C.TpOHTb KOp

uyca )],liRMeTpoM )],0 10 .M If Bf::'COM i()()l) T. l\poMe 

TOI'O, Ha RpyriHbiX aTOMHbiX aJiei>TpOCTaHIJ,11HX ,[l.JIH 

OXJiaiKJ}CHHH ROH)l;CHCaTOpOB BO,[l.a HCOOXO)l;HMa ll 

TUKOM JWJlHl.feCTBe, 'ITO o6LI'IHO npHXOAHTCH cTpo

ltTL CTaHIJ,HH Ha CY)l;OXO)J,HbiX peKaX. Ilo aTHM IIpU

'IUHaM H ue pacnoJiaraiO ,[l.aHHbiMH o speMeHH H 

CTOHMOCTI1 COOpKH peaKTOJlHbiX IWpTiyCOB Ha 
CTpOHTCJibHOii IIJIOIIJ,a,[l.KP. 

K ,IJ;E IIATEP (HHp;epJiaH;!hi): III lfUCTh uopM 

ASME co)J,epmnT «IlpaBMJJa ;!.'IH coopymeHUH 

IWpiiyColl H)J,PpHbiX peaKTOpom>. fl JHIMPHHIOTCH JIM 

R CiliA ;)Tl1 npasnJia ,JJ;JIH coopymPHlfH HeH)l;epHT>Ix 

1wpuyeos? 
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A. Jl. fEAHC (CiliA): Tpe6oBaHHH Ill 'laCTH 

MOfYT 6biTb HCITOJib30BaHbl ):(JIH KOpnyCOB He TO.llb

KO Jl):(epHhlX yCTaHOBOK C y'leTOM Tpe6oBaHHH Me

CTHbiX KOHTpo.n:HpyiOITJ;HX OpraHOB. aTH npaBHJia 

npnMeHHMbi TaKme npn coopymeHHH KopnycoB, 

HCIIOJib3YeMbiX B He<f>TJIHOii: H XHMH'JeCKOH npo

MbliiTJieHHOCTH. 

,lJ,oKnaA P/522 (npeACTaBHn A. KoMapeK) 

,lJ,~CKYCC~fl 

A. JI. rEAHC (CiliA): HarOTOBJit'HHe paami'f

HbiX <f>JiaH~eBbiX KoJieu,, xoTH u o6JierqaeT TPYA

HOCTH, CBJI3aHHhle C aarOTOBKOii MaTepHaJia, H 

IIpO~t'CCbl H3fOTOBJit'HHH, HO, 110-BHP,HMOMy, orpa

JIH'fHBaeT CUOC06HOCTh KOHeTpyKU,HH Bbi):(epmu

HaTI, 6o.1Jbmue crwpocnr Harpesa. Ha KaKue clio

pocTu noshnneHHH Tl'MnepaTyphi n p,uanaaoHe pa-

6o'fHX TCMIIepaTyp paCC'fHTaH H HCIIhlTaH Kopnyc? 

A. KOMAPEK (l!exocJioBaRHH): Oco6eHHOCTbiO 

Hanrero KOpnyca HBJIJICTCH TO, 'ITO OH pa6oTaeT 

IIpu HH3KHX TeMnepaTypax (He BhiUie 150° C). 

TeMnepaTypHhie <f>JIYKTya~uu, oco6eHHO B Mecntx 

<f>JiaH~eBbiX coep,uHeHui1, He 6y):(yT peaKHMH. AH.a

JIH3 nyeKoBhiX n ;mcrwyaTaU,HOHHhiX ycJioBHH no

HaaaJI, 'ITO <f>JiaHU,eBbl(l COO):(HHCHHJI pa6oTaiOT 

YAOBJieTnopuTeJihHO. 

A . .JL rEHHC (CiliA): IlpoBOlVIJIHCh JIH HC

IlbiTaHHH MO,D;eJJH B MaClllTa6e 1 : 1, BKJIIO'IaH ~Hli
JIII'IeCinie pelliHMbl Tt'MIIepaTyphi II ):(aBJICHHH? 

A. l\OMAPEK ("LiexocJioBaKHH): MacniTa6HaH 

MO):(eJih Kopnyca npaKTH'IeCKH fOTOBa, HO HCIIhi

TaHHH ew;e He Ha'IaTbl, O):(HaKO IIpHHHTO peiiTeHHC 

BHJIIO'fHTb ~HKJIH'feCKHH pemHM ):(aBJieHHH B npo

rpaMMY ucnhiTanuif. IIpep,napuTeJibHoe paccMoT

peHue llOKa3hiBaeT, 'ITO HaiipHmeHHH, B03HHKaiO

ITJ;He upu TeMnepaTypHhrx Ka•max, He xapaKTepHhi 

p;JJH TaKnro IWpnyca. 

A. JL rEtlHC (CiliA): CorJiaCoBaHHO IIHTPp

naJIOil .L(JIH OUOpHbiX K<lHCOJieH H KOHH'JeCl\01'0 

onopHoro npncnoco6JieHHH Kopnyca ;J,mimno, uo

BHiJ.HMOMy, Bhi3BHTh TCllJIOBbie rrpo6JieMhl. Ilpu Ka

KOii CKOpOCTJI H3MCHCHHH Tt'MTiepaTypbi, B RaKOM 

TOMIIepaTypHOM ;a,uauaaoHe H C HaKHM KOJIH'ICCT

TlOM L(liKJIOB HCilhiThiBaJiaCh IWHCTpyKI~HH, UOKa

aaBUiaH, 'ITO HaiipHiH('HifH IWpnyca HO HpeBhlllld.

JOT npoeKTHhiX upep,eJIOB. 

A. KOMAPE.K (LiexocJionaxuH): HumHHH qaCTb 

rmpnyca oxJiamp,aeTCH raaoM; TITJ;aTeJibHhii1 aua

.lllra HmwaaJI, 'ITO TPMI!epaTypa ra3a ( 110° C) ne-

3Ha'IHTCJihHO Mt'HHt'TCH 11p11 paaJIH'IHhiX YCJIOBMHX 

pa6oThi peaKTopa. YcJroBHH nycxa 6yp,yT upone

pHThCH 3KCIIepHMeHTaJJhHO C l1Cll0Jib30Bai1Ht'M 

MacmTa6uoii MO.::\PJIIf xopnyea. 

K .L(E HATE P ( Hn;a,epJiaHAhi): MomeTe mt Bhl 
C006Il\11Th ;rJ,aHHbit', OTHOCHilllleCH H JtMliYJibCHhiM 

HarpyaRaM II TE'MIWpaTypaM uepeXO)J,HbiX peiHHMOB -

p,JIH ocuonuoro MeTaJIJra, cnapHoro MeTaJIJia n Me

TaJIJia B 30He /IOHCTBIIH CBapKU If B OCo6eHHOCTII 

P,JIH CJJie:KTpocBapHblX COC/VIH(llfllii? 

A . .KOMAPE.K ("'-lexoCJI(JBa:KHH): 0TJIIt'IHTOJih

noii oco6eHHOCThiO HpyrrnhiX peai{Topm,rx xopHy

con HBJIHeTCH TO, 'ITO OHH 11pC)J.CTaBJIHIOT Co6oii 

e;a,Hnoe ~eJioe. XoTH uepeXOAHhie TeMnepaTyphr 

HJIH OCHOHHO!'O MeTaJIJia, CBapHOl'O MCTaJIJia II Ml'

TaJIJia B 30H(l ).J;eHCTBHH CBapKif MOI'YT OllpPJ~C

JI.HTbCH Ha CT<lHlWPTHhiX o6paa~ax, :HI1 )J,aHHblO 

He HB.TI.HIOTCH Hpep,CTaBHTCJibHbiMII .L(Jl.H 1\0HCTpyK-

1\HU Kopnyca n ~eJioM. Ep,nHCTBeHno npanuJihHaH 

KapTHHa CBOHCTB HOHCTpyrn~HOHHbiX MOTaJIJIOB 

ll·liR pPaKTOpHbiX HopnycoB lHJJIY'IaCTCH 11p11 HCI1bi

TaHHH HpynHLIX o6pa3U,OB, Ha KOTOphlX BhJIIOJIHl'

Hbl cnapnbie eoep,HHOHH.H. TaKTre ncnhiTaHrrH 6J.IJm 

IIJlOBeP,t'Hbi B l[exOCJIOB<lKIIII, peayJILTaThl 1\0TOpbiX 

IIO:Ka3aJIH, 'ITO IIpll BCeX Tpe6yeMhlX yC.liOBIIHX v!C!

I'OTOBJieHHH H ;mCnJiyaTai~IIII peal\TOpHOL'O Kopuy

Ca TeMIIepaTypy MO/f\HO IIO)J,)J.epmnBaTh BbilllC l\}JH

TI1'-ICCKOif TeMHepaTypbi l\OHCTpyKI~IB1 B IV'JIOM. 

,lJ,~CKYCC~fl 

II. <POPTECKbE (CiliA): YRaaLmaiOT Jill aKc

nepnMeHThi Ha CyiL(eCTBOBaHHe Cllt'I~HaJihHbiX 

npo6JieM, o6yeJionJieHHLIX napaJIJICJILHoi1 pa6oToi'r 

raao.L(yBOR c nepeMeHHhiMII cRopocT.HMH? HaJiara

IOTCH JIM YCJIOBII.H CTa6HJibHOCTll Ha JII06yro meJiae

MYIO <PopMy xapaKTepJJCTJII\U IIOTORa? 

X. EEtlTMEH (Coe;a,uneHH<H' KopoJieBCTHO): 

OrrLIT pa6oTLI n XaHTepcToHe He CBH):(OTeJibCTnyeT 

0 HaJIU'IHH KaKUX-JIH60 cne~HaJibHbiX npo6JieM, 

CBHaaHHLIX c napa.n:.n:eJILHoii pa6oToii: raao):(ynox c 

HepeMeHHbiMH CKOpOCTHMif. <flopMM xapaKTepH

CTHR, IlOJiyqeHHhiX 1\al\ )J.JIH ~eHTpo6emHLIX, Tab: 

JI .L(JIH aHcnaJILHJ.IX raaop,ynoR conpeMeHHoit KOHCT

pyK~uu, HBJIHIOTCH y.L(oBJieTnopuTPJibHhiMif. 

,lJ,oKnaA P/139 (npeACTaBHnH ,lJ,>H. 0. ,lJ,>Hocc) 

,lJ,~CKYCC~fl 

n. ,D,m. ,D,AHl\TOH (Coe;a,uHeHliOe KopoJt('BCT

no): 0HhiT aliCIIJiyaTa~In~ peaHTopon B XaHTepcTo

ne, ToKan-Mypa n Tpayc<f>uHn;a,e nop,Tnepm;a,aeT 

BbiBO;rJ,hr, upune.L(l'HHbie ·n pa3p,eJie AOKJiap,a << YpoKn 

na 6yp,y~ee». 3aMe'IaHiiH no HCIILITaHuiO upoTo

Tima H IIpOMbllllJieHHoii ycTaHOBKH YMCCTHhi, OCO

oeHHO eCJIH CTpOIITt'JibliaH IIJJOIL(ai\Ha paCl!OJIO/f\OHH 

l(aJieKO OT MOCTa H31'0TOBJIOHIHI, 06a xaHTCpCTOH

CKHX peaKTOpa 1\0CTl'lrJill IipOCl\TIIOii MOII\HOCTH, 

OCTaJIOCh TOJihKO peiilllTb HPKOTOpbiO BO!lpOCI.I, 

CBH3aHHbll' C. MalllUHOii .L(JIH Heperpy3IHI TOIIJJIIBa. 

Ilepe;a, Bb!BOj~OM peaKTopa Ha MOIL(HOCTb IIpOBP,r(('H 

6oJihHIOii o6'heM pa6oT Jl paamPIHhie HCI!MTamrH 

na CTpOIITeJihiiOii nJio~ap,Ke. l1nTepecno 6hJJro ohr 

yKa3aTb Ha Ht'KOTOpbl(l pC13JlJI'IIfH MC/f\;(y ooopyp,o

BaHHeM no neperpyaxe TOIIJIHBa na peaKTopax n 

XanTepcToue, Tol\au-Mypa n Tpayct'pnmmP n co

OTBCTCTBYIOIL(HM o6opy,T(OBaHIICJ\f Ha pPal\TOpP B 

Epa):(yCJJIJie. Han6oJiee pa.L(nKaJJbiihJe oTJJif'IIIH 11Me-
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eT paarpyaolJHoe o6opyp,oBanne peaRTopoB B Xan
TepcTone, rp,e TOnJIHBo paarpymaeTcH 'Iepea HH3 
peaRTopa, a c6opRH peryJIHpyiO~HX CTepmHeil: -
•1epea Rphmmy. Op,na neperpy3()liHaH MarnnHa o6-
cJiymnBaeT HH3 peaRTopa, a p,pyraH - Bepx. 
HecMoTpH na neRoTopoe ycJiomneHHe n yBeJIHlJe
nne CTOHMOCTH, 3TO o6opyp,oBaHHe OOJiap,aeT pH
AOM 3RCIJJiyaTa1JHOHHhiX npenMy~eCTB. Bo-nep
Bhix, BCH 3arpy3Ra TOnJIHBa B peai\TOp 1IpOH3BO
AHTCH IIpH BXOP,HOH TCMIIepaType TCnJIOHOCHTeJIH, 
'ITO cy~ecTBenno o6Jier'IaeT npo6JieMy paarpy-
30lJHoro meJio6a n Marnnna MomeT 6LITh HCIIhiTa
na B pa6olfHX ycJioBHHX p,o rrop,'heMa MO~HOCTH 
peaRTopa. Bo-BTOphix, RaHaJI yp,aJIHeTCH na aR
THBHoif 30Hhi TOJihl\0 ABYMH MaJJJHHaMH. :=ho ocy
I1JeCTBJIHeTCH nyTeM ynJIOTHeHHH 1Jenn, o6ecne•IH
BaiO~eif nap,emnocTh n 6hiCTpoTy BhiiiOJIIIeHHH 
onepa1JHH no paarpyaRe na xop,y. 

Ha peaKTopax B ToKan-Mypa n Tpayclf>nnnp,e, 
TaK me KaK n na peaKTopax B Bpap,yaJIJie, ncnoJih
ayiOTCH ynHBepcaJihHLie MaJJJHHhi. Ramp,aH CTaH
IJHH HMeeT ycTaHOBKH J];JIH yJ);aJieHHH H3 pa3rpy-
30lfHOH MaiiiHHhl noJIHOCThiO aa~H~eHJIOI'O IIOJ];'h· 
eMnoro ycTpoifcTBa, Korp,a MaiiiHna orrpeccoBaHa 
H nop,coeJ];HJieHa K peaKTopy. 8To II03BOJIHeT HC-
110Jih30BaTb aBapHHHUM C~OCOO «OopaTHaH J];Beph~ 
)l;JIH yp,aJieHHH TOnJIHBa H3 pa3rpy30lfHOH MaJJJH
Hhi, eCJIH OHa noTepHJia CIIOCOOHOCTh 1\ nepeMe
I1JeHHIO. OcnoBHoe OTJIHIJHe aToif MaiiiHHhi oT 
MaJJJHHhi na peaKTopax B Bpa;r.J;Y3JIJie onpe;r.J;e
JIHeTcH KOHCTPYK1JHeif peaKTopa. IIepenaA AaBJie
HHH B aKTHBHoif aone Bhlme (B peaKTopax ToKan
Mypa neperraA 3HaiJHTeJihHO Bhrme na-aa ceiicMH
'!ecKHX YCJIOBHH, HaJiaraeMbiX Ha Heoom,myro BLI
COKOHanpHmeHHYIO aKTHBHYIO 30HY) , 1103TOMY 
3KOHOMHlfeCKH He1JeJieCoo6pa3HO npeiiHTCTBOBaTh 
UOJ];'beMy TeiiJIOBhiJ];eJIHIO~HX 3JieMeHTOB rrpH pa3-
rpyaKe aa clfeT nepenap,a p,aBJieHHH B Kamp,oM 
HaHaJie .. Bo apeMH paarpyaKH AOJimen 6hiTh ycTa
HOBJieH KOHTpOJib 3a paCXOP,OM TenJIOHOCUTeJIH B 

paarpymaeMoM KaHaJie. Ha peaKTopax B Tpayc-
4JnHHAe 3TO P,OCTHraeTCH nyTeM HCnOJih30BaHHH 
'IYBCTBHTeJihHOI'O 1\ TeMnepaType KJianaHa, YCTa
HOBJieHHOI'O Ha paarpy30lfHOM meJio6e, KOTOphlii 
).(pOCCeJIHpyeT nOTOK B 1\aHaJie npH IIOCJieP,oBa-
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TeJlhHOM H3BJielfeHHH 3JieMeHTOB H npeP,OTBpa~aeT 
Jtx nop,'heM. B peaKTopax ToKan-Mypa HMeeTCH 
neTJieBOH KOJITyp, KOTOpbiH BO BpeMH paarpyaKu 
TOIIJlHBa IIOP,P,epmHBaeT paCXOA B KaHaJie II01ITlt 
nocToHHHhiM. IIocJie BhlrpyaKH H3 aKTHBHoif aoHLI 
;lJICMeHTLI ycTaHaBJIHBaiOTCII BepTHKaJibHO B pa3-
rpyaoqHOH Mamnne, H raa na paarpymeHHhiX J\a

uaJioB nponycKaeTCH lfepea aJieMeHThi, naxop,H~u
(>CH B paarpy30lfHOH MaillHHe, H B03Bpa~aeTCH 

o6paTHo B peaKTop. 06e paarpyaoqnbJe MaiiiHHhi 
npoiiiJIH AJIHTeJihHbie HCllbiTaHHH. IIpoH3BOACT
BeHHbie HCllhiTaHHH pa3rpy30lfHbiX MaiiiHH ,'J;JIH 
peaKTopoB ToRaH-Mypa npoBOAHJIHCh c ncnoJih30-
BaHneM Mop,eJIH paarpyaoiJnoro meJio6a H ceR1JHH 
peaKTopa c noToRoM ropHlfero raaa. 

IIocJie,IJ;nee Moe aaMelJaHHe no o6cymp,aeMoMy 
.1<>KJiap,y RacaeTcH naparpalf>a, B KoTopoM oniica

nhi nycRo-naJia,IJ;OlJHhie pa6oTbi no Bpa,IJ;yaJIJICKoii 
CTaH1JIIII II npHBep,eHhi CJiylJaH IIOBpemp,eHHH Te
IIJIOBhl):J;eJifliO~HX 3JieMeHTOB BO BpeMH paarpy:IKH 
TOIIJIIIBa. B paarpyao'Inoif Manmne peaRTopoB 11 

Tpayclf>HHIIAe TenJIOBhiAeJIHIO~IIe aJieMeHThi ycTa
uaammaiOTCH TaK me, KaK II B Bpap,yaJIJICKoii 
paarpy30lfHOH MaiiJHHe. ll,JIH yMeHbiJieHIIH B03-
MOmHhiX noBpemp,eHHH BO BpeMH neperpy3I>II 
TOIIJJHBa aaxaaT cna6men Tpy6IJaTbiM r;omyxoM 
HJIII oooJIOlJKoif, KoTopbiH oKpymaeT aaxBaT n Te
DJIOBhiAeJIHIO~Hii: 3JieMeHT BO BpeMII pa3rpy3KH 3a 
HCKJIIOlJeHHeM TOrO MOMeHTa, 1\0rP,a :meMeHT eiiJe 
uaxo;r.J;HTCH B KaHaJie aKTHBHoil: aoHhi. B peayJIL
TaTe 3TOI'O TeiiJIOBLI,!l;eJIHIOIIJIIe 3JieMeHTbl He IIO
BpemJ];aiOTCII HJI BO BpeMH paOOTLI, HJI I!pH HCflhi
TaHJIHX. 

B. 3All:lJEBCIUHl: (<DpaH1JHH): H AOJimen aa
MeTHTL, 'ITO npOMhimJieHHhie peaKTOpbi G-2 nG-3 
B MapKyJie aKcnJiyaTnpyiOTCH c 1959 rop,a c 
paarpy30lfHbiMH MamHHaMH, J];eHCTBYIOIIJHMH npH 
paooTe peaKTopa na noJIHOH Mo~nocTn. PeaRTO
phl EDF-2 H EDF-3 TaKme HMeiOT neperpyao'I
Hhle MaiiiHHbi, J];eHCTBYIO~He IIpH pa6oTe peaKTopa 
Ha llOJIHOH MO~HOCTH. 8TH MaiiiJIHhl OIIIICaHbl B 

~oKJia;r.J;e P/54. P,pyra11 MaiiiHHa, paapaoaTLIBaeMaH 
KoMnccapnaToM no aTOMHoif aHepnm <DpaH1JIIH 
;lJIII oy;r.J;y~ero HCnOJih30BaHHII, OI!HCaHa B ;J,OKJia;le 
P/51. 

Accesorios de las centrales dotadas de reactores 

Presidente: G. Stiennon (Belgica) 

Documento P/330 (presentado por A. G. Filippov) 

DISCUSI6N 

D. S. HIORNS (Reino Unido): En Ia memoria se 
sefiala que Ia confianza y seguridad del sistema a que 
pertenece un reactor resultan perjudicadas si el 

operador tiene que hacer muchas manipulaciones. En 
relacion con esto, me gustaria Hamar su atenci6n 
sobre Ia memoria P/126 que describe un sistema con el 
que se simplifica Ia tarea del operador. 

J. A. THIE (Estados Unidos de America): Mi 
pregunta se refiere a los bloques numero 17 de Ia 
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figura 1 de la memoria. ;, Funcionan ambos sistemas 
al mismo tiempo, 0 funciona solo uno de los dos y la 
transferencia al otro se produce en caso de averia? Si 
hay transferencia, ;, que informacion la produce? 

A. G. FILIPPOV (URSS): En vista de la posibilidad 
de que surjan discrepancias en la fijacion de nivel de 
los amplificadores y de las corrientes de las camaras de 
ionizacion durante el funcionamiento del reactor, se 
han dispuesto correctores automaticos (VI en la 
figura 1) en los canales de control para impedir 
desequilibrios ala salida del amplificador de control de 
reserva. Al mismo tiempo el corrector automatico del 
regulador en servicio esta fuera de circuito. Los 
correctores automaticos los conecta y desconecta 
manualmente el operador, empleando los bloques 17 
de la figura 1. 

J. A. THIE (Estados Unidos de America): ;,A que 
porcentaje de la potencia maxima se produce el 
disparo cuando la demanda es 10 por 100 de la de la 
potencia total y 100 o 150 por 100 de la misma? ;, Que 
periodo exponencial se emplea antes de alcanzar el 
regimen lineal ? 

A. G. FILIPPOV (URSS): En la gama de potencias 
de 10 -150% el sistema de prevencion de accidentes 
entra en funcionamiento para un aumento de potencia 
del 20% sobre el valor fijado. Antes de la elevacion de 
potencia lineal se emplea un aumento exponencial, 
normalmente con un periodo de 20- 30 segundos. · 

J. WEILL (Francia): Dice Vd. que sus reactores 
tienen que ponerse en marcha rapidamente. i, Que 
sistema emplean Vds. en la fase puesta en marcha? 

A. G. FILIPPOV (URSS): Para reducir el tiempo de 
puesta en marcha y por razones de seguridad, em
pleamos sistemas automaticos para pasar del estado 
subcritico al 1-10% de la potencia nominal. Se em plea 
una ley exponencial. 

J. WEILL (Francia): ;, Que tipo de detectores em
ptean? Si son camaras de ionizacion, como su memoria 
parece indicar, ;,estan compensadas para radiaciones 
gamma? 

A. G. FILIPPOV (URSS): En los sistemas de control 
se emplean camaras de ionizaci6n con compensaci6n 
del fondo gamma. 

J. WEILL (Francia): l Que velocidad media han 
elegido para sus barras de control y compensacion 
( expresado en unidades de reactividad por segundo)? 

A. G. FILIPPOV (URSS): La velocidad media de las 
barras de control e~'> aproximadamente 20 x IQ-5 s-1 y 
la de las barras de compensacion aproximadamente 
10 X I0-6 s-1• 

Documento P/52 (presentado por G. Lamiral) 

DISCUSION * 
P. FoRTESCUE (Estados Unidos de America):;, Se ha 

probado alguno de los modelos hasta rotura o fuga 

* Ver tambien, mas adelante, Ia discusi6n del documento 
P/140. 

empleando gas en vez de agua para aplicar la presion? 
;, Se esperarian resultados diferentes si se empleara un 
gas? ;, Afecta a la forma de la rotura la existencia de 
un revestimiento de acero? 

G. LAMIRAL (Francia): Por diversas razones no 
hemos llevado a cabo ensayos de modelos sometidos a 
presion de gas, pero los ensayos que hemos efectuado 
en el tercer modelo de la vasija del EDF3 parecen 
indicar que las roturas causadas por presion de gas no 
diferiran esencialmente de las roturas causadas por 
presion de agua. A la vista del proyecto de las aber
turas, las grietas se iniciarian en el exterior de la 
vasija. 

El revestimiento de acero podria tener algun efecto 
en la forma de romperse la vasija; este revestimiento 
tiene que resistir deformaciones considerables durante 
el pretensado y al mismo tiempo puede sufrir de
formaciones plasticas; por ello tiene que ser de acero 
suave de buena calidad, capaz de un alargamiento 
considerable. En ensayos de rotura, especialmente con 
cables de pretensado inyectados, se podria temer que 
los cables se rompieran antes que la capa de sellado y 
que la rotura fuese muy violenta, pero los ensayos han 
demostrado que este temor no es justificado. Tam bien 
hay que tener en cuenta que, aunque los ensayos de 
rotura llevados a cabo en modelos a presion superior 
constituyen una comprobacion de los calculos, no 
corresponden a un modo posible de rotura, puesto 
que la presion del reactor en funcionamiento no sera 
superior a la presion de servicio mas que en un 
pequeiio tanto por ciento. 

Es posible, aunque no probable, que la resistencia 
de los cables disminuya (por ejemplo por corrosion) 
con el reactor a la presion de servicio. Como hemos 
seiialado, para esta contingencia se estimo necesario 
suprimir un gran numero de cables con objeto de 
asegurar que se alcanza la presion de rotura y que, 
mucho antes de cualquier accidente serio, se presenta 
un agrietamiento importante, claramente visible desde 
fuera de la vasija. 

P. FoRTEscuE (Estados Unidos de America): 
l Ven Vds. en Francia algun problema practico en la 
construcci6n de vasijas de presion de hormigon para 
presiones de trabajo hasta de 70 kgjcm2 de gas helio? 

G. LAMIRAL (Francia): Los estudios que se realizan 
sobre la vasija del reactor INCA tienen en cuenta 
presiones de 40 y 60 bares. No creemos que el proyecto 
de vasijas de hormigon pretensado plantee problemas 
especiales para presiones por debajo de los 100 bares. 
El unico problema que plantea el empleo de helio 
parece estar relacionado con la hermeticidad; la 
comprobacion del revestimiento metalico debe ser 
mucho mas rigurosa que en el caso de vasijas para 
dioxido de carbono. 

P. FoRTESCUE (Estados Unidos de America): ;,Para 
que tamaiio es mas economico emplear una vasija de 
hormigon en vez de una vasija de acero? 

G. LAMIRAL (Francia): El grafico de la figura 1 
compara desde un punto de vista economico las 
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EDF3 c/>2 
EDF2 

EDFl 

Figura I 

vasijas de acero con las vasijas de hormigon preteri
sado. Sin embargo, se ha trazado el grafico mas para 
facilidad de explicacion que como una representacion 
exacta. El coste de la vasija viene dado en funcion de 
algunos parametros dimensionales, por ejemplo el 
diametro del nucleo del reactor para una altura dada. 

El grafico es para una presion fija, por ejemplo de 
28 bares. Para vasijas metalicas (curve AB) no hay 
dimensiones minimas y las vasijas pueden ser tan 
pequenas como se desee. Se puede apreciar que hay 
una discontinuidad del precio en cp1 , correspondiente a 
las dimensiones maximas de las vasijas que pueden 
ser construidas en fabrica; por encima de esas dimen
siones la vasija debe ser construida en obra. La 
curva crece despues muy aprisa y las dificultades 
crecen tambien muy rapidamente con las dimensiones, 
hasta que para un cierto tamano cp2 ya no es posible la 
construccion. 

En el caso de vasijas de hormigon pretensado hay 
un limite inferior (intuitivo ), para cualquier sistema de 
pretensado dado, por debajo del cual no es posible Ia 
construccion; Ia curva de coste es continua a partir de 
ahi (empleando los mismos materiales) y no puede 
verse un limite superior de tamai'\o. 

Para la Central EDFl la comparacion economica 
fue favorable a las vasijas de acero y tambien se 
eligio este material para el EDF2. 

Las dificultades encontradas en el proyecto de 
vasijas de acero al manganeso- molibdeno condujeron 
al desarrollo de nuevos procesos de fabricacion y Ia 
curva para vasijas de acero pasa ahora a ser la AB'. 
Al mismo tiempo, la experiencia obtenida en Marcoule 
hizo posible la reduccion del coste de las vasijas de 
hormigon pretensado. Por consiguiente, para el 
EDF3 la comparacion fue favorable a! hormigon 
pretensado. Si hubiera que volver a construir la 
vasija del EDF3 en la actualidad, se podria conseguir 
una economia del 15- 20% y es probable que si se 
hicieran ahora comparaciones entre acero y hormigon 
para EDFI y EDF2, el resultado seria favorable al 
hormigon para EDF2 y quiza incluso para EDFI. 
Quiero sei'\alar que la vasija del EDF2 tiene forma de 
esfera con un diametro interior. de 18,3 m mientras la 
vasija del ED F I es cilindrica, con un diametro de I 0 m 
y una altura de 23m. 
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La comparacion anterior se ha hecho para presion 
dada, del orden de 28 bares aproximadamente, y debe 
senalarse que para presiones mas elevadas los limites 
superiores de las dimensiones de las vasijas metalicas 
sedan mas bajos, mientras los limites inferiores de las 
vasijas de hormigon armado no parece cam bien mucho. 

Documento P/140 (presentado por A. Houghton 
Brown) 

DISCUSI6N 

P. FoRTESCUE (Estados Unidos de America): 
z,Puede Yd. especificar la escala de tiempo que se 
aplicaria al apartado c) de la segunda seccion de su 
memoria, cuando dice, « La forma de rotura sera 
progresiva sin producirse rotura repentina »? En 
otras palabras, z, en que periodo de tiempo seria 
considerada repentina la perdida de la mitad de la 
presion inicial de gas? 

A. HOUGHTON BROWN {Reino Unido): La forma de 
rotura progresiva mencionada en la memoria no esta 
relacionada con el tiempo. Las deformaciones crecen, 
de forma progresiva, bajo presiones crecientes; el 
tiempo durante el cual se aplica la presion no influye 
sobre ello. 

M. TROOST (Estados Unidos de America); z,Cual 
es el espesor del aislamiento del revestimiento y 
cuantas capas se emplean? z, Para que flujo termico se 
ha proyectado el aislamiento? . 

A. HOUGHTON BROWN (Reino Unido): Me gustaria 
pedir a mi colega Sr. Spruce que conteste a estas 
preguntas. 

T. W. SPRUCE (Reino Unido): El espesor del aisla
miento de acero inoxidable es del orden de 50,8 mm 
(2 pulgadas) y esta constituido por unas 30 capas de 
laminas, convenientemente espaciadas. 

El flujo calorifico en el aislamiento varia considera
blemente sobre la superficie, pero no puedo en este 
momenta citar los valores reales. 

R. S. TAYLOR (Reino Unido): Desearia hacer unos 
cuantos comentarios en relacion con las memorias que 
tratan de vasijas de presion de hormigon pretensado, 
especialmente sobre las memorias P/52 y P/140. Se ha 
propuesto un gran numero de soluciones muy dife
rentes al problema basico de construir vasijas de 
grandes dimensiones que funcionan a altas presiones. 
Es evidente que cada uno de los proyectos da como 
resultado estructuras seguras y realizables. Esta 
diversidad de soluciones demuestra la flexibilidad 
inherente a las vasijas de hormigon para cumplir los 
requisitos del proyectista del reactor. 

El proyecto de vasija de presion adoptado debe ser 
el resultado de una intima colaboracion entre los 
proyectistas de la vasija y del reactor y Ia solucion 
optima dependera de los criterios particulares que se 
apliquen. 

En el caso de Ia central nuclear de Wylfa (descrita 
en Ia memoria P /141) cada reactor tiene una potencia 
electrica neta de 590 MW. El diametro interior de cada 
una de las dos vasijas es de 29,28 m (96 pies) y la 
presion de proyecto es 30 kgfcm2 (440 psi). Se hallo 
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una solucion economica mediante el empleo de una 
superficie interna esferica y una superficie externa de 
forma adecuada que permitiera acomodar los pesados 
mecanismos de pretensado y lograr una construccion 
pnictica y expedita. Este tipo de proyecto consigue 
tambien dimensiones especificas muy bajas en com
paracion con otras formas de vasijas y este punto se 
pone de manifiesto en la figura 2 de la memoria P/141. 

Algunas veces se ha expresado 1a duda de si la 
vasija esferica, en su forma pnictica, se presta a un 
ana1isis de tensiones riguroso. La vasija del tipo 
'Wylfa esta basada en realidad en un amplio programa 
de investigacion y desarrollo y, como se aprecia en la 
figura 3 de la memoria P/141, la correspondencia 
entre las deformaciones experimentales y las pronos
ticadas es muy buena. El efecto de las diferencias con 
una esfera geometrica es en realidad minimo en 
comparacion con las discontinuidades propias de la 
forma cilindrica. 

El comportamiento de la vasija de tipo esferico es el 
mismo en esencia para las cargas de trabajo y la de 
rotura, y los esfuerzos cortantes son muy pequefios. 
La inclusion de margenes considerables para tener en 
cuenta las incertidumbres al pasar en la vasija cilin
drica desde las cargas de trabajo a la de rotura no es 
aqui necesaria. 

Documento Pf810 
DISCUSI6N 

L. CAVE (Reino Unido): En su memoria, al describir 
la vasija del BHWR de Marviken, se dice que las 
boquillas en el fondo de la vasija son del tipo «a tope»; 
la figura 3 muestra que la boquilla es bastante larga, 
de forma que cualquier giro que ocurra durante la 
soldadura 0 tratamiento termico posterior, sera ampli
ficado considerablemente. 

El problema del giro de las boquillas intereso mucho 
en el Reino Unido durante el desarrollo de las 
primeras centrales comerciales y encontramos que es 
preferible el empleo de boquillas « pasantes »en estas 
grandes vasijas de acero. Por ejemplo, en el caso del 
reactor Tokai el empleo de boquillas « pasantes » 
junto con el ajuste previo para corregir los efectos 
estimados de la soldadura y el tratamiento termico 
posterior, evito la necesidad de una mecanizacion 
importante de las boquillas despues de la fabricacion, 
para correccion de faltas de alineacion. 

Ademas, el metodo para sol dar boquillas «pasantes » 
es mas sencillo y mas seguro que el de.boquillas ((a 
tope». Por ello estoy interesado en conocer el motivo 
de la eleccion de boquillas «a tope» para la vasija de 
Marviken. 

0. HELLSTROM (Suecia): Hemos estudiado esta 
parte de la vasija con gran cuidado en cuanto a los 
giros. La expresion « a tope » es generalmente valida, 
pero algunas de las boquillas podrian ser clasificadas 
mas adecuadamente como (( penetrantes ». 

A. L. GAINES (Estados Unidos de America): 
l, Que metodo de inspeccion se em plea para la dificil 
operacion de soldar las boquillas a la tapa? 
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G. HELLSTROM (Suecia): Se lleva a cabo una 
inspecci6n cuidadosa de cada cordon visualmente, con 
particulas magneticas y con colorantes penetrantes. 
Esto asegura una soldadura sinfisuras ni otrosdefectos. 

A. L. GAINES (Estados Unidos de America): 
Durante los regimenes transitorios de temperatura 
que tiene Iugar durante el calentamiento y el enfria
miento l, se producen cam bios en la posicion axil de 
las superficies de sellado a causa de la construccion 
singular del cierre de la vasija? l, Que velocidad de 
cambio puede ser resistida durante la vida prevista 
de la vasija? 

G. HELLSTROM (Suecia): El cierre es aceptable 
respecto a las especificaciones tecnicas que regulan los 
cambios de temperatura durante la puesta en marcha 
y parada del reactor. El tiempo esta comprendido 
entre 8 y 16 horas, segun la clase de operacion. 

M. C. vAN VEEN (Paises Bajos): l, Cual es su 
opinion respecto al uso de un factor de soldadura de 
0,9, en comparacion con el factor 1,0 adtnitido por las 
normas ASME para las soldaduras de maxima 
calidad? 

G. HELLSTROM (Suecia): Creo que un factor de 
soldadura de 0,9 no es necesario en la vasija de 
presion de un reactor, si se tienen en cuenta los 
requisitos elevados y el control riguroso del producto. 
Sin embargo, estoy seguro que cambiaremos este 
factor de 0,9 a 1,0 en nuestra norma sueca. 

M. C. VANVEEN (Paises Bajos): l, Han realizado Vds. 
ensayos de soldadura con chapas de acero al 9% Ni, 
de 127 a 177,8 mm (5-7 pulgadas) de espesor? 

G. HELLSTROM (Suecia): No, que yo sepa. 

Documento P/227 (presentado por A. L. Gaines) 

DISCUS16N 

B. SAITCEVSKY (Francia): No siempre es posible 
transportar vasijas muy grandes por via maritima o 
fluvial desde la fabrica a la obra. l, Podria V d. decir 
algo sobre los tipos de construccion de vasijas cons
truidas en obra y los tiempos y costes asociados a 
elias? 

A. L. GAINES (Estados Unidos de America): 
Hasta la fecha no ha habido una demanda firme de 
vasijas fabricadas en obra. Las instalaciones indus
triales existentes permiten Ia construccion de vasijas 
basta 10,65 m (35 pies) de diametro y 1 000 toneladas 
de peso. Ademas las grandes centrales termicas 
necesitan tan gran cantidad de agua para los con
densadores, que en general se ubican junto a rios 
navegables. Por estas razones no dispongo de informa
cion sobre tiempos y costes de construcci6n en obra 
de vasijas de reactores. 

C. DE PATER (Paises Bajos): La Seccion III de las 
normas ASME da « Reglas para la construccion de 
vasijas nucleares ». En los Estados Unidos, z,pueden 
basarse las vasijas no nucleares tambien en esta 
Seccion? 
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A. L. GAINES (Estados Unidos de America): Los 
requisitos de la Seccion III pueden emplearse para 
otras vasijas, distintas de las nucleares, con el permiso 
de las autoridades locales correspondientes. Estas 
normas tambien se estan aplicando a las vasijas de las 
industrias petroliferas y quimicas. 

Documento P/522 (presentado por A. Komarec) 

DISCUSI6N 

A. L. GAINES (Estados Unidos de America): Los 
platillos de brida forjados separados, aunque ayudan 
a resolver un problema dificil de suministro de 
material y fabricacion, parecen limitar la facultad 
de este disefio para resistir calentamientos nipidos. 
i, Para que velocidad de elevacion de temperatura y 
para que intervalo de temperaturas (arranque a 
funcionamiento normal) ha sido proyectada y ana
lizada la vasija? 

A. KoMAREC (Checoslovaquia): Una caracteristica 
especial de nuestra vasija es que la temperatura de 
trabajo es baja (no mas de 150 °C) y las fluctuaciones 
de temperatura, especialmente en la zona de la junta 
embridada, no son bruscas. Un analisis de las con
diciones en el arranque y el funcionamiento normal 
demostro que la junta embridada es satisfactoria. 

A. L. GAINES (Estados Unidos de America): Los 
ensayos del modelo a escala 1 : 1 z, incluyen ciclos de 
presion y temperatura? 

A. KoMAREC (Checoslovaquia): El modelo a 
escala de la vasija esta practicamente terminado, pero 
los ensayos todavia no han empezado. Sin embargo 
se ha decidido incluir los ciclos de presion en el 
programa de ensayos. Nose da mucha importancia a 
los efectos de los ciclos de temperatura, pues este tipo 
de esfuerzos no tiene Iugar en la vasija. 

A. L. GAINES (Estados Unidos de America): La 
coincidencia parcial del retallo de soporte con la 
insercion del cono de soporte de la vasija parece que 
debe acentuar los problemas termicos. z, Para que 
velocidad de cambio de temperatura, que intervalo de 
temperaturas, y para cuantos ciclos ha demostrado el 
analisis que la vasija estani dentro de los limites de 
tensiones fijados en el proyecto? 

A. KoMAREC (Checoslovaquia): La parte inferior 
de la vasija esta refrigerada por gas y un analisis 
cuidadoso ha demostrado que la temperatura del gas 
(110 °C) varia solo ligeramente con los distintos 
regimenes de funcionamiento del reactor. Las con
diciones de puesta en marcha seran investigadas 
experimentalmente empleando el modelo a escala de 
la vasija. 

C. DE PATER (Paises Bajos): z,Puede Vd. dar datos 
respecto a resistencia al choque y temperaturas de 
transicion del metal base, metal de aporte y metal de 
la zona afectada, en particular respecto a las juntas 
soldadas por electroescoria? 

A. KoMAREC (Checoslovaquia): Una caracteristica 
especial de las vasijas de gran tamafio es que repre-

ACT A DE LA SESI6N 3. 7 671 

sentan un conjunto integro. Aunque las temperaturas 
de transicion del metal base, el metal de aporte y e1 
metal de la zona afectada por la soldadura pueden 
determinarse en pro betas normalizadas, estos datos no 
son representativos de la estructura de la vasija 
considerada como un con junto. La (mica informacion 
verdadera de las propiedades de los metales estructu
rales para vasijas de reactores, es la proporcionada por 
ensayos con probetas grandes en las que se han hecho 
juntas soldadas. Estos ensayos se han realizado en 
Checoslovaquia y han demostrado que, para todas las 
condiciones que se presentan durante la fabricacion y 
funcionamiento, la vasija del reactor puede soportar 
temperaturas mas elevadas que la temperatura 
critica de la estructura considerada globalmente. 

Documento P/138 (presentado por R. Bateman) 

DISCUSI6N 

P. FoRTESCUE (Estados Unidos de America): z, Ha 
demostrado la experiencia la existencia de problemas 
en el funcionamiento en paralelo de soplantes con 
accionamiento de velocidad variable? z, Imponen las 
condiciones de estabilidad alguna forma especialmente 
conveniente de las curvas caracteristicas? 

R. BATEMAN (Reino Unido): Nuestra experiencia en 
Hunterston no ha sefialado que existan problemas 
especiales en relacion con el funcionamiento en 
paralelo de soplantes de velocidad variable. Las 
formas caracteristicas que se obtienen con soplantes 
centrifugas o axiles de disefio normal son satisfactorias. 

Documento PJ 139 (presentado por J. 0. Joss) 

DISCUSI6N 

P. J. DuNCTON (Reino Unido): La experiencia de 
Hunterston, Tokai Mura y Trawsfynydd confirma las 
conclusiones expuestas en la seccion de la memoria 
titulada « Lecciones para el futuro ». Los comentarios 
sobre las pruebas del prototipo y unidades de pro
duccion son particularmente apropiados, especial
mente si la obra esta lejos del Iugar de fabricacion. 
Los dos reactores de Hunterston han llegado a su 
potencia nominal y solo quedan por resolver pequefios 
problemas en relacion con la instalacion de manejo 
de combustible; se hicieron ensayos amplios en taller 
yen obra antes de elevar la potencia del reactor. 

Puede ser interesante indicar unas pocas diferencias 
entre el equipo de manejo de combustible de Hunter
ston, Tokai Mura y Trawsfynydd y el de Bradwell. La 
instalacion de Hunterston es la mas diferente esencial
mente, en cuanto que emplea carga del combustible 
por el fondo, con acceso por la parte superior para los 
conjuntos de control. Bajo cada reactor hay una 
maquina de carga de combustible y en la parte 
superior hay una maquina de servicio. A pesar de 
algunas complicaciones y de un coste mas elevado, 
esta disposicion tiene diversas ventajas en cuanto a su 
funcionamiento y seguridad. Primero: toda la carga y 
descarga del combustible se hace a las temperaturas 
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de entrada al reactor, de forma que se simplifican los 
problemas de Ia tolva del combustible y Ia maquina 
puede ser probada en condiciones de trabajo antes de 
elevar Ia potencia del reactor. Segundo: el canal se 
retira del nucleo en solo dos unidades. Esto se consigue 
por una cadena de compresion de seguridad compro
bada y que es tam bien de funcionamiento muy rapido. 

Igual que Bradwell, Tokai Mura y Trawsfynydd 
emplean maquinas universales. Cada una tiene 
dispositivos para sacar de la maquina de carga de com
bustible una unidad elevadora totalmente blindada, 
cuando Ia maquina esta a presion y conectada al 
reactor. Esto proporciona un metodo de emergencia 
de « puerta trasera » para retirar el combustible de la 
maquina de carga siesta no puede moverse. Una de las 
principales diferencias respecto a Bradwell es con
secuencia del proyecto del reactor. La caida de presion 
en el nucleo es mas grande (en Tokai es mucho mayor 
poria necesidad de un nucleo pequefio y mas compacto 
impuesta por consideraciones sismicas), por lo cual es 
antieconomico impedir el aligeramiento del elemento 
combustible durante las operaciones de carga por 
medio de una caida de presion parasita en todos los 
canales. Se debe adoptar un control de caudal que se 
limite al canal cuyo combustible se esta cargando. En 
Trawsfynydd esto se consigue mediante el empleo de 
una valvula gobernada por la temperatura de la tolva 
de combustible, que estrangula el caudal en el canal a 
medida que se extraen los elementos evitando asi el 
aligeramiento. En Tokai Mura hay un circuito cerrado 
que mantiene el caudal en el canal aproximadamente 
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constante durante la carga de combustible: los 
elementos combustibles, despues de retirados del 
nucleo, se apilan verticalmente en la maquina de 
carga y el gas del canal que esta siendo cargado pasa 
por los elementos de la maquina y vuelve al reactor. 
Ambas maquinas han sido ensayadas concienzu
damente. Para Tokai, los ensayos de produccion de 
las maquinas de carga de combustible se hicieron en un 
circuito que comprendia un modelo de tolva de carga 
y una seccion del reactor con caudal de gas caliente. 

Mi comentario final a esta memoria versa sobre el 
parrafo 12, sobre los dafios que sufre el combustible 
durante su manejo. Trawsfynydd tiene un elemento 
apilado semejante al de Bradwell, y para reducir a un 
minimo el dafio durante el manejo de combustible, Ia 
garra tiene un aro tubular de refuerzo, o manguito, 
que rodea garra y combustible en todo momento, 
excepto cuando el combustible esta exactamente 
dentro del canal del nucleo. Como resultado de esto 
los elementos no han sufrido dafio en los ensayos en el 
taller ni en Ia obra. 

B. SAITCEVSKY (Francia): Me gustaria mencionar 
que los reactores industriales G2 y G3 de Marcoule 
han estado funcionando desde 1959 con maquina de 
carga de combustible que trabajan con el reactor a 
plena potencia. Los reactores EDF2 y EDF3 tambien 
tienen maquinas de carga de combustible que fun
cionan con el reactor a plena potencia y que se 
describen en la memoria P/54. Otra maquina que el 
CEA ha desarrollado para empleo futuro se describe 
en la memoria P f 51. 
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