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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 Fre.nch, 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 an~ 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, 8, 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 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.1 0, 1.11, 3.7 

9 Reactor Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.8, 2.9, 2.4 

1 0 Nuclear Fuels - I. Fabrication and Reprocessing . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.3, 2.6, 2.7 

11 Nuclear Fuels- II. Types and Economics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.5, 2.1, 2.2 

12 Nuclear Fuels- Ill. Raw Materials . .. .. .. .. .. .. . . .. .. .. .. .. .. .. . .. .. .. .. 2.11, 2.12, 2.10 

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

14 Environmental Aspects of Atomic Energy and Waste Management . . . . . . . . . . 3.1 0, 3.11 

15 Special Aspects of Nuclear Energy and Isotope Applications . . . . . . . . . . . . . . E, 4.1, F, G, 4.2 

16 List of Papers and Indexes 



NOTE EXPLICATIVE 

Les Actes de la troisieme Conference intema
tionale sur !'utilisation de l'energie atomique a des 
fins pacifiques sont publics ici sous la forme d'une 
edition unique, multilingue, en seize volumes. Cette 
presentation a ete decidee par l'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 
originale 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 la Conference, les gouvemements devaient 
foumir les resumes et les memoires dans deux 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, la preface du Directeur 
general de l'AIEA et la presente note explicative, 
ainsi que les comptes rendus de chacune des six 
seances scientifiques generales et des trente-six 
seances techniques de la Conference, sont publics 
dans les quatre langues. Tous les autres textes, qui 
pour la plupart sont d'un caractere non technique et 
figment dans les volumes 1 et 16, sont publics dans 
la langue dans laquelle ils oht 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 gouvernements 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 
memo ires. 

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. 
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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' AIEA, le 
Secretariat scientifique, travaillant sous la direction 
du Comite consultatif scientifique des Nations Unies, 
en a finalement retenu 7 4 7 pour les inscrire au 
programme de la 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 cherche 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 rend us 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 l'AIEA, puis 
traduits en espagnol, en fran<;ais 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<;ais ont ete mis au point pour !'impression 
a l'Office europeen des Nations Unies a Geneve, 
sous 1e contr61e de l'ONU, par une equipe de redac-

** On trouvera les noms des secretaires scientifiques, des 
« editeurs » et des redacteurs de comptes rendus dans la 
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 
n!dacteurs 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, Mile R. Lapage, 
M. E. T. Maries, Mile 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 l'Union 
des Republiques socialistes sovietiques se sont par
tage Ia 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: 

Seonces 

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

2 Physique des reacteurs 3.1 

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

4 Controle 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 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.1 0, 1.11 I 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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liO.HCHIITEJibHA.H 3AIIIICKA 

Tpy,ll# TpeTbeH: Me.>K.zr.yHapo,li,HOH KOH<pe

peH~HH no HCnOJib30BaHHlO aTOMHOH SHeprHH 

B MHpHbiX ~eJISIX npe.ZI.CTaBJISIIOT C060H e)I.HHOe 

MHOfOSI3blqHOe H3)I.aHHe H3 WeCTHa)I.~aTH TO

MOB. TaKaS! cpOpMa 6hiJia npe.zr.yCMOTpeHa reHe

paJibHOH AccaM6JieeH: OpraHHsa~HH 06oe.ZI.H

HeHHblX Ha~HH: npH O.ZI.o6peHHH e10 6IO.ZI..>KeTa 

KoH<pepeH~HH. 

npHHSITbie K paCCMOTpeHHlO KoHcpepeH~HeH 
)I.OKJia)I.bl COOTBeTCTBeHHO ony6JIHKOBaHbl 3)I.eCb 

JlHWb Ha S13biKe OpHrHHaJia; npH 3TOM Ka.>K)I.biH 

)I.OKJia.ZI. conpoBO.>K)I.aeTCSI aHHOTa~HeH Ha .ZI.PY

fHX Tpex SI3hiKax KoHcpepeH~HH*. 

EIO)I..>KeTHble nOCTaHOBJieHHSI B OTHOIIIeHHH 

npoae,LI.eHHSI KoHcpepeH~HH TaK.>Ke npe.zr.ycMaTpH

BaJIH, qTO npaBHTeJibCTBa npe)I.CTaBSIT aHHOTa~Hii 

H .ZI.OKJia)I.bl Ha .ZI.BYX Sl3hiKax KoHcpepeH~HH. no-

3TOMY O.ZI.Ha H3 Tpex aHHOTa~HH, conpOBO.>K)I.a

IO~HX Ka.>K)I.hiH )I.OKJia)I., SIBJISieTCSI nepeBO)I.O·M, 

npe)I.CTaBJieHHhiM COOTBeTCTBYIO~HM npaBH

TeJibCTBOM. AHHOTa~HH 6hiJIH nepeae)I.eHhi Ha 

)I.pyrHe )I.Ba Sl3biKa JIH60 0T)I.eJIOM nepeBO)I.OB 

Me.>K.ZI.yHapo.ZI.HOro areHTCTBa no aTOMHOH aHep

rHH (MArAT3) B BeHe, JIH6o c ero noMo~biO 
npH COTPY.ZI.HlfqecTae Ha~HoHaJibHhiX opraHOB, 
Be)I.aiO~HX BOnpocaMH aTOMHOH 3HeprHH, B 

JlOH)I.OHe, napH.>Ke, MocKBe H Ma.ZI.pH)I.e. 

BBe.ZI.eHHe H npe.ZI.HCJIOBHe reHepaJihHOro 

CeKpeTapSI OpraHHsa~HH 06·he.ZI.HHeHHhiX Ha

~HH H reHepaJihHOro .ZI.HpeKTopa MAr AT3, co

OTBeTCTBeHHo, H HaCTOSI~aSI nOSICHHTeJibHaSJ 

3anHCKa, HapH.ZI.Y C npOTOKOJiaMH Ka.>K)I.OfO H3 

wecTH HayqHhiX nJieHapHbiX sace.ZI.aHHH H TPH.ZI.

~aTH IIIeCTH ceK~HOHHhiX sace.ZI.aHHH KoHcpepeH

~HH, ny6JIHKYIOTCSI Ha BCeX qeTbipex SI3biKaX. 

Bee .ZI.pyrHe MaTepHaJibl, KOTOpble no CBOeMy 

xapaKTepy B OCHOBHOM OTHOCSITCH K qlfcJiy 

OcpH~HaJihHblX H CO)I.ep.>KaTCSI B TOMaX 1 H 16, 
ny6JIHKYIOTCSI Ha Sl3biKe OpHrHHaJia; H KOf)I.a 

pe% H)I.eT 0 cppaH~Y3CKHX, pyCCKHX H HCnaH
CKHX OpHrHHaJiaX, TO K HHM npHJIO.>KeH aHfJIHH

CKHH nepeao.ZI.. 

( npaBHTeJibCTBaMH CTpaH, SI3biK KOTOpbiX 

He OTHOCHTCSI K liHCJiy tieTbipex SI3biKOB KoHcpe-

* .Hsb!KaMH RontiJt-pen~n liBliJiliHC.b: anuniicxnii, fppan
~yscxnii, pyccxnii B ncnancKBH. 
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peH~HH, 6hiJIH npoBe.ZI.eHhi KOHCYJibTa~HH no 

noao.zr.y Toro, Ha KaKOM SI3hiKe 6hiJIO 6hl .>Ke

JiaTeJihHo, no HX MHeHHIO, ony6JIHKOBaTh B Ha

CTOSI~HX Tpy)I.aX npe.ZI.CTaBJieHHbie HMH )I.O
KJia)I.bi. 

B co.ZI.ep.>KaHHH Ka.>K.ZI.Oro TOMa yKasaHhi 
3arJiaBHSI )I.OKJia)I.OB Ha Sl3b1Ke opHrHHaJia JIH60 

Ha .li.PYfOM H36paHHOM S13b!Ke, H B TOM CJiyqae, 

KOf)I.a peqb H)I.eT 0 cppaH~Y3CKHX, pyCCKHX H 

HCnaHCKHX sarJiaBHHX, HX COnpOBO.>K)I.aeT aHr

JlHHCKHH nepeBO)I.. 

113 992 aHHOTa~HH, npe.ZI.CTaBJieHHblX npa

BHTeJibCTBaMH, cne~HaJIH3Hpo~aHHblMH yqpe.>K

)I.eHHSIMH, a TaK.>Ke MAr AT3, YqeHbiH ceKpeTa

pHaT, pa6oTaSI no.ZI. pyKOBO.ZI.CTBOM HayiiHoro 

KOHCYJihTaTHBHoro KOMHTeTa OpraHHsa~HH 06o· 

e.ZI.HHeHHhix Ha~HH, B HTore oTo6paJI 747 .ZI.O
KJia.ZI.OB .ZI.JISI BKJIJOqeHHSI Hx B nporpaMMY KoH

cpepeH~Im; H3 HHX 358 6hiJIH OT06paHbl )I.JISI 

npe.ZI.cTaBJieHHSI B ycTHOH cpopMe Ha 42 pa6oqHx 

sace.ZI.aHHSIX. 

npH COCTaBJieHHH nporpaMMbl YIIeHbiH ceK

peTapHaT CTaBHJI ~eJiblO )I.06HTbCSI C6aJiaHCH

pOBaHHOf0 paCnHCaHHSI , KOTOpoe )I.aJIO 6hl 

B03MO.>KHOCTh npe.ZI.CTaBHTh B ycTHOH cpopMe 
MaKCHMaJibHOe KOJilfqeCTBO )I.OKJia)I.OB Ha Ka.>K

)I.OM sace.ZI.aHHH npH o6ecneqeHHH .ZI.OCTaToq

Horo BpeMeHH )I.JISI npOBe)I.eHHSI )I.HCKYCCHH no 

noBO.ZI.Y npe.ZI.CTaBJieHHoro MaTepHaJia. B .ZI.BYX 
CJiyqaSIX HMeiO~eeCSI BO BTOpOH nOJIOBHHe )I.HSI 

BpeMSI OCTaBHJIH Hepacnpe)I.eJieHHblM, C TeM 
qT06bi )I.aTb B03MO.>KHOCTb HeOcpH~HaJibHbiM 
rpynnaM 06Cy)I.HTb BOnpOCbl, B03HHKWHe B 

XO)I.e .ZI.HCKYCCHH Ha OcpH~HaJihHbiX 3aCe)I.aHHHX 

KoHcpepeH~HH. Ha TaKHX HeocpH~HaJihHhiX sa

ce.ZI.aHHSIX npOTOKOJibi He COCTaBJISIJIHCb. 

no Mepe B03MO.>KHOCTH, C aBTOpOM HJIH 

aBTopaMH .ZI.OKJia.ZI.OB KOHCYJihTHpoaaJIHCh B xo.ZI.e 

KoHCpepeH~HH qJieHbi YqeHoro ceKpeTapHaTa, 

KOTOpbie BblllOJIHSIJIH cpyHK~HH CeKpeTapeif sa

Ce)I.aHHH, JIH60 TaKHe KOHCYJihTa~HH npOBO

)I.HJIHCb rpynnOH pe)I.aKTOpOB, KOTOpbie 6hiJIH 

Bhi.U.eJieHbl MAr AT3** .ZI.JISI aToH: ~eo~m, c TeM 

qT06bi o6ecneqHTb MaKCHMaJibHYlO TOqHQCTh. 

* * tJlaMBl!BB f'l6Hh!X C6Kp6Tapeii, pe)\aKTOpOB B llpOTOKOJIB
CTOB npHB6)\6Hbi B nepe'IH6 COTPYI\HBKOB C6KpeTapl!aTa Kon
~epeH~II B llpBl!OlK6HBB 1-0M K TOMf 1-My HaCTO!I~ejj cepBII. 



npoTOKOJibl )J.HCKYCCHH Ha pa3JIHqHbiX 33-
Ce.D.aHHHX, COCTaBJieHHbie Ha OCHOBe aanHCeH, 
C)J.eJiaHHhiX B XO.D.e aaCe)J.aHHH- npOTOKOJIHCTaMH 
MAfAT3*, H nposepeHHbie, no Mepe Heo6xo
AHMOCTH, nyTeM cpaBHeHHH CO 3BYKOBOH 3a
nHCblO, KOTOpaH seJiaCb Ha scex aace.D.aHHHX, 
6hiJIH no.n.roTOBJieHbi OT.n.eJioM nepeso.D.OB MA
r AT3 Ha aHrJIHHCKOM H3b!Ke H BnocJie)J.CTBHH 
nepese)J.eHbl Ha cppaHI.I.Y3CKHH, pyccKHH H HC· 
naHCKHH H3hiKH npH COTPYAHHqecTse HaU.HO
HaJihHbiX opraHOB, se.n.aiOlll.HX sonpocaMH aTOM
HOH aHeprHH, s Tpex aaHHTepecosaHHbiX cTpa
Hax ( CMOTpH TpeTHH a63aU. nOHCHHTeJibHOH 
aanHCKH). 

Pa6oTa no pe.n.aKTHposaHHIO .n.oKyMeHTOB 
Ha aHrJIHHCKOM, cppaHU.Y3CKOM H HCnaHCKOM 
H3hiKax 6hiJia npose.D.eHa B EsponeiicKOM OT.D.e
JieHHH OpraHH3aU.HH 06oe.D.HHeHHbiX Hau.Hi't, 
B .IKeHese, no.n. pyKOBOACTBOM OpraHHaaU.HH 
06oe)J.HHeHHhiX Hau.Hii rpynnoii pe.n.aKTOpoB, 

* <JlaMH.IIIIII ytieHbiX ceKpetapeii, pe)J;aKTOpOB II llpOTOKO.IIII
CTOB npnBe)J;eHLI B nepeqne cotpy)J;HIIKOB ceKperapnara Kon
wepen~n B llpii.IIOlKeHHII 1-0M K TOMY 1-My HaCTOll~eii cepi!H. 

HoMep 
ToMa 

nporpecc B pa60TaX no aTOMHOH 3HeprHH 
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PeryJIHposaHHe peaKTopos • 

ycJiyrH KOTOpbiX 6biJIH TaiOKe npe)J.OCTaBJieHbl 
no JIHHHH opraHOB, Be)J.alOlll.HX BOnpocaMH 
aTOMHOH 3HeprHH B COOTBeTCTBYlOlll.HX CTpa
HaX, C HCnOJib30BaHHeM B HeKOTOpOH CTeneHH 
IIOMOlli.H npHrJiallleHHbiX CO CTOpOHbl KOHCYJib
TaHTOB. PyccKHe .n.oKyMeHThi pe.n.aKTHposaJIHCb 
B MocKse B TaKHX )l{e ycJIOBHHX. HH)l{eCJie.D.yro
lli.He JIHU.a ocymecTBJIHJIH pa6oTy s KaqecTBe 
pe.D.aKTOpOB: .D.-p K. 3. fpaHa.D.OC, KaH)J.H.D.3T TeX
HHqeCKHX HayK B. <1>. KaJIHHHH, r-H A . .n.e KaJib
Mac, .D.-p P. Jleneii.D.)l{, r-H 3. T. MapJia, .n.-p .ll)l{. 
Jl. K. MoyJI, r-H 4. P. CaiiMoHc, r-H Jl)l{ . .ll)l{. 
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r-H .ll. X. XHJIJI. 

B BhiiiOJIHeHHH aa.D.aqH no neqaTaHHID aToii 
o6lllHpHOH HayqHOH HHcpOpMaU.HH npHHHMaJIH 
yqacTHe THnorpacpHH B EeJibfHH, KaHa.D.e, Coe
.D.HHeHHOM KopoJieBCTBe, Coroae CoBeTCKHX Co
U.HaJIHCTHqecKHX Pecny6JIHK, <l>paHU.HH H lllseii
u.apHH. 

HH)l{e npHBOAHTCH nOJIHbie aarJiaBHH wecT
Ha.D.u.aTH TOMOB HaCTOHlll.HX Tpy.D.OB, a TaiOKe 
yKa3biBaeTCH, KaKHe ceCCHH OXBaTbiBalOTCH Ka)l{
)J.biM TOMOM: 

3ac8ABHIIR, 
BKJIIO'I8HHbl8 B TOM 

A, B, 1.6, C, H 

3.1 

3.2, 3.3 

3.4, 3.5 

1 

2 

3 

4 

5 5l.n.epHbie peaKTOpbi - I . PeaKTOpbi c BO){HHbiM 
H ra30BbiM OXJiruK)J.eHHeM 1.1' 1.2, 1.3 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

5l.n.epHbie peaKTOpbi - II . PeaKTOpbi Ha 6hlcTphlx HeHTpoHax 
H ycoBepllleHCTBOBaHHble peaKTOphl • 

HccJie.n.osaTeJibCKHe H HCnhiTaTeJibHbie peaKTOpbi 

TexHoJiorHH H o6opy.n.osaHHe peaKTopoB 

PeaKTOpHbie MaTepHaJihi • 

5l.n.epHOe TOnJIHBO 

5l.n.epHOe TOnJIHBO 

5l.n.epHOe TOnJIHBO 

5l.n.epHaH 6eaonacHOCTb 

I. HaroTOBJieHHe H nepepa6oTKa 

II . THnhi H 3KOHOMHKa • 

III. CbipbeBbie MaTepHaJihi 

HccJie.n.osaHHe oKpy)l{aiOlll.eii cpe.n.hi H y.n.aJieHHe 
pa)J.HOaKTHBHbiX OTXO)J.OB 

Cneu.HaJihHbie acneKThi npHMeHeHHH H.D.epHoH aHeprHH H H3oTonos 

CnHcOK AOKJia.n.os H yKaaaTeJIH 

X 

1.4, 1.5, 1.7 

D, 1.9, 1.8 

1.10, 1.11. 3.7 

2.8, 2.9, 2.4 

2.3, 2.6, 2.7 

2.5, 2.1, 2.2 

2.11, 2.12, 2.10 

3.9, 3.8, 3.6 

3.10, 3.11 

E, 4.1, F, G, 4.2 



NOT A EXPLICA TIVA 

Las Aetas de la tercera Conferencia Internacional 
sobre la Utilizaci6n de la Energfa At6mica con Fines 
Pacfficos estan constituidas por una publicaci6n 
(mica y plurilinglie 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 la 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 la Conferencia *. 

En los arreglos presupuestarios para la Confe
rencia se dispuso tambien que los gobiernos tenfan 
asimismo que presentar resumenes y memorias en 
dos de los idiomas de la Conferencia. En conse
cuencia, uno de los tres resumenes que siguen a 
cada memoria es una traducci6n facilitada por el 
gobierno interesado. Los resumenes fueron tradu
cidos a los otros dos idiomas, ya por la Division de 
Idiomas del Organismo lnternacional de Energfa 
At6mica (OlEA) de Viena, o, con su asistencia, por 
conducto de las autoridades nacionales de energfa 
at6mica de Londres, Paris, Moscu y Madrid. 

La introducci6n del Secretario Gerteral de las 
Naciones 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 mayorfa 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 traducci6n en ingles. 

Se consult6 a los gobiernos cuyo idioma nacional 
no es uno de los cuatro idiomas de la Conferencia 
para saber en cual de ellos preferian que se publi
caran sus memorias en estas Aetas. 

El indice de cada volumen contiene los tftulos 
de las memorias en el idioma original, o en el idioma 
elegido, seguidos, cuando se trata de tftulos en 
espaiiol, frances y ruso, de la traducci6n en ingles. 

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

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

xi 

Cientffica, bajo la direcci6n del Comite Cientffico 
Consultivo de las Naciones Unidas, escogi6 por 
ultimo 747 memorias que debfan 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, la Secre
tarfa Cientffica trat6 de conseguir un justo equilibria, 
y asf se previa la presentaci6n oral del mayor numero 
posible de memorias en cada sesi6n, pero dejando 
todavfa 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 la Conferencia. No se levant6 acta de 
tales reuniones. 

Siempre que fue posible, el autor, o los autores, 
de las memorias fueron consultados en el curso de 
la Conferencia por miembros de la Secretaria Cien
tffica, que actuaron de secretarios de sesi6n, 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 Interna
cional de Energfa 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 pafses interesados (vease el tercer pa
rrafo de la presente nota). 

La preparaci6n para la publicaci6n del texto de 
los documentos en espaiiol, frances e ingles se 
efectu6 en la Oficina de Ginebra de las N aciones 
Unidas, bajo la fiscalizaci6n de las Naciones Unidas, 
por un equipo de editores cuyos servicios fueron 
tambien proporcionados por las autoridades de ener
gfa at6mica de sus respectivos paises, con alguna 
ayuda de consultores del exterior. La preparaci6n 
para la 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 Ia lista de Ia Secretarfa de 
Ia Conferencia, en el 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 cientffica han participado impresores 

Numero 
del volumen 

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

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

Sesiones 

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

2 Fisico 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 investigation y de ensayo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D, 1.9, 1.8 

8 Tecnologia y equipo de los reactores . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.10, 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 energia nuclear sobre el ambiente. Evacuation de 
residues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 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 

xii 



TABLE OF CONTENTS 

Volume 10 

Page 

Session 2.3: Fuel element fabrication and experience 

Pool-type reactors 

P/442 Huberlant eta!... . . . . . . . . Etude et fabrication en Belgique d'elements combustibles 

P/443 

P/485 

P/486 

P/493 

P/716 

P/837 

pour reacteurs a eau pressurisee . . . . . . . . . . . . . . . . . . . . 3 
Design and fabrication of PWRfuel elements in Belgium 

Leblanc . . . . . . . . . . . . . . . . Irradiation dans le reacteur de puissance BR3 de barreaux 
combustibles ceramiques enrichis au plutonium. . . . . . 12 

Plutonium enriched ceramic fuel rod irradiation in the BR3 
power reactor 

de Souza Santos et a/. Developments in fuel fabrication for research reactors in 
Brazil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 

de Souza Santos et a/. Experimental studies on the fabrication of thin fuel plates 
with UaOs-AI cermets . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 

Pedregal eta/. . . . . . . . . . . La producci6n de elementos combustibles en Ia Junta de 
Energia Nuclear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 

Fuel element studies at the Junta de Energia Nuclear 

Planquart et a/. . . . . . . . . . . Elements combustibles a pelures concentriques . . . . . . . . 45 

Fuel elements in the form of concentric tubes 

Araoz et a!. . . . . . . . . . . . . Fabricaci6n de elementos combustibles para reactores de 
investigaci6n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 

Fabrication o.f fuel elements for research reactors 

Light and heavy water-cooled reactors 

P/18 Page eta/. . . . . . . . . . . . . . . Engineering and performance of U02 fuel assemblies.... 65 
P/608 Mogard et a/.. . . . . . . . . . . . Fuel development for Swedish heavy-water reactors. . . . . . 75 

Gas-cooled reactors 

P /60 Sal esse et a/. Developpements recents des elements combustibles 
frant;ais de Ia filiere uranium naturel-graphite-gaz 

P/147 

P/148 

P/149 

P/426 

P/560 

carbonique ..................................... . 
Recent developments concerning French fuel elements used 

in natural uranium-graphite-carbon dioxide reactor 
systems 

Hughes eta/. . . . . . . . . . . . . The development and evaluation of uranium Magnox fuel 

86 

elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 
Greenwood, Sharpe . . . . . . Post-irradiation examination of CEGB fuel elements .... 104 

Greenough eta/. . . . . . . . . Progress towards the design of AGR fuel elements for 
power reactors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 

Sagane et a/. . . . . . . . . . . . . The design and development of the Tokai hollow rod fuel 
element . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 

Stewart et a!. . . . . . . . . . . . . Review of progress of development, manufacture, and 
performance of Magnox fuel elements in the United 
Kingdom . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132 

xiii 



TABLE OF CONTENTS 
(Continued) 

Page 

Fast reactors 

P/58 Bussy et al .. ............ . Etudes et fabrications de combustibles au plutonium .... 142 

Study and manufacture of plutonium fuel 

P/150 

P/151 

P/153 

P/238 

Cottrell et al. . . . . . . . . . . . . Development and performance of Dounreay Fast Reactor 
metal fuel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151 

Smith eta/. Development of a large-scale manufacturing process and 
plant for plutonium fast reactor fuel ................ 161 

Frost et a/. . . . . . . . . . . . . . . Fabrication and irradiation studies of U02-stainless steel 
and (U,Pu)02-stainless steel cermets ................ 170 

Macherey et a/. . . . . . . . . . . Fabrication of solid fuels for fast reactors... . . . . . . . . . . . . 180 

Record of session 2.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190 

Compte rendu de la seance 2.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195 
IlpoTOI<OJI 3acep;amur 2.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200 
Acta de Ia sesi6n 2.3 .................................................................. 206 

Session 2.6: Fuel reprocessing (I) 
Design and experience with reprocessing plants 

P/67 Jouannaud . . . . . . . . . . . . . . Experience de six annees de fonctionnement de l'usine de 

P/160 

P/161 

P/704 

P/761 

P/773 

Pj78fj 

P/787 

Warner et a/ . ........... . 

Corns eta/. . .......... . 

Gaudernack et a/ . ....... . 

Gaudernack et al . ....... . 

Detilleux et a/. . ........ . 

Sethna, Srinivasan 

Ghosh-Mazumdar et a/. 

retraitement de Marcoule. . . . . . . . . . . . . . . . . . . . . . . . . . 215 

Six years' working experience of the Marcoule plant for 
treatment of irradiated fuel 

The development of the new separation plant, Windscale 224 

The new separation plant Windscale: design of plant and 
plant control methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . 233 

Preliminary study of a fuel reprocessing pilot plant. . . . . . 242 

Operational experience from the Kjeller reprocessing pilot 
plant .......................................... 253 

Quelques etudes d'application realisees a Eurochemic. . . . 262 

Some development studies at Eurochemic 

Fuel reprocessing plant at Trombay . . . . . . . . . . . . . . . . . . 272 

Chemistry of separation of plutonium from irradiated fuel 286 

Aqueous process development 

P/65 Faugeras, Chesne ....... . Le traitement des combustibles irradies- amelioration et 
extension du procede utilisant les solvants. . . . . . . . . . . . 295 

P/237 

P/249 
P/344 

P/346 

P/347 

The reprocessing of irradiated fuels: improvement and 
extension of the solvent extraction process 

Ferguson et al. . . . . . . . . . . The sol-gel process for the remote preparation and 
fabrication of recycle fuels . . . . . . . . . . . . . . . . . . . . . . . . 307 

Culler Jr., Blanco . . . . . . . . Advances in aqueous processing of power reactor fuels. . 316 
IlyumeHI<OB et al. . . . . . . . . 3KcrpaKQHOHHaH nepepa6oTKa o6nyqeHHoro ap;epHoro 

TOIIJIHBa C HCIIOJib30BaHHeM CMeCH TpH6yTHJI¢oc¢aTa 

Pushlenkov et al. 

Po3eH eta/ . ........... . 

Rozen et al. ........... . 
rypeea et a[ . ........... . 

Gureev et al. ........... . 

c qeThipexxnopHCThUi yrnepop;oM. . . . . . . . . . . . . . . . . . 330 

Processing of irradiated fuels by extraction using a mixture 
of tributylphosphate and carbon tetrachloride 

IlpOI.~eCCbl 3I<CTpai<QHH H HX MaTeMaTHqeCI<Oe OIIHCaHHe 338 
Extraction processes and their mathematical description 

3KcrpaKQHH HeKOTOpbiX 3JieMeHTOB ¢oc¢opcop;epmall\-
HMH O,!l;HOOCHOBHbiMH I<HCJIOTaMH ................. , 358 

Extraction of certain elements with phosphorus-containing 
monobaric acids 

xiv 



P/418 

P/562 

P/755 

P/758 

P/760 

P/767 

P/804 

P/818 

P/821 

P/823 

P/861 

TABLE OF CONTENTS 

Haeffner et a/. 

Hallet a/. . ............ . 

Kertes, Habousha ....... . 

van Ooyen et a/. . ...... . 
Havelka, Kyrs ......... . 

Bobleter ............... . 

Siekierski ............. . 

Epstein eta!. . .......... . 

Awwal ................. . 

EI-Guebeily ........... . 

Maxia et a/ ............ . 

(Continued) 
Page 

A reprocessing alternative for Zircaloy clad natural or 
slightly enriched uranium oxide fuel elements. . . . . . . . 370 

Research in British universities related to nuclear fuel 
reprocessing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 382 

Miscibility gap in extraction systems involving alkyl-
amines .......................................... 392 

Extraction studies on selected problems in reprocessing. . 402 

Czechoslovak laboratory-scale research in spent fuel 
reprocessing .................................... 412 

Experiments on the reprocessing of uranium fission 
product solutions by the exclusive use of ion exchangers 421 

The role of diluent in extraction processes. . . . . . . . . . . . . . 430. 

Electrochemical reduction of dilute nitric acid. . . . . . . . . . 436 

The solvent extraction of thorium from sulphuric acid 
solutions by amines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 443 

On the behaviour of nitrosylruthenium nitrato complexes 
in TBP-HNOa system ............................ 452 

Radiometric assay of tracer amounts of plutonium in 
depleted uranium. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 460 

Record of session 2.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 462 

Compte rendu de la seance 2.6. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 466 

IIpoTOKOJI 3aceAaHHH 2.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 470 

Acta de Ia sesi6n 2.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 475 

Session 2.7: Fuel reprocessing (II) 

Non-aqueous processes development 

P/66 Bourgeois, Faugeras ..... . 

P/250 

P/251 
P/345 

P/771 

Vogel eta/ .............. . 

Burris, Jr. et a/ . ......... . 
BAOBeHKO eta/ .......... . 

Vdovenko et at. 

Schmets et a/. 

Le traitement des combustibles irradies par les halogenes 
et leurs composes. . . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . 483 

The reprocessing of irradiated fuels by halogens and their 
compounds 

Fluoride volatility processes for the recovery of fissionable 
material from irradiated reactor fuels. . . . . . . . . . . . . . . . 491 

Pyrometallurgical and pyrochemical fuel processing .... 501 
3Kcrpa:KQHOHHO-XpOMaTOrpa<J>nqeCKOe BbiAeJieHHe 

aMepHI.{HH H KIOpHH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 511 
Separation of americium and curium by extraction and 

chromatography 

Retraitement de combustibles nucleaires par volatilisation 520 

Reprocessing of nuclear fuels by volatilization 

P/798 Ishihara, Hirano . . . . . . . . Chlorination distillation processing of irradiated uranium 
dioxide and uranium dicarbide ............... -· ... 530 

Fission product recovery 

P/100 Raggenbass . . . . . . . . . . . . Progres recents de Ia separation des produits de fission .. 538 

P/252 
P/348 

Tomlinson et a/. . ...... . 
rypeeB et a/ . ........... . 

Gureev et al. ............ . 

Recent progress in fission product separation 

Large-scale fission product recovery .................. 544 

MeroAbl H3BJiet:IeHHH H HeKOTOpbie XHMHt:IecKHe 
CBOHCTBa TpaHCITJIYTOHHeBbiX 3JieMeHTOB. . . . . . . . . . . . 553 

Extraction and some chemical properties of transp/utonium 
elements 

XV 



P/349 

P/609 

P/772 

P/819 

TABLE OF CONTENTS 
(Continued) 

CIIHQhiH et al. . . . . . . . . . . XliMHqecKHe H 3JieKTpoxHMHqecKHe caoii:cTBa TexHeQHH 
Page 

B BOAHhiX paCTBOpax . . . . . . . . . . . . . . . . . . . . . . . . . . . . 561 
Spitsyn et al. . . . . . . . . . . . . Chemical and electrochemical properties of technetium in 

aqueous solutions 
Ahrland, Holmberg . . . . . . Processes for the recovery and purification of fission 

products from irradiated uranium .................. 571 

Baetsle et al. . . . . . . . . . . . . The use of inorganic ion exchangers in acid medium for 
the recovery of Cs and Sr from reprocessing solutions. . 580 

Marcus et al. . . . . . . . . . . . . The chemistry of the trivalent actinides in aqueous solu
tions and their recovery. . . . . . . . . . . . . . . . . . . . . . . . . . 588 

Record of session 2. 7 599 

Compte rendu de 1a seance 2. 7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 604 
IIpoTOKOJI 3aceAaHHH 2. 7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 609 
Acta de la sesi6n 2.7 .................................................................. 615 

xvi 



P/442 

P/443 

P/485 

P/486 

P/493 

P/716 

P/837 

P/18 
P/608 

P/60 

P/147 

P/148 
P/149 

Session 2.3 
FUEL ELEMENT FABRICATION AND EXPERIENCE 

LIST OF PAPERS 

Pool-type reactors 
Etude et fabrication en Belgique d'elements combustibles 

pour reacteurs a eau pressurisee .................................. M. Huberlant et al. 

Design and fabrication of PWRfuel elements in Belgium 

Irradiation dans le reacteur de puissance BR3 de barreaux 
combustibles ceramiques enrichis au plutonium .......................... J. M. Leblanc 

Plutonium enriched ceramic fuel rod irradiation in the BRJ 
power reactor 

Developments in fuel fabrication for research reactors in 
Brazil .................................................. T. D. de Souza Santos et a/. 

Experimental studies on the fabrication of thin fuel plates 
with UaOs-Al cermets .................................. T. D. de Souza Santos eta!. 

La producci6n de elementos combustibles en Ia Junta de 
Energia Nuclear ................................................ J. D. Pedregal eta/. 

Fuel element studies at the Junta de Energia Nuclear 

Elements combustibles a pelures concentriques .......................... J. Planquart eta/. 

Fuel elements in the form of concentric tubes 

Fabricaci6n de elementos combustibles para reactores de 
investigaci6n ........................................................ C. Araoz eta/. 

Fabrication of fuel elements for research reactors 

Light and heavy water-cooled reactors 

Page 

3 

12 

26 

32 

38 

45 

56 

Engineering and performance of U02 fuel assemblies ...................... R. D. Page et a!. 65 

Fuel development for Swedish heavy-waterreactors ........................ H. Mogard et al. 75 

Gas-cooled reactors 
Developpements recents des elements combustibles fran~ais 

de 1a filiere uranium nature1-graphite-gaz carbonique .................... M. Salesse ei al. 86 
Recent developments concerning French fuel elements used in 

natural uranium-graphite-carbon dioxide reactor systems 

The development and evaluation of uranium Magnox fuel 
elements ........................................................ J. W. Hughes et al. 93 

Post-irradiation examination of CEGB fuel elements ........ G. W. Greenwood, B. F. Sharpe 104 

Progress towards the design of AGR fuel elements for 
power reactors ............................................. \ ... G. B. Greenough et a/. 114 



P/426 

P/560 

P/58 

P/150 

P/151 

P/153 

P/238 

2 

LIST OF PAPERS 
(Continued) 

The design and development of the Tokai hollow rod fuel 
Page 

element ........................................................... R. Sagane et a/. 123 

Review of progress of development, manufacture, and 
performance of Magnox fuel elements in the United 
Kingdom .................................................... J. C. C. Stewart eta/. 132 

Fast reactors 

Etudes et fabrications de combustibles au plutonium ........................ P. Bussy eta/. 142 

Study and manufacture of plutonium fuel 

Development and performance of Dounreay fast reactor 
metal fuel. ..................................................... S. A. Cottrell et. a/. 151 

Development of a large-scale manufacturing process and 
plant for plutonium fast reactor fuel .................................. S. E. Smith et at. 161 

Fabrication and irradiation studies of U02-stainless steel 
and (U,Pu)02-stainless steel cermets ............... · ............... B. R. T. Frost et al. 170 

Fabrication of solid fuels for fast reactors ............................ R. E. Macherey et al. 180 



P /442 Belgique 

Etude et fabrication en Belgique d'elements combustibles 
pour reacteurs a eau pressurisee 

par M. Huberlant*, J. Wertz*, A. de Streel** et J. Van Mulders** 

L'industrie beige porte une attention toute parti
culiere a Ia filiere des reacteurs a ea1,1 pressurisee et a 
oxyde d'uranium. 

Des 1955, Ia deCision a ete prise d'installer un 
prototype appele BR3 qui a ete erige a Mol. Ce 
reacteur de 41 MW (th) est en fonctionnement depuis 
Ia fin de 1962; Ia configuration du cceur a ete modifiee 
en octobre 1963 de fayon a proJonger sa vie jusqu'en 
juillet 1964. A Ia fin de cette periode, le reacteur sera 
transforme en vue de !'experience BR3-VULCAIN. 

Un autre reacteur a eau pressurisee, d'une puissance 
thermique de 905 MW, est construit a Chooz, pres de 
Givet, par un groupe de societes americaines, franyaises 
et belges pour le compte de Ia Societe d'energie 
nucleaire franco-beige des Ardennes (SENA). 

Des sa fondation, en 1958, Ia societe Metallurgie et 
mecanique nucleaires (MMN) s'est interessee a Ia 
production industrielle d'e!ements combustibles pour 
ce type de reacteurs. Elle a mis au point et fabrique 
jusqu'a present: 
La part beige de Ia charge de !'experience critique 

VENUS dans le cadre du pro jet VULCAIN; 
La part beige de Ia charge de !'experience en puis

sance BR3-VULCAIN; 
Un element experimental pour le reacteur BR3; cet 

element a ete introduit au centre du cceur lors de 1a 
modification de Ia configuration en octobre 1963. 
Les problemes lies a Ia fabrication et a !'etude du 

comportement de cet element dans le reacteur font 
!'objet particulier de cette communication. 

L'eiement experimental a ete dessine et construit par 
MMN en 1963 alors que les elements originaux, 
fabriques par Westinghouse, datent de 1958 a 1959. 
Cet dement est une adaptation au re~cteur BR3 du 
type d'element de combustible prevu par Westing
house pour equiper les reacteurs de grande puissance 
du type PWR actuellement en construction. Le 
Centre d'etude de l'energie nucleaire (CEN), pro
prietaire du reacteur BR3, a donne a MMN !'occasion 
de mettre a l'epreuve, dans les conditions normales 
d'exploitation d'un reacteur de puissance, un produit 
entierement conyu et fabrique en Belgique. 

Simultanement, dans le cadre du projet Plutonium, 
Ia realisation de cet element a permis d'introduire, en 

* SA Metallurgic et mecanique nucleaires, Dessel. 
** SA Bureau d'etudes nucleaires, Bruxelles. 

lieu et place de barreaux standards centraux, une 
douzaine de barreaux combustibles experimentaux 
enrichis au plutonium et fabriques suivant diverses 
techniques. La conception et Ia realisation de ces 
barreaux, Ia determination de leur teneur en plu
tonium et !'etude nucleaire d'epuisement dans Ie 
reacteur BR3 ont ete effectuees par Association 
belgo-nucleaire-CEN dans Ie cadre d'un contrat conclu 
avec Ia Commission de !'EURATOM. 

L'introduction .de cet element experimental a exige 
une etude theorique importante pour verifier Ia 
securite du fonctionnement en puissance du reacteur. 
Cette etude, comprenant Ia determination de Ia 
distribution nucleaire de puissance ainsi que !'analyse 
du comportement hydraulique et thermique du cceur, 
a ete effectuee par le Bureau d'etudes nucleaires (BEN). 

FABRICATION 

Description gem!rale 

L'eiement experimental se distingue essentiellement 
des elements initiaux par Ia suppression du comparti
mentage a I'interieur des barreaux combustibles et par 
Ia realisation d'un support permettant Ia libre 
dilatation des barreaux. Ces modifications presentent 
des a vantages incontestab1es pour 1es cceurs de grandes 
dimensions a performances elevees diminution du prix 
de fabrication, economie de neutrons et ameliorations 
des facteurs technol6giques de canal chaud. 

L'element compte 108 barreaux disposes en un 
reseau carre dont le pas est de 11,75 mm. lis sont 
enfermes dans un boitier constitue d'une enveloppe et 
de grilles d'ecartement et de support. Deux barres de 
remplissage, occupant les 2 cellules tronquees, ont ete 
inserees dans le boitier, dans le prolongement des bras 
de Ia barre de contr6le. Elles avaient ete prevues en un 
alliage de zirconium, mais en raison de difficultes 
d'approvisionnement, elles ont ete realisees en acier 
inoxydable. Le boitier est equipe de deux pieces 
d'extremite assurant le positionnement correct de 
!'element dans le reacteur et permettant le passage du 
refrigerant (fig. 1). 

Combustible 

Le combustible est de l'oxyde d'uranium enrichi a 
3,7% en poids de 235U provenant d'un element de 
reserve du reacteur BR3. II a ete reduit en poudre 
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Figure 1. BR3. Element experimental. Vue d'ensemble 

Anneau d'alumine Tube Ressart 

Figure 2. Barreau a U02 enrichi a 3,7% 

frittable par Metallurgie Hoboken et finalement fritte, 
ala MMN, en pastilles de 7,57 rom de diametre, de 
10 rom de hauteur et d'un poids specifique moyen 
de 10,55 gjcm 3 • 

Les pastilles presentent des menisques concaves aux 
deux faces d'extremite; ces menisques, calcules pour 
repartir 643 grammes d'oxyde sur une longueur active 
identique a celle des barreaux initiaux a comparti
mentage, sont suffisants pour repondre aux buts 
suivants; a) eviter le deplacement des pastilles so us 
!'action de la temperature; b) permettre le gonfle
ment et la deformation plastique des pastilles soumises 
a de longues irradiations. 

Barreau combustible 

La longueur totale du barreau est de 1515 mm et 
son diametre exterieur est de 8,43 mm. II comprend 
une colonne de pastilles longue de 1415 mm, un 
anneau inferieur et un anneau superieur en alumine, un 
espace libre de 30 mm avec un ressort a la partie 
superieure, le tout enferme dans une gaine en acier 
inoxydable avec deux bouchons d'extremite soudes a 
l'arc en atmosphere d'argon. 

Le diametre des pastilles est reste inchange par 
rapport aux barreaux originaux; cependant l'amin
cissement de la paroi du tube de gaine a entraine une 
reduction du diametre exterieur du barreau. 

Les pastilles d'oxyde sont comprimees au moyen du 
ressort en Inconel dont la pesee est de l'ordre de 3 kg a 
la temperature ambiante. Cette pesee est suffisante pour 

maintenir les pastilles en place lors des manipulations 
et eviter la formation de vides qui influenceraient 
defavorablement les facteurs technologiques. En 
realite, ces vides sont peu probables, meme dans les 
tres longues colonnes, en raison des precautions prises 
au remplissage et dans toutes les operations ulterieures. 
De plus, a Ia mise en service du reacteur, au cours du 
premier rechauffage, la gaine se dilate quelque peu et 
les pastilles se remettent facilement en place. Le ressort 
s'oppose egalement a l'ecrasement de Ia gaine dans 
l'espace destine a !'accumulation des gaz de fission. Le 
volume de cet espace est suffi.sant pour limiter Ia 
pression interieure, en fin de vie, a celle du circuit 
primaire. Le gaz initial de remplissage est !'helium ala 
pression atmospherique, afin d'ameliorer le coefficient 
de transmission calorifique en debut de vie et de 
faciliter la detection des fuites. Le ressort est isole de la 
colonne de pastilles par un anneau en alumine pure; 
les bouchons d'extremite sont en acier AISI 304 recuit, 
dont la composition chimique particuliere a ete choisie 
de fa9on a obtenir une excellente liaison lors du 
soudage avec la gaine. 

Tube de gaine 

Le choix du tube de gaine a impose de longues 
recherches qui ont mis en evidence les qualites de l'acier 
inoxydable AISI 304 sous forme de tubes soudes et 
etires a froid, avec un taux d'ecrouissage de 8 a 12%
L'epaisseur, 0,38 mm, a ete calculee pour rendre la 
gaine autoresistante dans les conditions de pression et 
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de temperature imposees par l'exploitant, c'est-a-dire 
175 kgjcm 2 et 350 oc ou 195 kgjcm 2 a froid. Les 
conditions d'exploitation du reacteur sont 140 kg/em 2 

et 280 °C. 
La specification des tubes imposait une methode 

d'elaboration tres soignee, teneur en cobalt limitee a 
0,03%; double fusion so us vide; soudage des ebauches 
sans metal d'apport, a l'arc automatique so us argon; 
taux de deformation total suffisant pour assurer Ia 
recristallisation complete de Ia zone fondue; recuits 
intermediaires, en atmosphere controlee, pour limiter 
le taux d'ecrouissage final a 10% environ. De nom
breux essais ont ete imposes pour verifier les proprietes 
mecaniques des tubes: essais de traction, d'evasement, 
d'aplatissement et mesure de Ia durete. La qualite de Ia 
matiere de depart et du tube fabrique a ete controlee 
par Ia mesure de Ia grosseur des grains, par le comptage 
et Ia mesure des inclusions, par des essais de corrosion 
intergranulaire, par le dosage du carbone au dernier 
stade de Ia fabrication et par Ia mesure du fini des 
surfaces interieure et exterieure. La contamination par 
les produits chlores a egalement ete mesuree. 

Les essais suivants ont ete effectues a 100%: a) 
pression hydrostatique interne a 240 kgjcm 2 ; b) 
examen par courants de Foucault et ultrasons et 
comparaison avec defauts standards. 

De plus, des essais d'eclatement et d'ecrasement 
d'echantillons soudes ont ete effectues sur une base 
statistique. Ainsi des echantillons vides ont parfai
tement resiste a 400 oc a une pression externe de 
250 kg/cm 2• 

Boitier et grilles 
Le boitier a ete fabrique a partir de feuillards de 

0,6 mm d'epaisseur. Ceux-ci ont ete perfores, ebavures, 
plies et finalement mis a klrgeur. Pour cette premiere 
application, le choix s'est porte sur l'acier inoxydable 
AISI 304 recuit. 

Cependant, pour des applications futures, l'acier 
ecroui est envisage pour diminuer les risques dus aux 
manipulations ou pour reduire Ie volume des mate
riaux absorbants dont Ia repartition dans Ia partie 
active de l'eiement est la suivante: 

108 tubes de gainage: 1 500 em 3 (71 ,5 %) 
6 grilles: 330 cm 3 (16%) 
enveloppe perforee a 40%: 260 em 3 (12,5 %) 
Ces chiffres montrent qu'il y a peu a gagner du cote 

enveloppe, tandis qu'une reduction du nombre de 
grilles aurait un effet plus sensible. L'emploi de tubes 
en alliage de zirconium constituerait evidemment un 
progres majeur. 

Les grilles sont formees de tales decoupees, mises a 
forme, entees les unes dans les autres et brasees a 
haute temperature .. Deux types de brasures ont ete 
essayes et ont donne d'excellents resultats; ce sont les 
alliages Ni-Cr-P et Ni-Cr-Si. Ces brasures ont ete 
realisees en atmosphere d'hydrogene sec. Les barreaux 
sont localises au centre des alveoles carres par quatre 
doigts flexibles. De plus, des bossages ont ete prevus 
pour limiter l'excentricite des barreaux. Pour fixer les 
grilles a l'enveloppe, on a utilise le soudage par points. 
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Des plaques epaisses evidees dans leur partie 
centrale sont fixees aux deux extremites du boitier par 
points de soudure a l'arc sous argon, apres intro
duction des barreaux combustibles peripheriques. Des 
grilles d'extremites amovibles sont emboitees au centre 
de ces plaques et maintenues par boulonnage des 
pieces d'extremites de l'element. Les barreaux au 
plutonium, tous situes dans la partie centrale, ont pu 
etre ainsi introduits apres achevement et controle 
complet du reste de !'element. II sera done possible de 
les retirer pour examen apres irradiation de meme que 
45 barreaux voisins a uranium enrichi. Les autres 
barreaux peripheriques resteront enfermes dans le 
boitier jusqu'a son demontage en cellule chaude. 

Malgre leurs avantages, les boitiers de ce genre ont 
aussi leurs defauts. lis exigent Ia mise au point d'un 
outillage d'assemblage extremement precis, car une 
retouche ulterieure n'est guere possible. De plus, Ies 
parois laterales assez minces peuvent etre deformees 
par des manipulations trop brutales. L'emploi d'acier 
ecroui donnerait probablement plus de garanties pour 
le chargement dans Ie reacteur. 

Controles 

Controle des barreaux combustibles 
La charge d'oxyde d'uranium a ete pesee avec 

precision au moment du remplissage. La longueur de Ia 
colonne de pastilles a ete controlee apres soudage par 
radiographie des extremites. La radiographie a aussi 
permis l'examen des soudures, Ia verification de la 
presence et de Ia position des anneaux d'alumine et du 
ressort. De plus 35 barreaux ont ete completement 
radiographies pour s'assurer de !'inexistence de vides 
importants entre pastilles. 

Les extremites des barreaux ont ete decapees pour 
enlever toute contamination par l'oxyde d'uranium et 
pour permettre l'examen visuel des soudures. La 
contamination de surface a ete mesuree et s'est 
revelee inferieure a 80 [Lg d'uranium par m 2• L'examen 
des soudures a ete fait au microscope binoculaire. 

L'etancheite des barreaux a ete verifiee au spectro
metre a helium immediatement apres soudage des 
bouchons. L'heiium constituant 90% du gaz de 
remplissage, il suffit de placer les barreaux dans une 
enceinte sous vide reliee au spectrometre. 

Tousles barreaux ont subi un controle dimensionnel 
complet comprenant Ia mesure de leur fleche et de leur 
diametre a Ia soudure. Des examens destructifs ont ete 
realises sur des barreaux complets pour verifier Ia 
qualite des soudres et Ie contenu d'helium. 

Controle· apres assemblage 
Un controle minutieux a ete effectue apres assem

blage afin de determiner Ia valeur reelle des facteurs 
technologiques de canal chaud. Les resultats des 
mesures ont ete excellents et, a titre d'exemple, signa
Ions que l'erreur sur Ia position d'un barreau n'a pas 
depasse 0,3 mm lateralement. 

Autres essais 
Le temp~ a manque pour realiser un essai en boucle 

destine a s'assurer de Ia bonne tenue de !'element dans 
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le reacteur. Un tel essai, qui etait considere comme 
extremement utile pour donner toute garantie a 
l'exploitant, aurait retarde l'experience au point de lui 
faire perdre tout interet. La frequence propre de 
vibration des barreaux combustibles a cependant ete 
mesuree; cette mesure a ete jugee utile pour apprecier 
)'influence des vibrations induites par les pompes du 
circuit primaire. 

D'autres elements combustibles seront bientot mis 
en boucle pour des essais d'endurance, de cyclage 
thermique et meme de chocs thermiques. Un pro
gramme a ete elabore et est deja applique aux pro
ductions actuelles de Ia MMN. Ce programme 
comprend: 

a) essai d'endurance de 1 000 heures au debit 
nominal et dans les conditions de temperature 
et pression des reacteurs a eau press uri see; 

b) essai de cyclage thermique au taux de 3 oc par 
minute, entre 295 et 345 oc pendant 250 heures; 

c) essais de chocs thermiques d'amplitudes va
riables de 15 a 60 oc; le nombre propose est 
de 1 000 a 3 000 chocs. 

ETUDES THEORIQUES 

Le nouvel element a ete introduit au centre du 
creur BR3 parmi les elements du modele initial 
fabriques par Westinghouse. Toute heterogeneite dans 
un creur de reacteur cree des perturbations qui ont en 
general tendance a reduire sa puissance maximale. Ces 
perturbations influencent d'une part les pointes 
nucleaires locales de puissance, et, d'autre part, modi
fient Ia distribution du debit du fluide refrigerant et par 
consequent les possibilites d'extraction de la chaleur 
degagee. D'ou la necessite d'effecteur des etudes 
theoriques sous ces differents aspects nucleaire, 
hydraulique et thermique, pour verifier la securite de 
fonctionnement de la nouvelle configuration du creur a 
Ia puissance nominate de !'installation. 

Etude nucleaire 

L'etude nucleaire a pour but la determination des 
courbes de distribution· de puissance en cours de vie 
afin d'analyser la perturbation apportee par le nouvel 
element et de determiner les pointes de puissance 
affectant les differents canaux de refroidissement de 
caracteristiques hydrauliques differentes. Elle tient 
compte de la presence du nouvel element avec 12 
barreaux au plutonium et des elements initlaux dobt la 
majeure partie etait deja partiellement appauvrie au 
moment de l'etablissement de la nouvelle configura
tion. 

Les constantes nucleaires des differentes regions de 
combustible en fonction du temps de fonctionnement a 
pleine puissance sont calculees a partir des composi
tions isotopiques determinees au prealable par une 
etude d'appauvrissement effectuee en geometrie cylin
drique equivalente, en tenant compte des 2 periodes de 
fonctionnement du creur avec configurations diffe
rentes. 
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L'insertion du nouvel element modifie principale
ment Ia distribution de puissance et les pointes 
locales dans Ia direction radiale, c'est-a-dire dans une 
coupe transversale du creur. La distribution axiale 
d'ensemble, qui n'est que peu modifiee par la presence 
du nouvel assemblage, a ete determinee a partir des 
resultats d'une etude precedente effectuee en fonction 
de l'epuisement du combustible et du programme 
adopte pour les barres de controle (retrait progressif de 
2 barres de controle centrales). 

La distribution de puissance a ete etudiee principale
ment dans la direction radiale a 2 dimensions X- Y 
pour Ia partie inferieure du creur ne contenant pas de . 
barres de controle. En effet, c'est alors que l'element 
experimental est le plus sollicite et Ia pointe radiale de 
puissance y correspond avec la pointe axiale. Afin de 
determiner la distribution de puissance la plus 
defavorable en cours de vie, l'etude a ete effectuee au 
moment du chargement et en fin de vie du creur. Le 
code Hassitt [1], resolvant les equations de la th6orie de 
la diffusion a deux dimensions, a ete utilise avec deux 
groupes d'energie. Les calculs ont ete effectues au 
moyen de la calculatrice digitale Ferranti Mercury du 
CEN a Mol. 

La figure 3 represente la distribution de puissance 
radiale comparee entre le nouvel element et l'element 
Westinghouse remplace, dans une coupe transversale 
partielle a travers le creur autour de )'element consi
dere. Les distributions representees correspondent au 
moment du chargement. Des courbes similaires ont 
ete obtenues en fin de vie avec cependant une reduction 
des pointes de puissance, relativement faible pour les 
barreaux a l'uranium mais beaucoup plus importante 
pour les barreaux enrichis au plutonium par suite de 
l'appauvrissement plus rapide de ces derniers. 

L'examen de la fig. 3 montre que la perturbation 
introduite par 1'6lement experimental se limite au 
voisinage immediat de cet element. Par suite de la 
presence du boitier peripherique, il y a un Ieger exces de 
moderateur sur le pourtour de I' element, compense par 
une reduction de la quantite de moderateur dans les 
cellules de combustible. II s'ensuit un relevement de la 
puissance vers les bords et une reduction vers le centre 
de l'element. C'est pourquoi les pointes de puissance 
radiates au voisinage du boitier sont legerement 
augmentees en presence de I' element MMN. La valeur 
maximale de la pointe nucleaire radiale de 2,35, qui se 
produit dans un element Westinghouse adjacent a 
l'element MMN au droit d'une allonge de barre de 
controle en Zircaloy, serait reduite a 2,29 en l'absence 
de )'element experimental, soit une difference de 3% 
seulement. La puissance moyenne des barreaux de 
l'element MMN est legerement plus faible, d'environ 
3%, que celle de I' element initial remplace. 

L'effet de l'insertion du nouvel eiement sur la 
reactivite du creur a ete evaluee et est relativement peu 
important. Sur la base d'une diminution de reactivite 
de 1 % par 1 000 h de fonctionnement a pleine charge, 
la reduction de la duree de vie du creur n'est que 
d'environ 100 h. Cette n!duction de duree de vie est 
attribuable environ pour moitie a l'epuisement plus 
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Figure 3. Distribution radiale de puissance en debut de vie 
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rapide des barreaux au plutonium et, pour l'autre 
moitie, ala realisation en acier inoxydable plutot qu'en 
alliage de zirconium des deux barres de remplissage. 
Ces dernieres ont pour but de reduire les pointes de 
puissance dues a l'exces local de moderateur et'd'eviter 
une derivation du fluide refrigerant. L'etude permet de 
conclure que la perturbation d'ordre nucleaire dans Ie 
creur du BR3 est relativement faible. La perturbation 
principale, qui est d'ordre hydraulique est examinee 
ci-apres. 

Etude hydraulique 

Initialement il avait ete envisage de realiser un essai 
hydraulique du nouvel element combustible MMN. 
Cependant, vu l'indisponibilite de cet element en cours 
de fabrication et etant donne! le programme d'exploita
tion du reacteur BR3, il aurait ete difficile de resoudre, 
dans les limites du temps imparti, tous les problemes 
inherents a Ia mise au point de cette experience. Elle a 
done ete remplacee par une etude theorique detaillee. 

La confiance dans une telle etude est etayee par des 
essais realises par Westinghouse [2] pour determiner Ia 
perte de eharge de differents types d'elements combus
tibles. Les resultats de ces essais confirment une bonne 
correspondance entre la theorie et !'experience. 

Une premiere partie de l'etude hydraulique est 
devolue a I' evaluation de la distribution de vitesse dans 
les elements initiaux BR3 fabriques par Westinghouse. 
On en deduit la vitesse moyenne dans les elements et la 
valeur de la perte de charge dans les pieces d'ex
tremites. 

La deuxieme partie de !'etude est consacree a 
!'element combustible MMN. Celui-ci ayant des 
caracteristiques geometriques et hydrauliques diffe
rentes, il est necessaire d'evaluer la distribution de 
vitesse qui resulte de son introduction parmi les 
elements initiaux BR3. A cet effet, on divise Ia section 
de passage de l'eau dans les differents elements en 
canaux paralleles de refroidissement limites par les 
surfaces metalliques des barreaux combustibles et des 
parois adjacentes. 

II suffit des lors d'etudier la distribution de vitesse 
dans !'ensemble de ces canaux en se limitant aux 
plaques d'extremites qui soutiennent les barreaux 
combustibles. 

Pour y arriver on evalue en premier lieu grossiere
ment les coefficients de frottement individuels de 
chacun des canaux, ce qui conduit a une distribution 
approchee des vitesses. Ensuite on utilise ces vitesses 
pour parfaire le calcul des coefficients de frottement, ce 
qui permet d'evaluer Jes resistances hydrauliques des 
divers canaux en y incluant !'influence des change
ments de section aux extremites ainsi que dans les plans 
de grille pour les elements MMN et les rangs de fer
rules pour Jes elements initiaux BR3. 

Pour ces calculs, on a suppose les canaux isoles les 
uns des autres, c'est-a-dire qu'aucun transfert d'eau ne 
se produit entre canaux voisins. Cette hypothese est 
pessimiste. En effet, comme les canaux sont effec
tivement ouverts, ces echanges ont lieu et tendent a 
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diminuer la perte de charge des canaux les plus 
resistants. 

Une importante perturbation est due au fait que 
!'element MMN est enferme dans un boitier forme de 
tOles perforees. II est done necessaire d'evaluer !'influ
ence de ces perforations sur Ia distribution des vitesses 
dans Ies canaux situes en bordure de ]'element MMN, 
au voisinage des grilles a ressorts. Cette influence se 
traduit par un contournement du debit, entrainant une 
diminution de vitesse dans les plans de grille et une 
augmentation de celle-ci dans les tron9ons de canaux 
MMN situes entre ces grilles. 

Par rapport a des toles pleines, l'effet de perforation 
est favorable. En effet, il se traduit pour les canaux de 
!'element MMN considere par une augmentation 
relative du debit. On constate que !'augmentation 
d'enthalpie y est effectivement plus faible malgre des 
pointes locales peu importantes dues a la reduction de 
vitesse dans les plans de grille. 

D'autre part, on verifie que la perte de charge dans 
les extremites de !'element MMN n'est pas superieure a 
celle des elements initiaux BR3. A cet effet, on calcule 
Ia vitesse moyenne dans l'eJement MMN et on en 
deduit, apres evaluation de Ia resistance hydraulique 
des differentes parties constituant les tetes d'ex
tremite, Ia perte de charge dans celles-ci. Cette perte de 
charge, etant plus faible que dans le cas des elements 
initiaux BR3, justifie ]'hypothese pessimiste concernant 
l'egalite des pertes de charge dans les deux types 
d'elements. 

En conclusion Ies vitesses trouvees sont environ I 0% 
plus faibles dans I' element MMN que dans leselements 
BR3. II en resulte que la reduction du debit total d'eau 
dans Ie reacteur est de l'ordre de 0,3 %. ce qui est 
negligeable compare a !'incertitude sur Ia connaissance 
du debit du circuit primaire BR3 (absence de dispositif 
de mesure). 

Etude thermique 

Cette etude est basee sur les criteres suivants: 
L'ebullition locale ou de surface est permise; 
L'ebullition de masse n'est pas permise pendant le 

fonctionnement a la puissance nominate de l'instal
lation; 

La marge de securite vis-a-vis de !'apparition du 
DNB (departure.from nucleate boiling) tient compte 
d'une part des surpuissances possibles dues aux 
transitoires (reglage du point d'~uret d'urgence) et 
aux erreurs imputablesa !'instrumentation, et, d'autre 
part, de Ia dispersion inherente aux correlations de 
DNB utilisees pour la verification de cette securite. 
Pour determiner les canaux thermiquement de-

favorises, on combine Ies donnees suivantes: 
Degagement calorifique maximal evacue par chaque 

canal individ uel; 
Distribution des vitesses fournies par l'etude 

hydraulique; 
Resultats des etudes nucleaires donnant Ia distri

bution fine de la puissance relative produite par les 
barreaux entourant chacun des canaux de refroi
dissement. 
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Les canaux defavorises ainsi selectionnes sont les 
suivants: 
Canal de reference dans un element initial Westing

house enrichi a 4,43%; 
Canal normal de !'element MMN affecte de la 

pointe maximale de puissance se produisant dans 
I' angle adjacent a une barre de controle; 

Canal de !'element MMN borde par un des barreaux 
enrichis au plutonium. 
Se basant sur une etude de R. W. Bowring [3] et sur 

!'evolution de l'enthalpie le long des canaux les plus 
defavorises, on evalue en outre Ia reduction de vitesse 
due a !'ebullition partielle dans ces canaux, pour les 
conditions de fonctionnement les plus desavanta
geuses, c'est-a-dire: 
Temperature moyenne dans le reacteur, erreurs 

d'instrumentatiol) comprises: 511 oF (266 oq 
Pression maximale, limitee par I'ouverture des soup

apes de sfirete: 2 200 psia (154 kg/cm 2) 

Pression minimale, limitee par l'arret d'urgence a 
basse pression: 1 590 psia (Ill kg/em 2) 

Facteur de surpuissance due aux erreurs d'instrumen
tation: I 05 % 

Reglage du point d'arret d'urgence de surpuissance: 
120% 
L'enthalpie locale ainsi que le flux calorifique moyen 

dans les canaux defavorises sont calcules pour trois 
configurations axiales differentes du flux calorifique 
local correspondant au debut, au milieu et a la fin de 
vie du creur. 

En combinant Ia distribution axiale Ia plus de
favorable et les resultats de l'etude nucleaire et en 
tenant compte, pour les barreaux au plutonium, d'une 
dispersion d'enrichissement de l'ordre de ± 20%, on 
trouve les puissances specifiques maximales suivantes 
en regime stationnaire: 

Barreau 

Westinghouse. 
MMN normal 
Plutonium. 

kW/ft 

11,7 
12,3 
10,1 

W/crn 

383 
403 
330 

Wjcm' 

140 
152 
125 

Ces valeurs etant inferieures au maximum admis 
actuellement par Westinghouse (14,7 kW /ft =482 
w /em), la securite des barreaux est done garantie. 

Pendant le fonctionhement en regime, a la puissance 
nominale de !'installation (1 ,05 x 40,9 MW = 43 MW), 
!'ebullition massive ne se produit pas. En effet, la 
puissance pour laquelle !'ebullition debute a l'ex
tremite des canaux defavorises vaut 49,6 MW pour 
!'element Westinghouse et 43,5 MW pour !'element 
MMN. 

Enfin, pour verifier la securite du fonctionnement du 
reacteur BR3 au point de vue claquage (burn-out) de la 
gaine des barreaux combustibles, on utilise les 
dernieres correlations de DNB presentees par Westing
house [4] en tenant compte de la presence de l'element 
experimental MMN. 
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La premiere correlation fournit la valeur maximale 
de l'ecart d'enthalpie admissible tandis que Ia seconde 
correlation fournit la valeur maximale, soit du flux 
calorifique local, soit du flux calorifique moyen 
jusqu'au point de DNB. L'etat des connaissances 
actuelles ainsi que !'interpretation des resultats des 
nombreuses experiences entreprises a ce sujet ne per
met pas encore de discerner exactement l'origine du 
phenomene de DNB. 

Ces correlations sont appliquees au cas oil Ie 
reacteur est Soumis a la surpuissance maximale 
declenchant un arret d'urgence. 

Dans ces conditions, la marge de securite minimale 
du reacteur est donnee par les facteurs suivants: 

Debut de vie . 
Milieu de vie . 
Pin de vie. 

Canal Canal 
Westinghouse MMN 

1,38 
1,38 
1,37 

1,28 
1,28 
1,16 

CONCLUSION 

L'utilisation des correlations de DNB les plus 
recentes et de methodes de calcul detaillees a permis de 
determiner theoriquement qu'il n'y avait pas lieu de 
reduire la puissance nominale ni de modifier les points 
de reglage d'arret d'urgence de la centrale. 

L'irradiation sera conduite jusqu'a epuisement du 
creur actuel du BR3, ce qui correspond a un taux de 
combustion moyen de !'element experimental de 
l'ordre de 5 000 MWjjt. Cet essai d'environ 4000 
heures de fonctionnement a pleine puissance sera 
cependant d'une valeur suffisante pour s'assurer du 
comportement mecanique de ce type d'element dans un 
reacteur de puissance. 

L'exploitation en puissance du reacteur, sans aucun 
incident dfi ala presence du nouvel element, a confirme 
Ie bien-fonde des methodes de fabrication et les resultats 
des etudes theoriques effectuees. 
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A/442 Belgium 

Design and fabrication of PWR fuel 
elements in Belgium 

By M. Huberlant eta/. 

Belgium is particularly interested in the develop
ment of uranium oxide PWR reactors. This trend has 
been followed since the decision to build the BR3 and 
SENA reactors. The development of the VULCAIN 
project has stimulated the interest in this type of 
reactor. 

In this field, MMN has developed and fabricated up 
to now: 

(a) the Belgian part of the fuel loading for the 
VENUS critical experiment in relation with the 
VULCAIN project; 

(b) the Belgian part of the loading of the VULCAIN 
power experimel)t in the BR3; 

(c) a prototype fuel element for the BR3 reactor. 
The latter element, built according to the latest 

design and engineering methods evolved for the 
SENA core, includes twelve plutonium fuel rods 
developed by the Association BelgoNucleaire-CEN 
and is of a different type to the original elements. It 
has been introduced in the central part of the BR3 core 
amongst elements of the original design. BEN has 
carried out the theoretical studies relative to its 
behaviour in the reactor from the various nuclear, 
hydraulic and thermal points of view. The problems 
encountered in the fabrication and the study of this 
fuel element are the subject of this paper. 

The fabrication is based on the following principles: 
the fuel rods, consisting of uranium oxide pellets 
enclosed in thin walled stainless steel tubes, form a 
bundle held in an independent perforated can, allow
ing free thermal expansion of the rods. The tubes are 
positioned by six intermediate spacing grids with 
integral spring clips. Stainless steel is used for the 
tubes, can and grids. The element will be irradiated 
until depletion of the present BR3 core, corresponding 
to a burn-up of approximately 5000 MWd/t for the 
experimental fuel element. This test of about 4000 full 
power hours will provide a check of the mechanical 
behaviour of this type of element in a power reactor. 

The introduction of an element so different from the 
original ones results in an heterogeneity which in 
general tends to reduce the maximum power capability 
of the core. It was therefore necessary to perform a 
theoretical study to verify the operating safety of the 
new core configuration at the plant rated power. The 
following aspects have been investigated: 

(a) a nuclear study to determine the local power 
peaks and their variations during core life; 

(b) a hydrodynamic study to analyse the coolant 
flow distribution between the various coolant channels. 

(c) a thermal study combining the results of the two 

previous studies to locate the thermal hot channels. Its 
main purpose is to check, by means of the latest DNB 
(departure from nucleate boiling) correlations pub
lished by Westinghouse, the operating safety of the 
core at rated power. 

The operation of the reactor at full power, without 
any incident due to the presence of the new fuel 
element, has corroborated the suitability of the fabrica
tion methods and the validity of the theoretical 
results. 

A/442 6enbrHR 

J11ay~eHHe H npOH3BOACTBO B 6enbrHH 
rennosbiAeMIIOL1.4HX sneMeHTOB Ami pe
aKropa c BOAOH noA AaBneHHeM 
M. Vl6epnaH et al. 

BeJihrn.II yp,eJIReT oco6oe BHHManne peaNTopaM 

C BOP,OH II0/1; p,aBJieHHOM H OKHChiO ypaaa B Ka•te
CTBO TOIIJIHBa. 

Ona BCTYIIHJia ua 3TOT nyTh c MoMenTa npHH.II

Tllll peuwnn11 o CTponTeJihCTBe peaKTopa BR-3 u 

peaKTopa qmpMhl SENA. Paapa6oTKa npoewra 

VULCAJN Bhi3BaJia yneJin'lenue nnTepeca K JTo

MY Tnny peaKTopoB. 

B aToll: o6JiaCTH iflnpMa MMN paapa6oTaJia u 

narOTOBHJia K HaCTO.II~eMy BpeMOHH: 

- 6eJihrniicKyiO 'laCTb aarpy3KH TOIIJIHBa J'JIH 

KpnrnqecKoii c6opKn VENUS B paMKax npo
e.KTa VULCAIN; 

- 6em,ruii:cRyro 'laCTh aarpyaRn peaKTopa 
VULCAIN P,JI.II ncnMTaHn.II na MOJIJ;HOCTn 11 

peaRTope BR-3 n 

- HpOTOTHllHhiii TOIIJIOBhiP,eJI.IIIOin;llii 3JICMCJIT 

• P,JI.II peaRTopa BR-3. 
ihoT IIOCJieP,Hllii <IJieMOHT, 113l'OTOBJlCHHhiii C 

Y40TOM IIOCJIOP,HIIX P,OCTIIlliOHHH Hayini U TOXHHKII, 

Hpep,ycMaTpnBaOMhiii P,JI.II aKTIIBHOH 30Hbl peaKTO

pa iflnpMhi SENA, cocToHT na 12 HJIYTOHHOBhtx 

npyTROB, naroTOBJieHHhlX accon;nan;neii << BeJihro

HIOKJieap - CEN >>; on OTJIH'laeTC.II OT IIepnona

'taJihHhiX a.rreMeHTOB. Ou 6hlJI BBep,en B n;euTp aK
THBnoii: aoHhl pea.KTopa BR-3 cpep,n TenJIOBhiP,eJIH

ro~nx 3JIOMeHTOB Ha'laJibHO~i MOP,OJIJI. 

<l>npMa <<Bropo p,'aTrop, HIOKJieap>> nponeJia Teo

JlOTH'lec.Koe HCCJie!1;0BaHHe ero liOBep,eHHH B peal\

TOpe C .IIP,epHoii, l'Hp,paBJIH'ICCROii: H TepMH'lOCKoii 
TO'leK 3pCHHH. 

Oco6oe BHHMaune B nacTOHin;eM P,ORJia,p,e YAl'

JrHeTCH npo6JieMaM, CBH3aHHLIM C HaroTOBJieHHCM 

II H3Y'IeHHCM 3T0f0 TOllJIOBbiP,CJI.IIIOll\ero ;)JICMCHTa. 

ll pOI13BOP,CTBO TOIIJIOBhiP,eJIHIO~l1 X :lJleMCHTOII 

oenoBhiBaeTCH na CJiep,yro~nx upnH~nnax: To

JIJIHBHhie HpyTKJI H3 Ta6JICTOK 01\HCJI ll o6oJIO'lJW 
pacnoJiaraiOTC.II B iflopMe llY'l.Ka B OTP,CJihHOH KO-
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pOOIW, 1\0TopaH HC npenHTCTRYCT J1X TCTIJIOBOMY 
paenmpenmo. Y cTanonHa upyTrwn ooccueqHnaeT
cH 11pOMOiRYTO'IIILIMJI p0IHCTK3MH C rJIOHHMH TIJia
C.Tlt:H3MI1. 06oJIOifl\H H COCT3BHLIC If3CTif 1\0pOO.I\JI 
ll3J"OTOBJIOHLI H3 nepiRaBCIOIIWH CT3JTH. 

06JIYifCHHC 6y~CT npOBO~HTLCH ~0 JICTO~CHHH 
nacToHII~eft a.KTHnno:ii 30HLI peaHTopa BR-3, IfTo 
eooTneTCTnyeT rJTy6nne BLiropaHHH :mcnepHMen
TaJTLnoro TCTIJTOBLI~CJIHIO~ero :3JICMCH'J'3 0.1\0JIO 
5000 M6r • cyn.ulr. ::ho ncnLITalllie, HoTopoe 6y
;~eT ~JIHTLCH 01\0JIO 4000 't paOOThl Ha liOJIHOii 
1\IO~HOCTH, TI03BOJIHT nponepHTh MCXaHIJliCCKOO 
lfOBC~CHHe TCTIJIOBhi~CJIHIO~CrO ::lJICMOHTa TaKoro 
TJIIIa n anoprenPieCI\01\1 poaHTopo. 
Bno~onuo TonJIOBLI~oJIHIO~oro aJICliH~HTa, cu.H,

no OTJIHlfaiO~erOCH OT TOTIJIOBLI~OJTHIOI.U;HX :3JIC
MOHTOB HalfaJihHOH MO~OJIH, C03~aOT roTeporoH
HOCTb, KOTopaH HMOCT TOH~OH~HIO YMOBbiii3Tb 
MaKCHM3JILHYIO MO~HOCTh 3KTHBHOH 30HLI. IloaTO
MY B03HHKaoT noo6xo~HMOCTh rrpono~omm Teope
THifocKoro H3ylfeHHH c ~eJILIO rrponepHH 6e3onac
HOCTH paoOTLI HOBOH KOHqmrypa~HH aKTHBHOH 30-
IILI Ha HOMHH3JihHOH MOI.U;HOCTH ycTaHOBI\H. BLIJIII 
rrpono~onLr cJio~yro~Ho uccJio~onaHHH: 

- H~opnoo uccJio~onanno orrpo~eJIHOT JioKaJIL
HLie TOifKH MOII.l;HOCTH H HX H3MCHCH1JC B TC
IfOHHe cpoKa cJiym6LI; 

- ru~po~unaMnqocHoo nccJio~onanuo ~aeT ana
JIH3 paCIIpO~OJICHHH pacxo~a TOIIJIOHOCHTCJIH 
MCiR~y pa3JIHifHLIMII OXJI3iR~310Ill;IIMU K3Ha
JiaMII; 

- TopMHifOCHoo HCCJIPiJ,onanno o6'he~nHHOT pe
ayJIL'I'aTLI ~nyx npe~hi~Y~HX JICCJIOf\OBaHHif 
c ~eJILIO onpo~eJIHTh oxJiam~aiOI.U;no Kana.nLI, 
naxo~HI.U;HCCH n nan6oJiee ne6JiaronpnHTHbiX 
yeJionnHx. Ono nMeeT ~eJihlO nponepHTL c 
liOMOI.U;biO COOTHOlUCHHii DNB ( OTKJIOHCHHl' 
oT ny3LiplfaToro l\HTieHnH), ne~anHo ony6mt
JWBaHH.hiX lf>npMoij <<BecTnHraya>>, TOT lf>aKT, 
1 1TO paOOT3 113 HOMJ1H3JihJIOii MOll\HOCTJI HR
JIHI:'TCH 6e3onacnoii. 

81\CI1JJYH'f3~HH peai~Topa Ha MOli_\HO(',Tif 003 1\a
JWX-JllfOO anapnir, Bhl3BaHHhlX llpliCYTCTBlWl\1 H0-

1101'0 :>JICMl'HTH, no;~TBCp/.\lfJIU OOOCHOB3HHOCTh MC
TOJ(Oll Il3fOTOBJTNIIrH H }>1:'3YJlbTaTOll 11j)OBC,'~t'Hlll>L'1;: 

Tl'O}WTII'll'Cl\TIX IJCC.llPi~<maHIIii. 

A/442 Belgica 

Estudio y fabricaci6n en Belgica de 
elementos combustibles para reactores de 
agua a presion 

por M. Huberlant eta/. 

Belgica presta una atencion muy especial al tipo de 
reactores de agua a presion y oxido de uranio. Se ha 
ocupado de estas cuestiones desde que se decidio 
construir los reactores BR3 y SENA. El desarrollo del 
proyecto VULCAIN produce un aumento del interes 
por este tipo de reactores. 
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En este campo, Ia M M N ha desarrollado y fabricado 
· hasta el presente: 

a) Ia parte helga de Ia carga de la experiencia critica 
VENUS, que pertenece al proyecto VULCAIN; 

b) Ia parte helga de Ia carga de Ia experiencia de 
potencia YULCAIN en el BR3; 

c) un prototipo de elemento para el reactor BR3. 
Este ultimo elemento, fabricado segun los con

ceptos y tecnicas mas recientes previstos para el nucleo 
del reactor SENA, contiene doce barras de plutonio 
preparadas por Ia Asociacion BelgoNucleaire-CEN, 
es diferente de los elementos originales y se ha intro
ducido en el centro del nucleo del BR3 entre elementos 
del modelo inicial. El BEN ha realizado el estudio 
teorico de su comportamiento en el reactor desde los 
puntos de vista nuclear, hidraulico y termico. Los 
problemas relacionados con Ia fabricacion y el estudio 
de este elemento constituyen el objeto de este 
informe. 

La fabricacion del elemento se basa en los siguientes 
principios: las barras de combustible formadas por 
pastillas de oxido dentro de una vaina estan dispuestas 
en forma de haz en un soporte independiente que 
permite su dilatacion termica libre. Las barras se 
mantienen en posicion mediante rejillas intermedias 
constituidas por laminillas elasticas. Las vainas y las 
demas partes que forman el soporte son de acero 
inoxidable. Su irradiacion continuara hasta el agota
miento del nucleo actual del BR3, lo que corresponde 
a un grado de quemado del elemento experimental de, 
aproximadamente, 5000 MWd/t. Este ensayo, de unas 
4000 horas de funcionamiento a plena potencia, per
mitira comprobar el comportamiento mecanico de 
este tipo de elemento en un reactor de potencia. 

La introduccion de un elemento tan diferente de los 
del modelo inicial crea una heterogeneidad que, en 
general, tiende a reducir Ia potencia maxima del 
nucleo. De aqui Ia necesidad de efectuar un estudio 
teorico para verificar Ia seguridad de funcionamiento 
de Ia nueva configuracion del nucleo o la potencia 
nominal de Ia instalacion. Los aspectos examinados 
son los siguientes: 

a) el estudio nuclear determina los picos locales de 
Ia potencia y sus variaciones a lo largo del periodo de 
irradiacion ; 

b) el estudio hidrodinamico analiza Ia distribucion 
del caudal del liquido refrigerante entre los distintos 
canales de refrigeracion; 

c) el estudio termico combina los resultados de los 
dos estudios precedentes a fin de determinar los 
canales de refrigeracion mas perjudicados. Tiene por 
objeto verificar, con ayuda de las correlaciones de 
DNB (departure from Nucleate boiling) mas recientes, 
publicadas por Westinghouse, que esta garantizada la 
seguridad del reactor a la potencia nominal de 
funcionamiento. 

El funcionamiento del reactor a potencia, sin ningun 
incidente debido a la presencia del nuevo elemento, ha 
confirmado el solido fundamento de los metodos de 
fabricaci6n y tambien los resultados de los estudios 
te6ricos efectuados. 
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Irradiation dans le reacteur de puissance BR3 de barreaux 
combustibles ceramiques enrichis au plutonium 

par J. M. Leblanc* 

Les travaux entrepris sur le plutonium, des 1957, par 
la BelgoNucleaire, et poursuivis en association avec le 
Centre d'etude de l'energie nucleaire (CEN), depuis 
1958, ont conduit a la conclusion de contrats avec la 
Commission de !'EURATOM, contrats ayant comme 
buts principaux la fabrication et !'utilisation de com
bustibles enrichis au plutonium dans les reacteurs de 
puissance refroidis a l'eau. Ces travaux, orientes 
principalement vers les combustibles ceramiques a 
oxydes, portent d'une part sur l'etude des proprietes 
des materiaux utilises et des differentes techniques de 
fabrication et, d'autre part, sur la definition des carac
teristiques diverses des reseaux optimises pour le 
plutonium. 

L'experience realisee dans le reacteur BR3 constitue 
un des premiers objectifs des recherches entreprises. 
Elle devait permettre de soulever et de resoudre les 
problemes technologiques inherents a la fabrication 
par vibration et retreinte des barreaux combustibles 
enrichis au plutonium. Par ailleurs, cette experience 
fournira les donnees utiles sur le comportement de ces 
combustibles dans les conditions de fonctionnement 
des reacteurs a eau et, grace a elle, les connaissances 
physiques en ce qui concerne !'evolution isotopique, le 
taux de combustion, etc., seront completees. 

CONDITIONS DE FONCTIONNEMENT 
DU REACTEUR BR3 ET DETERMINATION 

DES MODALITES EXPERIMENTALES 

Le reacteur BR3 est du type a eau sous pression 
(PWR). Rendu critique le 29 aofit 1962, et en fonc
tionnement industriel normal depuis le 3 janvier 1963, 
le reacteur a fonctionne durant 3 800 EFPH * * avec la 
configuration initiale du noyau (creur) representee ala 
figure I. Durant cette premiere periode de marche, 
c'est-a-dire jusqu'au 21 aofit 1963, le BR3 a fourni 
environ 41 000000 kWh au reseau electrique beige. A 
cette date le reacteur a ete arrete. 

Suivant les modalites experimentales definies au 
prealable, le reacteur devait etre arrete a pres 3 800 
EFPH dans le double but de: 

I o Permettre un rearrangement de Ia configuration 
du noyau du reacteur afin d'augmenter l'exces de 

* Societe beige pour l'industrie nuch!aire SA (BelgoNucleaire), 
et Centre d'etude de l'energie nuch!aire (CEN), Mol. 

** EFPH: Equivalent full power hour (equivalent en hcurcs a 
pleine puissance). 

• Element contenant les barreaux enrichis au plutonium 

Figure 1. Configurations du noyau du reacteur BR3 

A: configuration initiale de noyau; B: configuration du noyau 
apres 3800 EFPH-1. 3,7% 235U neuf; 2. 4,43% 2asu neuf; 

3. 4,43% 2asu usage; 4. 3,7% 235U usage 

• Barreaux combustibles a oxyde mixte U0 2- 0,96 m/o Puo 2 

Q Barreaux a uo 2 enrichi a 3,7 pour cent 

~ Barreaux en acier inoxydable 

Figure 2. Emplacement des barreaux enrichis au plutonium 
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reactivite et, par consequent, accroitre Ia duree de vie; 
2 o Introduire, au centre du noyau, un element neuf 

(enrichi a 3,7% 235U) contenant I2 barreaux com
bustibles ceramiques enrichis au plutonium. 

Les travaux theoriques realises ont permis de con
clure que, compte tenu du type et du nombre d'ele
ments combustibles neufs disponibles, ainsi que des 
imperatifs experimentaux, Ia configuration du noyau 
representee a Ia figure I est celle qui permet le gain de 
reactivite le plus eleve. La figure 2 donne !'emplace
ment des barreaux combustibles au plutonium a 
l'interieur de !'element enrichi a 3,7% 2asu. 

DETERMINATION DES CARACTERISTIQUES 
DES BARREAUX COMBUSTIBLES AU 

PLUTONIUM ET DU TYPE D'ASSEMBLAGE 

Etant donne que les barreaux enrichis au plutonium 
remplacent dans le noyau des barreaux combustibles a 
oxyde d'uranium enrichi a 3,7 /~ 2asu, les caracteris
tiques de ces derniers ont du, dans la mesure du 
possible, etre maintenues. Les modifications apportees 
concernent d'une part l'enrichissement en plutonium 
et Ia densite du materiau combustible dependant de la 
technique de fabrication (vibration et retreinte) et, 
d'autre part, le mode d'assemblage de ces barreaux. 

Les caracteristiques generales des barreaux com
bustibles sont groupees dans le tableau I. 

Enrichissement en plutonium 

Le calcul de l'enrichissement en plutonium des 
barreaux combustibles a ete realise par approches 
successives en etudiant Ia repartition des puissances 
dans Ia nouvelle configuration du noyau du reacteur 
pour differents enrichissements en plutonium, et en 
adoptant comme critere de securite que Ia puissance 
(W /em) engendree par Ies barreaux au plutonium soit 
identique a celle des barreaux voisins enrichis a 
3,7% 235U. Les courbes de repartition axiale et radiale 
des puissances ont ete obtenues a l'aide d'un modele 
geometrique idealisant le creur du reacteur et en 
utilisant un code a une dimension multiregions base 
sur Ia theorie de Ia diffusion a deux groupes de 
neutrons. 

Pour ce calcul, Ia densite adopt~e pour le melange 
U02-Pu02 est de 9,98 gjcm3 (9I,05% densite theo
rique), quel que soit le mode de densification des 
barreaux, Ia composition isotopique du plutonium 
etant Ia suivante: 239Pu: 93,72 %; 240Pu: 5,70 %; 
241Pu: 0,58 %; 242Pu: 0,58 %. 

L'enrichissement en plutonium obtenu est de 
0,96 mjo. 

Type d'assemblage 

Dans les elements combustibles constituant le 
premier noyau du re&cteur BR3, les barreaux sont 
assembles par l'intermediaire de ferules brasees a 
l'alliage Ni-10%P a IOIOoc [1]. On a constate, au 
cours des travaux de mise au point, que les barreaux 
combustibles densities par retreinte de poudres denses 
de U02 gonflent lors de chauffage a I 000°C. Ce 
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phenomene est du probablement a Ia liberation des 
tensions internes induites durant !'operation de 
retreinte. En vue d'eviter les difficultes inherentes au 
maintien des specifications dimensionnelles, cette 
technique d'assemblage par ferules brasees a ete 
abandonnee. 

L'assemblage mecanique adopte, de meme que les 
barreaux combustibles a oxyde d'uranium enrichi a 
3,7% 235U ont ete construits par Ia Societe beige de 
Metallurgie et mecanique nucleaires (MMN). Dans 
cet element, l'ecartement entre les barreaux est assure 
par des grilles intermediaires a lamelles elastiques 
soudees a une tole-enveloppe ajouree servant de 
support. Des grilles amovibles logees dans les plaques 
d'extremites assurent le passage de l'eau de refroidisse
ment et s'opposent au deplacement longitudinal des 
barreaux. 

FABRICATION DES BARREAUX 
COMBUSTIBLES 

Etant donne le but fixe par !'experience entreprise 
dans le reacteur BR3, les barreaux combustibles 
ceramiques enrichis au plutonium ont ete prepares 
suivant differents processus de fabrication schematises 
a la figure 3. 

Lors de la mise au point des procedes de fabrication 
representes, les grands principes suivants ont ete 
retenus: 

I o Etant donne les diffi.cultes il)herentes au travail 
en boites a gants, les quantites de ·rnatieres a traiter 
dans celles-ci doivent etre limitees a un maximum. 
Pour cette raison, les procedes de fabrication adoptes 
sont ceux qui retardent au maximum le melange des 
composes uraniferes et plutoniferes; 

2 o La den site moyenne des barreaux devant etre la 
plus elevee possible, les poudres utilisees doivent etre 
denses et de granulometries bien determinees, speciale
ment dans Ie cas des elements fabriques par vibration 
seule (tableau I); 

3° Les·barreaux fabriques par retreinte a froid sont 
prealablement vibres afin d:atteindre par martelage la 
densite desiree, tout en evitant au gainage des sollici
tations trop importantes. Les poudres utilisees a cet 
effet sont constituees de uo2 dense de granulometries 
non selectionnees pour la fabrication des barreaux par 
vibration seule (tableau I); 

4 o L'oxyde de plutonium est incorpore dans Ia 
fraction fine de Ia poudre. so us . forme de melange 
physique avec uo2 ou sous forme d'oxyde mi.ite 
(U-Pu)02 afin d'eviter le recyclage de Pu02 ou 
(U-Pu)02 dont les grains seraient trop fins par rapport 
a Ia dimension choisie. 

Chacune des etapes de fabrication des barreaux 
combustibles enrichis au plutonium a· fait l'objet 
d'etudes detaillees publiees precedemment [2-7]. 

CONTROLES DES BARREAUX 
COMBUSTIBLES ENRICHIS AU PLUTONIUM 

Etant donne le caractere experimental de l'essai en 
cause, les controles destructifs et non destructifs 
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Tableau 1. Caracteristiques generales des barreaux combustibles enrichis au plutonium 

Barreaux vtbres Barreaux retreints 

(V39-V40--V41-V42-V43-V44) (R283-R284--R286--R289-R298-R307) 

Dimensions: 
Longueur totale 
Longueur active . 
Diametre exterieur 
Epaisseur du gainage 

1516,0 ± 1,0 mm 
1431,0 ±2,0 mm 

8,70 ± 0,02 mm 
0,500 ± 0,025 mm 

1515,5 ± 1,5 mm 
1432,0 ± 5,0 mm 

8,70 ±0,05 mm 
0,590 ± 0,040 mm 

Gainage: 
Materiau 
Qualite 
Origine 

Acier inoxydable AISI 348 
Nucleaire sans soudure 

Superior Tube 

Bouchons: 
Materiau 

Materiaux combustibles 

Acier inoxydable AISI 304 L 

U02--0,96 mfo Pu02 

Granulometrie des poudres et 
pour-cent en poids des diver
ses fractions 

Gros 
-7+ 8 mesh 
2,4a 2,8 mm 

60% 

Moyen 
-70+ 80 mesh 

180 a 110 fL 
25% 

Fin 
-400 mesh 

< 30 fL 
15% 

Gros Moyen 
- 18 + 20 mesh -120 + 140 mesh 

0,8 a 1 mm 100 a 125 fL 
65% 18% 

Fin 
-400mesh 

<30 fL 
17% 

Composition des diverses frac
tions de poudres 

Gros 

Moyen 

U02 nat. fondu degaz"e (KMG)a 

U02 nat. fondu degaze (KMG) 

U02 nat. fondu degaze (KMG) 
ou U02 nat. Dynapak b (R298 et R307) 

U02 nat. fondu degaze (KMG) 

Fin U02 nat. fondu degaze (KMG) + (U -10 m/o 
Pu)02 fritte 

ou U02 nat. Dynapak (R298 et R307) 
U02 nat. fondu degaze (KMG) + 

(U-10 m/o Pu)02 fritte 

Composition isotopique du 
plutonium 

0/(U +Pu) . 

Barreaux combustibles: 
Densite moyenne 

Lot D 
239Pu: 93,72% 
240Pu: 5,70% 
241Pu: 0,58% 
242Pu: 

85,5 ± 1,5% DT 
624,5 ±3,5 g 

ou U02 nat. Dynapak + Pu02 fritte (R307) 
ou (U-5,65 m/o Pu)02 fritte (R298) 

2,010 ± 0,005 

Lot Ec 
239Pu: 91,538% 
240Pu: 7,720% 
241Pu: 0,716/~ 
242Pu: 0,025 % 

90,5 ± 1,5% DT 
626,5 ± 1,5 g Poids U02-0,96 mfo Pu02 

Contamination de surface 3 x 10-7 g Pu/100 cm2 7 x 10-7 g Pu/100 cm2 

• KMG: KERR McGEE. 
• UO, Dynapak: UO, compacte par Ia methode «Dynapah. 
'Le lot E de plutonium a ete utilise pour Ia fabrication des barreaux R29R et R307. 

realises sur les materiaux mis en reuvre et sur les 
barreaux combustibles finis, en cours de fabrication et 
apres, ont ete aussi pousses et complets que possible, 
ceci afin d'avoir toutes les donnees d'interpretation du 
comportement du combustible en cours de fonctionne
ment. 

Controles de reception des materiaux de depart 

Les essais de reception portent sur UOz fondu et 
UOz fritte, sur le nitrate de plutonium, les bouchons et 
les tubes de gainage. Ces controles consistent essentiel
lement en analyse des gaz, verification du titre en 
oxygene et de Ia densite des poudres de UOz fondu, 
analyse des impuretes dans UOz et dans le nitrate de 
plutonium, determination de Ia composition isoto
pique du plutonium et de !'uranium, et evaluation de la 
qualite des tubes de gainage (resistance mecanique, 
composition, etat, defauts de fabrication, etc.) A 
!'exception des techniques de controles non destructifs 

des tubes de gainage exposees ci-dessous, les methodes 
utilisees pour !'evaluation de Ia qualite des produits de 
depart sont connues et couramment employees. 

Controles en cours de fabrication 

Les controles realises en cours de fabrication visent 
d'une part a verifier certaines proprietes de produits 
intermediaires de fabrication (surface specifique de 
poudres calcinees destinees au frittage, etancheite des 
barreaux vibres avant retreinte, etc.) et, d'autre part, a 
determiner les caracteristiques du materiau et des 
barreaux combustibles, compte tenu des specifications 
etablies (poids des poudres, 0/(U + Pu), enrichisse
ment en plutonium, contamination de surface, etc.). 

Controles des barreaux combustibles finis 

Les essais realises sur barreaux combustibles finis 
ont essentiellement pour but de controler l'etancheite, 
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Figure 3. Schema de fabrication des barreaux combustibles ceramiques a oxyde mixte d'uranium et de plutonium 
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Tableau 2. Controles destructifs et non destructifs de barreaux combustibles enrichis au plutonium 

Co~:~troles 

A) Controle de Ia contamination 
de surface en plutonium . 

B) Contro/e etanchiite . 

C) Contro/e des soudures . 

D) Contr6/e de l'integrite des 
gaines 

E) Controle dimensionne/ 
Epaisseur de gaine . 

Diametre exterieur . 

F) Controle de Ia densite 
Densite moyenne 

Homogeneite de Ia densite 

G) Controle de l'enrichissement 
en plutonium 
Homogeneite radiale 

Homogeneite axiale 

• N.D.: controle non destructif. 
• D.: controle destructif. 

Techniques adoptees 

Controle di9continu (3 generatrices a 
120° surface compteur: 50 cm2) 

1. Controle en boite a gants par immersion 
dans glycol sous depression 

2. Controle par immersion dans 
!'helium sous pression et ressuage 

l. Controle visuel (binoculaire) 
2. Controle radiographique (3 plans 

a 60°) 
3. Controle par penetrants fluorescents 
4. Controle metallographique 

(statistique de fabrication) 

l. Controle visuel (binoculaire) 
2. Controle par penetrants fluorescents 
3. Controle continu par ultra-sons 

(application de Ia reflexion des ondes) 

Controle continu par ultra-sons 
(application du phenomene de 
resonance) 

Controle par comparateur 

Controle par immersion dans l'eau 

Controle continu gammagraphique avec 
source exterieure (137Cs) 
(collimateur de diametre = 4 mm) 

Controle autoradiographique 
(statistique de fabrication) 

Controle discontinu autogamma
graphique (Comptage du rayonnement 
gamma de 384 keY du plutonium
Collimateur: 5 mm; Temps de 
mesure: 2 min) 

Type 

N.D." 

N.D. 

N.D. 

N.D. 
N.D. 

N.D. 
D.b 

N.D. 
N.D. 
N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

D. 

N.D. 

Criteres de rejet adoptes pour les barreaux 
enrichis au plutonium introduits dans Ie 

reacteur BR3 

Contamination de surface inferieure a 
2 x 10-7 g Pu/100 cm2 

Aucun degagement de bulles 

Ressuage helium inferieur a celui obtenu 
sur tube vide 
Procedure de controle etablie avec fuite 

etalon de 5 X I0-10 cm3 atm/s 

Les barreaux dont les soudures 
presentent des fissures, inclusions ou 
piqures sont elimines 

La penetration de Ia soudure doit etre 
egale a l'epaisseur du gainage 

Les barreaux dont le gainage presente 
des fissures internes ou externes 
superieures a 20 p. sont elimines 

Tout barreau dont les dimensions ne 
sont pas conformes aux specifications 
est elimine 

Tout barreau dont Ia densite moyenne 
n'est pas conforme aux specifications 
est elimine 

Tout barreau presentant une variation 
locale de densite superieure a 5 % de 
Ia densite moyenne est elimine 

Aucune localisation importante du 
plutonium pres du gainage 

Tout barreau presentant une variation 
locale en plutonium superieure a 20 % 
de l'enrichissement moyen est elimine 

l'integrite des gainages, Ia qualite des soudures, les 
dimensions, Ia densite et son homogeneite axiale, les 
repartitions axiale et radiale de l'enrichissement et Ia 
contamination de surface. Les techniques non des
tructives et destructives utilisees, de meme que les 
criteres adoptes lors de ces controles pour !'agreation 
des barreaux a introduire dans le reacteur BR3, sont 
repris au tableau 2. Les controles non destructifs ont 
ete realises systematiquement sur chaque barreau, les 
controles destructifs etant effectues d'une maniere 
statistique afin d'evaluer Ia qualite de Ia fabrication. 

Detection des fissures dans les tubes de gainage 
par ultra-sons 

Les techniques de fabrication utilisees rendent 
certains controles particulierement importants. lis 
sont brievement decrits ci-dessous: 

La technique consiste a envoyer dans le tube, en 
rotation autour de son axe, des ondes circonferen
tielles; a un signal d'envoi correspondent plusieurs 
echos fixes. Si l'onde rencontre une fissure, celle-d Ia 
reftechit et un signal mobile est pen;u sur I' oscilloscope 
etant donne que Ia fissure tourne avec le tube et que, 
par consequent, Ia distance palpeur-fissure varie. Cette 
technique permet de detecter simultanement les 
fissures de I' ordre de 10 1.1. sur les parois internes et 
externes des tubes de gainage, !'amplitude du signal 
enregistre etant pratiquement de meme grandeur pour 
les deux types de fissures. 
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Determination de Ia repartition longitudinale de Ia 
densite 

P/443 

Le principe de Ia technique consiste a collimater un 
faisceau de rayonnement gamma emis par une source 
(137Cs, 660 keV) eta mesurer Ia variation de l'intensite 
de ce rayonnement apres que celui-ci ait traverse 
I'echantillon a tester. L'intensite du faisceau emergent 
est une fonction de Ia densite du materiau. Cette tech
nique permet de deceler des variations axiales de 
densite de l'ordre de 0,5% (figure 4). 

Determination de Ia repartition longitudinale 
du plutonium 

Les barreaux etant fabriques par vibration et 
retreinte de melanges physiques de poudres, il est im
peratif de controler l'homogeneite de l'enrichissement 
(le melange physique des poudres est realise pendant 
!'operation de vibration proprement dite). La tech
nique non destructive utilisee pour ce controle con
siste a compter tous les 5 mm, suivant une ou quatre 
generatrices, le rayonnement gamma (384 keV) emis 
par 239Pu. La moyenne des comptages correspondant 
a l'enrichissement nominal, la comparaison d'un 
resultat avec cette moyenne permet de determiner Ia 
concentration locale du plutonium. La figure 3 reprend 
la variation axiale de l'enrichissement en plutonium 
dans un barreau non intro-:uit dans le reacteur BR3. 
Pour la presente experience, cette variation a ete 
mesuree avec une erreur de l'ordre de ± 6 %, compte 
tenu de l'heterogeneite radiale de l'enrichissement. La 
repartition radiale du plutonium est evaluee d'une 
maniere destructive par des essais autoradiographiques 
(fig. 4); ces essais statistiques visent principalement a 
controler la technique de fabrication. 

EVALUATION DES CONDITIONS DE 
FONCTIONNEMENT DES BARREAUX 

COMBUSTIBLES DANS LE REACTEUR BR3 

Puissances maxi males et taux de combustion* 

L'etude de la distribution radiale de puissance dans 
le nouveau noyau (fig. 5) a ete realisee a deux dimen
sions x, y a !'aide du code HASSIT multigroupes 
determinant la distribution du flux neutronique au 
moyen de la theorie de la diffusion. Les compositions 
isotopiques ont ete etablies par ]'etude du taux de 
combustion effectuee en geometrie cylindrique en 
assimilant les differentes regions de combustibles et les 
barres de controle a des regions concentriques de sur
face et de constantes nucleaires correspondant a celles 
du noyau. Le code VARMO utilise pour cette derniere 
etude etait a une dimension et a trois groupes de 
neutrons. La repartition radiale de puissance a ete 
evaluee en supposant les barres de controle extraites; 
il apparait done que les courbes de distribution don
nent une valeur du facteur nucleaire radial de chenal 
chaud pour la partie du noyau ne contenant pas de 

* Cette etude theorique a ete realisee conjointement avec le 
Bureau d'etudes nucleaires (BEN) a Bruxelles. 
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barres de controle. En ne considerant aucune hetero
geneite de l'enrichissement en plutonium, la pointe de 
puissance nucleaire radiale ponctuelle est de 1,70 pour 
Ie barreau de plutonium le plus sollicite. 

Les distributions axiales de puissance dans le 
reacteur BR3 (fig. 5) ont ete evaluees precedemment a 
partir du programme des barres de controle [8]. 

Dans le reacteur BR3, Ia puissance moyenne fournie 
par centimetre de longueur est de 82,6 W. Le facteur 
global de chenal chaud pour le barreau de plutonium 
le plus defavorise etant de l'ordre de 4,0, la puissance 
maximale au regime nominal est de 330 W /em. Le 
facteur de chenal chaud mentionne tient compte, entre 
autres, d'un facteur technologique proportionnel a la 
variation axiale de l'enrichissement en plutonium; 
dans le cas present, cette variation, mesuree suivant la 
technique decrite, etait de 20 %. 

La reactivite du noyau permettant le fonctionne
ment du reacteur durant approximativement 4000 
heures au regime nominal de 40,9 MW(th), on peut 
considerer que les 'taux de combustion atteints en fin 
de vie du noyau par les 12 barreaux s'echelonneront de 
3500 a 4800 MWjjt. 

Temperature centrale maximale 

La temperature centrale maximale depend de la 
puissance specifique maximale engendree (W /em), de 
la temperature de surface et de la conductivite ther
mique du materiau combustible; elle peut etre deter-

minee a partir de !'equation rT2 
kdT= Wj47T. La 

• Tt 
determination de la courbe fkdT= j(T2) a fait !'objet 
de nombreuses mesures, specialement dans le cas de 
barreaux fabriques par vibration de poudres denses. 
Ces essais consistaient a chauffer axialement les 
barreaux combustibles a l'aide d'une tige en tungstene 
traversee par un courant de haut amperage et a relever 
par thermocouples ks temperatures a differents rayons. 
Les resultats des essais realises sur des barreaux de 
densites comprises entre 85 et 88 %, densite theorique, 
de meme que certains fournis par la litterature, sont 
donnes a la figure 6. De l'examen des courbes repre
sentees, il ressort que: 

1 a Les conductivites thermiques de poudres de 
U02 et de melanges physiques de U02 et de Pu02 sont 
sensiblement identiques. Cette conclusion est confir
mee par 1es resultats anterieurs obtenus sur pastilles [9] 
et par ceux releves dans la litterature [10]; 

2 o La conductivite de poudres de U02 mesuree 
dans le cadre du programme BelgoNucleaire-CEN est, 
aux basses temperatures, sensiblement identique a 
celle fournie d'une part par J. L. Daniel et al. [11], et, 
d'autre part, par W. E. Roake [12]; les seules diffe
rences proviennent plus que probablement de la 
den site des poudres; 

3 o Dans le domaine des temperatures elevees, 1es 
resultats acquis 1ors d~essais de simulation thermique 
ne concordent pas avec ceux deW. E. Roake obtenus a 
partir d'essais d'irradiation. Cette difference peut 
provenir, soit d'une surevaluation du transfert de 
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Figure 5. Distribution des puissances dans l'eh~ment combustible 

En haut: Distribution radiale; en bas: Distribution axiale 

chaleur par radiation [13], soit d'un accroissement de 
Ia conduction de chaleur du fait d'une formation plus 
generalisee de Ia structure basaltique a grains orientes 
radialement [14-15]. 

II ressort de ces conclusions que, compte tenu de Ia 
puissance maximale produite (330 W /em) et de Ia 
temperature maximale de surface du materiau com
bustible (400°C), Ia temperature centrale maximale 
des barreaux combustibles en cours de fonctionnement 
du reacteur sera de l'ordre de 1900°C. 

IRRADIATION PRELIMINAIRE 
D'ECHANTILLONS DE COMBUSTIBLES 
ENRICHIS AU PLUTONIUM DANS LE 

REACTEUR BR2 

Afin de s'assurer de Ia stabilite des barreaux com
bustibles fabriques, trois echantillons ont ete irradies 
dans le reacteur BR2. Ces echantillons (2 vibres: Vl6 
et Vl7; I retreint: F6) de 9 mm de diametre exterieur, 
de 0,5 mm d'epaisseur de gainage (acier inoxydable 
AISI 348), de 15 em de longueur et enrichis a 3 mjo en 
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plutonium*' etaient fabriques suivant les memes pro
cedes, schematises a Ia figure 2. II faut signaler toute
fois que, lors de Ia preparation de ces echantillons, Jes 
trois granulometries de poudres etaient premelangees 
avant remplissage, contrairement a Ia methode 
adoptee pour Ia fabrication des barreaux du BR3 ou ces 
trois fractions deversees simultanement dans le tube 
etaient, par consequent, melangees au cours du rem
plissage et de )'operation de vibration. Ce melange 
prealable des trois granulometries a conduit a des 
heterogeneites longitudinales et radiales de l'enrichis
sement en plutonium dans Jes trois echantillons en 
cause (figure 7). 

Malgre ces heterogeneites, aucun defaut n'a ete 
observe apres irradiation a un taux de combustion 
maximal de l'ordre de 1000 MWj/t, la puissance 
specifique maximale se situant au voisinage de 380 a 
400 Wjcm. Compte tenu de la temperature de surface 
du materiau combustible (140°C), la temperature 
centrale maximale est evaluee a 1800°C. 

CONCLUSIONS 

Rendu critique a la fin du mois de novembre, le 
reacteur fonctionne en puissance depuis le 4 decembre 
1963. Jusqu'a present, aucun incident n'a perturbe la 
bonne marche de la centrale electrique. 

A son stade actuel, }'experience a deja permis de 
soulever certains problemes technologiques et autres 
concernant la fabrication et le contr6le de barreaux 
combustibles enrichis au plutonium. A l'etat actuel des 
connaissances, chacun des procedes de fabrication 
adoptes pourrait etre approprie a la fabrication de 
combustible a base de plutonium; industriellement, le 
choix d'une technique particuliere ne pourrait depen
dre que des specifications ( enrichissement, densite, 
diametre, etc.). 11 faut signaler toutefois que, par ces 
procedes, des pointes locales d'enrichissement appa
raissent (fig. 4). Si !'amelioration des techniques de 
remplissage des tubes permet, des a present, de reduire 
cette heterogeneite, il est neanmoins vrai que ces con
centrations locales du plutonium auront toujours pour 
effet d'accroitre le facteur de chenal chaud du reacteur 
et, par consequent, d'affecter le prix de revient du 
kilowattheure. Une solution a ce probleme serait 
d'incorporer le plutonium dans les trois fractions de 
poudres denses sous forme d'oxyde mixte d'uranium 
et de plutonium; dans ce cas, toutefois, la quantite de 
matiere traitee en boite a gants etant plus grande, le 
cofit de fabrication sera plus eleve. L'experience en 
cours dans le reacteur BR3 permettra en partie 
d'orienter les travaux vers la solution optimale. Des a 
present, il semble que des barreaux a enrichissement 
profile en plutonium seraient, a ce point de vue, d'une 
application des plus interessantes; ces barreaux, en 
effet, peuvent, dans le cas du plutonium, etre fabri
ques aisement par les techniques adoptees. 

En ce qui concerne les controles, les techniques non 
destructives mises au point permettent d'evaluer, avec 

*Composition isotopique du plutonium: 239Pu: 93,72 %; 
240Pu: 5,7 %; 241Pu: 0,58 %. 
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une tres bonne approximation, Ia qualite des com
bustibles finis. Toutefois, afin de reduire le prix de 
revient du combustible, il est particulierement impor
tant, dans le cas de Ia fabrication de barreaux par les 
procedes decrits precedemment, d'accroitre les con
troles en cours de preparation et de standardiser cette 
derniere afin de limiter les essais finals a un controle 
statistique. 

Au cours des essais de determination de Ia con
ductivite thermique des poudres, il a ete demontre que 
!'orientation radiale preferentielle de Ia structure 
basaltique avait pour effet d'accentuer le transfert de 
chaleur dans le materiau combustible. Du fait de Ia 
migration radiale de matiere (formation d'un vide 
central) et de !'amelioration progressive du transfert de 
chaleur, la programmation de la montee initiale en 
puissance des noyaux fonctionnant a puissance 
specifique elevee semble essentielle pour conserver au 
combustible ceramique la stabilite requise au bon 
fonctionnement du reacteur. 

Au stade actuel, !'experience realisee a deja fourni 
un certain nombre de donnees utiles; les examens qui 
seront effectues apres irradiation permettront de com
pleter ces connaissances, tant au point de vue du com
portement du combustible, qu'au point de vue 
physique neutronique. 11 s'avere en effet que, grace aux 
analyses qui seront realisees, il sera possible de com
parer les resultats obtenus avec les donnees fournies 
par les etudes theoriques preliminaires concernant 
l'enrichissement en plutonium, le taux de combustion, 
I' evolution de la composition isotopique, etc. 

L'experience entreprise constitue un des premiers 
objectifs des recherches sur le plutonium effectuees par 
!'Association BelgoNucleaire-CEN; elle revet une 
importance particuliere dans Ia voie de r utilisation du 
plutonium dans les reacteurs de puissance refroidis 
a l'eau. 
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A/443 Belgium 

Plutonium enriched ceramic fuel rod 
irradiation in the BR3 power reactor* 

By J. M. Leblanc 

Twelve plutonium-uranium oxide fuel rods have 
been introduced into the Belgian BR3 reactor. The 
main objective ofthis experiment was to determine and 
to solve the technological problems occurring during 
the fabrication of plutonium enriched fuel rods and to 
study their behaviour under pressurised-water power 
reactor operating conditions. 

The fuel rods have been prepared by vibratory and 
swaging compaction of physically mixed dense uo2 
and U02-Pu02 powders. The main characteristics of 
these fuel rods are as follows: 

Fuel material: U02-0.96 mol% Pu02 
Density: 

vibrated rods: 86 % TD 
swaged rods: 91 % TD 

• Work performed in the framework of the Joint United 
States/EURATOM Research Programme. 

Dimensions: 
length: 150 em 
outside diameter: 0.870 em 
thickness of the cladding (stainless steel AISI 348) 

0.050 em. 
At each fabrication step, destructive and non

destructive tests have been made to estimate the quality 
of the materials. The non-destructive tests on the 
finished fuel rods consisted essentially of controlling 
the end cap welds and the can tightness, the homo
geneity of the density and the plutonium enrichment, 
the integrity and the thickness of the cladding, the 
surface contamination, etc. 

The twelve plutonium enriched rods have been 
distributed amongst 96 rods containing uranium oxide 
enriched to 3. 7 % 235U and assembled with these 
latter by means of grids provided with springs. 
The assembly was introduced into the core centre in 
the beginning of November 1963. It will remain in 
the reactor core for at least 9 months -4 000 hours 
at the equivalent full power of 40.9 MW(th). 

The computation of the plutonium enrichment 
(0.96 mol %) in the rods has been done using a geo
metrical model idealizing the reactor core when the 
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fuel rods are introduced. The safety criterion adopted 
is the uniformity of the radial specific power distribu
tion in the core. The nuclear study made it possible to 
estimate the maximum specific power generated by each 
rod at the beginning and at the end of the core life. At 
the standard power of 40.9 MW(th), the maximum 
specific power in the plutonium loaded rods is about 
330 W fern and the average burn-up of the most highly 
rated rod will be close to 4800 MWd/t. 

Prior to the introduction of the fuel rods in the 
reactor, different studies were carried out. Out-of-pile 
experiments were made to determine the thermal con
ductivity of physically mixed U02-Pu02 powders 
densified by vibration and swaging. From the results 
of the measurements, the maximum central tempera
ture of 1 900 oc ± 7 5 oc has been evaluated in the 
plutonium fuel rods during the BR3 operation. Fuel 
samples prepared by the same techniques and irradiated 
in the BR2 high flux reactor indicated that this type of 
fuel may tolerate thermal heat fluxes of about 380-
400 W/cm and burn-ups close to 1000-1100 MWd/t. 

The reactor has been in operation since November 
25, 1963. The experiments still going on are one of the 
first objectives being pursued in plutonium research by 
the BelgoNucleaire-CEN Association. 

A/443 EienbrHR 

06nyYeHHe B 3HepreTHL!eCKOM peaK
TOpe BR-3 KepaMHL!eCKHX TonnHBHbiX 
crepmHe~, o6oraU4eHHbiX nnyroHHeM 
}t{. M. Jle6naH 

)l,aeHU~IJ,UTb KepaMH'leCKHX TOIIJillBHhlX CTepiK

neii na OI<uceii ypaua u IIJIYTOHHJI 6LIJIH noMen~e
HLI B 6eJibrniicKuii: peaKTop BR-3. OcuoBHhlMH 

aa~a'laMH aToro uccnep.oBauua 6LIJIH nocTaHOBKa n 

pernenne TCXHOJIOfH'IeCKHX IIpOoJieM, CBJI3UHHLIX 

C J13fOTOBJICHHeM TOIIJIHBHbiX CTepiKHeH, o6ora

liJ,eHHhlX liJIYTOHHeM, H HCCJieP,OB8HHC CBOHCTB 

ilTHX CTepmueif B yCJIOBHJIX p.eifcTByiO~HX auepre

TH'leCKHX peaJ<TOpOB, OXJIMKp.aeMbiX BOP,OH 110~ 
;~aBJieuneM. 

TonJIHBHLie cTepiKHH 6hlJIH naroTouJieHLI MeTo

~oM BHOpaiJ,HH H o6iKUTHJI lflnaH'IeCKOH CMeCil 

IIJIOTHLIX nopOlLlKOB ORHCH ypaua H ORHCII ypa

na - OKHCH DJIYTOHHJI. 8TH CTepiKHII HMeiOT CJie

~YIOliJ,lle OCHOBHLie xapaKTepHCTHKII: 

- ~eJIJI~HHCJI MUTepuaJI: OKHCb ypaua C 0,96% 
MOJI. OKHCH IIJIYTOHHJI; 

- IIJIOTHOCTb: CTepiKHH, H3fOTOBJieHHhie BH6pa

IJ,HeH: 86% TeopeTH'IeCKOH llJIOTHOCTJf, CTep

iKHlf, Jf3fOTOB.1JeHHhle 06iK8TIIl'M: 91% TCO

peTJf'leCROii DJIOTHOCTH; 

- paaMephl: ~JJHHU 150 CM, 
uapyiKHhlii ~HaMeTp 0,870 CM, 
TOJI~uua o6ono'IRH 0,050 eM ( cTaJJb 
AISI 348). 
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Ha Kam~oii CTa~un naroTOBJieHnu cTepmueii 

npOH3BO~HJJH HCJ1LIT8HHJI C paapyiiieHHeM H 6ea 

paapymeuua o6paaiJ,a c IJ,eJILIO onpe~eJIHT:& Ka'le

cTBo MaTepuaJIOB B npoiJ,ecce ux nepepa6oTKH. 

McnLITauua 6ea paapymeuua o6paaiJ,a rOTOBLIX 

TODJIHBHLIX CTepmueii: B OCHOBHOM ~OJJiKHLI OLIJJH 

o6ecne'IHTb KOHTpOJib CBapHLIX IIIBOB npo6ot\ H 

repMeTH'IHOCTH CTepiKHeii:, O~HOpO~HYIO IIJIOTHOCTb 

H o6ora~euue IIJIYTOHHeM, IJ,eJIOCTHOCTb H paBHO

MepnyiO TOJI~nuy oooJio'IKH, 'IHCTOTY noBepxuo

CTil .U T. ~· 
)l,BeHU~IJ,UTb CTepiKHeii:, OOOf811\eHHLIX IIJIYTOH.U

e~, 6LIJJlf paaMe~euLI cpemi 96 cTepmueii Ha oKn

cu ypaua, o6ora~euuoii 3,7% U235, n co6paHLI c 

HHMH C IIOMO~biO npoMeiKyTO'IHhlX pemeTOR ll3 

ynpyrnx nnacT.un. C6opKa, noMe~euuaa B IJ,eH

·rpe aKT.UBHOH 30Hhl peaKTopa B HU'IaJJe Hoa6pa 

1963 ro~a, ~oJimua 6LIJia uaxo~uTbCJI TaM B Te'le

uue uo Kpaiiueii Mepe ~eBJITH MecaiJ,eB pa6oTLI pe

anTopa ( 4000 1£ npH HOM.UHUJibHOH TeiiJIOBOH MO~
UOCTH 40,9 1Jf6T). 

Pac'leT o6orall\eHHJI nJiyTouneM (0,96 MOJI. %) 
CTepmueii: npOH3BeJIH C llOMO~biO reoMeTpH'leCKOH 

MO~eJIH, npep.CT8BJIJIIO~eii: aKTHBHYIO 30HY peaK

Topa B MOMeHT BBep.eHHJI TOllJIHBHhlX CTepmueii, 

upuuaB B Ka'leCTBe «puTepua 6eaonacuoCTH op.
uopop.uoCTb pap.uaJILHoro pacnpep.eJieuna yp;eJIL

HhlX MOlll,HOCTeii • .ffp;epuo-lflH3H1JeCKOe HCCJiep.oBa

H.Ue 1103BOJI.UJIO onpep.eJIHTb yp;eJibHbie MOlll,HOCTH, 

MUKCHMUJlbHO reuepnpyeMLie KaiKp.LIM CTepiKHeM 

B Ha'laJie ::lKCDepuMeHTa H K KOHIJ,Y iKH3H.U UKTHB

HOH aouLI. IIpH HOMHHaJILuoii TenJioBoii MOIIJ,HOCTn 

40,9 M6r MaKCHMaJILHaa MOIIJ,HOCTb cTepmueii, 

OOOfUIIJ,eHHLIX llJIYTOHHeM, COCTaBJIJieT npHMepuo 

a30 6T/cM; cpep;HJIJI fJIYOHHU BLifOpUHHJI COCTUBHT 

npnMepuo 4800 MBr • cyrnu/r. 
Ilepep; BBep;euneM CTepmueii B peaKTop 6LIJIU 

BhliionueHLI paaJin'IHLie uccJiep.ouau.ua. BLIJJH npo

Bep.euLI onLITLI Due peaKTopa c IJ,eJILIO onpep;eJIHTh 

TellJIOIIpOBOf\HOCTb lflH3H'IeCKHX CMeCeH OKHCH 

ypaua H OKHCH ypaua - OKHCH DJIYTOHHJI, ynJIOT

HeHHLIX c ITOMOIIJ,hiO on6paiJ,nn n o6maTna. Pe

ayJihTaTLI :lT.UX H3MepeHHH 1103BOJIHJIH YCTUHO

BHTh, 'ITO M8KCHM8JlhH8JI paoo'la.ff TeMnepaTypa 
B Cepe~HHe TODJIHBHhlX CTepmueii B peaKTOpe 

BR-3 cocTaBJIJieT 1900 + 75° C. McnLITauna o6-

pa3IJ,OB TOIIJIHBa, H3fOTOBJieHHLIX TeM iKe C8MLIM 

MeTop;oM H OOJiylJeHHbiX B aKcnepHMeHT8JibHOM 

peaKTope BR-2, noaBOJIHJIH c~eJiaTL BLIBO~ o cTa-

6HJibHOCTH :lTOfO TOllJIHBa npH CTeiTeHH TeiTJIOBhl

~eJieHHJI ITOpJIAKa 380-400 6T/CM H npH rJiy6HHe 

BLiropauua B npep.eJiax 1000-1100 M6r • cyrnulr. 
R uacToJIIIJ,eMy BpeMeun peaKTop pa6oTaeT ua

•muaa c 25 uoa6pa 1963 r. OcyiiJ,eCTBJIJieMhlii :mc

nepnMeHT JIBJIJieTcJI OAHOii na nepBLIX ~eJieii 
.UCCJieAOBaTeJibCRH:X: pa6oT ITO DJIYTOHHIO, npOBO

AHMhlX B BeJILrnu lflnpMoii «BeJILrouiOKJieap» n 

Hayquo-nccJieAOBaTeJihCKHM IJ,eHTpOM no aToMuoii 
aaeprnn. 
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A/443 Belgica 

lrradiaci6n en el reactor de potencia BR3 
de barras combustibles cenimicas 
enriquecidas con plutonio* 

por J. M. Leblanc 

Se han introducido doce barras combustibles 
cenimicas de 6xido de uranio y de plutonio en el 
reactor helga BR3. Los fines principales de esta 
experiencia eran el suscitar y resolver problemas 
tecnol6gicos inherentes ala fabricaci6n de barras com
bustibles enriquecidas con plutonio y estudiar el 
comportamiento de estas en las condiciones de fun
cionamiento de los reactores de potencia de agua a 
presion. 

Las barras combustibles fueron preparadas por 
vibraci6n y compactado de mezclas fisicas de polvos 
densos de U02 y de U02-Pu02. Las principales carac
teristicas de dichas barras son las siguientes: 

Material combustible: U02-0,96 m/o PuOz 
Densidad: 

barras vibradas: 86 % DT 
barras compactadas: 91% DT 

Dimensiones: 
Iongitud: 150 em 
diametro exterior: 0,870 em 
espesor de la vaina (acero AISI 348): 0,050 em. 

En cada fase de la fabricaci6n, se han efectuado 
controles destructivos y no destructivos para valorar 
la c~Iidad de los materiales empleados. Los ensayos no 
destructivos Ilevados a cabo sobre los combustibles 
terminados consisten esencialmente en controlar las 
soldaduras de los tapones y la estanqueidad de los 
cartuchos, la homogeneidad en densidad y del enrique
cimiento en plutonio, Ia integridad y el espesor de Ia 
vaina, la contaminaci6n superficial, etc. 

* Trabajo efectuado dentro del programa comun de investiga
ci6n EURATOM/Estados Unidos. 
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Las doce barras enriquecidas con plutonio fueron 
colocadas entre 96 barras de 6xido de uranio enri
quecido al 3, 7 % 235U y unidas a estas ultimas por 
medio de un emparrillado intermedio de laminas 
ehisticas. El conjunto, colocado en el centro del nucleo 
a principios del mes de noviembre de 1963 debe con
tinuar en ei por lo menos durante nueve meses de 
funcionamiento del reactor-4 000 horas de potencia 
nominal de 40,9 MW(t). 

El calculo del enriquecimiento en plutonio (0,96 
mjo) de las barras fue realizado con ayuda de un 
modelo geometrico idealizando el nucleo del reactor 
en el momento de la introducci6n de las barras com
bustibles y adoptando, como criterio de seguridad, la 
uniformidad en la distribuci6n radial de potencias 
especificas. El estudio nuclear ha permitido valorar las 
potencias especificas maximas generadas por cada una 
de las barras al comienzo de la experiencia y a! final de 
la vida del nucleo. En regimen nominal de 40,9 MW(t), 
Ia potencia maxima en las barras de plutonio es del 
orden de 330 W/cm; el grado de quemado medio en Ia 
barra mas afectada estara proximo a 4800 MWdjt. 

Antes de introducir las barras en el reactor, se 
realizaron diversos estudios. Se Ilevaron a cabo 
ensayos fuera de pila, para determinar la conductivi
dad termica de mezclas fisicas de U02 y de U02-

Pu02 densificadas por vibraci6n y forja rotativa. Los 
resultados de estas medidas han permitido estimar en 
1900 ± 75 oc la temperatura maxima central de las 
barras combustibles en operaci6n en el reactor BR3. 
Muestras de combustibles fabricadas. segun las mismas 
tecnicas e irradiadas en el reactor de ensayo BR2 han 
permitido llegar a conclusiones sobre Ia estabilidad de 
estos combustibles para niveles de generaci6n de calor 
del orden de 380 a 400 Wjcm y para grados de que
mado comprendidos entre 1000 y 1100 MWd/t. 

En el momento actual, el reactor esta en operaci6n 
desde el 25 de noviembre de 1963. La experiencia en 
curso es uno de los primeros objetivos de las investiga
ciones sobre plutonio llevadas a cabo actualmente en 
Belgica por la Asociaci6n BelgoNuclear-CEN. 
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Developments in fuel fabrication for research reactors 
in Brazil 

By T. D. de Souza Santos, H. M. Haydt and C. T. de Freitas* 

The Divislio de Metalurgia Nuclear of the Institute 
de Energia Atomica is presently engaged in the actual 
fabrication of the fuel elements for the ARGONAUT 
reactor, Institute de Engenharia Nuclear, Rio de 
Janeiro, and for the subcritical assembly known as 
"Re-Suco", Institute de Energia Atomica, for lattice 
studies. 

The fuel elements for the ARGONAUT reactor 
comprise some novel features which will be men
tioned in a later section. The "Re-Suco" assembly 
utilizes rather large uo2 pellets, which presented 
some fabrication difficulties due to their size. 

Extensive development work had to be carried out 
before the fabrication procedures were properly 
worked out. The chief aims were: (a) to determine the 
influence of the main variables on the properties and 
behaviour of the cermets and pellets; {b) to establish 
the fabrication procedure which would best fit the 
existing laboratory facilities; (c) to afford a reasonably 
cheap and straightforward fabricating procedure; 
(d) to supply the required data from which the metal
lurgical units could be designed and built under short 
notice by local manufacturers; (e) to provide on-the
job training for the operating staff. 

Many difficulties had to be overcome in the earlier 
stages of the development work which was started 
early in 1962. These difficulties were related mainly to 
irregular and erratic behaviour in the roll bonding of 
picture-frame sets for the ARGONAUT plates and to 
cracks attributed to thermal stresses in the pre-sinter
ing of the large uo2 pellets. 

The paper describes the main features of the experi
mental work done on fabrication of fuel plates con
taining a cermet of 54.4 % UaOs of natural isotopic 
content and 45.6 % aluminium powder. Two complete 
mock-up fuel elements with a natural isotopic content 
were produced and the actual fuel elements with 20 % 
enriched UaOs-Al cermets of the same composition 
are being fabricated. The paper describes further the 
production of the large uo2 pellets for the sub
critical assembly, and stresses the influence of most 
important variables on the properties of those pellets. 

ARGONAUT FUEL PLATE FABRICATION 

As it was proposed to operate the Institute de 

* Instituto de Energia Atomica Sao Paulo. 

Engenharia Nuclear ARGONAUT reactor at 10 KW 
(th), it was considered necessary to provide a totally 
clad plate instead of a strip obtained by extrusion, 
from which the actual plates could be cut. 

Two fabricating alternatives were extensively studied, 
namely, roll bonding of picture-frame sets with a thick 
cermet inside; and cast cladding the cermet with a 
suitable aluminium alloy in a specially designed ingot 
mould, following the idea developed by Bergua et a/. 
[1] at Argonne National Laboratory. Although some 
excellent plates were obtained, the rather strict 
specification for face cladding thickness did not 
encourage the use of the cast cladding alternative. 

After a considerable amount of development work 
on the roll bonding of picture frame sets a safe and 
reliable fabricating procedure has been established 
which fully meets the dimensional, physical, structural 
and corrosion resistance requirements for the 
ARGONAUT fuel assemblies. 

Plate specifications 

The final plate specifications were as follows: 
"meat" composition 54.4 % UsOs (20 %enriched) and 
45.6 % Al powder; UaOs 124.5 g per plate; total Al 
216.4 g max. per plate; total weight 340.9 g per plate; 
final dimensions of the "meat" 585 to 600 mm long, 
68 mm wide and 2.0 mm thick; final plate dimensions 
610 mm long, 73 mm wide and 2.40 to 2.44 mm thick. 

Production of the compacts 

The compacting behaviour of charge mixtures con
taining various proportions of natural isotopic content 
UaOs produced from ammonium diuranate has been 
thoroughly investigated by varying the calcining 
temperature and time, the grain sizes of the UaOs and 
the aluminium powder, the conditioning step, the 
charge and die lubrication and the compacting 
pressure [2]. 

The results have shown that strict control of the 
temperature and time of the calcining operation was 
essential to secure reproducible densities in the com
pacting operation, which was done in hydraulic 
presses in large hardened steel dies. 

The conditioning step is also of prime importance, 
as it determines the ability of the cermet to withstand 
the hot and cold rolling operations during the plate 
fabrication. The best results are obtained by preparing 
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the charge for 24 hours in a 3.5 l rubber lined jar, 
tightly closed, which contained a constant load of 
hard rubber balls. 

Pressing is done in a 100 mm x 65 mm die at a 
compacting pressure of0.54 ton/cm2 to give a 11.4 mm 
thick cermet. The dies are fully lubricated with a 
solution of stearine in carbon tetrachloride. It has 
been found that the presence of even small fissures in 
the compact impair the plastic behaviour during the 
roll bonding operations. Therefore attention must be 
paid at the pressing step to avoid such cracks. 

Pre-sintering of the compacts 

An important step to ensure plasticity during the 
roll bonding operation is the pre-sintering of the 
cermet which is done in argon at 580°C, in a multi
zone electric tubular furnace (Fig. 1). 

Slow heating to the sintering temperature and slow 
cooling to room temperature is important to avoid 
thermal stresses and related cracks. This operation is 
done in large rib-bottomed graphite boats of a special 
design to avoid distortions during the operation. 

The pre-sintering does not alter substantially the 
cermet density but improves appreciably its high 
temperature plasticity during the hot roll bonding 
operation. 

Assembly of picture frame components and 
roll bonding 

The pre-sintered cermets are wrapped in dead soft 
annealed 0.10 mm-thick 1100 aluminium foil before 
they are hand set into the frame component which is 
machined from 1100 11.5-mm thick aluminium alloy 
plate. Special precautions are adopted to ensure 
complete freedom from surface defects both in the 
frame and in the cover sheets which are cut from 
2.0 mm-thick 1100 aluminium alloy plate. The frame 
is carefully machined to ensure a tight fit of the 
wrapped cermet in the opening. 

Figure 1. Charging the cermets into the continuous electric 
sintering furnace under an argon atmosphere 

The cermets are 100 x 64 x 11.4 mm and contain 124.5 g 
UaOs (54.4 %) 
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A special jig was designed to assemble the frame 
with its core insert and the two cover plates in the 
proper position before welding under an argon arc 
with a tungsten tip. The welding is satisfactory and 
metallographic examination did not show any cracks 
or entrapped oxide. 

Once welded, the assemblies are soaked for 45 min
utes in a specially designed electric muffle furnace, at a 
temperature of 590°C. Strict control of the tempera
ture, soaking time and location of the assembled set 
within the furnace, are necessary to avoid defects 
during the hot roll bonding operations. 

The hot and cold rolling operations are done in a 
Stannat Mann four-high rolling mill. The roll bonding 
schedule is as follows: 59 % reduction by hot rolling, 
furnace anneal for 20 minutes, 61 % reduction by hot 
rolling, a second furnace anneal, 61 % reduction by 
hot rolling and then cooling down to room tempera
ture for edge and end cutting. The plates are X-rayed 
at this stage to check the proper location of the 
"meat" so as to ensure the proper final cutting of the 
plate once the cold rolling is completed. 

Cold rolling, finishing and inspection of the 
final plates 

After annealing for 10 minutes, the cut plates are 
finally cold rolled down to the 2.40 to 2.44 mm final 
thickness in the rolling mill. Before they are cut to the 
final dimensions through a die, the plates are subjected 
to X-ray and blister tests, which are done at 590°C for 
45 minutes. 

The final trimming and punching operations are 
done in proper jigs and fixtures to achieve the dimen
sional tolerances of the assembled fuel elements. 
Figure 2 shows two of the assembled fuel elements. 

U02 PELLETS FOR THE"RE-SUCO" ASSEMBLY 

The sub-critical assembly will contain 217 alumin
ium alloy tubes loaded with uo2 pellets of natural 

Figure 2. View of two assembled ARGONAUT fuel elemenu of 
17 plates with a cermet "meat" of 54·4% UaOs-45.6% AI 
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isotopic content, of 40.0 ±0.2 mm diameter and 
39.8 ±0.3 mm height. Mass requirements for the 
assembly called for a pellet density of 6.6 ± 0.1 gjcma. 
The total length of the aluminium tube is 1269 mm 
and the pellets are loaded into the 910 mm upper 
section which has a 44.0 ± 0.2 mm outside diameter 
and a 40.5 ± 0.2 mm inside diameter. Each tube will 
hold 22 pellets of 330.4 g each. The total weight of 
uo2 will be 1812.4 kg and 5962 pellets will be 
required. 

A fabricational procedure has been established 
which ensures good reproducibility of the properties 
of the powders and pellets and keeps the investment 
and fabricating costs within reasonable limits. Very 
extensive preliminary studies were necessary to 
determine the influence of the main variables and to 
establish the fabricational procedure [3,4]. 

Calcining 

Calcining the ammonium diuranate is done in an 
electric muflle furnace at a temperature of 875°C for 
3 hours. The uranium salt is loaded into alloyed cast 
iron trays which hold 2.5 kg each. There is appreciable 
grain coarsening during the calcining. 

Reduction 

The reduction is carried out under hydrogen in 
electric furnaces with two independently controlled 
reduction zones and a long water cooled chamber to 
allow proper cooling of the reduced powder before 
exposure to the atmosphere. 

The charge is loaded into graphite boats of special 
design which are coupled together to form a train 
which is moved along the furnace at scheduled time 
intervals. The lower reduction zone is set at 300 oc 
and the upper at 700°C, the boat remains about one 
hour in each zone. The entrance and discharge ends of 
the furnace can be isolated from the central part 
through the closing of special intermediate doors, the 
end spaces can then be purged with argon. 

Conditioning 

In order to meet the density requirements with the 
minimum compacting pressure and with the minimum 
pre-sintering time, the charge should be conditioned 
with extreme precautions. 

Conditioning is done in hard rubber lined steel con
tainers of 5 1 capacity running at 80 rpm over a large 
rack. Twelve containers can operate concurrently. The 
reduced uo2 load in each container is 3 kg and as 
grinding medium 6 kg of hardened steel balls of 12 mm 
diameter are used. The total conditioning time is 
48 hours. 

For a powder obtained by reduction under fixed 
conditions, the powder density increases with the 
conditioning time tending asymptotically to a well 
defined value, which depends upon the speed of 
rotation, the U02 and the ball charge. The initial tap 
density of the reduced powder is 1.6 gjcma; this 
increases with time to 4.5 gjcm3 after 48 hours. The 
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container is emptied and the conditioned charge is 
passed through a 20 mesh screen to break up the 
powder lumps. 

The conditioned powder is then hand mixed with 
2 % camphor dissolved in alcohol. The charge is 
spread in an enamelled tray and allowed to dry in an 
electric oven set at 50°C. As lubricant, 0.5% zinc 
stearate is added to the dried charge. 

Compacting 
Low compacting pressures are used to minimize die 

wear and consequently pellet production costs. The 
charge per pellet is 33 7.1 g, weighed on a Mettler scale 
in a glove box. After removal of the binder and lubri
cant, the net weight of the pellet will be 330.4 g. The 
expected green density is 6.70 to 6.72 g/cm3. 

The die is a double floating-plunger type made of 
air hardened alloy steel, which is set into a special 
fixture which does not allow height fluctuations of 
more than 0.5 mm. The compacting force, exerted 
through two hydraulic presses operating at the same 
time, can vary from 22 to 28 tons. It has been found 
that these fluctuations can be attributed to irregular 
driving off of the camphor binder. Under the prescribed 
operating conditions, the scatter of the densities ob
tained is within 0.1 gjcm3, which complies fully with 
the specification presented in the beginning of this 
section. 

Figure 3 shows the influence of the compacting 
pressure on the green densities of 40.1 mm pellets 
produced from charge mixtures of increasing tap 
densities. 

Pre-sintering 

The pre-sintering is done at a fast rate in a specially 
built tubular electric furnace, with eight independently-
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Figure 4. Charging the graphite boat with 330.4 g U02 pellets 
into the continuous electric furnace for pre-sintering under argon 

controlled hot zones, under an argon atmosphere. At 
the discharge end a long water cooled section allows 
proper cooling of the sintered charge in the graphite 
boats, thus avoiding skin oxidation of the pellets. 

Figure 4 shows the charging entrance to the furnace 
and the adjustable-speed feeder which pushes the first 
graphite boat. The usual feed rate is 60 em/h. The 
present maximum temperature is 400 oc in the central 
part of the furnace, which is about 60 em long. 
During this fairly fast pre-sintering the binder and 
lubricant are completely driven off. 

The final pellet density is 6.6 ±0.1 gjcma. The 
diameter is 40.05 ±0.05 mm and the height is 39.8 
± 0.3 mm. The reproducibility of these properties is 
very good and regular routine tests on the compaction 
of the conditioned charge are carried out. 

Assembly of the pre-sintered pellets in the 
Al-alloy tubes 

The pellets have a shiny appearance and are free 
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from cracks or folds. As they are insufficiently hard to 
withstand further loading into the aluminium alloy 
tubes which form the fuel assemblies, they are wrapped 
in 0.05-mm aluminium foil and the bundles are then 
lowered into the aluminium tubes. The final assembly 
is then argon arc welded in a rotary jig to ensure good 
uniformity of the welded seams. 

CONCLUSIONS 

The procedure for the fabrication of fully clad fuel 
plates for ARGONAUT reactor containing a "meat" 
of 54.4% UaOs and 45.6% aluminium powder has 
been described. 

The pressing of the conditioned UaOs-Al powder 
mixture and the pre-sintering of the cermets are done 
in equipment which has been designed and built 
locally. Good reproducibility of the fuel properties is 
obtained. 

An extensive investigation has been conducted on 
the influence of the important variables on the 
properties of large (40.1 mm diameter and 39.8 mm 
height) and heavy (330.4 g) uo2 pellets for a sub
critical assembly. 

The accurate control of the characteristics of the 
powder produced from nuclear grade ammonium 
diuranate, allows for a simple fabrication procedure 
based on pressing under low pressure with a floating
plunger die and fast pre-sintering under argon in a 
continuous eight zone furnace of local construction. 
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ABSTRACT -RESUME-AHHOTAL\lt1R-RESUMEN 

A/485 Bresil 

Fabrication du combustible des reacteurs 
de recherche bresiliens 

parT. D. de Souza Santos et a/. 

Les auteurs decrivent la mise au point de la 
fabrication des elements combustibles du reacteur 
ARGONAUT de l'Instituto de Engenharia Nuclear, 
Rio de Janeiro, et du Re-Suco, un assemblage sous
critique utilisant des pastilles de uo2 de 40,1 mm, de 
1'Instituto de Energia Atomica. 

Dans les deux cas, on a choisi le proc6de de fabrica
tion de facon a pouvoir utiliser un equipement 
susceptible d'etre construit rapidement par l'industrie 
locale. 

Avant d'entreprendre Ia fabrication des plaques 
combustibles du reacteur, on a fait de nombreuses 
etudes experimeptales avec des cermets contenant 
54,4% de UaOs a teneur isotopique naturelle et 
45,6% de poudre d'aluminium. Avec U30 8 en poudre 
ayant Ia meme taille de grain que l'oxyde enrichi a 
20 %, on a pu definir correctement les variables 
essentielles du proc6de de fabrication. Apres avoir 
etudie le proc6de de gainage par coulee, on a mis au 
point le procede de liaison par laminage des cadres 
contenant le cermet, prealablement fritte sous argon. 
On a realise deux elements combustibles fictifs a 
uranium nature! pour controler Ia reproductibilite des 
resultats avant d'entreprendre Ia fabrication des 
plaques combustibles reelles. 

Les cadres sont concus de facon a assurer un gainage 
complet, y compris les extremites des plaques, pour 
l'ame mince. Chaque element combustible comprend 
17 plaques de 2,42 mm d'epaisseur, 73,0 mm de largeur 
et 610 mm de longueur, avec un gainage sur les faces 
de 0,30 mm d'epaisseur. Chaque plaque contient 
21,0 g de 235U. Le travail experimental a essentielle
ment compris: la preparation de la charge; le com
pactage sous differentes pression.s dans des moules de 
geometries differentes; le frittage sous argon; !'assem
blage des composants du cadre; le laminage a chaud 
des ensembles soudes, et les operation de laminage a 
froid pour amener les plaques aux specifications 
dimensionnelles et physiques. 

L'assemblage sous-critique Re-suco contient 271 ele
ments combustibles, 1100 tubes en alliage d'alu
minium de 44 mm de diametre exterieur, 40,5 mm de 
diametre interieur, 1269 mm de longueur totale, 
chacun con tenant 22 pastilles de 40,1 mm de diametre 
et pesant 330,4 g. La charge totale necessite 5 962 pas
tilles pesant 1812,4 kg. 

La fabrication des pastilles est partie de diuranate 
d'ammonium de purete nucleaire, produit par l'IEA. 
Le procede de fabrication a ete etudie de facon a 
minimiser 1a cout de !'operation. Grace au controle 
precis des operations de calcination, de reduction et de 

conditionnement, on a obtenu une charge facile a 
compacter, permettant la production de pastilles a Ia 
densite voulue de 6,6 ±0,1 g/cm3 avec une pression de 
compactage de 1,9 tfcm2 seulement; ces pastilles sont 
ensuite frittees sous argon dans un four de frittage 
continu a huit zones, a chauffage electrique. La repro
ductibilite des dimensions et de la densite des pastilles 
frittees a ete excellente. 

A/48~ EipaaHnHR 

Paapa6oTKH e o6nacTH waroroeneHHH 
ronnwea AnH HccneAOBarenbCKHX pe
aKTopoe e 6paaHnHH 
T. A. Ae Cyaa CaHTOC et al. 

AnTopbi omiCbiBaiOT 3KcnepuMeHTaJir.Hble uccne

;:~;onaHHH H paapa60TKH IIO H3rOTOBJICHHIO TCIIJIO

BbiJ).eJHIIOIQHX :meMeHTOB J).JIH peaKTOpa 

ARGONAUT MucTHTyTa HJI.epuoil: TeXHHKH n 

Puo-~J,e-i.Kaueil:po H IIOJI.KPHTH'leCKoil: c6opKH RE

SUCO, col);epmaJ:Qeii Ta6neTKH H3 lJ:BYOKHCH ypa

Ha li,HaMeTpOM 40,1 M.M, l'IIICTHTYT8 8TOMIIOH :mep

rHH. 

B oueux paapa6oTKax Bbl6op MeTOll,a H3rOTOBJie

HHH TeliJIOBbiJ).eJIHIOIQHX :meMeHTOB onpeJ).eJIHJJCH 

C y'leTOM HCIIOJib30BaHHH o6opyJ).OB8HHH, KOTOpoe 

Morno 6hl 6hiTb naroTOBJieHo aa KopoTKuil: cpoK 

MeCTHbiMH npeJ).llpHHTHHMH. 

Ilepel); TeM K8K H8'laTb cepHHHOe 11pOH3BOJI.CTBO 

TOIIJIHBllbiX nnaCTHIIlJ:JIH peaKTOpa ARGONAUT, 

obiJIH nponel);eHbl o6nmpHbie :mcnepuMeHTaJibHbie 

HCCJie;J;OB8HH.fl Ha KepMeTax, COl);epiKaiQHX 54,4% 
UaOs (ua npnpOJI.Horo ypa11a) H 45,6 aJIIOMHHHe

noro noponma. McrroJih3YH nopomoK UaOs c TeM 

me paaMepoM aepeu, 'ITo H paaMep aepeH OKHCH c 

20-rrpo~eHTHbiM o6oraJ:QeHHeM (no U 235), Mo»mo 

ohiJio npaBHJibHO orrpeJI.eJIHTh uau6oJiee BaiKHble 
oco6eHHOCTH MeToJ).a H3rOTOBJieHHH. lloCJIC 38BCp

JUeHH.fl HCCJieJ).OB8HHH npo~ecca O'leXJIOBKH TB3-

JIOB JIHTbeM HpOH3BOl);HJIOCb H3y'leHHe MeTOJ).a coe

JI.HHeHH.fl KepMeTa C OOOJIO'lKOH rryTeM rrpOK8TKII 

paMO'IHbiX c6opOK, H81IOJIHeHHbiX KepMeTOM, KOTO

pbiH npeJI.napuTeJihHo crreKaJICH n cpeJI.e aprona. 

L\na IIOJIHbiX ITOJI.OOHbiX TenJIOBhil);eJIHIOIQHX 

aJieMeHTa H3 npHpOJI.HOrO ypaHa 6biJIH H3rOTOBJie

Hbl J).JI.fl nponepi<H BOCIIpOH3BOJI.HMOCTH peayJihTa

TOB, uepep; TeM Kai< H8'18Tb CCpHHHOe 1IpOH3BOl);CT

HO TOIIJIHBHbiX IIJiaCTHH. 

PaMo'IHble c6opKH 6biJIII cKOHCTpyuponaHhl c 

TaKRM paC'IeTOM, 'ITOObl o6ecrre'IHTb IIOJIHYIO 

o'leXJIOBKy, BKJIIO'IaH KOH~bl TOIIJIHBHbiX HJiaCTHH 

e OKOH'IaTeJibHO l);etfJopMHpOB8HHbiM TOHKHM Cep

;~e'IHHKOM. RamJJ;hlii TennoBhll);eJIHIOIQHii aneMeHT 

COCTOIIT H3 17 JIJI8CTHH TOJIIQHHOH 2,42 M.M, illH

pHHOH 73,0M.M JI p;nunoil: 610.MM. ToJIIQHHa o6o-
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JIO'J KH B JIJIOCKOH 'IaCTH IIJiaCTHHbl COCTaBJIJICT 

0,30 MM. Kam,o;aJJ rrnacTHHa co,o;epmuT 21,0 e 
U235• 8KcnepuMeHTaJihHaJI paooTa BKJIIO'lana cne

IIYIOI.que OCHOBHbiC onepaJIHH: H3fOTOBJICHHC CMC

CH OKHCH ypaHa H noponiKa 3JIIOMHHHJI; npeCCOB

Ka aTOM CMCCH llO,II; pa3JIH'lHbiMH ,IJ;3BJICHHJIMH B 

11IT3MIIaX p33JIH'lHOH lf>opMbl; npe,D;BapHTCJihHOP 

crreKaHue crrpeccosaHHoii: cMecu rropornKOB B cpe

:\C aproHa; c6opKy KOMJIOHCHTOB npeccyeMOH 

paMKH; ropH'IYIO rrpoKaTKY coopaHHbiX H 33BapCH

HbiX paMO'lHbiX COOpOK H OKOH'laTCJibHYIO XOJIO,IJ;

HYIO npoKaTKY ,II;JIJI ,II;OBe,IJ;eHHH TOJIJIHBHhiX nna

CTHH ,!1;0 HY)KHhiX pa3MCpOB H lf>H3H1JCCKHX CJIC~
If>uKaJIHH. 

IIo,o;KpHTHlJ:CCKaJI coopKa RE-S uco co,o;epmHT 

271 TCIIJIOBbi,II;CJIJIIOI.qHX ;)JICMCHTOB, 1100 Tpy6 H3 

aJIIOMHHHCBOfO CIIJI3B3 HapyiRHbiM ,IJ;HaMCTpOM 

44 MM, BHyTpeHHHM ,o;uaMeTpoM 40,5 MM u o6~.qeii: 
,o;nuHoii 1269 MM. Kamp;hlii: TCITJIOBhi.D;CJIHIOI.qHii 

aJICMCHT CO,Il;CpiRHT 22 TaOJICTKH ,IJ;HaMCTpOM 

40,1 JltJit H BCCOM 330,4 e. 06LqaH 3arpy3Ka COCTaB

JIHCT 5962 TaOJICTOK H BCCHT 1812,4 1£Z. 

,IJ;uypaHaT aMMOHHJI H,II;CpHoii lJ:HCTOThi, npHro

TOBJICHHhiM liHCTHTYTOM aToMHoii: aHepruu, 6biJI 

lfCXO,Il;HhiM MaTepuaJIOM ,Il;JIH lf3fOTOBJICHHJI TaOJie

TOK. IIpoJiecc uaroTosneHHJI aTHX Ta6JieToK OhiJI 

TI.qaTCJihHO HCCJIC,IJ;OBaH, 'lTOObl CBCCTH K MHHHMy

MY aKcrmyaTaJIHOHHble pacxo,o;M. Bnaro,o;apH TO'l

HOMY KoHTpOJIIO aa orrepaJIHHMH npoKaJIHBaHHH, 

BOCCTaHOBJICHHH H ,Il;OBC,II;CHHH MaTepHaJia ,!1;0 Hym

HbiX xapaKTepHCTHK 6biJia ,o;ocTurnyTa BhiCORaH 

CTCHeHh npeCCOBKH HOpOIIlKa, KOTopaH OOCCITC'lH

BaeT IIpOH3BO,II;CTBO TaOJICTOK Tpe6yCMOH ITJIOTIIO

CTH 6,6 + 0,1 e/cM3 npH C)KJIM310LqCM ,II;3BJICHHH 

TOJihKO 1,9 r/cM2. 8TH Ta6JICTKH ,o;aJiee 6hiCTpo cne

KaiOTCH B CpC,II;C aproHa· B BOChMH30HHOli HCITpe

pbiBHO ,II;CHCTBYIOJ~eii JIC'lH C aJICKTpH'ICCKHM Ha

rpeBOM. Bocnpouaso,IJ;HMOCTh paaMepoB lf JIJIOT

noCTlf crre•reHHMx THOJICTOK ohiJia Hati,IJ;eHa o'IeHh 

xopornPii. 

A/485 Brasil 

Progresos realizados en Ia fabricaci6n 
de elementos combustibles para reactores 
de investigaciones en el Brasil 

por T. D. de Souza Santos et al. 

Los autores describen los estudios experimentales de 
desarrollo realizados para la fabricacion de los ele
mentos combustibles del reactor ARGONAUTA del 
InstitutodeEngenharia Nuclear, Rio de Janeiro, y para 
el Re-Suco, un conjunto subcritico dotado de pastillas 
de UOz de 40,1 mm, para estudios de reticulados en el 
Instituto de Energia Atomica. 
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En ambos desarrollos, Ia seleccion del proceso de 
fabricacion fue examinada criticamente a fin de 
utilizar el equipo que podia ser construido por fabri
cantes locales. 

Se realizaron estudios experimentales con cermets 
con 54,4% de UaOs natural y 45,6% de polvo de 
aluminio. Las variables principales del proceso de 
fabricacion pudieron ser determinadas utilizando polvo 
de UaOs natural con Ia misma granulometria del polvo 
enriquecido a 20 %, antes que fuese iniciada Ia pro
ducci6n de las chapas para el reactor. El procedimiento 
evolucion6 basta el proceso de soldadura por lamina
cion de los conjuntos de moldura conteniendo el 
cermet, previamente sinterizado bajo argon. Se fabri
caron dos modelos completos de elementos combus
tibles con uranio natural para com pro bar la fidelidad de 
los resultados antes de comenzar a producir las placas 
de combustible. 

Los conjuntos de moldura fueron proyectados a fin 
de garantir revestimiento continuo y perfecto del 
nucleo delgado deformado, inclusive las extremidades 
de las chapas. Cada elemento combustible comprende 
17 placas de 610 mm de longitud, de 2,42 mm de 
espesor por 73,0 mm de ancho y con un revestimiento 
en las caras de 0,30 mm de espesor. Cada chapa con
tiene 21,0 g de 235U. El trabajo experimental consisti6 
principalmente de: preparacion de la carga; com
pactacion a presion y geometria de matriz variables; 
presinterizaci6n de los compactados bajo argon; 
montaje de los componentes; laminacion en caliente 
de los conjuntos soldados y las operaciones finales de 
laminaci6n en frio para obtener las chapas dentro de 
las especificaciones. 

El conjunto subcritico Re-Suco contiene 271 ele
mentos en tubos de aleaci6n 1100, con 44,0 mm de 
diametro externo, 40,5 mm de diametro interno, 
longitud total de 1269 mm, cada uno de ellos con 22 pas
tillas de 40,1 mm de diametro y 330,4 g de masa. La 
carga total necesita de 5 962 pastillas que pesan 
1812,4 kg. 

El material de partida para la produccion de las 
pastillas fue diuranato de amonio de pureza nuclear 
producido en el lEA. El proceso de fabricacion fue 
estudiado completamente, con miras a reducir al 
minimo los costos de fabricaci6n. A traves del control 
preciso de las etapas de calcinaci6n, de reducci6n y de 
acondicionamiento, se consigui6 obtener mezcla de 
gran compactibilidad, a partir de Ia cual pudieron ser 
producidas las pastillas con las densidades deseadas de 
6,6 ±0,1 g/cma, a presiones de compactacion de 
solamente 1,9 t/cm2; esas pastillas fueron seguida
mente sinterizadas bajo argon en un horno electrico 
continuo dotado de 8 zonas de calentamiento, a alta 
velocidad. Fue excellente Ia reproductibilidad de 
dimensiones y Ia densidad de las pastillas sinterizadas. 
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Experimental studies on the fabrication of thin fueJ plates 
with U30 8-AI cermets 

By T. D. de Souza Santos, H. M. Haydt and C. T. de Freitas* 

In the course of the experimental studies carried out 
to establish the fabrication procedure for the fuel 
elements of the ARGONAUT reactor of the Instituto 
de Engenharia Nuclear, Rio de Janeiro, Brazil, it has 
been found necessary to investigate the effect of the 
main variables on the hot and cold workability of the 
totally clad fuel plates. 

In order to properly evaluate the behaviour of the 
cermet, which during the rolling operations constitutes 
the "meat" of each fuel plate, it was found to be desir
able to take both the hot and cold rolling operations 
far beyond the final specified thickness of the mock-up 
plates. These studies lead then to the actual production, 
for experimental purposes, of very thin, only 0. 70 mm 
thick, fuel plates, which were totally clad with alu
minium alloy. Such thin fuel plates are considered to 
have some interest for some advanced research reac
tors. 

The paper describes the essential features of the 
development work done on the production of such 
thin fuel plates, containing a "meat" which is a 
plastically deformed cermet of a mixture of U30 8 

(natural 235U content) and aluminium. Plates of 
different widths and lengths were produced, including 
some which were widened to allow further shaping 
into corrugated sheets, giving a better geometry and 
higher fuel volumetric densities in the final fuel 
element assemblies. 

SUMMARY OF THE EXPERIMENTAL STUDIES 

Two different procedures were investigated for the 
production of the thin clad fuel plates. Namely, roll 
bonding of picture frame sets with a cermet inside the 
frame component and cast cladding of the cermet with 
a suitable aluminium alloy into a specially designed 
ingot mould, following the successful idea developed 
by Bergua eta/. [1] which was used for fuel plates in a 
materials testing reactor [2]. 

Considerable attention was paid to the cermet pre
paration, which has required the study of the following 
variables: (a) the production ofUaOs from ammonium 
diuranate with properties suitable for dispersion; 
(b) the selection of the proper aluminium powder to be 
used in the charge; (c) the conditioning of the charge 

* Instituto de Energia Atomica, Sao Paulo. 

mixture; (d) the pressing of the compacts into dies 
under hydraulic pressure; (e) sintering the compacts; 
(f) mounting the compacts for further processing. 

The cermets obtained were to be used further, 
either in picture-frame sets for roll bonding and final 
roiling to the desired thickness, or for the production 
of a cored ingot by a cast cladding technique which 
was subsequently rolled into the finished thin plates. 

The plates produced by both processes were evalu
ated by metallographic examination of cut specimens, 
by auto-radiography, by blister testing and by acceler
ated corrosion tests in de-ionized water at 70°C for 
100 hours. 

CERMET PREPARATION 

Figure 1 depicts the main steps of the cermet pre
paration as evolved from the experimental develop
ment work, carried out at the Institute's laboratories 
[3,4]. The details of the most important operations are 
presented in the following sections. 

The compacting behaviour of the charge mixtures 
made from various proportions of U30 8 and alu
minium powder has been investigated by varying: 
(a) the time, temperature and mass of the ammonium 
diuranate in the calcining operation; (h) the fineness 
of the produced UaO&; (c) the fineness of the alu
minium powder; (d) the conditioning operation, which 
was done in large rubber-lined jars with hard rubber 
balls; (e) the charge and die lubrication; (f) the die 
geometry and compacting pressure of the hydraulic 
presses. 

The results have shown that strict control of the 
calcining variables was essential to obtain reproduci
bility of powder properties for the further fabrication 
steps. It was found that the best set of conditions was 
875°C for two hours with 2 kg loads in the charging 
trays in the electric muffle furnace. Once cooled the 
charge was unloaded and classified with a 325 mesh 
sieve, the oversize fraction was retained for other 
purposes. Experience has shown that a lower calcining 
temperature and shorter times lead to an undesirable 
formation of blisters in the final annealing of the cold 
rolled plates. The aluminium powder used was im
ported from France and only the minus 100 mesh 
fraction was used. The aluminium powder had the 
following composition: 0.36% Fe, 0.07% Si, 0.12% 
Cu, 0.22 % Zn and 0.098 % Mg. Metallographic 



Ammonium diuranate 

Wolgh 

! 
Calc1n1ng boats 

l 
Electric muHie furnace 

Weigh 

~ 
Clauif•cat1on 

' UfJajto!'Of!• 
Wolgh 

SESSION 2.3 

»r 
Hot 'jllinp 

3,-4 "'"' ,,.,.. 

! 
ln•P•c:tlon 

I 
Co,. llcatlon 

Annjl•na 

lnapoctlon 

Cold riHna 
0,7 mm platu 

! 
Inspection 

~ 
Trimnung 

~ 
Auto-rocliography 

' Cl1'ina 

P1ckl•n 

~ 

* F•nal fuel elates 

P/486 

Figure 1. Flowsheet of the fabrication procedure 

examination shows that coarser powder tends to pro
duce an uneven distribution of the constituents. 

The conditioning step is also of prime importance. 
The first tests were done in polyvinyl jars with harden
ed steel balls and gave erratic behaviour in the final 
rolling of the fuel plates, resulting in irregular bonding 
of the cermet with the cladding. This was particularly 
severe with the picture-frame technique. The best 
results were obtained by preparing the charge in a 
3-1 polyvinyl jar, tightly closed, with a constant load 
of hard rubber balls. Wilkinson [5] has shown the 
superiority of rubber balls over steel balls in the 
charge preparation of UaOs and aluminium. 

The pressing step was done in dies fully lubricated 
with a solution of stearine in carbon tetrachloride. 

The dies used allowed the production of com
pacts of variable heights (from 6 to 12 mm) and of 
rectangular cross sections, 32 X 64 mm, 65 x 50 mm 
or 65 x 100 mm. 

The influence of the compacting pressure on the 
apparent densities of the compacts has been deter
mined for various proportions of minus 325 mesh 
UaOs and/or minus 100 mesh aluminium powder. The 
results are shown in Fig. 2. There was no measurable 
influence of the cross section of the die on the density 
for the same pressure and same charge composition, 
for the range of thicknesses indicated above. 

The experimental results for the mixtures from 
40 % U aOs-60 % AI to 60 % U aOs-40 % AI can be 
represented by the equation log d =log a+ 0.14llogp, 
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16F===============~====~======~==~~==R 
a. .. 
~sr---------------+------+------+-~4-~--H 
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p ton/ cm2 (log scale) 

Figure 2. Variation of the density of compacts with composition 
and compacting pressure 

where d represents the apparent density in gfcm3, a is a 
constant for each charge composition (apparent 
density for 1 t/cm2 compacting pressure) and p the 
compacting pressure, in tonfcm2. 

It has been found that the presence of even small 
fissures in the compact impaired the plastic behaviour 
of the pre-sintered cermet during hot rolling. Due 
attention was therefore paid at the conditioning and 
pressing steps to prevent the cermet losing its inherent 
hot plasticity while still reaching the required density 
in the final rolled plate. 

The last important step in the fabrication procedure 
was the pre-sintering of the compacts in an argon 
atmosphere at 580 oc in a continuous multi-zone 
tubular electric furnace. This furnace was designed and 
built by a local manufacturer. 

Slow heating to the sintering temperature and slow 
cooling to room temperature, at the rates of 200 oC/h 
and 150°C/h respectively, have been provided to avoid 
cracks due to thermal gradient stresses. The operation 
was done in large rib-bottomed graphite boats of 
special design to avoid distortions. The pre-sintering 
did not alter substantially the cermet density, but does 
improve appreciably its high temperature plasticity 
during the hot rolling operations. It is also effective in 
driving off residual moisture and volatile constituents 
present in the conditioned charge. 

Metallographic examination of the cermets after 
pre-sintering did not show any evidence of reaction 
having taken place between the UaOs and aluminium. 

PICTURE-FRAME CLADDING 

The pre-sintered cermets were wrapped with dead 
annealed 0.10 mm thick 1100 aluminium foil before 
they were hand set into the frame component, ma
chined from 1100 pickled aluminium plate, 11.5 mm 
thick. Special precautions were adopted to ensure 
complete freedom of surface defects both in the frame 
and in the two cover sheets, cut from 2.0 mm thick 1100 
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aluminium plates. The composition of the aluminium 
plates is: 0.37 % Fe, 0.092 % Zn, 0.034 % Si, 0.032 % 
Mn; traces of Mg and Cu were not found. The frame 
was machined carefully to assure a tight fit of the 
wrapped cermet in the frame opening. At first, residual 
air was evacuated from the inner space through a hole 
drilled at the trailing end of the frame. It was found 
later that this step was unnecessary. 

A special jig was designed and built to assemble the 
frame with the cermet inside and the two cover plates 
in the proper position before welding under an argon 
arc with a tungsten tip. The welding was satisfactory 
and the metallographic examinations of the seam 
welds did not disclose cracks or clusters of entrapped 
oxide. 

CAST CLADDING 

To avoid the erosion of the cermet by the impinge
ment of the metal stream during pouring into the ingot 
mould, the cermet was wrapped with a 0.25 mm thick 
aluminium foil. 

The alloyed cast iron ingot mould comprised three 
parts, an inner U-shaped part, which determined the 
dimensions of the ingot, and two outer plates. These 
parts were assembled together with C-clamps. To 
avoid sticking, all the surfaces which were to be in 
contact with the molten alloy were thoroughly coated 
with a thin suspension of calcined bone ash. The inner 
part had holes, through which positioning stainless 
steel screws could slide ensuring the proper position 
of the cermet during the pouring operation. Some 
auxiliary devices were provided to set the cermet at its 
precise location. Any off-centring of the cermet 
caused difficulties in the hot rolling operations and 
unevenness in the cladding thickness of the final 
plates. 

After the cermet was set in the ingot mould, it was 
transferred to an electric oven furnace for soaking at 
500 oc for 30 minutes. 

Most of the experimental heats were produced with 
aluminium of the following composition: 0.23 % Fe, 
0.024% Si, 0.084% Zn, 0.014% Mn; traces of Mg and 
Cu were not found. Further work is under way with 
other aluminium alloys. The metal charge was melted 
in a graphite crucible in an electric furnace kept at 
790-800°C; this was found to be the most convenient 
temperature for the experimental set-up utilized. 
Pouring was done carefully to assure a fast and uni
form rate of filling the ingot mould up to the top. After 
filling, more hot metal was poured into the shrinkage 
cavity to fill it properly and to avoid casting defects in 
the upper zone of the ingot. 

Soon after the pouring was completed and the 
upper zone had solidified, the positioning screws were 
removed, the C-clamps unfastened and the ingot 
removed from the inner part. The holes left by the 
removal of the positioning screws were immediately 
welded electrically with aluminium of the same com
position, in an argon arc. After cooling to room tem
perature, the ingots were inspected for residual minor 
surface and casting defects, which, if localized (small 
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dross inclusions or small punctures), were removed by 
light hand filling. 

HOT AND COLD ROLLING 

It must be stressed that the actual welding by diffu
sion of the components of picture-frame assemblies is 
done by the hot roll bonding, which requires proper 
heating and soaking and an adequate rate of deforma
tion. For the cored ingots obtained by cast cladding, 
the hot rolling is also a very important step, as it 
determines the properties for further mechanical 
processing. 

Using the conventional picture frame cermet, the 
assembled set was 150 mm x 115 mm x 15.4 mm thick, 
with an enclosed cermet of 100 mm x 64 mm x 11.4 
mm. The cast ingot, when the cermet was 64 mm x 
32 mm x 12.5 mm, was 130 mm x 62 mm x 29.5 mm, 
with a taper of 4 o along its thickness. Larger cast clad 
ingots were also used, with a cross section of 64 mm x 
50 mm and of the same thickness, and still larger ones 
are to be used in further work. 

Ingot and picture-frame assemblies were soaked in a 
muffle electric furnace at temperatures of 590-600°C 
for 20 and 30 minutes respectively, before removal to 
the rolling mill. Intermediate anneals and blister tests 
after completion of the rolling schedule were also done 
in this temperature range, for 10 to 20 minutes, 
depending upon the thickness of the plate being 
processed. 

The hot and cold rolling operations were carried out 
in a Stannat-Mann high precision rolling mill. It has 
been found experimentally that, in the breaking down 
phase, passes giving more than a 12% reduction 
tended to warp the stock unduly and that much 
lighter reductions between passes impaired the roll 
bonding or the initial breaking down of the cast struc
ture of the clad metal. 

For picture-frame assemblies the treatment schedule 
was as follows: 59 % reduction by hot rolling, a fur
nace anneal for 20 minutes, 61 % reduction by hot 
rolling, a second furnace anneal, 61 % reduction by 
hot rolling, followed by cooling to room temperature 
for edge and end cutting. After a 10-minute furnace 
anneal, a 30 % reduction by cold rolling was followed 
by a 10-minute anneal and a final 72% reduction by 
cold rolling to the required 0. 7 mm thickness. This was 
followed by a blister test for 45 minutes at 590°C. The 
thickness of the processed plate is 3.4 mm at the end of 
the hot rolling stage and the trimming is done when the 
plate reaches 2.5 mm. Final trimming gives the thin 
plate with the final dimensions of 0.5 mm side cladding 
and an end cladding of 5 to 8 mm. 

The reduction schedule required for the cast clad 
ingots was heavier so as to break down the cast struc
ture, cross rolling was used to achieve the final speci
fied width of the "meat". After furnace soaking for 
30 minutes, the ingot was hot rolled to a 66 % reduc
tion, annealed for 20 minutes, hot rolled again to a 
64 % reduction and reheated for 10 minutes, hot 
rolled once more to a 56 % reduction, annealed for 
10 minutes and finally hot rolled down to 3.2 mm. 
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Figure 3. 0.7 mm thick fuel plates (ends ofthe plates) 

The central wider plate was obtained by the picture-frame tech
nique and has a 0.5 mm thick and 103 mm wide "meat", with 
0.1 mm cladding. The others were obtained by cast cladding and 
have a 0.4 mm thick and 34 mm wide "meat", with 0.2 mm 

cladding 

Figure 4. Micrograph of a longitudinal section of a 0.7 mm thick 
fuel plate with 54.36% U30 8-45.64% AI showing the dispersion 

of the "meat" and the bonding with cladding ( x 260) 

After cooling to room temperature and edge and end 
trimming, it was annealed for 10 minutes, cold rolled 
down to 2.2 mm, once more annealed for 10 minutes 
and finally rolled down to the final 0. 7 mm thickness. 
A final blister test annealing was then carried out for 
45 minutes at 590 °C. The final dimensions of the 
cladding material were substantially the same as that of 
the thin plates from the picture-frame process. 

Figure 3 shows the extremities of some of the long 
thin plates produced. 

Some of the wider plates obtained with cross rolling 
in the earlier stages of hot working were subsequently 
corrugated in a die in a hydraulic press, with waves 
20 mm long and 6 to 8 mm deep. 

EVALUATION OF THE PLATES 

Many of the thin plates produced were cut and the 
mounted specimens were examined under a Leitz 
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MM5 metallographic microscope, after suitable 
polishing and etching, to disclose the "meat" structure 
and the bonding with the cladding material. At the 
beginning of the development work on the picture
frame technique, bonding defects caused considerable 
difficulty. These defects were removed when the 
individual operations were examined in detail. 

Figure 4 shows one of the micrographs of a 0. 7 mm 
cast clad plate, with a 0.15 mm aluminium alloy clad
ding and a final deformed "meat" of 0.40 mm thick
ness. The uniformity of the dispersion and the good 
bond achieved should be noted. Blister tests did not 
disclose unwanted defects. 

Accelerated corrosion tests were performed on 
several end sections of the thin plates in de-ionized 
water at 70°C for 100 hours. The mean rate of mass 
increase was 0.036 mg/cm2jd. A more extensive pro
gramme of testing at higher temperatures will be 
carried out. 

Auto-radiographic examinations are carried out as a 
routine inspection, both for determining the precise 
location of the "meat" and for checking the uniformity 
of the dispersion. The density of the "meat" at the 
edges is, as expected, slightly lower than the mean core 
value. No major irregularities were found at the ends 
of the "meat" in the plate, its contour line being rather 
sharp and not showing the "dog boning" effect. 

CONCLUSIONS 

The fabrication of 0. 7 mm thin fuel plates com
pletely clad at their ends was studied extensively, both 
by roll bonding of picture-frame sets and by cast 
cladding, using a cermet with 40 to 60% U30s dis
persed in aluminium powder. 

The compaction of the properly conditioned charges 
was studied and the obtained results show that the 
densities varied with the compacting pressure accord
ing _to Fig. 2. 

The pre-sintering of the compacts, which was done 
under argon in a continuous electric furnace of local 
construction, assured freedom from blisters in the 
fabrication steps and improved the hot plasticity of 
the cermet during hot rolling. 

The structure of the thin clad plates was homo
geneous and no major irregularities were found by 
metallographic examination of cut specimens. The 
cladding is regular and the corrosion tests done at 
70°C during 100 hours in de-ionized water have not 
disclosed unexpected abnormalities. 
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ABSTRACT -RESUME-AHHOTAL\111JI-RESUMEN 

A/486 Bresil 

Etude experimentale de Ia fabrication 
de plaques de combustible minces 
avec des cermets UaOs-AI 

parT. D. de Souza Santos et a/. 

Le memoire decrit !'etude experimentale de la 
fabrication de plaques de combustible, de 0,7 mm 
d'epaisseur, gainees d'un alliage d'aluminium et con
tenant un creur en cermet de UaOs, en vue de leur 
utilisation pour les ensembles combustibles de reac
teurs de recherche de type pousse. La fabrication de 
plaques de combustibles aussi minces, entierement 
gainees, presente de nombreuses difficultes, que l'on 
a pu surmonter grace a l'etude systematique des 
variables de fabrication. 

Les plaques avaient une longueur de 75 a 110 mm, 
avec un gainage des faces de 0,15 a 0,20 mm d'epaisseur 
sur un creur deforme plastiquement de 0,30 a 0,40 mm, 
qui contenait de 40 a 60% de UaOs disperse dans de 
I' aluminium. 

Les recherches ont porte sur la liaison par laminage 
de cadres (picture frame) ainsi que sur le gainage par 
coulee. Les experiences relatives a la liaison par 
laminage de cadres concernaient !'assemblage des 
cermets apres frittage sous argon, !'assemblage des 
composants du cadre, la soudure sous argon des 
ensembles assembles; la liaison par laminage a chaud 
et le laminage a froid final destine a donner aux plaques 
les dimensions et proprietes physiques voulues. Les 
experiences relatives au gainage par coulee concer
naient la preparation des cermets apres frittage sous 
argon, !'influence des variables de coulee des alliages 
les plus interessants, le conditionnement et le traite
ment thermique des lingots contenant l'ame, le 
laminage a chaud et le laminage a froid final. Les 
plaques minces ainsi preparees ont ete soumises a un 
examen par autoradiographie et par des procedes 
metallographiques, ainsi qu'a des essais de corrosion 
dans de l'eau chaude desionisee. 

On a egalement etudie le fa9onnage de larges bandes 
minces en ondules destines a former des elements de 
combustible de conception simple permettant d'ob
tenir des rapports Ua08/Al eleves. 

Les resultats obtenus prouvent que les deux pro
cedes peuvent etre utilises, le gainage par coulee con
venant pour la production de plaques minces de tres 
grande largeur. 

A/486 5pasHnHR 

9KcnepHMeHTa11bHble HCCJleAOBaHHfl 
MeTOAOB H3fOTOB11eHHfl TOHKHX TOnllHB
HbiX nnaCTHH H3 KepMeTOB Ha OCHOBe 
aaKHCH-OKHCH ypaHa H aJliOMHHHfl 

T. ,D.. Ae Cy3a CaHroc et al. 

B ;rJ;OKJiap;e onncaHhi aKcnepnMeHTaJihHhle pa6o

ThJ TIO H3rOTOBJieHHIO TOllJIHBHhlX llJiaCTHH B o6o

Jl0'1Ke H3 aJIIOMHHHeBoro CTIJiaBa TOJII.IJ;HHOH 0, 7 .M.M 

C cepp;e'IHHKOM H3 KepMeTa Ha OCHOBe 3aKHCH

OKHCH ypaHa. TaKHe nJiaCTHHhl npep;cTaBJIHIOT JIH

Tepec ]I;JIH H3rOTOBJieHHH TOllJIHBHhiX c6opoK yco

neprneHCTBOBaHHhiX HCCJie;rJ;OBaTeJibCKHX peaKTO

pOB. llpOH3BO;rJ;CTBO TaKHX O'leHh TOHKHX llJiaCTHH, 

TIOJIHOCThiO llOKphlThiX o60JIO'IKOH, npep;cTaBJI11eT 

60JihiiiHe Tpyp;HOCTH, KOTOphle 6hlJIH B KOHJ.J;e KOH

J.J;OB npeop;oJieHbl 6Jiarop;apH CHCTeMaTH'IeCKOMY 

113Y'IeHHIO npOH3BO]I;CTBeHHhlX napaMeTpOB. 

llJiaCTHHhl HMeJIH IIIHpHHY OT 75 ]1;0 110 MM. 

Tomu;uua o6oJio'leK B nJiocKoii 'laCTH nJiaCTHHhi 

COCTaBJIHeT OT 0,15 ]1;0 0,20 MM. fiJiaCTH'IeCKH p;e

<flopMHpOBaHHhJH cepp;e'IHHK HMeeT TOJIID;HHY OT 

0,30 p;o 0,40 MM. Cepp;e'IHHK cop;epmHT oT 40 ;r~;o 
60% UaOs, p;ucneprupoBaHHoif B aJIIOMHHHII. 

MccJJe)J,oBaHIIe BKJIIO'IaJio Il3y'leHIIe MeTo)J,a o'le

XJIOBKII TB3JIOB JIHTbeM II MeTop;a COe]I;HHeHHH 

o60JJO'IKII C TOllJJIIBOM nyTeM npoRaTKH paMRit:, 

HaTIOJIHeHHOH TOllJIIIBOM II 3aKphiTOH C o6enx CTO

pou llJiaCTIIHaMH Il3 aJIIOMIIHHH. 

B OTHOIIIeHIIH MCTO]J;a coep;uHeHIIH o60JIO'IKII C 

TOllJIIIBOM nyTeM npoKaTKH paMKll H3y'laJIOCb 

npiirOTOBJieHIIe KepMeTa nocJie cneKaHHH B cpep;e 

aproHa, c6opKa KoMnoneHTOB paMKH, aproHo-p;yro

BaH cBapKa p;eTaJieif c6opKI1, coell,IIHeHne TO'llJIII

Ba C o60JIO'IKOH ropH'IeH npoKaTKOH H OKOHqa

TeJibHaH xoJIO;rJ;HaH npoKaTKa c u;eJihiO onpep;eJie-
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IIHH paaMepHbiX H ljJH31f'WCKifX xapai\TepHCTifn 

HJiacnm. B oTnomeuun 1\teTo~~;a o'lCXJIOBKH TOII

JIHBHLIX llJiaCTHH .1JifTh€M H3Y'I8JIOCb llpHI'OTOBJie

HHe RepMeTa nocJie cneRaHHH B cpe1~e aproua, 

BJIHHHHC xapaKTepHCTHK JIIITLH Ha IIOJIY1IeHHe Ha

u6oJiee no~~;xo~~;HI.QHX cnJiaBoB, ycJioBHH JIHTLH n 

TepM006pa60TR8 CJIHTROB, ropH'laH rrpoRaTRa Jl 

OROH'laTe~hHaH XOJIOli;HaH IIpORaTRa. fioJiylJeH

Hhle TaRHM o6pa30M TOHRHe JIJiaCTHHhl HCCJieli;O

BaJIHCb pali;HOaBTOrpaljJHlJeCRHM H MeTaJIJIOrpa<lllf

'leCRHM MeTOlJ;aMH, a TaR.me TIOli;BepraJIHCL HCIILI

TaHHHM Ha Ropp03HIO B ropH'leii ,ll;eHOHH3HpOB81I

HOH so~~;e. 
ITpoBOli;HJIHCh HccJie~~;osaHHH no noJiy'leHHIO mn

poRHX TOHRHX IIOJIOC pHijJJieHOH ljJopMLI ,ll;JIH IIO

CJieli;YIOI.Qeii c6opRH TeiiJIOBLill;eJIHIOI.QHX :meMeiiTOB 

IlpOCTOH ROHCTPYRIJHH C BLICORHM OTHOITieHHeM 

ORHCH-381\HCH ypaHa R aJIIOMHHHIO. 

fioJiy'leHHhie peayJILTaTLI TIOR838JIH, 'ITO MoryT 

6biTb IIpHHHThl o6a MeTO,ll;a. }J;JIH H3rOTOBJieHHH 

OlJeHh ITIHpORHX TIJiaCTHH TIO,ll;XO,ll;HT MeTO,ll; OlJeX

JIOBRH TB3JIOB JIJITLeM. 

A/486 Brasil 

Estudios experimentales sobre fabricaci6n 
de placas delgadas que contengan cermets 
de UaOs-AI 

por T. D. de Souza Santos et a/. 

La memoria describe los estudios experimentales 
realizados con miras a Ia fabricaci6n de placas de 
0,7 mm de espesor, con revestimiento de aleaci6n de 
aluminio, y que contengan un cermet de UaOs y 
aluminio, destinadas a formar parte de los elementos 
combustibles de reactores de investigaci6n de pro-
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yecto avanzado. La produccion de tales placas del
gadas y totalmente revestidas presenta muchas dificul
tades, que fueron superadas finalmente despues de 
estudiar con canicter sistematico las principales 
variables de fabricacion. 

Las placas debian tener entre 75 y 110 mm de ancho 
con revestimiento de 0,15 a 0,20 mm de espesor sobre 
el nucleo deformado plasticamente a partir del cermet 
de 0,30 a 0,40 mm de espesor. El nucleo debia estar 
constituido por mezclas de 40 a 60% de UaOs con 
aluminio. 

La investigaci6n comprendio tanto el colingotaje de 
conjuntos de molduras como Ia soldadura por lamina
cion. En el caso del colingotaje, el trabajo experi
mental incluy6 Ia preparaci6n del cermet, despues de 
sinterizado bajo argon; el montaje de los componentes 
de los con juntos de molduras; la soldadura del con
junto al arco electrico en atmosfera de argon; la solda
dura por laminaci6n en caliente y Ia laminaci6n final 
en frio para satisfacer las especificaciones dimensio
nales y fisicas de las placas. En el caso de la soldadura 
por laminaci6n, el trabajo incluy6 el montaje del 
cermet, despues de sinterizado bajo argon; Ia influen
cia de las variables de fundici6n en las aleaciones mas 
convenientes; el acondicionamiento y tratamiento 
termico de los lingotes y operaciones de laminaci6n en 
caliente, asi como Ia laminaci6n final en frio. Las cha
pas producidas fueron examinadas mediante autorra
diografia, estudios metalograficos y se sometieron a 
ensayos de corrosion realizados en agua desonizada 
caliente. 

Se efectuaron estudios sobre Ia conformaci6n de las 
chapas delgadas en elementos corrugados destinados a 
su montaje en elementos combustibles de disefio 
simple que permitan una relaci6n UaOs-Al favorable. 

Los resultados obtenidos muestran que los dos 
procedimientos pueden ser adoptados y que el proceso 
de colingotaje es el mas conveniente para Ia fabrica
ci6n de chapas anchas y delgadas. 



P/493 Espana 

La produccion de elementos combustibles 
en Ia Junta de Energ(a Nuclear 

por J. D. Pedregal, H. Bergua, J. Diaz, A. D. Beltran y E. Aparicio* 

La Division de Metalurgia de la Junta de Energia 
Nuclear, como consecuencia de sus cometidos, se 
ocupa de diversos problemas, unos de produccion y 
otros de investigaci6n, de los elementos combustibles, 
cuya resolucion es necesaria para su fabricacion. En 
este trabajo se da una resefia breve de las principales 
actividades de la Division relacionadas con los ele
mentos combustibles, con una indicacion de los 
equipos fundamentales existentes, sefialando las 
tecnicas empleadas y su evolucion. 

MATERIALES PARA NUCLEOS 

Metal 

Tetrafluoruro de uranio 

En un trabajo previo [1] dimos a conocer el proceso 
de fluoruracion directa utilizado en la JEN para la 
obtencion de UF4, el cual estriba en la fluoruracion y 
reduccion simultaneas del U207(NH4)2 por accion del 
F 2HNH4 gaseoso. La reaccion se lleva a efecto en un 
homo de lecho movil, que ha sido objeto de numerosos 
estudios y experiencias para llegar a su proyecto, y 
construccion, definitivo. En la figura 1 se sefialan las 
distintas partes del conjunto, en donde desciende el 
uranato en contracorriente con e1 bifluoruro amonico, 
vaporizado en una caldera aparte. 

El reactor esta construido en grafito, el cual se 
pasiva con una capa de tetrafluoruro y no da lugar a 
contaminaciones apreciables, pero en cambio tiene el 
inconveniente de su porosidad, sus bajas caracteris
ticas mecanicas y la necesidad de protegerlo de la 
oxidacion. Como, por otra parte, es necesario atra
vesar el cuerpo del reactor para la introduccion del gas 
de refrigeracion, es mas conveniente emplear Inconel, 
pues si bien sus caracteristicas a la corrosion, por el 
bifiuoruro de amonio, son inferiores a las del magne
sio, en cambio son muy superiores las ventajas de 
orden constructivo y, en definitiva, resulta mas 
economico su empleo. 

La carga esta constituida por uranato en forma de 
pastillas, las cuales son imposibles de obtener en 
maquinas normales, pues es material que agarrota los 
punzones, pero esta dificultad se solventa efectuando 
altemativamente pastillas de uranato y de bifiuoruro 
amonico, pues este sirve para limpiar los elementos 
que e1 otro deja recubiertos. 

*Junta de Energia Nuclear, Madrid. 

En el proceso se desprende gran cantidad de calor 
que se elimina con la introduccion de nitr6geno, con 
objeto de que nunca se puedan tener temperaturas 
superiores a 600°C, pues esto proporciona fenomenos 
de sinterizacion, total o parcial, que interfieren grave
mente con la marcha del proceso. La presion de nitro
geno sirve tambien para separar distintas regiones del 
homo, evitando valvulas y condensaciones inopor
tunas. 

La instalacion actual, con una altura total de 
8 metros, produce 12 kg de UF4 por hora. Para ello se 
requiere: dos hombres por tumo de 8 h; 0,3 m3 de N2, 
0,7 kg de bifluoruro y 4 kWh por kg de UF4. Se ha 
proyectado un nuevo homo, de acuerdo con Ia 
experiencia del anterior y Ia que, en estos equipos, 
tiene Ia casa Degussa. 

Calciotermia. Fusion en vacfo 

El tetrafluoruro se reduce con calcio, desarrollan
dose Ia reaccion en bomba cerrada e iniciandose 
mediante disparo electrico de una mezcla de clorato 
potasico y aluminio, de gran temperatura de llama. 

.Y_a~?ori~II9Cll" _de 
F1 HNH4 

Condensador 
de FNH.. --

Figura 1. Horno de fluoruraci6n directa 
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Se producen lingotes de 80 kg de peso, de forma 
ligeramente conica y con una parte final cilindrica de 
menor diametro, para el manejo dellingote y su intro
duccion en el crisol del horno de fusion en vacio. El 
revestimiento interior de la bomba se hace con 
fluorita, moldeando in situ todo el conjunto incluso la 
parte inferior, que actua de crisol. 

Una vez decapado ellingote, este se refunde y cuela 
en vacio en un horno de induccion, cuyo crisol es de 
grafito enlucido con circonato magnesico y en donde 
se estudiaron las condiciones de fusion y colada en 
todos sus aspectos. 

Las barras obtenidas son de diversos tipos, con 
arreglo a las distintas necesidades de otros departa
mentos de la JEN. Las formas han variado desde 
barras cilindricas de 11 mm de diametro, hasta 
cuadradas de 50 por 50 mm de seccion y 1 000 mm de 
longitud. 

Los moldes son en grafito o en acero. Cuando se 
trata de barras cilindricas el recubrimiento interior se 
efectua mediante un enlucido, con suspension de 
alumina con agua y uniformando la pelicula deposi
tada por giro de la lingotera y secado con aire caliente. 
En caso de barras de seccion rectangular el procedi
miento anterior no da resultado y entonces se realiza 
un primer recubrimiento de alumina en polvo, 
mediante pistola oxiacetilenica, seguido de otro 
enlucido, con alumina en suspension, utilizando una 
pistola normal de pintura. 

La temperatura de colada es de 1250 °C, pero 
manteniendo el metal unos minutos a 1400°C, con un 
vacio de I0-4 torr. Las lingoteras tienen un gradiente 
de temperatura que va desde 400 oc en el pie hasta 
800 oc en Ia cabeza para las de grafito, y de 400 oc a 
650°C para las de acero. La colada se realiza por 
vuelco del crisol sobre un distribuidor cuyo orificio de 
colada, respecto al diametro de la lingotera, esta en Ia 
relacion, en diametro, de uno a dos. 

Aleaciones 

Independientemente de las coladas destinadas a 
producir uranio sin alear, para distintos fines, se han 
Hevado a cabo otras para el estudio de aleaciones, el 
cual se inicio con los sistemas U-Al y U-Si. En el 
primero se consideraron de interes las dos formas 
extremas, es decir aleaciones ricas en U o ricas en Al. 
Dadas las malas caracteristicas, desde un punto de 
vista tecnologico, de Ia fase UA14, se efectuaron 
ensayos termicos con objeto de conocer todo lo refe
rente a su constitucion y cinetica, determinandose los 
tratamientos mas adecuados. 

En el sistema U-Si se consideraron concentraciones 
inferiores a 6,5 % de Si, por ser de mayor interes 
nuclear; dentro de este intervalo se estudio con par
ticular detalle y detenimiento el compuesto U3Si2, 
realizandose un trabajo experimental extenso para 
determinar su formacion y transformacion, tanto en 
funcion del tiempo como de Ia temperatura, con 
medidas del aumento del espesor del anillo meta
tecnico. 
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Tambien se han considerado las adiciones de Fe, 
especialmente unidas a las de AI. 

Para las necesidades de calciotermia, fusion y 
aleaciones, se dispone, ademas de los reactores para la 
calciotermia con sus equipos auxiliares, de un horno 
de fusion en vacio, de calefaccion por induccion con 
una potencia de 40 kVA, crisol de 5litros, y un equipo 
de vacio constituido por una bomba difusora de 
2500 1/s, una mecanica tipo <<roots)) de 1500 m3/h, y 
una mecanica de paletas de 150 m3fh; otro, tambien de 
induccion, de 200 kVA y crisol de 0,5 1; una prensa de 
extrusion vertical de 160 t; otra prensa horizontal de 
10 t; horno para tratamientos de recocido, en vacio, o 
desgasificado de piezas de grandes dimensiones y los 
necesarios bafios de sales y tanques para tratamientos 
termicos. 

Para el examen metalografico se cuenta con micro
scopios, aparatos de difraccion de rayos X, dilato
metros y maquinas de ensayos mecanicos de dureza, 
traccion y fluencia. 

Calcio 

El calcio necesario para la reduccion de UF 4 se 
produce en la propia Division, obteniendose por via 
termica mediante la reduccion del CaO con Al en 
polvo. Se efectua una mezcla de ambos componentes, 
en pastilladora, la cual se introduce en un horno que 
trabaja a 1300°C y I0-2 torr, en donde se realiza la 
reduccion, con un rendimiento de 70 %. El calcio bruto 
es purificado por sublimacion a 800°C y I0-3 torr, con 
un rendimiento de 95 %. 

La instalacion comprende: dos homos de reduccion 
con una produccion de 12 kg de Ca al dia por unidad, 
y una mufla con dos condensadores, para Ia purifica
cion, cada uno de los cuales produce 22 kg/d de Ca 
sublimado, ademas cuenta con los equipos necesarios 
para el triturado de la cal, su mezcla y pastillado con el 
AI y una troceadora final, para lograr granalla de Ca. 

Oxido 

Producci6n de U02 

Para la produccion del U02 se siguieron los proce
dimientos clasicos de calcinacion del per6xido y reduc
cion del tri6xido en hidr6geno, en hornos de lecho 
fijo [2], pero en la actualidad se esta terminando la 
construccion de un horno con la tecnica de lechos flui
dizados. Para ello despues de un estudio inicial [3] se 
realizaron experiencias en un pequefio reactor, en el 
cual se determinaron las caracteristicas, no solo de 
cinetica de la operacion en si, sino de todos los 
dispositivos de carga, descarga, introducci6n del 
hidr6geno, regulaci6n de temperaturas y caudales, 
placas difusoras, etc., todo lo cual sirvi6 para el 
proyecto y construccion de un reactor que consta de 
3 lechos de 170 mm de diametro y 500 mm de altura 
util, efectuandose la distribuci6n del gas por placas 
porosas sinterizadas. El funcionamiento puede con
siderarse que es en serie respecto al solido, ya que este 
ha de atravesar los tres lechos desde Ia alimentaci6n 
hasta la salida, y en paralelo respecto al gas, pues la 
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Pasttllas s1ntenzadas 

Granuladora 

Cmta de secado 

U02 procedente 
de Plantas P1loto 

Soluc1on en 
alcohol 
etfliCO 

Figura 2. Planta de urania. Esquema del proceso de fabricaci6n 

introduccion de este es independiente en cada uno de 
los lechos. 

La capacidad de produccion de este homo, con una 
potencia instalada de 50 kW, sera de 2000 kg/d. 

Sinterizaci6n 

La labor desarrollada en escala de laboratorio [4], 
juntamente con otros estudios sobre influencia de 
lubricantes [5] y de los parametros de Ia historia 
previa [6], permitio realizar el proyecto e instalacion 
de una planta de fabricacion de pastillas de uo2, con 
una capacidad de produccion de 10 tjafio. Sus ele
mentos esenciales de fabricaci6n pueden apreciarse en 
Ia figura 2; sus equipos de laboratorio estan consti
tuidos por: pipetas de Andreassen, con sus aparatos 
auxiliares, para determinaciones granulometricas; 
aparatos B.E.T. y << Sorptemeter )>,con determinacion 
automatica en flujo continuo por cromatografia de 
gases, para la determinacion del area superficial; 
balanza registradora termogravimetrica y dispositivos 
de analisis termico diferencial. 

Con Ia puesta a punto de Ia planta se inicio un 
trabajo sobre Ia sinterizaci6n de diferentes tipos de 
uo2, considerando su sinterabilidad y las caracteris
ticas del material de origen. De el se dedujo: a) Ia 
influencia de la historia previa de Ia materia prima, 
b) Ia amplitud de aplicaciones del proceso de planta 
adoptado, y c) la selecci6n de tipos de uranio de 
caracteristicas optimas. 

Estudiada Ia sinterizacion de cinco tipos de urania [7], 
se sacaron consecuencias practicas con Ia seleccion 
de una, procedente de per6xido calcinado en lecho fijo 

y reducido en lecho fluidizado, con caracteristicas 
adecuadas de sinterabilidad [8]. 

En lo referente a la sinterizacion de polvos de U02 
se han seguido dos direcciones: refiriendose a la 
historia previa del uo2 y a la aplicacion de mecanis
mos de activacion. 

De los diferentes caminos para Ia produccion de la 
urania se eligio, en primer Iugar, el de precipitacion de 
peroxido con agua oxigenada, realizandose hasta Ia 
fecha el estudio completo de la etapa de precipitacion 
determinandose la influencia de variables sobre el 
rendimiento y caracteristicas del precipitado y la 
existencia de estabilidad, en relaci6n con la tempera
tura, de los diferentes hidratos [9, 10]. 

Como primeros objetivos del empleo de metodos 
de activaci6n se han considerado: la sinterizaci6n de 
uranias de acusada pasividad, puesta a punto de 
metodos de reciclado de pastillas y obtencion del 
maximo rendimiento en la sinterizacion de uranias 
procedentes de UFs. 

En la preparaci6n de uranias se ha tenido en cuenta 
la produccion de las de baja actividad, destinadas a Ia 
fabricaci6n de UC, aplicando distintos procedimientos 
de pasivado de oxido. 

Carburo 

La mayor parte de Ia produccion de carburo se ha 
efectuado a partir de uo2, cuyo proceso de fabrica
ci6n [11] eselsiguiente: polvo de U02 de caracteristicas 
apropiadas se mezcla en humedo con polvo de grafito 
nuclear y un aglomerante. La pasta resultante se filtra 
rapidamente, para eliminar el exceso de agua, y las 
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tortas de filtrado se granulan con una maquina de 
paletas; el granulado, que tiene unos dos milimetros de 
tamaiio medio, se deja secar en bandejas y en Ia misma 
vitrina en donde se hacen las operaciones anteriores. 

La mezcla granulada se pastilla en pastilladora 
automatica, en comprimidos de 13 mm de diametro y 
8 mm de altura, que se recogen directamente en los 
mismos crisoles de grafito que se utilizan para 1a 
sinterizacion, antes de Ia cual se elimina el aglomerante 
en vacio. Todas las operaciones anteriores se realizan 
en una linea de equipos, instalados en vitrinas, que 
constan de los siguientes componentes: un molino de 
bolas de 50 1, de porcelana; una mezcladora de paletas, 
de acero inoxidable, de 20 kg de capacidad; una granu
ladora de acero inoxidable; una serie de filtros de 
vacio; una pastilladora de 40000 comprimidosjhora 
y 3 t de presion maxima y 2 hornos de vacio de 60 I de 
capacidad util. 

Las pastillas, formadas de U02 + C, se sinterizan 
en vacio a 1 700 oc en hornos de induccion, existiendo 
dos instalaciones para este fin: una comercial con una 
capacidad de 40 kg fdia (el tiempo de enfriamiento es 
de 16 horas) y otra semicontinua, en Ia que Ia reaccion 
y ~I enfriamiento se hacen en dos recipientes distintos, 
ev1tandose de esta forma el tiempo de enfriamiento, su 
capacidad es de 6 kg/hora. Para el funcionamiento de 
los hornos anteriores se utiliza un generador de 
10kHz y 50 kW. La capacidad de aspiracion de los 
equipos de vacio es de 6000 m3/h la del horno dis
continuo y de 1600 m3/h la del horno semicontinuo. 

Como las pastillas de UC sinterizadas reaccionan 
rapidamente con la atmosfera y, ademas, el polvo de 
UC arde espontaneamente, todo el manejo de carburo 
sinterizado se efectua en atmosfera inerte, es decir 
desde las operaciones de descarga de los hornos de 
induccion, con todas las intermedias, hasta la carga de 
los alimentadores del horno de arco. El almacena
miento del carburo, sinterizado o colada, se hace en 
atmosfera inerte estatica, con H20 menor de 20 ppm y 
02 menor de 10 ppm, en recipientes de acero refrac
tario que pueden utilizarse para recocer en vacio; o en 
atmosfera inerte, Ia carga hasta 600 oc. 

Existe, ademas, una pequeiia instalacion para pro
ducir polvo de uranio finamente dividido por hidrura
cion, con una capacidad de 20 kg/dia. La instalacion, 
acoplada en un sistema de cajas de argon, consta de 
dos hornos de 100 mm de seccion circular per 1 OOOmm 
de longitud, sepArados por una valvula de com
puert.a. Uno de ellos sirve para formar e1 hidruro, en 
tanto que en el otro se efectua Ia deshidruracion, para 
lo que se dispone de una bomba tipo << roots >> de 
150 m3/hora. Originalmente esta instalacion se utili
zaba para aprovechar los residuos de mecanizado de 
las barras de uranio, que se reducian a polvo y se 
mezclaban intimamente con grafito para producir UC, 
que sirviera de alimentacion a los hornos de argon. 
Actualmente se emplea principalmente para llevar a 
cabo estudios experimentales de otros compuestos de 
uranio, como UN y US. 

El UC sinterizado se funde en horno de arco, dentro 
del cual se cuela, disponiendose de dos hornos: uno de 
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2 500 A y otro de 7 500 A; el primero es una modifica
cion de un horno industrial y el segundo ha sido 
proyectado especificamente en colaboracion entre Ia 
casa Heraeus y la JEN, para este uso. Sus caracteris
ticas son las siguientes: 

Intensidad maxima, A . 
Intensidad minima, A . 
Capacidad, kg UC/colada 

7500A 

7500 
200 

10-15 
18 
sf 
sf 
sf 

2500A 

2500 
200 
1,0 
6 

no 
sf 
sf 

Coladas sin abrir el homo . . . 
Cambio electrodos sin abrir el homo 
Alimentaci6n sin abrir el homo . 
Cambio moldes sin abrir el homo . 
Precalentamiento de los moldes 
Equipo de aspiraci6n « Roots >> • 

Sistema de colada 

sf si" 
3000 m3/h b 1000 ma/h 
por vertido por vertido 

a Pero solo una colada sin abrir el horno. 
b Y difusi6n de 4000 1/s. 

Las barras son, finalmente, cortadas al largo y 
rectificadas ligeramente, para garantizar que su 
diametro maximo no excede de un determinado valor. 
El corte se realiza con disco de diamante refrigerado 
con aceite << Huile 200 >> de Ia Houghton Espanola. 
Igualmente se hace al aceite el rectificado, que se lleva 
a cabo con muelas de carborundum. 

Antes de almacenar las barras se limpian con hexano 
o tolueno seco en Shoxlet y se desgasifican en vacio. 

CERAMICA 

Los productos ceramicos necesarios para los pro
cesos anteriores, sobre todo los de caracteristicas 
especiales, se producen en el Grupo de Ceramica de la 
Division, el cual inicio su trabajo con la fabricacion de 
los elementos necesarios para el proceso de obtencion 
de tetrafluoruro [12] por el metodo del fluoruro 
doble [2]. A continuacion se estudiaron materiales 
resistentes al acido fluorhidrico, para aplicarlos al 
nuevo proceso de fluoruraci6n directa, lograndose una 
serie de materiales utilizables [13], entre ellos uno a 
base del eutectico CaF2-MgF2 y otros a base de UF4, 
totalmente compactos y mas resistentes, mecanica
mente, que los sinterizados de fluorita. 

Sus puntos de fusion son algo inferiores a 1 000 gra
dos, realizandose su colada entre 1000 y ll00°C, 
en crisoles y moldes de grafito. Dados sus coeficientes 
de dilatacion y su gran pasividad quimica a la tem
peratura de fusion, ambos materiales pueden aplicarse 
sabre acero inoxidable los de eutectico y sobre grafito 
los UF4. 

El grupo de Ceramica cuenta no solo con el taller 
sino con un laboratorio provisto de los hornos, 
maquinas de ensayos y equipos auxiliares necesarios 
para el analisis y examen de sus metodos. 

ELEMENTOS PLACA 

Todo el trabajo sobre estos elementos se ha con
centrado en Ia preparacion de placas, con nucleo de 
UaOs-Al, por el metodo del enmarcado. Los nucleos 
se hacen en una prensa de 100 t, acoplada a un sistema 
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de cajas secas (H20 menor de 100 ppm), en e1 que hay 
tambien un horno de mufla de acero refractario y en 
donde se realizan todas las operaciones. Para la 
laminaci6n se dispone de un laminador de 125 mm de 
diametro de rodillo y se ha adquirido otro de 300 mm, 
que a(m no esta en funcionamiento. 

Se prepararon dos cargas de elementos para reac
tores tipo Argonaut [14-18] y actualmente se esta 
iniciando Ia fabricaci6n de una carga para el reactor 
piscina JEN1, para lo cual se estudian algunas 
variantes, sobre todo referentes a laminaci6n, de los 
metodos seguidos hasta ahora. 

COMPATIBILIDAD 

Las experiencias de compatibilidad, entre materiales 
de nucleos y de envueltas, se desarrollan en una ins tala
cion constituida por una bateria de 12 hornos, con 
regulaci6n de temperatura en un intervalo de 400 a 
650 °C, con desviaci6n maxima de ± 5 °C, y los apara
tos necesarios para la preparaci6n y control de 
nuestras. El programa que se sigue actualmente es el 
estudio de las reacciones entre el UC y el SAP. 

SOLDADURA 

Se adquiri6 una primera experiencia con el estudio y 
fabricaci6n de unos elementos de uranio metalico [19], 
que utiliz6 Ia Division de Fisica en un pequefio reactor 
subcritico. A continuaci6n se realiz6 una investigaci6n 
para soldar, de forma automatica, tapas de Magnox Al2 
a vainas del mismo material, llevandose a cabo 
estudios de Ia soldabilidad metalurgica, estructural y 
operatoria, ampliando su programa a otras aleaciones 
a base de magnesio. Para la fabricaci6n de elementos 
combustibles destinados a Ia experiencia exponencial 
del reactor DON, se proyectaron los ciclos de solda
dura convenientes, una de cuyas dificultades consistia 
en soldar tapones a una vaina de aluminio con un 
espesor de pared inferior a 0,5 mm, por lo que hubo de 
realizarse una serie de experiencias, hasta llegar a 
establecer las condiciones correctas que permitieron 
soldar adecuadamente 1442 cartuchos. 

Para los trabajos de soldadura se dispone de una 
serie de equipos entre los que se destacan los siguientes: 
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3 generadores de corriente, uno de alterna con cebado 
de alta frecuencia, otro con intensidad regulable y 
estabilizaci6n del arco por el sistema << surge-inyector >>, 

y un grupo motor-generador para corriente continua 
con regulaci6n de Ia corriente de soldadura, cebado 
por una unidad << Seirion >>. Un banco de soldadura con 
velocidad de giro regulable y otro con mando a distan
cia, asi como un detector de fugas, para detectar iones 
de helio, con una sensibilidad de 10-s atm. cm3 s-1 
y estando pendiente de llegada otro con sensibilidad 
de 5 x 10-14 atm. cm3 s-1. 

ENSA YOS NO DESTRUCTIVOS 

La inspecci6n de elementos combustibles tipo placa 
se hace mediante un equipo de rayos X de 50 kW, el 
cual se utiliza de forma rutinaria para Ia localizaci6n 
de nucleos, despues de Ia etapa de laminaci6n. Los 
mayores espesores de uranio, tanto metal como en la 
forma de uo2 y uc, se examinan mediante gamma
grafia. 

Los ultrasonidos, por Ia tecnica de transmisi6n, se 
emplean para el examen rutinario del bonding, con 
equipos automaticos provistos de registro. 

Estan realizandose ensayos para utilizar las corrien
tes de Foucault, en Ia inspecci6n de tubo provisto de 
aletas y se ha iniciado la construcci6n de un sistema 
automatico utilizando esta tecnica. 

CELDA 

Para poder llevar a cabo ensayos con materiales acti
vos, se ha proyectado una celda de 1 000 c, cuyas paredes 
son de hormig6n de barita, de densidad 3 gfcm3, 
y la ventana con un vidrio de densidad 3,2 gfcm3. 
Esta dotada por un par de manipuladores y un puente 
grua de 2 t. 

Adosada a esta celda se instalara una cadena de 
celdas de plomo, de 10 c, para metalografia y ensayos 
fisico-quimicos del material irradiado, en tanto que la 
grande se utilizara para operaciones de tipo general. 
Tanto la celda de 1 000 c como Ia linea de celdas de 
plomo estan situadas en un edificio dotado de todos 
los servicios necesarios y cuya construcci6n esta 
practicamente terminada. 
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A/493 Spain 

Fuel element studies at the Junta de 
Energfa Nuclear 

By J. D. Pedregal eta/. 

This paper describes the main lines of effort at the 
Metallurgy Division of the JEN. As far as core 
materials are concerned, metallic uranium, uranium 
dioxide and uranium monocarbide production tech
niques have been developed. There is also small group 
working on the fabrication of aluminium clad fuel 
plates for the JEN research reactors of the ARGO
NAUT and swimming pool type. 

Work on metallic uranium has covered the produc
tion of UF 4, preparation of uranium ingots by calcium 
reduction of uranium tetrafluoride, and fabrication of 
uranium bars by vacuum casting and by extrusion. 
Some work has been also carried out on the effect of 
thermal and mechanical treatments on uranium bars 
and on the influence of minor alloying constituents. 

Work on U02 has dealt with the preparation of 
suitable powders for sintering purposes and produc
tion of uranium monocarbide by carbothermic reduc
tion of U02. Different powder properties are required 
for the different purposes. The effect of fabrication 
variables on the final characteristics of the powders 
have been evaluated. 

Uranium carbide production by arc melting and 
casting has been studied. UC feed stock is prepared 
either from uo2 or from uranium scrap from the 
machining of uranium bars. 

Work on aluminium clad fuel plates has been 
restricted to elements with UaOs-Al dispersion cores. 

Some effort has been expended on the preparation 
of refractory ceramic materials. Special ceramic 
materials resistant to corrosion by gaseous hydro
fluoric acid have been developed. 

Welding studies have been concerned mainly with 
aluminium and aluminium alloys, magnesium-base 
alloys and stainless steel. 

For non-destructive testing, X-ray and ultrasonic 
facilities are available. Work on eddy current methods 
is also in progress. 

Hot cell laboratories will be in operation in 1964-65. 
They will include a 1 000 curie cell and a line of lead 
shielded glove boxes. 

The paper describes the facilities available at present 
or in the near future, with an emphasis on the tech
nical characteristics of the equipment and production 
capacity. 

A/493 Espagne 

La production des elements combustibles 
a Ia Junta de Energfa Nuclear 
par J. D. Pedregal et of. 

Les auteurs decrivent dans leurs grandes lignes les 
travaux de la Division de metallurgie de la Junta de En
ergia Nuclear (JEN). En ce qui concerne les materiaux 
du creur, la Division a mis au point des techniques de 
production de !'uranium metallique, du bioxyde 
d'uranium et du monocarbure d'uranium. Il existe 
egalement un petit groupe charge de la preparation 
d'elements combustibles du type plaque, gaines 
d'aluminium, pour les reacteurs de recherche de la 
lEN, des types ARGONAUT et piscine. 

Les travaux sur !'uranium metallique comprennent 
la production de UF 4, la preparation de !ingots 
d'uranium par reduction thermique du tetrafluorure 
d'uranium et Ia fabrication de barres d'uranium par 
coulee sous vide et par extrusion. 

La Division s'est occupee egalement de l'etude des 
traitements thermiques et mecaniques des barres 
d'uranium et de !'influence de petites quantites 
d'elements alliees. 

Les etudes relatives a U02 ont porte principalement 
sur la preparation de poudres convenant au frittage et 
sur la preparation de monocarbure d'uranium par 
reduction au carbone. Chacun de ces types de poudres 
doit avoir des proprietes differentes, et on a evalue 
!'influence des parametres de fabrication sur les carac
teristiques finales des poudres. 

On a etudie la production du carbure d'uranium par 
fusion et moulage sous vide. On obtient UC d'alimen
tation a partir de uo2 ou des dechets d'usinage des 
barres d'uranium metallique. 

Les travaux relatifs aux elements combustibles du 
type plaque, gaines d'aluminium, n'ont porte que sur 
des combustibles dont l'ame etait constituee par une 
dispersion de U30 8 dans de !'aluminium. 

La Division a cherche a preparer des matieres 
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ceramiques refractaires ou de type special, qui resistent 
ala corrosion par l'acide fluorhydrique gazeux. 

Les etudes relatives au soudage ont porte principale
ment sur !'aluminium et ses alliages, les alliages a base 
de magnesium et l'acier inoxydable. 

Pour les essais non destructifs, la Division dispose 
d'une installation de radiographic et d'ultrasons. Elle 
met actuellement au point des methodes d'essai 
utilisant les courants induits. 

Les laboratoires <<chauds )) entreront en service en 
1964-65. lis comprendront une cellule de 1000 Ci et 
une serie de boites !i gants blindees. 

Les auteurs decrivent les installations qui sont 
actuellement disponibles ou le seront prochainement 
et ils indiquent les caracteristiques du materiel et sa 
capacite de production. 

A/493 J.icnaHHR 

npoH3BOACTBO Ten110Bb1Ae11RIOI.l.\HX 
sneMeHroe e HcnaHHH 

X. ,D.. neAperan et al. 

B ,lJ;OKJia,lJ;e onuchiBaiOTCH ocHOBHhle Haupanne
HHH pa6oThi 0T}J;eJia MeTannypruu KoMHCCHH no 
H)J;epuoii auepruu B Mcnauuu. Paapa6oTanhl MeTo
,lJ;hl npoH3BO,!l;CTBa MaTepHaJIOB aKTHBHOll 30Hhi: 
MeTaJIJIHqeCKOfO ypana, ,lJ;BYOKHCH ypaHa H MOHO
Kap6H}J;a ypaHa. He6oJihiiiaH rpynna pa6oTaeT TaR
me H3,11; H3fOTOBJieHHeM TOnJIHBHbiX nJiaCTHH B 
3JIIOMHHHeBOll o60JIOqKe }J;JIH HCCJIC)J;OBaTCJlhCKHX 
peaKTOpOB THna <<AproHaBT» H norpyiKHOfO THna. 

Pa6oThi no MeTaJIJiuqecKoMy ypauy oxnaTbiBa
IOT npOH3BO,lJ;CTBO TeTpaqlTOpH}J;a ypaHa, BOCCTa
HOBJieHHe ero K3JlhQHeM H H3fOTOBJICHHe ypaiiO
BhlX CTepmneii nyTeM OTJIHBKH B BaKyyMe 1I 
3KCTpy3HH. Ilpone,n;eHhl TaKiKC HeiWTOphiC HCCJie
,'I,OBaHHH BJIHHHHH TepMHqCCKOll H MexauuqecKOii 
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o6pa60TKH ypaHOBbiX CTCpiKHeii H HeOOJibiilHX Jie
rupyiOIQHX )l,06aBOR. 

Pa6oThl no ABYOKHCH ypana oxnaThiBaiOT IIOJiy
qeuue IIOpOIIIKOB )l,JIH cneRaHHH H npOH3BO)l,CTBa 
MOHORap6H,lJ;a ypaHa Rap6oTepMuqeCRHM BOCCTa
HOBJieHHeM ABYOKHCH ypaHa. OT RaiK}J;oro ua 3THX 
IIopoiiiKOB Tpe6yiOTCH paaJIHqHhle cnoiicTBa. OQe
uunaeTcH BJIHHHHe pa3JIUqHbiX MCTO,lJ;OB H3fOTOB
JieHHH Ha OROHqaTCJibHhle xapaRTepUCTHl>H 110-
polllKOB. 

liayqaJIOCb TaRme IIPOH3BO,l1;CTBO Rap6H}J;a ypa
Ha ,11;yronoii nnanKoii H JIHTheM. IIcxo}J;Hhlii MOHo
Rap6HA ypaHa noJiyqaJIH HJIH H3 ,IJ;BYORHCH ypaHa, 
HJIH H3 ypaHOIIbiX CTpyiKCR nOCJIC MexanuqeCKOH 
o6pa60TRH ypaHOBhiX CTepiKHeif. 

Pa6oThi no TonJIHBHhiM nnacTHHaM n aJJIOMHHH
enoii o6onoqKe orpaHuqunaJIHCb aneMeHTaMH c cep
.n;eqHHKaMH ua .n;ucnepruponaHHoro U30a- AI. 

HeKoTophle pa60Thl npone}J;eHhl no rro.nyqeHHIO 
omeynopHhlx RepaMuqecKux MaTepnaJJoB. Paapa-
6oTaHhl. RepaMuqeCKHC MaTCpHaJibl OCOUOfO THIIa, 
o6na}J;aiOIQHe CTOHROCTbiO R Roppoaun B raaoo6-
paaHoM lflTopJICTOM nop;opo,11;e. 

IIccJie}J;onaHHH Boiipocon cnapRu RacaJJHCb rJiaB
HhiM o6pa30M aJIIOMHHHH H aJJIOMHHHCBhlX CnJia
DOB, CIIJiaBOB Ha MarHHeBoii OCHOBe H HCpiKaBCIO
IQCH CTaJIH. 

)lJIH pa60Tbl B 06JJaCTH aHaJJH3a oea paapyme
HHH o6pa3Qa HMeeTCH COOTBeTCTBYIOIQee HCnhiTa
TeJibHOe peHTreHorpalfluqecRoe u YJibTpaanyRonoe 
o6opy,l1;oBaHne. Be}J;yTcH TaRme pa6oTLI no MeTo
,lJ;aM BHXpeBbiX TOROB. 

Jia6opaTopuu ropHqnx KaMep HaqHyT pa6oTaTb 
B 1964-1965 rop;ax. B HHX 6y,11;yT ycTaHoBJieHhl 
RaMephl c TeMnepaTypoii 1000° C u PHA 6oRcon c 
MaHHnyJIHTOpaMH, HMeiOIQHMH CBHHQOBYIO 3a
IQHTy. 

B ,lJ;ORJia}J;e onnchmaeTCH o6opy,11;onaHIIe, uMeiO
IQeecH B HaCTOHIQee BpeMH HJIH ROTOpOe 6yp,eT 
nocTyrraTb B 6numaiiiiieM 6y,11;yiQeM, yRa3hlBaiOTCH 
TexuuqecKue xapaKTepucTHRH o6opyp,onaHHH u 
ero npOII3BO,lJ;CTBeHHaH MOIQHOCTb. 
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Elements combustibles a pelures concentriques 

par J. Planquart*, M. Huberlant**, F. Mathieu***, D. Tytgat* et P. De Meester* 

Les elements combustibles a pelures concentriques 
fines constituees de plaques composites contenant de 
!'uranium enrichi, destmes a des reacteurs de recherche 
refroidis par eau, peuvent etre utilises sous differentes 
configurations; ils presentent de gran des possibilites 
d'adaptation et peuvent repondre aux exigences severes 
des exploitants de reacteur. 

De tels types d'elements combustibles ont ete 
choisis pour le reacteur BR2 et constitueront les 
cellules nourricieres du reacteur ESSOR (fig. 1). Des 
performances technologiques tres elevees peuvent etre 
obtenues avec de tels elements pour autant que Ia 
realisation de ces derniers reponde a des specifications 
bien determinees, basees sur les calculs, sur les mesures 
effectuees et sur !'experience acquise. 

C'est le fruit de plusieurs annees de recherche, de 
mise au point et d'exploitation qui est resume dans le 

* Centre d'etude de l'energie nucleaire de Mol. 
** Metallurgie et mecanique nucleaires, SAMMN, Dessel. 

*** Communaute europeenne de l'energie atomique, 
EURATOM. 

Coupe element 
BR 2 

present document; deux autres communications 
reprennent Ies essais et mesures effectues sur Ies 
elements a BR2 eta BR02 [13-14]. 

LES ELEMENTS TYPE BR2 
Les ei6ments combustibles a pelures concentriques 

constituent les cellules nourricieres du reacteur BR2. 
Ce dernier est un reacteur a tres haut flux neutronique 
permettant de realiser une grande variete d'essais de 
materiaux et d'elements combustibles ainsi que 
d'effectuer des mesures sur faisceaux neutroniques; 
c'est un reacteur h6terogene, mod ere a l'eau Iegere et au 
beryllium, et refroidi a l'eau Iegere : il est exploite a 
Mol, conjointement par le Centre d'etude de l'energie 
nucleaire (CEN) et Ia Commission de la Communaute 
europeenne de l'energie atomique (EURATOM). 

L'element combustible est constitue de plaques 
composites comprenant une arne fissile d'un alliage 
d'aluminium et d'uranium enrichi a 90% enrobee d'une 
fine gaine d'aluminium; il est decrit en detail dans les 
documents repris en reference f1 a 5]. 

Coupe element 
ESSOR 

"'84,30 

Figure 1. Elements combustibles nourriciers BR2 et ESSOR 
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Depuis Ia mise en service du n!acteur BR2, en aoilt 
1962, ces elements ont donne entiere satisfaction pour 
un flux de chaleur de 200 W /em 2 • Des septembre 1963, 
le flux de chaleur a ete porte a 400 w I em 2 • Des essais 
recents [6 et 13] ont montre que les elements peuvent 
developper de fa~on silre 600 W /em 2 et, vraisembla
blement plus encore, une valeur de 800 W /em 2 entrant 
dans le domaine du possible, a court terme. 

SPECIFICATION 

Les performances de plus en plus elevees exigees de 
ces elements ont conduit les exploitants du reacteur a 
imposer au fabricant un cahier des charges tres severe, 
dans !'intention d'assurer Ia bonne tenue mecanique de 
!'element et d'eliminer les points chauds [15]. 

Les facteurs de qualite sur lesquels Ia specification 
insiste particulierement sont les suivants: 

(a) l'uniformite de la charge en 235U des diffe
rentes plaques de meme format (a chaque 
pelure correspond un format de plaques); 

(b) l'uniformite de la teneur specifique pour 
toutes les plaques et pour toute leur surface; 

(c) Ia perfection de Ia liaison entre Ia partie active 
et les couvertures d'aluminium. 

La charge totale en 235U de !'element standard est 
fixee a 244 ± 5 g. Cette charge est repartie dans les 18 
plaques formant les six pelures concentriques ·de 
!'element, proportionnellement a leur diametre respec
tif. La charge n~elle d'une plaque quek:onque ne peut 
s'ecarter que de 3 a s %. suivant le format de la plaque, 
de Ia charge nominale correspondante. 

L'uranium 235 doit etre reparti dans tous les 
elements d'une maniere tres uniforme. L'ecart maximal 
par rapport a Ia valeur nominale de 36,8 mg/cm 2 est 
fixe a 15% en plus ou en moins. Cet ecart doit englober 
les erreurs dues a Ia methode de mesure. 

Aucun defaut de liaison dont la surface est supe
rieure a 1 mm 2 n'est tolere. 

La specification est basee sur des etudes theoriques 
qui ont permis d'evaluer !'elevation de la temperature 
des plaques dues aux ecarts de chacun de ces pa
rametres par rapport a leur valeur nominale [7,8]. 

PROCEDES DE CONTROLE EN FABRICATION 

Ces diverses exigences ont necessite Ia mise au point 
de methodes de contr6le particulierement sensibles et 
fideles. Ce travail est le fruit d'une etroite collaboration 
entre le CEN et Ia SAMMN. 

On trouvera ci-apres un rapide apen;u des caracte
ristiques particulieres des methodes de contr6le 
utilisees en fabrication pour s'assurer du respect de Ia 
specification. 

Determination de Ia charge en uranium des plaques 

La charge en 2 3 5U de chaque plaque est determinee 
par une mesure tres precise de Ia teneur en uranium des 
plaquettes d'alliage aluminium-uranium avant gainage. 

La specification du CEN propose de determiner Ia 
quantite de 235U contenu a partir d'une mesure de 
rayonnement gamma (184 keY) emis par !'ensemble de 

J. PLANQUART et at. 

Tableau 1. Calcul de Ia teneur en uranium. Valeurs 
maximales des corrections 

Facteur Correction + Correction -
% U total % Utotal 

Densite de I'aluminium 0,06 0,25 
Densite de UAP 4 0,27 
Porosites 0,10 
Presence de UAPa 0,05 
Presence d'impuretes 0,12 
Mesure de densite . 0,045 0,045 

+0,475 -0,475 

Ia plaquette uranifere. Cette specification est inspiree 
des methodes decrites dans le document [9]. L'appli
cation de cette methode aux contr6les en fabrication 
est trop recente pour en publier les resultats. 

La realisation des etalons de reference a necessite une 
etude approfondie des diverses methodes de deter
mination de la teneur en uranium des alliages 
aluminium-uranium et notamment de Ia methode 
densimetrique decrite dans la communication [10]. La 
relation etablie par les auteurs de cette etude a ete 
adaptee aux caracteristiques des plaquettes BR2: 
(poids, 30 a 100 g; teneur en U, 24% environ; 
enrichissement, 90 %). 

On a determine !'influence sur Ia precision du calcul 
de divers facteurs tels que variation de la densite de 
!'aluminium et de UA1 4, presence de porosites, de 
UA1 3 et d'impuretes, precision des pesees. Le tableau 1 
indique l'erreur introduite dans le calcul par ces 
differents facteurs. 11 s'ensuit que cette methode permet 
de connaitre la teneur totale en uranium de l'alliage 
avec une precision de ± 0,47% absolu. 

Comme les erreurs principales sont dues a !'incerti
tude sur les densites de !'aluminium et de UA1 4, une 
analyse chimique complementaire permet de ramener 
la correction a ± 0,3% absolu environ. 

Determination de Ia teneur specifique des plaques 

La regularite de la repartition de !'uranium dans la 
plaque laminee est contr6Jee par radiographie et par 
comptage gamma. 

Le film radiographique donne une image globale de 
Ia forme et de l'uniformite de la partie active et permet 
de deceler Ia presence de certains defauts. Cette methode 
se prete toutefois difficilement a une analyse quantita
tive. Celle-ci est possible quand on utilise Ia technique 
du comptage de !'emission gamma de 235U [11-12]. 

Le comptage gamma peut se faire suivant deux 
procedes: le comptage en continu et le comptage 
ponctuel. Le premier est moins precis mais presente 
l'avantage de donner une information plus complete 
sur la repartition de !'uranium; le second sera done 
reserve ala mesure-de certaines plages suspectes. 

La chaine de comptage con~ue par le CEN com
porte un collimateur (1 ou 0,1 em 2), un crista! 
scintillateur Nal couple a un photomultiplicateur. 
L'electronique associee est celle d'un spectrometre 
gamma muni d'un discriminateur monocanal regie sur 
l'energie de 184 keY. L'etalonnage de l'appareil se fait 
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Tc 100 s 

Hz 

Temps 

Figure 2. Comptage y-Enregistrement 

une fois par jour. On centre d'abord la fenetre du 
discriminateur sur la valeur de 184 keY avec une 
erreur inferieure a ± 6 keY puis on regie l'ordonnee de 
!'enregistrement sur un etalon. 

L'heterogeneite de la teneur specifique est limitee a 
± 15 % au tour de la valeur nominale donnee par 

l'etalon. La chaine de comptage possede un parametre 
important qu'il faut fixer: la constante de temps du 
debitmetre. On peut voir sur la figure 2 un enregistre
ment typique obtenu au comptage ponctuel sur 
l'etalon en fixant la constante de temps a des valeurs 
croissantes. En comptage continu, la constante de 
temps doit etre choisie de fa.;on a reduire I' influence de 
la variation statistique tout en conservant une bonne 
sensibilite. Celle-ci est egalement fonction de la 
dimension du collimateur et de la vitesse de balayage. 

Pour le controle de la production, les caracte
ristiques suivantes ont ete fixees : diametre du colli
mateur : 11 mm (S = 1 em 2), vitesse de deplacement 
du compteur : 25 mm/s, constante de temps : 20 s. Ces 
conditions qui entrainent une erreur statistique voisine 
de 3% laissent 12% pour les variations d'epaisseur et 
de teneur de la partie active. Les zones d'extremite oil 
l'epaisseur de la partie active a tendance a etre plus 

D 
r-----

Generateur 
A 

Pap1er 
eleetrosenstt•f 

~ I 
IG , 

.... .. ······· ... ... 

H ~Pioque~-Tran,sduct~u~~ ., 

Mon1teur 
Enregistreur 

B 

A!pli-
f1cateur 

J 

.. 
Boc 

f..m Boiti d'od 
or 

aptation 

'--

E 
1-- D1scri-

mtnateur 

L....-
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Figure 3. Bloc-schema de !'installation d'inspection par ultra-sons 

forte (dog-boning) font !'objet d'un controie ponctuel. 
La duree de ce controle local est suffisamment longue 
pour obtenir une precision de l'ordre de 2%-

Determination des defauts de liaison 

Le controle connu sous le nom de blister test ne 
permet d'ecarter que des plaques affectees de defaut de 
liaison dus a des occlusions de gaz. Pour detecter les 
autres defauts, on utilise la technique de la transmission 
d'ultra-sons a travers la plaque a examiner. 

L'appareil de controle utilise par la SAMMN est 
constitue des parties suivantes (fig. 3): 

(a) un dispositif electromecanique (I) qui deplace 
les transducteurs (emetteur et recepteur) de 
fa9on a balayer completement la surface utile de 
la plaque immergee dans l'eau (H); 

(b) un generateur d'ultra-sons Krautkdimer USIP 
10 (A); 

(c) un moniteur-enregistreur Krautkramer (B), 
relie au generateur, permettant d'isoler et de 
mesurer exclusivement le signal emis par le 
transducteur recepteur. A la sortie du moni
teur, on obtient un signal alternatif pro
portionnel au signal selectionne; 

(d) un enregistreur sur papier electrosensitif (G) 
relie ala sortie du moniteur par l'intermediaire 
d'un discriminateur (E) permettant le reglage 
d'un seuil de detection et d'un amplificateur (F). 

La sensibilite desiree est obtenue en choisissant 
judicieusement les valeurs des parametres examines 
ci-dessous. 

La transmission des ondes ultra-sonores est 
influencee par l'epaisseur de la plaque traversee lorsque 
cette epaisseur est inferieure a quelques longueurs 
d'onde. Elle est maximale pour une epaisseur multiple 
d'une demi-longueur d'onde et minimale pour une 
epaisseur multiple impaire d'un quart de longueur 
d'onde. Pour diminuer !'influence des variations 
d'epaisseur des plaques a controler, on a choisi une 
frequence (6 MHz) telle que l'epaisseur nominale soit 
voisine de 5 j 4 de la longueur d' on de des ultra-sons dans 
!'aluminium. 

Pour que le faisceau ultra-sonore soit notablement 
affaibli par un defaut de liaison affectant une surface 
de 1 mm 2, il est indispensable dele focaliser. On a mis 
au· point des lentilles en plexiglas adaptables a des 
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transducteurs de 10 mm de diametre. Le faisceau ainsi 
focalise a un diametre de 1,6 mm et done une surface 
de 2 mm 2 • Com me l'installation permet de detecter 
aisement un affaiblissement de 25% de !'amplitude du 
signal emis, on peut deceler des defauts de 0,5 mm 2

• 

Le recouvrement de deux zones de balayage 
successives est de I mm. De cette fac;on tout defaut 
exclu par Ia specification est detecte au moins une fois. 
La vitesse de deplacement des transducteurs est fixee a 
50 mmjs. Cette vitesse est suffisamment faible par 
rapport a Ia frequence de repetition des ondes ultra
sonores (360 Hz) pour que chaque zone de 1 mm 2 soit 
inspectee pendant le temps de passage du faisceau. 

Le reglage du seuil de detection se fait sur un 
defaut standard. II est repete pour chaque examen de 
fac;on a eviter toute perte de sensibilite due au posi
tionnement variable des transducteurs. 

MESURES ET ESSAIS HYDRODYNAMIQUES 
HORS PILE 

Les essais hydrodynamiques hors pile sont effectues 
sur des elements prototypes ne contenant pas de 
matiere fissile; a ]'exception des plaques composites 
remplacees par des plaques en aluminium, toutes les 
autres parties constitutives de l'element prototype sont 
semblabes a celles de I' element fissile; les procedes de 
fabrication et les techniques de controle utilises sont 
egalement les memes. 

Les essais sont effectues dans une boucle a eau a une 

J. PLANQUART eta/. 

temperature moyenne de 40°C et a une pression 
nominate de 5 kg/em 2 ; les elements ne sont pas 
chauffes et aucun gradient thermique n'est realise. 

La section d'essais est verticale. La geometrie interne 
et les conditions d'environnement sont identiques a 
celles d'un chenal standard du reacteur BR2. L'ele
ment est suspendu comme dans le reacteur et est 
soumis aux memes conditions de fonctionnement a 
froid. L'installation d'essais est decrite dans un 
document repris en reference [3]. 

Sur chaque element prototype on effectue des 
mesures et des essais d'endurance aux vitesses 
nominates et a certaines survitesses, notamment 
suivant des specifications reprises en reference [15]. 

Les mesures sont effectuees pour diverses differences 
de pression aux bornes du chenal d'essais; on rei eve le 
debit global et on mesure les vitesses dans les differents 
espaces annulaires au moyen de tubes de Pitot 
montes a l'extremite aval de !'element. 

Cette mesure statistique des vitesses constitue un des 
buts principaux du programme, les resultats obtenus 
permettent de verifier que les conditions de re
froidissement adequates sont respectees. 

Au cours des essais de survitesse, on realise des 
debits de 110% et 120% du debit nominal cor
respondant a des differences de pression de l'ordre de 
20% et 40% superieures a celles rencontrees en 
fonctionnement normal dans le reacteur. Au cours de 
certains essais, Ia survitesse atteinte a ete de 140 %-

Tableau 2. Resume des principaux resultats obtenus sur les elements combustibles du reacteur BR2 
Conditions d'essai: Pression statique, 5 kg/cm 2 ; Temperature de l'eau, 40 oc; Difference de pression: entre les couvercles du reacteur, 

3 kgjcm 2 ; sur le noyau du reacteur, 2,8 kg/cm 2 • 

(I) (2) 13) (4) (5) 
Difference Vitesse VItesse a 

de pression moyenne dans l'interieur Ecarts 
Type autour de !'element du tube maximaux des 

t'etement combustible support vitesses 
[kg/cm'J [m/s] [m/s] (3) 

SVI Li 2,04 10,6-2% 7-2% 

+ 7% 
2,12 10,6 7 -9% 

2,2 10,6 + 2% 7 + 2% 

MVI 2,09 9,9 7 

BWVI 2,08 9,9 7 

+ 13% 
S VI nc 2,1 10,4 - 12% 

+ 13% 
SVn 1,51 9 a 9,2 10% 

M nc 1,82 10,1 

s nc 1,86 10,3 

a Debit a l'exterieur du tube-support. 
b Debit a l'interieur du tube-support avec bouchon on beryllium. 

(6) 

Debit 

!l/minj 

2 200-2% 

2 ISO a) 
45 b) 

2 200+2% 

2 150 a) 
46 b) 

2 230 a) 
46 b) 

2 140 

1 760 

I 560 

1 530 

Remarques 

Monte dans un chenal 3! in etrangle contenant 
le tube de securite [chenal 3! in = chenal 
standard 85 mm nominal] 

Monte dans un chenal 3! in etrangle, sans tube de 
securite ou chenal non etrangle contenant un 
tube de securite 

Monte dans un chenal non etrangle et sans tube 
de securite 

Monte dans un chenal 3! in etrangle, sans tube de 
securite ou chenal non etrangle contenant un 
tube de securite. 

Monte dans un chenal 3! in etrangle, sans tube de 
securite ou chenal non etrangle contenant un 
tube de securite. 

Monte dans un chenal 3! in etrangle et sans tube 
de securite. 

Monte dans un chenal non etrangle sur Ia boucle 
IPCTL avec diametre 
-a l'interieur de I' element = 34 mm 
- a l'interieur du tube-support du chenal 

3! in= 57 mm 
Monte dans un chenal etrangle, sans tube de 

securite (0 du bouchon inrerieur = 44 mm) 
Monte dans un chenal etrangle, sans tube de 

securite (0 du bouchon interieur = 44 mm) 

c Donnees proviso ires. S: element a plaques serties. M: element a 
pelures soudees. BW: element a tubes coextrudes. 
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Les essais d'endurance comportent un fonctionnement 
ininterrompu de l'ordre de 600 h minimum a Ia 
vitesse nominale. 

En ce qui concerne les elements BR2, les mesures et 
essais ont ete effectues sur des elements prototypes a 
six pe1ures concentriques, avec (S VIi) ou sans (S VI n) 
tube-support central, a cinq pelures concentriques avec 
(S V i) et sans (S V n) tube-support central, a deux 
pe1ures concentriques avec tube-support central (S IIi). 

Les caracteristiques d'essais sont reprises au tableau 
2; les vitesses relevees dans les differents espaces 
annulaires sont donnees a Ia fig. 4. 

Les resultats globaux du programme effectue 
peuvent se resumer comme suit: 

a) les essais ont permis Ia mise au point de toutes 
les parties constitutives des elements soumis a 
des essais; fin 1963, trois types (S VI i, S V i et 
s v n) sont operationnels dans le reacteur et 
aucune difficulte ne semble se faire jour pour 
les deux autres types (S VI n et S II i); 

b) le comportement de longue duree des elements 
a plaques serties est tres bon; il en est de meme 
des elements a tubes concentriques formes de 
plaques cintrees et soudees longitudinalement 
par point suivant une technique recente 
(type M); 

c) !'utilisation d'un peigne de centrage avec 
ressort de rappel, utilise pour les elements a 
tubes, semble prometteuse; 

d) en allant de l'exterieur vers l'interieur de 
!'element combustible, les vitesses moyennes 
dans les sections annulaires diminuent; Ia 
variation est faible, de l'ordre de quelques 
pour-cents, sauf pour les anneaux exterieur et 
interieur ou les diametres hydrauliques diffe
rent des diametres hydrauliques des anneaux 
in term ediaires; 

e) les vitesses moyennes mesurees s'ecartent des 
vitesses calculees de ± 7 %; 

f) dans tous les essais effectues, les vitesses 
extremes mesurees pour un type d'element 
s' ecartent au maximum de ± 12% des vitesses 
calculees. Ces ecarts peuvent facilement se 
justifier si l'on tient compte notamment des 
tolerances admises sur Ia distance entre les 
plaques combustibles et les defauts de 
parallelisme; 

g) les elements combustibles sans tube interieur 
exigent un noyau experimental convenable
ment centre. 

11 y a lieu de noter egalement que: 
i) quelle que soit la configuration du noyau du 

reacteur BR2, le debit moyen d'un element 
combustible ne varie pas plus de 2%; 

ii) le chargement du chenal et de I' element peut 
faire varier Ia vitesse moyenne du fluide dans 
!'element; pour des configurations realisees, 
cette variation peut atteindre 15%. 

Pour permettre une exploration plus precise de Ia 
veine fluide dans un canal fin limite par deux pelures 
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combustibles et deux raidisseurs, on a mis au point une 
jauge de mesure permettant de relever le diagramme 
polaire des pressions en un en droit de la veine; on 
deduit Ia vitesse du fluide a partir de Ia difference entre 
le maximum et le minimum de pression. 

De bons resultats sont obtenus en utilisant des 
jauges de 3 mm de diametre exterieur avec un trou de 
prise de pression de 0,25 mm. 

La mise au point et l'etalonnage du dispositif de 
mesure sont faits sur une boucle independante dans 
des canaux transparents en plexiglas de section 
rectangulaire. 

Le dispositif utilise permet un balayage radial de 
!'element au travers des differents passages d'eau; il 
mesure Ia vitesse locale du fluide de refroidissement et 
permet egalement de chiffrer les differences de pression 
statique sollicitant des plaques adjacentes. 

Un dispositif permettant le releve des !ignes 
piezometriques est en cours de mise au point, il doit 
permettre d' etablir la variation de vitesse du fluide 
dans une veine sur toute Ia hauteur de !'element. 

MESURES HYDRAULIQUES ET THERMIQUES 
EN PILE 

Pour obtenir des renseignements au sujet du 
comportement thermique en pile des elements 
combustibles, une instrumentation particuliere a ete 
developpee. 

En collaboration avec Ia societe SNECMA (France), 
une technique a ete mise au point qui permet de loger 
des thermocouples miniatures dans Ia gaine en 
aluminium des pelures des elements; on peut ainsi 
relever sans erreur appreciable Ia temperature de 
paroi. Les realisations actuelles sur des elements 
termines permettent de disposer les thermocouples le 
long d'une generatrice du tube exterieur de !'element 
et cela au niveau desire; la technique de mise en 
reuvre est decrite en reference [13]. 

Pour avoir un controle du bilan thermique global 
d'un element combustible, on utilise un dispositif 
special appele sonde de puissance. Ce dernier permet 
de connaitre la puissance instantanee dissipee par 
!'element a partir de Ia mesure du debit et de Ia 
difference de temperature moyenne de l'eau. Le debit 
est fonction de Ia difference de pression mesuree 
autour de !'element combustible; un etalonnage 
prealable est effectue dans une boucle independante du 
reacteur [3]. La precision des mesures obtenues 
depend du choix judicieux de !'emplacement des 
prises de pression et des thermocouples. 

La configuration generale d'un chenal occupe par un 
element combustible standard charge d'une sonde de 
puissance est donnee a la fig. 5; le profil des tempera
tures le long de la generatrice exterieure de l'eiement 
est donne a la fig. 6. 

On a constate, a la suite des mesures faites, que le 
debit nominal dans un element combustible augmente 
regulierement avec Ia puissance thermique de reacteur 
et que cette variation est de l'ordre de 5 a 8% de 1a 
valeur nominale pour la gamme envisagee (de 0 a 
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Parametres hydra!Jiiques : 

• Temperature de l'eau a !'entree du reacteur: 35°C 

- Difference de pression au reacteur : 3,5 kg/ cm2. 

- Pression du circuit : 12 a 13 kg/ em~ 
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Figure 6. Profils des temperatures de l'element SC-75 place dans le canal GO a differents regimes de 
puissance 



SESSION 2.3 P/716 

400 W jcm 2). Par contre, a puissance de fonctionne
ment constante du reacteur, on n'a pas . observe de 
variation notable du debit en fonction du temps. 

ELEMENT COMBUSTIBLE. NOURRICIER << ESSOR)> 

En vue de Ia mise en service du reacteur ESSOR 
(Essai ORGEL), EURATOM a estime que la con
figuration des elements BR2 pouvait etre adoptee 
pour les elements occupant les cellules nourricieres. 
Deux contrats ont ete passes au CEN pour la mise 
au point et les essais de prototypes. La realisation des 
elements prototypes a ete confiee a la SAMMN en 
raison de son experience dans le montage des elements 
du type BR2. 

La structure de base de l' element nourricier 
ESSOR est semblable a celle des elements BR2, 
c'est-a-dire qu'il est compose de plaques cintrees 
serties dans des raidisseurs longitudinaux, ces derniers 
formant un seul profile avec le tube-support central. 

Les plaques de cet element ont une longueur de 
1640 mm au lieu de 970 mm pour les elements BR2. 
Les conditions particulieres de fonctionnement ont 
amene les promoteurs du projet a modifier les largeurs 
des passages d'eau pour le premier et le sixieme canal. 
Malgre Ia longueur des plaques, des tolerances de 
fabrication tres serrees ont ete respectees. 

L'element est place dans un tube de c,:ellule d'environ 
4 m de long dans lequell'eau lourde circule de haut en 
bas. La liaison entre le tube de cellule et l' element est 
assuree par l'intermediaire de deux coiffes tubulaires. 
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La coiffe inferieure massive porte des gorges a sa 
surface exterieure oil vient se sertir I'extremite du tube 
de cellule. La coiffe superieure terminee par des 
lamelles elastiques permet la dilatation de l' element 
tout en limitant les vibrations. 

Sur cet element, on a realise I' ensemble des essais et 
mesures decrits pour les elements combustibles BR2. 
La repartition des vitesses avec la jauge hydraulique 
mentionnee plus haut a ete relevee. 

Les resultats des mesures effectuees sur deux 
prototypes sont satisfaisants. Les vitesses d'eau 
realisees au cours des essais ont ete environ de 8 a 
9 mjs. 

NOTES 

Le reacteur d'essais des materiaux BR2 est exploite 
a Mol (Belgique), conjointement par le Centre d'etude 
de l'energie nucleaire (CEN) et la Commission de la 
Communaute europeenne de l'energie atomique 
(EURATOM). 

Le reacteur d'essais ESSOR est actuellement en 
construction a l'Etablissement d'Ispra (Italie) du 
Centre commun de recherche d'EURA TOM. 

La technique permettant de loger des thermocouples 
miniatures dans la gaine en aluminium des pelures des 
elements combustibles a ete mise au point par la 
Societe nationale d'etude et de construction de 
moteurs d'aviation (SNECMA-Paris-France) dans le 
cadre d'un contrat EURATOM-CEN passe avec 
ladite societe [contrat No 005-61-7 BR2.F (1961)]. 
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ABSTRACT -RESUME-AHHOTALU11J1-RESUMEN 

A/716 Belgium 

Fuel elements in the form of concentric tubes 

By J. Planquart et at. 

Research reactor fuel elements, containing enriched 
uranium, in the form of concentric cylindrical plates 
or tubes and cooled by water, as in the BR2 reactor at 
Mol, offer a wide range of possibilities for adaptation 
to satisfy the diverse requirements for in-pile irradia
tion facilities. 

This paper examines this type of fuel element from 
the point of view of the problems of manufacture and 
the test and commissioning programme of the fuel 
element. A description of the instrumentation used for 
in-pile tests on the different variations of the basic 
element and of the fuel element developed for the 
ESSOR (EURATOM) reactor is given. 

Details of the fabrication of this type of fuel element 
have already been described. Strict control is necessary 
during manufacture to guarantee the best possible 
distribution and homogeneity of the 2asu and a com
plete bond between the fuel and its cladding. 

A fuel element similar to the BR2 one is proposed 
for the ESSOR reactor. The characteristics are given 
and the fabrication procedure is described. 

Prototype non-fissile models of the fuel elements 
were submitted to hydraulic flow tests in a water loop; 
temperature gradients were not created in the plates. 
These particular studies concentrated on water 
velocity measurements; a particular point of interest is 
the hydraulic gauge specially developed for this work. 

Results are given for the group of prototypes tested 
and a description of the test set-up is given in an 
appendix. Neutron measurements are made with the 
actual elements in the zero energy model of the 
reactor. These measurements enable the determination 
of a series of characteristics for a group of elements or 
for a particular element and the fine flux distribution 
inside the element. 

To obtain sufficient information concerning the per
formance of the fuel elements in-pile, a special instru
mentation was developed. This consisted of tempera
ture probes to give the heat balance in a reactor 
channel occupied by a fuel element and thermocouples 
fixed to the plates of the elements to verify the tem
peratures obtained by calculation. A description of the 
other tests which show the influence of certain opera
tional parameters is given. 

The fuel elements have operated at a thermal flux of 
600 W/cm2 and the paper concludes with an attempt 
to determine the limiting factors of this type of 
element. 

A/716 6enbrHfl 

TennoBbiAe11fltOL1.4He aneMeHTbl c KOH
~eHrpH~eCKHMH 060110~KaMH 

}t{, nnaHKap et al. 

TenJIOBhiJieJ!.JIIO~ue aJieMeHThl ua o6ora~euuo
ro ypaua c ROHQeHTpnqecRHMH o6oJioqRaMH, 
npep;uaauaqaeMhle p;JIH uccJiep;oBaTeJihCRHX peaR
TopoB C BO,IIHHhiM OXJiamp;eHueM, TaRHX, RaR peaR
TOp B MoJie, oTRphiBaiOT mupoRue BoaMo>KHOCTH 
npuMeHeHH.JI H MoryT OTBeqaTh Tpe6oBaHHHM TIO
TpeOJITeJieH peaRTopa. 

B uacTon~eM p;oRJiap;e paccMaTpHBaiOTCH npo
oJieMhl H3l'OTOBJieHH.JI TaRHX TeiTJIOBhi,I~eJIHIO~HX 
::meMeHTOB, nporpaMMa HCTibiTaHHH H paapa60T
RH, npu6ophi u naMepeuua, npoBep;euuhle B peaR
TOpe JIJIH pa3JIHqHhJX THIIOB H pa3JIHqHbiX c6opoR; 
p;aeTC.JI TaRme onucauue TenJioBhlp;eJIHIO~ero ~me
MeHTa, npep;uaauaqaeMoro p;JIH peaRTopa ESSOR 
(EBpaToM). 

MaroTOBJieHue TaRux TenJIOBhlp;eJI.JIIO~ux aJie
MeHTOB yme 6biJio onucauo. Y ~eJIHeTc.JI BHHMauue 
I<OHTpOJIIO aa H3fOTOBJICHHeM, ROTOphlii JIHRTyeTC11 
Tpe6oBaHu.JIMH o6ecneqeuua op;uopop;uoro pacnpe
;leJieuua U235 u npeRpacHoii CBHau Memp;y cocTaB
HhiMH qaCTHMH TOIIJIHBHhiX IIJiaCTHH. 

,ll;JI.JI peaRTopa ESSOR OhiJI npep;Jiomeu TenJio
BhiJieJIJIIO~nii aJieMeHT, IIOJiyqeHHhiH Ha OCHOBe 
TenJioBhiJieJIJIIOIQero aJieMeHTa peaRTopa BR-2. 
llpuBOJIHTCJI onucauue xapaRTepucTuR TaRoro 
TenJIOBhlp;eJIHIO~ero aJieMeHTa u o6~aJI cxeMa 
DpOH3BOJICTBa. 

OnhiTHhle TeUJIOBhlp;eJIJIIO~ue aJieMeHThl ua He
,IIeJIJin~erocJI Be~eCTBa nop;BepraJIIICh rup;paBJiuqe
CRIIM IICIThiTaHHJIM B BOJIHHOH neTJie; TepMuqe
CRHe rpap;ueHThl He OhiJIH ocy~eCTBJieHhl. 

Oco6aa TexHnRa MomeT ucnoJihaoBaThCH p;n.II 
H3MepeHIIJI CROpOCTeii; CJiep;yeT OTMeTHTh, qTo 
cnequaJihHO AJIH aneMeHTa TaRoro Tuna OhiJI paa
pa6oTaH rup;paBnnqecRuii ualllepuTeJihHhlii npu-
6op 

llpHBOJIJITCH peayJihTaThl, JIOJJyqeHHbie l];JIJI 
COBORYIIHOCTH OIThiTHhiX TeiiJIOBhi,IIeJIJIIO~HX 3Jie
MeHTOB, TIOp;BepraBlliHXCJI HCIThiTaHJIHM; B npuJIO
>KCHHH npuBep;euo onucauue ycTaHOBOK HeiiTpoH
Hhle H3MepeHHH MoryT npOBOJIHThCH C TeiTJIOBblp;e
JIJIIO~HMH aJieMeHTaMH Ha RpHTHqecROH MOp;eJIH 
peaRTOpa. 8TH H3MepeHHH IT03BOJIJIIOT OTipep;eJIHTh 
pap; XapaRTepHCTHR li;JIH COBORYTIHOCTH 3JieMeH
TOB, JIJIH OTJieJihHOfO 3JieMeHTa H TIOJiyqHTh TOH
RYJO RoH<f>urypaQHIO BHYTPH aJieMeHTa. 

lJTo6hl ITOJiyqHTh COOTBeTCTBYIO~He p;aHHhle 0 
IIOBeJieHHH TeiTJIOBhlp;eJIJIIO~HX 3JieMeHTOB B 
peaRTope, OhiJIO paapa6oTaHo cne~naJihHoe o6opy
p;oBauue. 3oHp;hl l];JIH H3MepeHHH MO~HOCTH TI03-
BOJIHIOT ITOJiyqHTh npep;CTaBJieHHe 0 TeiiJIOBOM 
OaJJaHce B RaHaJie, aaHHTOM TeiTJIOBhlp;eJJHIO~HM 
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:lJTeMeHToM; TepMorrapLI, CMOHTHpOBaHHLie Ha IIJTa

CTHHKaX TeiiJTOBLI)J,CJIHIO~HX aJieMeHTOB, II03BO

JIHIOT npoaepHTL nyTeM HaMepeHHH TeMrrepaTyp, 

KOTopLie 6LIJIH onpep;eneHLI B pac'leTax. 

OnncLmaiOTCH Ta.Kme ~pyrne JICIIbiTaHHH, KoTo

pLie B.biJIBJTJIIOT BJIHJIHUe HeKOTOp.biX pa6o'IHX na

paMeTpOB. 

3JieMeHThl IICIIOJih30BUJIHC.b Jl,O TCIIJIOBbiX IIJIOT

HOCTeii 600 67'/C.~~t2; B aa.KJIJOqeHHH ;:J;O.KJia)J,a ;:t;e-

• lJaeTCH IIOilblTKa orrpe)J,eJIHTL JTHMHTUpyiO~He 

tJlaKTOpbl )J,JTH aJieMeHTOB TUKOro THIIa. 

Elementos combustibles de capas 
concentricas 

por J. Planquart eta/. 

A/716 Belgica 

Los elementos combustibles de capas concentricas, 
con· uranio enriquecido, destinados a los reactores de 
investigaci6n refrigerados por agua, tales como el 
reactor BR2 de Mol, pueden adaptarse facilmente a 
diversas finalidades y pueden ajustarse a las especifi
caciones impuestas por los explotadores de los 
reactores. 

En esta memoria se examinan los problemas que 
plantea Ia elaboraci6n de tales elementos, el pro
grama de ensayos y de perfeccionamiento, la instru
mentaci6n y las determinaciones effectuadas en el 
reactor para diferentes tipos y distintos montajes; se 
describe asimismo el elemento combustible proyectado 
para el reactor ESSOR (EURATOM). 

Ya se ha descrito Ia elaboraci6n de estos elementos. 
En esta memoria se examinan nuevamente las normas 
de control de Ia fabricaci6n impuesta por las especi
ficaciones a fin de asegurar que el 235U se distribuya en 
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Ia forma mas homogenea posible y que las partes que 
constituyen las placas de combustible esten perfecta
mente unidas. 

Para el reactor ESSOR, se ha propuesto utilizar un 
elemento cuya forma se deriva de Ia del BR2. Se 
describen sus caracteristicas y, a grandes rasgos, su 
elaboraci6n. 

Los prototipos de elementos combustibles, no 
fisibles, se someten a ensayos hidniulicos en un circuito 
de agua; no se establecen gradientes termicos . 

Para Ia determinacion de las velocidades se pueden 
aplicar tecnicas especiales; en particular, merece 
menci6n un medidor hidraulico destinado a este tipo 
de elemento. 

Los autores presentan los resultados obtenidos para 
toda Ia serie de prototipos ensayados; en anexo, dan 
una descripci6n de las instalaciones. En Ia maqueta 
critica del reactor, se pueden llevar a cabo mediciones 
neutr6nicas con los elementos. Estas mediciones per
miten determinar una serie de caracteristicas para un 
conjunto de elementos o para un elemento en particu
lar y tambien establecer Ia configuraci6n fina en el 
interior de un elemento. 

A fin de obtener datos fidedignos sobre el comporta
miento de los elementos combustibles en el reactor, se 
ha preparado un sistema especial de instrumentos. Las 
sondas de potencia facilitan informaciones sobre el 
balance termico en el canal ocupado por el elemento 
combustible; los termopares instalados en las placas 
de elementos permiten verificar por medici6n directa 
las temperaturas calculadas de antemano. 

Los autores describen asimismo la manera en que 
han realizado otros ensayos que ponen de manifiesto 
la infiuencia ejercida por determinados parametros 
sobre el funcionamiento del reactor. 

Los elementos se utilizaron hasta alcanzar densi
dades termicas del orden de los 600 W/cm2 ; como 
conclusion, se procura determinar los factores que 
limitan el campo de aplicaci6n de este tipo de elemento. 
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Fabricaci6n de elementos combustibles para reactores 
de investigaci6n 

por C. Araoz, C. A. Martinez Vidal, J. Mazza, R. Morando y 0. Wortman* 

Como parte del desarrollo de la tecnologia de 
reactores y teniendo como objetivo final la construe
cion de reactores de potencia, la Gerencia de Tec
nologia de la Comisi6n Nacional de Energia At6mica 
(CNEA) ha puesto especial enfasis en la manufactura 
de elementos combustibles para reactores de investiga
ci6n y producci6n de radioelementos [1,2]. La 
fabricaci6n de estos elementos tiene una doble 
finalidad: a) capacitaci6n tecnica del personal, y 
b) preparaci6n de la industria subsidiaria a fin de que 
colabore en forma creciente en la tecnolgia nuclear. 

En 1957 se comenz6 la fabricaci6n de elementos 
combustibles con el nucleo del RAI de tipo Argonaut. 
En 1964 se fabrican ya elementos para un reactor de 
5 MW. Se describe a continuaci6n el desarrollo actual 
de tres elementos en producci6n en el Departamento 
de Metalurgia de la CNEA. 

FABRICACI6N DE ELEMENTOS 
COMBUSTIBLES TIPO MTR 

La CNEA encara actualmente la construcci6n del 
reactor RAEP, de tipo experimental y producci6n de 
radioelementos. Su potencia inicial es de 1-3 MW(t), 
con la posibilidad de incrementarla a 5 MW. Su flujo 

* Comisi6n Nacional de Energia At6mica. 

neutr6nico es de 2 x 1013 n/cm2 s yes refrigerado con 
agua natural desmineralizada [3]. En elemento com
bustible es del tipo MTR [4]. 

Selecci6n de materiales 

Nuc/eo.-La posibilidad de obtener uranio enrique
cido al 90 %en 235U hace que se piense en un elemento 
de fase fisionable dispersa. De su estudio [5], surge la 
conveniencia de usar una aleaci6n aluminio-uranio. 

El calculo del reactor indica aproximadamente 8 g 
de 235U por placa. Para un nucleo de 615 X 60 X 0,5 
mm, se obtiene una aleaci6n de 15% de uranio, en la 
que la fase fisionable ~e presenta como UAl4. Esta fase 
ocupa un 11 % en volumen, lo que es muy razonable 
desde el punto de vista de su trabajado mecanico. El 
peso total del nucleo es de aproximadamente 60 g. 

Revestimiento.-Para las condiciones de trabajo del 
reactor en lo que hace al circuito de refrigeraci6n pri
mario, el material de revestimiento es aluminio comer
cia! tipo 1100. Mo obstante, se preve un cromatizado 
final a las placas. 

La figura 1 muestra el diagrama con las notas cor
respondientes a las especificaciones finales de las 
placas [6]. 

Obtenci6n del nucleo fisionable 

El materiel enriquecido entregado es F6U. La 

{IJ 

Porfll de Ia ploco curvada ~'T-- -~-- --~ I---- --- -----------------r---l 
I I I I I : 
I I I I I : 
: I I I I I 
I I I I 

t. __ _ J- ----. ~ ------------------------- j- __ __: 

Dlbujo de Ia placa aplanocla 

~
Nuclea 

,.------------------o~;l.-;P:-;I=::oc7.fa 0,52 ± 0,03 !1,3±0,1 Cublerta 
0,4 ± 0,06 

Figura 1. Diagrama de especificaciones del elemento combustible RAEP 

Notas- 1: La cubierta es de aluminio 1050 6 1100. 2: El nucleo es de uranio enriquecido al 90% en 2asu. Cada placa debe contener 
7,8 ±0,3 g de 235U distribuido uniformemente. La homogeneidad debe ser ± 5 %. 3: La tolerancia en ellargo de Ia placa terminada 
luego del corte, sera de ± 1,5 mm. En ambos extremos Ia zona libre denucleo debe ser igual (con2mmdetolerancia). 4: Elespesor de 
la cubierta debe ser 0,40 ± 0,05 mm, salvo a 25 mm de los extremos de los nucleos en que debera ser mayor de 0,25 mm. 5: La tolerancia 
en el ancho de la placa, luego del corte, sera de ± 0,5 mm. En ambos lados Ia zona libre de nucleo debe ser igual (con 1,5 mm de 

tolerancia). 6: Los numeros de identificaci6n seran de 3 mm de alto 
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Gerencia de Tecnologia de la CNEA [7, 8] desarrollo 
un metodo para reducir directamente el hexafiuoruro 
de uranio a una aleacion uranio-aluminio, con muy 
buenos rendimientos. Basicamente, el mismo consiste 
en hacer burbujear el hexafiuoruro en aluminio 
fundido. Se obtienen asi lingotes de aleacion de alu
minio de 20 a 23 % en peso de uranio, que deben ser 
refundidos para llevarlos al tenor deseado. 

Se presentaron numerosos problemas en la obten
cion de los lingotes finales [9]. Enumerando rapida
mente: malas superficies, producidas por salpicaduras 
y lineas de solidificacion, lo que obligaba a fresar el 
lingote; fuerte rechupe con porosidad; poros pro
ducidos por oclusion de gases; segregacion [10], etc. 
Las condiciones optimas en que se trabaja actual
mente son: fusion en homo de induccion de 70 kW, 
colando a 750°C en lingotera de fundicion con sistema 
de volcado degasando previamente durante 3 min con 
nitrogeno. La lingotera se mantiene a 100 oc con un 
ligero gradiente de temperatura en el sentido vertical. 
La figura 2, izquierda, ilustra un lingote, mostrando el 
canal de colada y la mazarota; a su lado se aprecia el 
lingote ya cortado y listo para laminar. El mismo tiene 
315 x 160 x 35 mm. 

De todos los lingotes se hace gammagrafia para 
determinar poros y segregacion, completandose con un 
analisis quimico para asegurar la composicion. 

Con elfin de disminuir las perdidas, una vez separa
dos la mazarota y el canal de colada, se efectua 
al lingote un solo corte, quedando dos placas 
de 155 x 160 x 35 mm. Cada placa se calienta 
durante seis horas a 600°C para homogeneizar y se 
procede alaminar en caliente. En la laminacion 
surgen dos problemas: un escamado superficial, 
que desaparece al eliminar la segregacion y un fuerte 
agrietamiento superficial. Este ultimo se soluciona 
reduciendo del 20% por pasada a un 5% en los pri
meros pasos, para terminar la laminacion en caliente 
con un 30 % por pasada. Se lubrican los rodillos con 
aceite de palma en suspension en queroseno. Se llega 
a una reduccion total del 90 % en unas 20 o 22 
pasadas, recalentando 5 minutos a 580 oc entre pasa
das. Obtenemos asi chapas de 4 mm de espesor, que se 
cortan a lo ancho en guillotina en dos tiras de unos 
80 mm de ancho, eliminando previamente los hordes y 
los extremos. Luego se termina en frio hasta 3,05 mm 
de espesor. 

Las caracteristicas de la laminadora son: rodillos de 
127 mm de diametro y 203 mm de tabla; velocidad 
periferica de 180 mmjs. 

Manufactura de las placas 

Se utilizo el conocido metoda del enmarcado 
(pictureframe) [11]. 

Las tiras de 80 mm de ancho, se punzonan en una 
matriz de corte. A la derecha de la figura 2, se ven dos 
tiras laminadas y nucleos ya punzonados. 

En la misma matriz se punzonan los marcos, de 
chapas de aluminio 1100 de 3 mm de espesor. Los 
marcos tienen 180 x 120 mm de exterior y el nucleo 
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es de 110 X 58 mm. La figura 3, muestra en la parte 
inferior izquierda el despiece de los mismos. 

Union del conjunto.-Las exigencias del metodo de 
enmarcado en elementos combustibles son: a) buena 
union entre tapas y nucleo y entre los hordes del marco 
y el nucleo; b) mantener una buena geometria en los 
extremos del nucleo y en el espesor; y c) respetar las 
tolerancias dimensionales. Todas elias con un proceso 
lo mas simple posible. El punto a) se asegura mediante 
el ensayo de ampollamiento (blister test) y ensayo de 
ultrasonido. El punta b) se observa en las gamma
grafias, en los cortes (ensayos destructivos) y en la 
medicion de espesores por medios no destructivos [12]. 
Los mismos elementos del pun to b) aseguran el c). 

Fueron puestos a punto distintos metodos de 
union [13]. De ellos se ha elegido el de sellado por 
soldadura a presion, en frio, y colaminado en caliente. 
Se recuece el material a 450 oc durante 20 min en homo 
tipo ciclon. Se desengrasa en vapores de tricloroetileno 
y se decapa en OHNa y en NOaH al 5 %, se lava en 
alcohol y se seca al infrarrojo. Se cepilla el marco y el 
nucleo en una cepilladora estanca, con presion de 
cepillado regulable. En otra cepilladora aparte se 
cepillan las caras intemas de las tapas y se sella todo 
el conjunto. 

El sellado [14] consiste en una indentacion en forma 
de U alrededor del nucleo, quedando el borde cerrado 
en el sentido de la laminacion. En la figura 3, parte 
inferior derecha, se puede apreciar un conjunto ya 
sellado. De esta manera se evita el movimiento entre 
tapas y marcos allaminar, asi como la oxidacion de Ia 
interfase durante el calentamiento previo. 

Laminado del conjunto.-Para cumplir con las 
exigencias enunciadas en el punto anterior, fue 
necesario estudiar el comportamiento plastico a aha 
temperatura del aluminio y de su aleacion al 15% de 
uranio. De este estudio surgio la secuencia del trabajo. 

El conjunto se calienta durante 20 min a 600°C y la 
colaminacion se obtiene en las dos primeras pasadas 
de 20 % cada una, invirtiendo el sentido de laminacion. 

Desde los 8 mm iniciales se lleva hasta 2,5 mm con 
recalentamientos intermedios de 5 min a 580 oc y 
pasadas de 10 a 15% mientras se continua invirtiendo 
el sentido de laminacion en forma ciclica. Desde los 
2,5 mm se continua laminando en frio hasta 1,75 mm, 
a 10% por pasada; a este espesor se hace un recocido, 
coincidente con el ensayo de ampolladura. Este ensayo 
consiste en calentar las placas durante una hora a 
550°C. Defectos de union en la interfase producen 
ampollas en Ia superficie, facilmente detectables, que 
conducen al rechazo de la placa. 

Luego del ensayo, la placa queda muy blanda, por 
lo que se hace un laminado en frio de un 25 % de 
deformacion a 10% por pasada, que lleva las chapas 
a 1,31 mm de espesor. Este proceso acaba con el 
aplanado de las chapas en una enderezadora a rodillos. 

Acabado de las placas.-Ya aplanadas, se hace una 
gammagrafia de los extremos de las placas, para ubicar 
el nucleo y verificar las tolerancias dimensionales. La 
figura 4 permite apreciar la geometria de los extremos. 
En base a las gammagrafias se dibujan los nucleos en 
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Figura 2. Lingotes, chapas laminadas y nucleos de aleaci6n AI- U 

Figura 3. Despiece y conjunto sellado, placa con el dibujo del 
nucleo y dos elementos terminados 

Figura 4. Gammagraf!as mostrando Ia geometria de los extremes 
de las placas 

anodiudo 
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Figura 5. Cortes transversales most ran do Ia geometria en espesor 
de las placas 

las placas (ver figura 3 al centro) y se procede a cor
tarlas a las medidas externas finales en guillotina. 

En la figura 5 se puede apreciar la geometria en 
espesor del nucleo, mediante cortes transversales de 
una placa. 

Se procede a un muestreo y una de cada 10 placas 
es ensayada por ultrasonido. A este fin se puso a punto 
el metodo de inmersion, usando dos cristales de 
titanato de bario, focalizados y colimados, con una 
frecuencia de 5 MHz. Ademas se construyo un sistema 
mecanico de barrido y de registro con un inscriptor de 
alta velocidad. 

Las placas se identifican para conocer su historia y 
se doblan a 140 mm de radio en el sentido transversal 
en una matriz de doblado. Las chapas se cromatizan 
para aumentar su resistencia a la corrosion [15]. La 
figura 3, en la parte superior, muestra dos placas de 
elementos combustibles terminados. Finalmente se 
acondicionan en bolsas de polietileno. 

FABRICACI6N DE ELEMENTOS COMBUSTIBLES 
CON NUCLEO DE U02-C 

El primer reactor nuclear fabricado en la Argentina, 
RAl, fue del tipo Argonaut con elementos combusti
bles consistentes en placas coextrudadas de AI- UaOs 
enriquecido. Al disefiar la nueva carga para el RAl se 
ha pensado en aumentar el fiujo neutronico a 5 x 1012 

n/cm2 s cambiando la geometria y el elemento com
bustible. Este elemento (figura 6) consiste en una barra 
cilindrica de dispersion U02-grafito, contenida en una 
vaina de aluminio y cerrada en ambos extremos [2]. 

Otras caracteristicas son: 

1 ___ 1_5 __ ~1--------~--------1------------~~~o-------------1-----2=7----~l--~18 ___ 1 

&52 

Figura 6. Diseiio de elemento combustible 
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Com posicion 

Nucleo: 80% U02, enriquecido en 2asu al 19,71 %; 
20 % C, mas del 50 % como C grafitico; 

Vaina: aluminio 99,7 %. 

Dimensiones y tolerancias 

Nucleo: diametro 7,60±0,02 mm; Iongitud 540± 
0,2 mm; concentracion en 235U = 0,50 gjcm3 ± 
0,01 ; inhomogeneidad en la distribucion del 
235U menos de 3 %. 

Vaina: diametro interior 7, 70 + 0,00-0,05 mm; 
espesor de pared: 1 ± 0,1 mm. 

Los elementos debenin ser rectos, con una flecha 
menor que 1 mm. 

Disipanin una potencia maxima de 500 W, refriger
ados por agua desmineralizada (impurezas ""0,05 
ppm) de temperatura maxima 50°C. Se estima una 
temperatura maxima en el nucleo de 150°C. 

Desarrollo 

El nucleo debe estar constituido por una fase U02 

fina y uniformemente dispersa en carbono, no desar
rollar otros gases durante la operacion del reactor que 
los provenientes de la fision, y ser mecanicamente 
resistentes. Se fabrica por extrusion. 

Para extrudar Ia mezcla U02-grafito es indispen
sable el agregado de aditivo ya que se trata de mated
ales no plasticos a Ia temperatura de trabajo. Este 
aditivo debe dejar, luego de su parcial eliminacion en 
atmosfera inerte, un residuo carbonoso actuando 
como ligante. La experiencia anterior indica el uso de 
resinas termoplasticas o breas con este fin. Se decide 
por el. uso de Ia brea de alto indice de coquificacion, 
somehendo luego la barra a un degasado adecuado. 

La densidad del extrudado esta determinada en este 
sistema por Ia presion de extrusion y Ia composicion. 
A partir de 1 t/cm2 de presion Ia densidad se encontro 
practicamente independiente de la presion. 

En el degasado se eliminan los volatiles de Ia brea y 
debe resultar una barra con adecuada resistencia 
mecanica. Se puso a punto una tecnica de degasado 
len to en vacio a 2 °Cjhora entre 100 y 350 oc, ran go de 
temperatura de gran produccion de gases y baja 
resistencia mecanica en la barra. A partir de 400 oc Ia 
temperatura puede subirse hasta 50°C/hora sin que se 
produzcan fallas. Durante el degasado las barras 
sufren una contraccion del1,5 %. 

Se sueldan bajo gas inerte con electrodo de tung
steno (TIG), usando corriente alternada e inyeccion de 
alta frecuencia. El diseiio de Ia junta correspondiente, 
en elementos combustibles de aluminio y sus alea
ciones, es de suma importancia [16, 17]. Luego de 
varios ensayos se adopto el diseiio de Ia figura 7. 

El equipo utilizado para Ia soldadura ha sido desar
rollado en la CNEA [18] y permite la automatizacion 
segun un cierto programa de las distintas variables que 
entran en el proceso. 

Este equipo esta compuesto de cuatro partes funda
mentales: 
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Figura 7. Dimensiones de Ia tapa adoptada 
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Generador.- Es un equipo convencional tipo trans
formador-rectificador con oscilador de alta frecuencia 
para estabilizar el arco. 

Posicionador.- Permite Ia rotacion del elemento 
combustible bajo la pistola, con velocidad variable. 

Panel de secuencia.-Comanda el flujo de gas y 
agua; controla segun un cierto programa el comienzo 
de la soldadura, Ia corriente y velocidad del posiciona
dor. 

Eliminador del crater.-Controla Ia reduccion 
paulatina de la corriente al finalizar la operacion con 
el objeto de eliminar el crater. 

El ciclo de soldadura es el siguiente: a) apertura de 
Ia valvula de gas inerte para purgar el conducto; 
b) comienzo de la soldadura; c) rotacion del posiciona
dor luego de un cierto retardo, despues de comenzada 
Ia soldadura; d) aumento de Ia velocidad del posiciona
dor en cinco etapas sucesivas; e) reduccion de la 
corriente a fin de alimentar el crater; f) retardo del 
cierre de gas y finalizacion de Ia operacion. 

Luego de sellado el elemento, queda entre el nucleo 
y la vaina de aluminio un espacio de 0,1 a 0,2 mm, 
necesarios para la introduccion del nucleo. Este se 
reduce por prensado hidrostatico en caliente. 

El efecto de la temperatura en el prensado se siguio 
por medicion del diametro exterior y por observacion 
metalografica de cortes transversales (figura 8). 

Los ensayos de temperatura se hicieron cada 20°C 
en el rango 300-400°C. La presion, 150 atm, proviene 
de un tubo de Nz. 

Luego del prensado hidrostatico, algunos elementos 
presentaban hinchazon (swelling) debido a que la 
humedad adsorbida en el nucleo se Iibera al calentar 
el elemento. En Buenos Aires, donde es comun una 
humedad relativa del 95 %, este efecto es de impor
tancia. 

Previo sellado, los elementos deben ser por Jo tanto 
evacuados a alta temperatura, a fin de eliminar gases 
adsorbidos en la matriz porosa del nucleo. El sellado 
se realiza inmediatamente sin enfriar el elemento a fin 
de evitar Ia readsorcion. 

Fabricaci6n 

El polvo UaOs se muele en molinos a bolas con 
alcohol durante una hora. El barro resultante se 
reduce a U02 por pasaje de Hz a 800°C. Este UOz es 
tamizado, usandose la malla - 150. Se mezcla con 
14,5% de grafito (malla -325) y 15,5% de brea 
(malla -100) por particion durante una hora. Se 



60 SESI6N 2.3 P/837 

Figura 8. Corte transversal de un elemento, prensado hidro
staticamente a 150 atm y 370oc 

malaxa durante 10 minutos y se prensa en forma de 
briquetas a 60°C y aproximadamente 100 kgjcm2. La 
mezcla abandona el sistema a baja presion solo una 
vez que esta en forma de briquetas, las que se cargan 
con Ia matriz de extrusion. La extrusion se realiza en 
las siguientes condiciones: 

Temperatura matriz . 
Temperatura cono 
Temperatura extremo de boquilla 

(refrigerado en agua) 
Velocidad de extrusion 
Diametro . 
Densidad crudo 
Longitud de barras 

140-150°C 
130-135°C 

30-35°C 
2-2,5 cm/minuto 
7,72 ± 0,005 mm 
3,85 ± 0,01 g/cm2 
56±0,5 em 

Se hace gammagrafia de las barras extrudadas a 
fin de descubrir posibles inhomogeneidades. El 
rechazo fue de 1 %. 

Las barras, en numero de 40, son cargadas en el 
equipo de degasado y llevadas lentamente durante 
12 dias a 700°C. A esta temperatura son mantenidas 
una hora. El horno es llenado con H2 antes de pro
ceder al enfriamiento y enfriado en dos horas a 
temperatura ambiente. Los elementos son maquinados 
a 540 mm. Se cargan en vainas de Al con el extremo de 
la perilla soldado y terminado, y se procede a su otra 
soldadura. La tapa a soldar tiene un orificio para per
mitir Ia salida de los gases y evitar Ia posibilidad de 
sopladuras. 

AI soldar ambas tapas se rodea Ia zona a soldar con 
un coquilla de cobre con el objeto de limitar en lo 
posible Ia zona afectada por el calor. 
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Figura 9. Diagrama de corriente y velocidad angular 

La pistola se coloca verticalmente y el elemento es 
hecho rotar en el posicionador en forma horizontal. 

Con las dimensiones de tapa y tubo de Ia figura 7 Ia 
corriente que se utilizo es de 95 A (figura 9). Todas las 
condiciones se sintetizan en Ia forma siguiente: 

Periodo de purga . 
Periodo de precalentamiento 
Caudal de argon . 
Tension a circuito abierto 
Proyeccion del electrodo 
Longitud del arco . 

15 s 
8 s 

14 litrosjmin 
80 voltios 
6mm 

1,5 mm 

Una vez soldados, los elementos son degasados a 
350°C en vacio durante media hora a traves del orificio 
existente en el tap6n de AI recien sellado. Se llenan 
luego con He a presion de 1 atm y 350°C. El orificio se 
sella inmediatamente a esa temperatura, utilizando 
una matriz de ensayos Ford. Este cierre se completa 
con un punto de soldadura manual. La soldadura es 
maquinada a dimensiones como asimismo el extremo 
conico. El aluminio se protege de la corrosion por 
cromatizado. 

Los elementos son gammagrafiados como ultima 
etapa de elaboracion. La figura 10 muestra el elemento 
terminado. 

La recuperacion de nucleos defectuosos o rotos 
durante Ia elaboracion se realiza moliendolos a malla 
- 100 y oxidando a 600 oc en oxigeno durante varias 
horas a fin de quemar el carbono. El U30s resultante 
se reduce a uo2 y continua el ciclo de fabricaci6n. 

ELEMENTO COMBUSTIBLE CILINDRICO 
PARA UN REACTOR TIPO ARGONAUTA 

MODIFICADO 

El prop6sito de este trabajo ha sido desarrollar un 
elemento combustible capaz de ser producido sin 
equipo pesado [1]. 

Los objetivos que se han tenido en cuenta en el 
diseiio son los siguientes: a) elaborar un elemento por 
medio de un proceso economico y simple para un 
reactor de investigacion tipo Argonauta; b) que el 
proceso de fabricacion sea de elevado rendimiento y la 
recuperacion simple; c) que exista una contabilidad 
precisa de la cantidad de material fisionable en cada 
unidad; d) que haya poca variacion en el contenido de 
material fisionable entre los diversos elementos; 
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Figura 10. Extremos de graflto y nucleo de U02 -C. Detras, 
elementos combustibles terminados 

e) que el material fisionable se encuentre en forma de 
UaOs enriquecido al20 %. 

Con esos objetivos se ha llegado ala conclusion que 
la elaboracion de un elemento por extrusion es uno de 
los metodos que requiere un minimo de operaciones, 
y fijadas las condiciones, Ia elaboracion se transforma 
en una operacion simple. 

Mediante este metodo es posible calcular con pre
cision el contenido de U por pesada previa a la 
fabricacion y, lo que es muy importante, los descartes 
de la operacion de extrusion no contienen material 
fisionable. 

El metodo de produccion consiste en cargar un 
tocho de geometria adecuada, con la mezcla deoxido 
de uranio y aluminio en polvo. La carga se compacta 
mediante golpeado manual. 

Una vez cargado el tocho se cierra con Ia tapa 
frontal y se remacha en los bordes. Se coloca un una 
mufla y se calienta basta la temperatura de extrusion y 

Figura 11. Elemento combustible en distintas etapas de Ia 
extrusion 
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previa lubricacion se coloca en el buje de prensado ya 
precalentado. 

La extrusion se lleva ·a cabo a velocidades com
patibles con Ia temperatura de extrusion. 

AI final del proceso y luego de radiografiados los 
elementos son cortados. 

Como ultimo operacion el elemento es trefilado y 
torneado en ambos extremos. 

La figura 11 muestra el elemento en distintas etapas 
de Ia extrusion. La figura 12 muestra un corte trans
versal. 

Los elementos tienen las siguientes caracteristicas: 

Peso de Ia carga: 93 g de mezcla de AI y U aOs a! 50 % en peso. 
Contenido en 235U: aprox. 7,8 g (20% de enriquecimiento). 
Largo de Ia zona conteniendo material fisionable: aprox 500 mm 
Largo total: 600 mm 
Diametro exterior: 10 ± 0,02 mm 
Espesor del recubrimiento: 0,6 + 0,2-0,0 mm . 

Es importante puntualizar que mediante e1 uso de 
un lubricante que contiene grafito coloidal, es posible 
extrudar este elemento con una fuerza mayor de 30 t. 

Este hecho es significativo desde que cualquier 
laboratorio que cuente, por ejemplo con una prensa 
de ensayos del valor indicado, se halla en condiciones 
de producir estos tipos de elementos combustibles en 
corto tiempo y a un costo reducido. 

Figura 12. Corte transversal del elemento combustible 
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ABSTRACT -RESUME-AHHOTAL..U, .. 1JI-RESUMEN 

Fabrication of fuel elements for 
research reactors 

By C. Araoz et al. 

A/837 Argentina 

The first part of the paper describes the fabrication 
of a fuel element for an experimental reactor for pro
duction of radioisotopes (RAEP). Its maximum power 
is 5 MW, the neutron flux 2 x 1013 n/cm2 s, and it is 
cooled with ordinary water. The fuel element is of the 
MTR type. The core is made of an aluminium-15% 
uranium alloy. The uranium is 90 % enriched. The 
cladding material is aluminium 1100. The well-known 
picture frame method was used to manufacture the 
fuel element. 

The alloy for the core is obtained by a method 
developed in the Department of Metallurgy, Argentine 
Atomic Energy Commission. It consists of the direct 
reduction of uranium hexafluoride to an aluminium
uranium alloy, 20 to 23 wt% uranium. This alloy is 
remelted in an induction furnace, the composition 
adjusted and then hot rolled at 580°C to 3 mm thick
ness. 

The core and frame for the picture frame are cut 
with the same die. The material is annealed, pickled, 
washed and dried. Then, the internal faces of the side 
sheets, core and frame are wire brushed. Finally, the 
assembly is sealed by a U-shaped indentation around 
the core, to prevent oxidation of the inner face during 
subsequent heating and displacement of the side sheets 
relative to the core during rolling. 

The whole assembly is hot rolled to 2.5 mm thick
ness, then cold rolled to 1.30 mm, the final thickness 
of the element. A blister test is performed. The 
plates are flattened in a roll straightener and then 
X-rayed to locate the core and verify dimensional 
tolerances. 

Then the plates are cut to their final size and marked. 
The element is bent transversally, and a chromate 
treatment is given as the last finishing step. Finally 
they are placed in polyethylene bags. 

The second part of the paper refers to the manu
facturing process of a fuel element for the reloading of 
the RAl ·reactor. It is a cylindrical element, aluminium 
clad, sealed at both ends. The core is a rod 7.6 mm in 
diameter and contains 80% of 19.7 % enriched U02 
and 20 % C, at least 50 % of which is graphite. The 
235U concentration is 0.50 g/cm3 ±0.01 gjcm3. 

The working conditions are: maximum power 
500 watts per element; maximum temperature of 
coolant 50°C; neutron flux 5 X 1012 n/cm2 s. 

The core is made by hot extrusion of a powder 
mixture of the following composition: 70 % U02-
15.5% pitch. 

The volatile constituents are eliminated by degassing 
in vacuum and heating slowly to 700 oc. The ends are 
welded, leaving a hole in one of them for the following 
purposes: 

(a) to avoid blow holes while welding, 
(b) to eliminate adsorbed gases, 
(c) to introduce He. 
This hole is pressure sealed and manually welded. 

The thermal transfer is improved by hydrostatic 
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pressing of the cladding at 150 atm and 350 °C. The 
corrosion resistance is improved by a chromate 
treatment. 

The third part of this paper briefly describes the 
manufacture of a cylindrical fuel element with a 
U30s-Al core and an AI cladding by co-extrusion. 
From the extrusion a sealed element with the following 
advantages is obtained: high efficiency, easy accounta
bility of fissile material, simplicity and low cost of 
manufacturing. 

A/837 Argentine 

Fabrication d'elements combustibles pour 
reacteurs de recherche 

par C. Araoz et at. 

La premiere partie du memoire decrit Ia fabrication 
des elements combustibles pour un reacteur experi
mental destine egalement a Ia production de radio
isotopes. La puissance maximale est 5 MW, et le flux 
de neutrons de 2.1013 n/cm2 s; il est refroidi a l'eau 
ordinaire. L'element combustible est du type MTR, 
avec une arne en alliage d'aluminium a 15% d'ura
nium enrichi a 90 %. Le materiau de gainage est de 
!'aluminium 1100. 

Pour Ia fabrication on utilise la methode connue 
du <<cadre>>. 

L'alliage de !'arne de !'element est obtenu par une 
methode mise au point par le Service technique de Ia 
Comisi6n Nacional de Energia At6mica, par reduc
tion directe de l'hexafluorure d'uranium pour faire un 
alliage d'aluminium contenant 20 a 23% d'uranium en 
poids. Cet alliage est fondu dans un four a induction 
pour arriver a Ia teneur desiree, !amine a chaud a 
580 °C, et amene ainsi a une epaisseur de 3 mm. 

Lecadre et I' arne sont obtenus avec Ia memematrice. 
L'ensemble est recuit, decape, lave et seche. On ajuste 
ensuite les faces internes du recouvrement du cadre et 
de l'ame. Enfin on scelle !'ensemble avec une indenta
tion en forme de u autour de l'ame pour eviter que le 
chauffage ulterieur n'oxyde !'interface, et aussi pour 
empecher tout mouvement entre le recouvrement et 
!'arne. 

L'ensemble est !amine a chaudjusqu'a 2,5 mm, puis 
!amine a froid jusqu'a 1,30 mm (epaisseur finale de 
!'element). On fait un essai de duree. Les plaques sont 
aplanies par passage entre des rouleaux et examinees 
par gammagraphie pour definir !'emplacement exact 
de !'arne et verifier Ies tolerances dimensionnelles. 

Les plaques sont ensuite coupees aux mesures 
finales et identifiees. On fait un pli dans le sens trans
versal, et on Ies chromate au moment du processus final 
avant de les placer dans des housses de polythene. 

La seconde partie du memoire concerne Ia fabrica
tion d'un element combustible destine ala recharge du 
reacteur RA-1. C'est un element cylindrique gaine en 
aluminium soude aux deux extremites. L'ame est cons
tituee par une barre de 7,6 mm de diametre, dont la 
composition est la suivante: 80 % de UOz enrichi a 
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19,7% et 20% deC, dont au moins 50% sous forme 
de graphite. La concentration en 235U est de 0,50 
g/cm3 ±0,01 g/cm3. 

Les conditions de fonctionnement sont les suivantes: 
puissance maximale a dissiper, 500 w par element; 
temperature maximale de l'eau de refroidissement, 
50°C; flux de neutrons, 5.10ll n/cm2 s. 

L'ame est fabriquee par extrusion a chaud d'un 
melange de poudres contenant: U02, 70 %; graphite, 
14,5 %; brai, 15,5 %. 

Les produits volatils sont elimines par degazage sous 
vide avec chauffage lent jusqu'a 700 oc. Les extremites 
sont soudees annulairement, en laissant un orifice 
d'un cote dans les buts suivants: 

a) eviter le gonflement pendant la soudure annu-
laire; 

b) eliminer les gaz absorbes; 
c) introduire de !'helium. 
Cet orifice est scelle par pression et soude manuelle

ment. 
Le transfert de chaleur est ameliore par compres

sion hydrostatique de Ia gaine sous 150 atm a 350°C. 
La resistance a Ia corrosion est augmentee par traite
ment au chromate. 

La troisieme partie de memoire decrit brievement Ia 
fabrication d'un element cylindrique avec une arne en 
U30s-Al, gaine en AI, obtenu par coextrusion. On 
obtient ainsi un element scelle qui presente les avan
tages suivants: rendement eleve, comptabilite facile 
de Ia matiere fissile, simplicite et faible cout de fabrica
tion. 

A/837 ApreHTHHa 

HararasneHHe rennaBbiAemuaw,Hx 3ne
MeHras AllH HCClleAaBaTellbCKHX peaK
Tapas 
K. Apao~ et al. 

B nepnoii qacTH ,n;oKJia,n;a onHChiBaeTcH npo:qecc 
Jl3rOTOBJieHHH TenJIOBbi,!J;eJIHIOI:qero :meMeHTa Tll
na MTR ,n;JIH aKcnepHMeHTaJILHoro peaKTopa no 
npOH3BO,!J;CTBY pa,n;HOUKTHBHbiX H30TOnOB (RAEP) 
:MaKCHMaJILHoii MOI:qHOCTbiO 5 Mer H nJIOTHOCThiD 
HeiiTpOHHOrO llOTOKa 2 • 1013 HeiirpfcM2 • Ce1£, B KO
TOpOM B KaqeCTBe TeDJIOHOCHTeJIH HCUOJib3yeTCH 
oohlqHaH no,n;a. AKTHBHaH aoHa BhlDOJIHeHa H3 
cnJiaBa 15% ypaHa c aJIIOMHHHeM. YpaH o6ora
~eH ,n;o 90%. MaTepHaJioM o6oJioqKH cJiymHT 
aJIIOMHHHii-1100. ,lJ;JIH ero npOH3BO,!J;CTBU HCnOJib30-
BUJICH XOpOlliO H3BeCTHbiH MeTO,!J; UpOKUTKH cep
,n;eqHHKa aao,n;Ho c ,n;HcTaH:qHOHHpyror:qefr U-o6paa
uoii oqexJioBoqHoii paMKoii. 

Cmran p;JIH aKTHBHoii 30Hbl noJiyqaroT no MeTo
Jl.Y, paapa6oTaHHoMy B OT,n;eJie MeTaJIJiyprHH Ha
:qHoHaJILHoro KOMHTeTa no Hp;epHoft aHeprHH Ap
reHTHHhl. OH aaKJiroqaeTCH B npHMOM noccTaHOB
JieHHH reKca<f!TOpHp;a ypaHa ,n;o cnJiaBa aJIIOMHHHH 
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C 20-23 BeC. % ypana. 8TOT CIIJiaB IIO)J,BepraiOT 
JIOBTopnoii IIJIClBKC B IIHAYKIJ;llOHHOll IIC'lll, P,OBOAJIT 
Jl:O nyamoro cocTaBa n nop,nepraroT ropJiqeii npo
I\aTKe npn 580° C P,O TOJIII~IIHbi 3 MM. 

Cepp,etmnK n oqexJIOBOliHYIO paMKY BbipeaaroT 
lfB Tex me caMbiX MaTpnu;. MaTepnaJI o6mnraiOT, 
TpanHT, upoMhiBaiOT n cymaT. 3aTeM BHYTpen
Hne IIOBCIJXIIOCTH 6oKOBUH, a TaKiJ\C cepp,e'lHUK H 
paMKY 'lHCTHT npoBoJIO'lHoii ~eTKoii. Harwneu;, 
c6opKy aaKpbiBaiOT U-o6paanoii ay6qaToii Kphlrn
Iwii, KOTOpaH npep,OTBpa~aeT OKUCJICHUC BHyTpeH
Heii noBepxnocTn npn p,am,neiirneM narpeBannn, 
a TaKiJ\C CMCIIJ;!'Hif.fl Memp,y 60KOBIIHaMn II cep
)~eqHJIROM BO BpeMH npoKaTKH. 

Bech I<oMIIJieKT no)J,BepraiOT cna'laJia ropJiqeii p,o 
TOJIIIJ;UHbi 2,5 MM, 3aTeM XOJIO)J,HOii npOKaTI<C JJ;O 
1,30 MM ( OKOH'laTCJibHaf:l TOJI~HHa ::JJICMCHTa). 
Ocy~eCTBJIHIOT I<OHTpOJih na naJIH'lne paKOBHH. 
JlHCTbi MCTaJIJia BbiiipHMJI.fliOT B poJIIIKOBOH npa
BHJibHOH ycTaHOBKC II 3aTCM C ITOMO~biO pCHTre
HOrpaqmn onpep,emiiOT noJiomenne cepp,eqnnKa n 
npoBepHIOT paaMepnhle p,onycKn. 

3aTCM nJiaCTHHbi BhipeaaiOT no HX OKOH'laTCJIL
HOMY paaMepy n MapKnpyroT. Ha nocJiep,neM, aa
RJJIO'lHTCJII>HOM 3Tane ::JJICMCHThl XpOMHpyiOT II 
llOMe~aiOT B llOJIH3THJICHOBhle qexJihi. 

BTopaH qaCTh P,OKJiap,a I<acaeTCH rrpou;ecca na
roTOBJICHHH TCnJIOBhiP,CJI.fliO~HX 3JICMCHTOB P,JI.R 
noBTopnoii aarpyaKH peai<Topa RA-1. TenJioBI>rp,e
JIHIO~nii ::JJICMCHT npep,CTaBJI.RCT C06oii IJ;HJIHHP,p 
C aJIIOMHHHCBbiM llOKphiTHCM, 3alla.RHHhlll C o60HX 
I<OHIJ;OB. Cepp,et!HHI<OM cJiyif\HT CTepmeni> p,naMeT
poM 7,6 MM, B ero COCTaB BXOP,.RT 80% U02 C 060-
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ran~enneM p,o 19,7% n 20% C, no Kpaiineii Mepe 
50% I<oToporo naxop,HTC.R B lf>opMe rpalf>uTa. 
H'oHu;enTpau;n.R U 235 cocTaBJIHeT 0,50+0,01 elcJt£3. 
Pa6oque ycJIOBHH: MaKCHMaJILHaH MOliJ;HOCTh 
500 8T Ha ::JJICMeHT; Mal\CHMaJibHa.R TCMnepaTypa 
TenJionocuTeJIH 50° C; nJioTHOCTh neiiTponnoro no
ToKa 5; 1011 neurp/cM2 • cer>. Cepp;eqnni< naroToB
JIHIOT MCTOP,OM ropJiqero npeccoBaHnH CMecn no
pornKa CJiep,yro~ero cocTaBa: 70% U02, 14,5% 
rpalf>nTa H 15,5% CMOJihi. 

JleTyqne Be~eCTBa yp,aJIHIOT o6earamnBanneM 
B naKyyMe npn Mep,JiennoM narpeBannn p,o 700° C. 
H'onu;I>r aaBapnBaiOT, rrpnqeM B op,HoM H3 nux oc
TaBJIHIOT OTBCpCTHC, )l;JIH TOI'O qT06hi 

a) HC p;eJiaTL P,OITOJIHHTCJibHhlX OTBCpCTHH npll 
CBapKe, 

6) yp,aJIHTh ap,cop6npoBaHHI>Ie raai>r n 
B) non;aBa Th reJillii. 
8To OTBepcTne aaBaJII>IJ;OBI>IBaiOT n aaBapuBaiOT 

Bpyquyro. TenJioo6Men YJIY'liiiaeTcH aa C'leT rnp;
pocTaTnqecKoro o6mnMa o6oJio'li<H nop; p,aBJienn
eM 150 ar n TeMnepaType 350° C. XpoMnpo
Banne llOBhiiiiaeT KOpp03HOHHyiO CTOHROCTb <IJIC
MCHTa. 

B TpeTI>eii 'lacTn p;oi<Jiap;a KpaTKO onnci>IBaeTCH 
npOIJ;CCC llpOH3BO)l;CTBa IJ;HJIHH;rJ;pHqecKOI'O TCITJIO
BhiP,CJI.fliO~ero 3JieMeHTa c cepp,eqnnKoM na U30s 
II aJIIOMHHHCBOH o60JIO'lKOH, o6paayeMOH COBMCCT
HbiM BhiP,aBJIHBaHHCM. 3anaHHHhlll 3JICMCHT 06Jia
,n;aeT CJiep,yiO~HMH npeHMY~CCTBaMn: BhiCOKOH 
alf>lf>eKTHBHOCTbiO, B03MOif\HOCTbiO JICI'I\Oll OIJ;CHKH 
KOJIIPieCTBa pac~eiiJIHIO~erocH MaTepnaJia, npo
CTOToii II HH3KOH ce6CCTOHMOCTbiO H31'0TOBJICHH.fl. 
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Engineering and performance of U02 fuel assemblies 

By R. D. Page,* D. G. Hardy,* A. J. Mooradian,* J. Howieson,** G. R. Fanjoy,*** 
and D. B. Nazzer*** 

The prototype 20 MW(e) NPD (Nuclear Power 
Demonstration Reactor, on full power in June 1962) 
[I] and the full-scale 200 MW(e) CANDU (Canadian 
Deuterium Uranium Reactor, in operation in 1965) [2] 
are the first of a series of Canadian power reactors 
with heavy-water moderation, heavy-water cooling 
and natural uranium fuel in horizontal pressure 
tubes [3, 4]. The key to low cost power from reactors 
of the CANDU type is low fuelling costs. CANDU
type fuel has been engineered for endurance in excess 
of 10000 MWdjtonne U to yield total fuelling costs of 
less than 0.8 mills/kWh (all costs in this paper are in 
Canadian currency : 1 mill = $10 -3). 

This paper presents the fuel designs developed to 
date and outlines reasons for selection of various im
portant parameters. The development programme has 
placed heavy emphasis on irradiation testing of full 
scale assemblies under power reactor conditions to 
establish the necessary confidence while relieving the 
design of expensive ignorance factors. 

The fuel assemblies (referred to as bundles) are com
posed of a number of individual cylindrical elements 
(pencils) joined together. The various types of pro
duction and development bundles are shown in Fig. I 
and dimensional details and other fabrication data are 
given in Table 1. The centre 52 channels of the NPD 
reactor are loaded with 19-element bundles (type B), 
whereas, for reasons of economy, the outer 80 chan
nels are loaded with 7-element bundles (type A). In 
CANDU, where the pressure tubes have the same in
side diameter as those in NPD, 19-element bundles 
(type C) are used throughout. Although the CANDU 
type C fuel looks very similar to and has evolved from 
the NPD type B, there are significant differences i,p the 
performance, detailed design and fabrication methods 
(see Table 2). 

While spacing between elements is provided by 
wire wrap in the types A, B and C bundles, the 
CANDU development bundles (types D and E) use 
internal spacers which are rigidly brazed from element 
to element. The types D and E fuel are discussed only 
with reference to the irradiation tests. 

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

**Canadian Westinghouse Company Limited, Port Hope, 
Ontario. 

***Canadian General Electric Company Limited, Peter
borough, Ontario. 

BASIC PARAMETERS 

The fuel design, and indeed the reactor design, are 
most heavily dependent on the allowable power rating 
of a single element. At the time of freezing the design 
parameters ofCANDU (1958-59), Robertson eta/., [5, 
6] established confidence that remarkable dimensional 
stability could be achieved with a design rating of 
JAd8 at 40 Wjcm with a large safety margin. Since 
water is an excellent coolant, surface heat flux and 
hence element diameter could. be allowed to vary over 
a wide range in the optimization ~tudies. In the inter
ests of fabrication economy, it was decided to use an 
assembly in which all elements are of the same size. 
Several such geometries were tried in the optimization 
programme, and the one ultimately chosen to give the 
lowest total unit energy cost was the 19-element 
assembly in pressure tubes of inside diameter 82.55 mm. 

The requirement for on power continuous bi
directional fuelling demands that the fuel be made as 
discrete bundles, several of which, placed end to end, 
make up the fuel charge in one pressure tube. 

The choice of bundle length (495 mm) is base.d on a 
rough compromise between capital costs (fuelling 

Figure 1. Fuel bundle designs for NPD and CANDU which have 
been tested under irradiation 

The first charge of NPD contains types A and B, while the first 
charge ofCANDU is made up entirely of type C. Types D and E 
are alternative designs now under development. In the case of 
the type D fuel, the bundle is held together by three planes of 
Zircaloy spacers rigidly brazed from element to element. The 
type E fuel uses one plane of brazed spacers in the centre of the 
bundle, and the conventional end plates of the type C design. 
Sintered U02 pellets and Zircaloy-2 components are used 

throughout 
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Table 1. Fuel dimensions and fabrication details 

Claddmg Nominal Fabrication method 
spacing 

Fuel Outside Wall between Bundle End cap to End cap to 
type Purpose diameter thickness elements length cladding end plate 

(mm) (mm) (mm) tmmJ 

A NPD 7-element, 1st charge 25.40 0.64 1.27 495 Fusion welding Rivet 
B NPD 19-element, 1st charge 15.25 0.38 1.27 495 Fusion welding Fusion welding 
c CANDU 19-element, 1st charge 15.25 0.38 1.27 495 Resistance welding Resistance welding 
D CANDU 19-element, alternative 15.25 0.38 1.27 495 Resistance welding No end plate 
E CANDU 19-element, alternative 15.25 0.38 1.27 495 Resistance welding Resistance welding 

Table 2. Canadian power-reactor fuel: design and operating data 

Reactor Unit NPD NPD CANDU 
Type of fuel bundle (see Fig. I) A B c 
Number of elements per bundle 7 19 19 

Pellets (Sintered U02): 
Density. g/cm3 10.3±0.2 10.3±0.2 10.55±0.15 
0/U ratio 2-2.02 2-2.02 2-2.01 
Length . mm 22.6 19.8 20.1 

Elements: 
Outside diameter mm 25.4 15.25 15.25 
Cladding thickness (Zircaloy-2) . mm 0.64 0.38 0.38 

Bundles 
Length mm 495.0 495.0 495.0 
Maximum diameter mm 82.04 82.04 81.69 
Number per channel 9 9 12 
Number in reactive zone . 9 9 10.1 
Spacing between elements mm 1.27 1.27 1.27 

Pressure tube: 
Minimum inside diameter mm 82.55 82.55 82.55 

Operating conditions: 
Coolant D20 D20 D20 
Maximum pressure on fuel kgf/cm2 79 79 105 
Pressure drop/channel (measured with 

fresh clean bundles): 
9 bundles kgf/cm2 0.605 1.69 

10.1 bundles kgf/cm2 6.56 
Inlet temperature . oc 252 252 249 
Outlet temperature oc 277 277 293 

Maximum mass flow /channel . kg/h 1.69x 104 2.59x 104 4.54x 104 
Maximum sheath temperature oc 288 284 301 
Maximum heat rating, /AdO Wfcm 34.5 19.6 40 
Maximum linear element power W/cm 434.0 246.0 503.0 
Maximum linear bundle power kW/cm 2.98 4.47 8.71 

Average burn-up ±10%. MWd/t U 6500 6330 8800 
Average fuel life year 
Maximum fuel life year 

machine, vault and civil construction) and the im
proved burn-up and plant availability inherent in con
tinuous on power bi-directional fuelling. Fuel could be 
at least twice this length without significant penalty in 
burn-up. However, at low throughput, standardization 
has a strong influence on fuel fabrication costs, and for 
this reason the NPD bundle dimensions were adopted 
for at least the CANDU first charge. 

Regarding the minimum spacing between elements, 
numerous experiments have shown that heat-transfer 
coefficients and burn-out heat fluxes are not signifi
cantly affected until the inter-element spacing is 
reduced below 0.5 mm. It is therefore important to 
design the spacing so that this lower limit is not 
approached at any critical time in the life of the fuel. 

4.0 2.2 2.3 
6.2 2.6 3.7 

A reasonable nominal spacing of 1.27 mm was chosen 
to allow a margin for manufacturing tolerances and in 
reactor distortion. 

NEUTRON ECONOMY IN DESIGN 

For purposes of design evaluation, it was determined 
that for CANDU, the addition of 1 cm3 of U02 per 
bundle gives 3.9 MWd/tonne U increase in burn-up, 
while 1 cm3 of Zircaloy-2 per bundle decreases the 
burn-up by 3.5 MWd/tonne U. With both the outside 
diameter of the element and the inter-element spacing 
fixed, it pays to reduce the cladding thickness to a 
minimum. Therefore, much effort in the Canadian 
programme has been devoted to establishing the basis 



SESSION 2.3 P/18 

for the design of fuel elements with cladding that will 
collapse under coolant pressure, but be supported by 
the U02 and end-plugs [7, 8]. Having carefully selected 
clearances between fuel pellets and cladding, the pre
dominant factor limiting the thickness of cladding has 
been found to be creep collapse which sets a lower 
practical limit of 0.38 mm with Zircaloy-2 for the 
CANDU case. The use of unstable cladding offers a 
saving of about 10% on burn-up over that of stable 
cladding. 

The economics of bundle to pressure tube spacing is 
similar to that of element to element spacing, a t % 
increase in bundle diameter (0.4 mm) yields a I % 
increase in uo2 volume and a 1.2 % reduction in 
fuelling cost. This increase represents about 10% of 
the present diametral clearance. Bundle to pressure 
tube spacing is maintained by attaching bearing pads 
to the surfaces of the outside 12 elements. The design 
of the spacing and the location of the pads are com
plicated by the flexibility of the bundle, the flexibility 
of the pressure tube, and the wear of the pads. As for 
the case of inter-element spacing, a nominal spacing 
of 1.27 mm was selected for the clearance between the 
fuel cladding and the pressure tube. In practice, the 
bearing pads are 1.45 mm in height, but because the 
bundle sags between the pads, a minimum initial clear
ance of 1.02 mm has been specified. 

All cladding, structural, hydraulic, spacing and 
bearing requirements have been met with a Zircaloy to 
U02 weight ratio of I: 10. Of the total Zircaloy in
ventory in the. bundle, 78.5 ~;,; is required for cladding, 
13% for bundle termination (end-plugs and end
plates), and 8.5% for bearing pads and inter-element 
spacing. It is interesting to note that in CANDU, the 
decrease in burn-up resulting from the multiple ter
mination of bundles in a channel costs only 150 
MWd/tonne U in burn-up compared to an uninter
rupted fuel assembly. 

HYDRAULIC AND THERMAL CONSIDERATIONS 

Considerable work, both in and out of a reactor, has 
been done to assess the hydraulic and thermal require
ments ofCANDU fuel [9]. 

Under maximum flow conditions (12.6 kg/s), a clean 
new bundle plus one bundle junction results in a pres
sure drop of 0.505 kgfjcm2. The fuel specification 
allows 0.633 kgfjcm2 which leaves a generous allow
ance for roughening and minor dimensional changes 
resulting from operation at power. 

The influence of the design of the helical wire wrap, 
the original purpose of which was to provide inter
element spacing, on the mixing rate was not fully 
appreciated until the CANDU study. From this work, 
the bundle design was changed from the NPD 12 x I 
array to a 6 x 6 array for CANDU. * Similarly it was 

* 12 x 1 array denotes a 19-element fuel-bundle design in which 
all12 of the outer elements and the centre element are wire 
wrapped with a two start helix (alternately right and left 
hand). In the 6 x 6 array, all 6 elements of the middle circle 
and alternate elements of the outer circle are wire wrapped. 
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found that decreasing the helix lead length from 
467 mm to 233 mm much improved mixing at a low 
premium in pressure drop. These two changes in
creased the mixing rate factor** from 0.22 kg/ms for 
NPD fuel to 0.74 kgjms for CANDU. With this 
mixing rate, the maximum sub-channel coolant tem
perature exceeds the mean coolant outlet temperature 
by only 1.6 °C, well below the 4.4 °C allowed to avoid 
sub-channel bulk boiling. Subsequent irradiation ex
periments indicated that bulk boiling may be per
missible in CANDU producing up to 1.5 wt% steam 
in water conditioned with LiOH. 

PRESSURE-TUBE WEAR AND FRETIING 

During the 30 year life of CANDU, 150 bundles 
will pass through the most highly rated channel. How
ever, each section of the pressure tube may see as many 
as 750 bundles pass over it as a result of back and forth 
shuffling by the fuelling machine. To avoid excessive 
scoring of the pressure tube wall, a bearing pad was 
developed which offered a large frontal area to the 
pressure tube. It consists of a short length of Zircaloy-
2 wire, 1.68 mm in diameter, spot-welded in a helix 
near the end of each element. After bundle assembly, 
0.23 mm is ground off this wire to match the contour 
of the pressure tube. In full. scale tests under reactor 
coolant conditions, the maximum penetration ob
served after 750 passes, with bundles held in a single 
orientation, was 0.069 mm. With random positioning, 
pressure tube penetration was limited to 0.030 mm. 

The possibility of pressure tube fretting by the fuel 
was checked in a 3000 hour endurance test in which 12 
bundles were loaded in a pressure tube mock-up and 
subjected to maximum coolant flow at temperature 
and pressure. There was no measurable penetration of 
the pressure tube. 

IRRADIATION TEST FACILITIES 

The principal test facility used in the NPD and 
CANDU fuel development programme has been the 
vertical U-2loop [10] in the NRU reactor. The loop is 
capable of removing 2 MW of nuclear heat from six 
full scale reactor bundles in hot pressurized light water 
and in boiling water producing up to 14 wt% steam. 

In a cooperative programme between Atomic 
Energy of Canada Limited and the US Atomic Energy 
Commission, one test site in the Heavy Water Com
ponent Test Reactor (HWCTR) has been made avail
able for the irradiation of five CANDU bundles in a 
vertical position cooled by pressurized D20. 

NPD has been used whenever possible to obtain 
data on its first core loading which included a number 
of CANDU production bundles operated at NPD 
ratings, and two CANDU bundles enriched to give 
maximum CANDU ratings. 

All of the above facilities are equipped with Zircaloy 
pressure tubes sized to accept full-scale test specimens. 

• • The average amount of liquid transferred from one sub
charmel to its radial neighbour per unit length per unit time. 
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Table 3. Irradiation performance of fuel bundles 

Irradiation Outer-
Bundle Bundle (equivalent Exit Power Average Peak element Max. 

Expt No. type• full power quality cyclese JAdB JAdB burn-up• sheath 
days) temp. 

(wt% steam) (W/cm) (W/cm) (MWd/tU) ('C) 

U-900, AAA A 315 103 24.1 31.4 2300 280 
Phases I, AAK A 315 103 36.7 48.0 3 500 233 
II and III ABB A 124 38 47.1 48.0 1720 237 

AEA B 315 103 26.0 28.4 7000 278 
AEX B 315 103 30.7 34.4 8270' 242 
AJK B 315 103 38.2 45.0 10 300C 280 
BDN c 70 27 40.8 47.7 2450d 269 

U-1300 BAA c 84 1.5 24 33.8 36.3 2480 302 
BAX c 84 24 43.6 45.8 3200 299 
BWJ c 84 24 45.1 47.7 3310 291 
BCR c 84 24 39.4 41.8 2890 282 
BBU c 84 24 26.7 28.5 1960 270 

U-2500, DJA c 186 2.5 41 29.0 33.3 4580C 297 
Phases I and II CHA c 186 41 36.4 41.6 5150C 294 

CJA c 211 1.5 46 37.4 43.6 6700 313 
DKA c 186 41 38.2 39.2 6030 278 
CFA c 211 0.3 46 30.8 31.0 5400 314 
FPA D 25 5 30.1 36.8 652 315 
FFA c 25 5 35.8 43.0 761 311 
DXA D 25 5 31.0 45.6 670 310 

U-3000 DVA D 47 2.5 10 32.7 51.0 1330 320 
EZA D 47 10 27.8 39.8 1130 322 
EYA D 47 10 27.1 39.8 1130 317 
DWA D 47 10 32.7 51.0 1330 307 

U-201 FEA c 160 12.0 45 17.8 26.8 2410 304 
HLA E 160 10.2 45 28.6 36.6 3875 305 
HFA E 160 7.3 45 34.6 40.2 4700 307 
FDA c 160 4.0 45 50.1 58.0 6800 309 
FCA c 160 45 41.5 52.8 5630 309 
FXA c 160 45 17.8 26.8 2410 303 

HWCTR 2141 c 185 34 6.6 11.2 1030 239 
(to 1 Jan. 1964) 2142 c 185 34 15.5 25.9 2430 256 

2144 c 185 34 28.6 36.8 4490 270 
2145 c 185 34 30.2 36.8 4740 273 
2146 c 185 34 17.3 29.7 2710 268 

NPD 0648 A 278 167 36.8 36.8 3100 284 
(to 13 Jan. 1964) 0979 B 278 167 19.0 19.0 4500 280 

2048 c 278 167 12.7 19.0 3000 280 

• See Fig. I. • Burn-ups based on 144Ce production. 
• Burn-ups based on calorimetric data except where noted. 
c Burn-ups based on 235U depletion analysis. 

• A power cycle is any reduction greater than 25% full power. 

IRRADIATION PERFORMANCE 233 mm in a 6 x 6 array. The data were obtained by 
The performance data of the various irradiations using a flow director positioned at the coolant exit 

are summarized in Table 3. from the string and by measuring the individual sub-
The initial irradiations (U-900, Phases I, II and III) channel temperature rises with thermocouples. The 

were primarily aimed at NPD fuel and coolant con- coolant was allowed to boil at intervals through this 
ditions, but an enriched bundle designated AJK was test (exit qualities up to 1.5 wt% steam) to assess the 
included in the series to obtain advance information importance of retaining a single-phase coolant with 
at a CANDU rating to high burn-ups early in the LiOH conditioning. No evidence was found of crevice 
programme. This bundle achieved a burn-up of concentration or enhanced corrosion. 
10300 MWd/tonne in the outer elements at an average The U-2500 experiment was similar to the U-1300 
rating, f;\.dB of 38.2 Wjcm and a peak of 45 Wjcm except that it used prototype CANDU fuel bundles 
without failure. Most of the bundles tabulated in this assembled by means of resistance welding rather than 
series were irradiated three times with dimensional fusion welding. Also the wire-wrap pitch was altered to 
examination between each irradiation. 467 mm similar to NPD. The irradiation was allowed 

U-1300 experiment was the first of the CANDU to continue for two months after the occurrence of a 
series using modified NPD 19-element bundles. to natural defect. The bundle containing the defected 
investigate the performance of the wire wrap as a sub- element was found to be structurally sound after this 
channel coolant mixing promotor, with a pitch of prolonged exposure. This experiment gives confidence 
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Table 4. Dimensional performance of fuel bundles 

Expt 

U-900, 
Phases I 
II and III 

U-1300 

U-2500, 
Phases I and II 

NPD 

a See Figure I. 

Bundle 
No. 

AAA 
AAK 
ABB 
AEA 
AEX 
AJK 
BDN 
BAA 
BAX 
BWJ 
BCR 
BBU 
DJA 
CHA 
CJA 
DKA 
CFA 
FPA 
FFA 
DXA 
0549 
1110 

Bundle 
type a 

A 
A 
A 
B 
B 
B 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
D 
c 
D 
A 
B 

Outer element 
heat ratings 

Average Peak 
f"dB f"dB 

(W/cm) (W/cm) 

24.1 31.4 
36.7 48.0 
47.1 48.0 
26.0 28.4 
30.7 34.4 
38.2 45.0 
40.8 47.7 
33.8 36.3 
43.6 45.8 
45.1 47.7 
39.4 41.8 
26.7 28.5 
29.0 33.3 
36.4 41.6 
37.4 43.6 
38.2 39.2 
30.8 31.0 
30.1 36.8 
35.8 43.0 
31.0 45.6 
36.8 
19.0 

• Burn-ups based on calorimetric data except where noted. 
c Burn-ups based on 235U depletion analysis. 

that defected fuel in CANDU does not demand 
emergency action, but may be extracted at the con
venience of the operator. 

The U-3000 experiment was the first irradiation of 
the advanced CAND U development bundle type D 
with rigid inter-element support at the three spacer 
planes. It was hoped that the plasticity of the U02 
under irradiation would be sufficient to prevent exces
sive stress concentration at the support points. A 
defect terminated the experiment, and although the 
cause cannot be definitely established, the suspicion is, 
that it is prudent to design for at least slight differen
tial movement of neighbouring elements. 

The U-201 experiment was designed to explore the 
upper limits of rating of the CANDU bundle and to 
test its performance in a boiling environment. Previous 
work had already shown the feasibility of operating 
U02 at a higher rating [11 ]. The test assembly con
sisted of six CANDU bundles of various types, one of 
which was a CANDU production bundle operating at 
125% of design power and was taken to a burn-up of 
6800 MWdjtonne U in the outer elements. About half 
the sp~cimens were operated in boiling over the 
majority of the time in the reactor at an exit quality of 
11 wt% steam, reaching a peak of 13.8 wt% steam at 
some periods. Two of the bundles in this string were of 
the hybrid design (type E) which were being irradiated 
for the first time, and operated successfully. This test 
used NHa to condition the coolant instead of LiOH as 
in the other experiments. Post-irradiation examination 
indicated that the fuel in the boiling zone was generally 
coated with a much heavier depo:>it of iron oxide 
(about 350 mgjcm2) than is found on fuel operating in 

Outer element 
length changese 

Burn-up• Av. Max. Min. 

(MWd/tU) (mm) (mm) (inm) 

2300 0.42 0.48 0.30 
3500 0.32 0.56 0.18 
1720 0.69 0.76 0.56 
7000 1.02 1.12 0.87 
8270C 1.36 1.50 1.14 

10300C 1.50 1.73 1.30 
2450" 0.20 0.25 0.10 
2480 0.15 0.28 0.02 
3200 0.36 0.59 0.13 
3310 0.28 0.41 0.18 
2890 0.02 0.15 (0.02) 
1960 0.18 0.23 0.08 
4580C 0.23 0.33 0.05 
5750C 0.07 0.18 (0.15) 
6700 0.10 0.25 0.00 
6030 0.20 0.31 0.10 
5400 (0.13) 0.10 (0.43) 

652 0.10 0.28 (0.08) 
761 0.28 0.36 0.15 
670 0.23 0.30 0.08 

1635 (0.05) O.D3 (0.10) 
1800 0.08 0.13 O.D3 

• Burn-ups based on 144Ce production. 

Outer element 
d1ametral changese 

Av. Max. Min. 

(mm) (mm) (mm) 

0.031 
0.101 

(0.01) (0.03) (0.05) 
0.02 0.07 (0.04) 
0.00 0.04 (0.08) 
0.00 O.D3 (0.06) 

(0.02) 0.01 (0.06) 

0.04 0.07 0.01 

0.03 0.05 0.02 

No measurable changes 
No measurable changes 

' Negative values are given in parentheses. 
f Only two elements measured. 

pressurized water containing LiOH. It is apparent that 
more work is required to understand the role of boiling 
surface heat flux, and coolant chemistry on rate of 
deposition on fuel surfaces [12]. 

Dimensional stability 

All the bundles irradiated during these experiments 
showed a remarkable degree of dimensional stability 
(see Table 4). The maximum length change of any 
bundle tested was I. 73 mm (AJK) and for the CANDU 
type, 0.36 mm. In general, the elements bowed slightly 
during the irradiation. Contrary to intuition, in most 
cases the direction of bowing was quite random, with 
some elements bowing inwards and others outwards. 
Only in the very highly rated elements of the U-201 
experiment did all of the elements bow outwards. 
Where bundles have been disassembled for detailed 
examination, the element diameters were measured 
and the maximum change found was in AJK (0.1 mm); 
in general, diametral expansion of elements was less 
than 0.05 mm. 

There appears to be no problem of ratcheting 
growth in this type of fuel because most of the test 
assemblies have been through numerous power cycles. 
Dimensional stability against power cycling was most 
graphically illustrated by an experiment in NRX. Two 
CANDU elements were cycled from zero to full power 
500 times in coolant at 98.4 kgfjcm2 and 249°C. The 
specimens alternately spent 30 minutes in the flux and 
30 minutes out of the flux. Within the error of mea
surement (0.025 mm) there was no change in either 
length or diameter. An identical experiment using a 
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CANDU element with a 0.3 mm artificial defect gave 
the same result after 150 power cycles. 

Structural tests 

At discharge from the fuel channel, the fuel is 
required to accept an asymmetric structural load of 
544 kgf (363 kgf from hydraulic drag plus an allowance 
of 181 kgffor sliding friction). Post-irradiation loading 
tests indicate the fuel can accept twice the design load 
with no sign of joint or cladding failure. Typically, at 
design load, the bundle registers an elastic compression 
of0.89 mm. 

Fission-gas release 

Fission-gas release was measured on a sampling of 
29 elements taken from the bundle irradiation tests. 
Xenon measurements indicated a release well within 
that allowed by the fuel design. Typically, the release 
from the highest rated element of bundle AJK, after a 
burn-up of 10360 MWd/tonne U (as measured by 
235U depletion) was 11.8 %. 

Hydrogen pickup in Zircaloy-2 

The analysis for hydrogen in the sheaths from these 
experiments is discussed in a companion paper by 
Thomas et al. [13]. It is therefore sufficient to say that 
the pickup is not excessive if proper precautions are 
exercised in the manufacture of the fuel. Extrapolation 
of the hydrogen pickup results to the exposures 
expected in CANDU would indicate a total pickup in 
the sheath between 200 and 400 ppm. It has been noted 
that the hydride tends to remain in the cooler outer 
sections of the sheaths and migrates to the cooler parts 
of the elements such as the shoulders of the end-plugs 
and the sheath appendages. Some of the U-900 series 
bundles were operated at hydride levels in the range 
200-700 ppm without defecting, and were still capable 
of withstanding the fuelling machine and handling 
loads after irradiation: 

PERFORMANCE OF THE NPD FIRST CHARGE 

The special significance of the NPD first fuel charge 
is that it has offered the first opportunity to produce 
Zircaloy-clad U02 in Canada on an industrial scale 
and to assess the performance of fuel designed on the 
unstable cladding principle in statistically significant 
numbers (1188 bundles) [14]. 

Since the fuel was loaded into NPD on 26 March 
1962, the fuel has experienced 278 equivalent full
power days as of 13 January 1964. During this time, it 
has been subjected to full flow conditions for 373 days 
and experienced 107 pressure and 167 power cycles 
without a failure. The maximum burn-up achieved to 
date on a 19-element bundle is 4500 MWdjtonne U 
and 3100 MWdjtonne U on the 7-e1ement bundles. 

Altogether, 20 bundles from the CANDU first 
charge are under irradiation in NPD. Of these, the 
ones at maximum rating have so far reached a burn-up 
of3000 MWdjtonne U. 

R. D. PAGE eta/. 

Twelve bundles have been extracted from NPD for 
examination. Two of these from the highest rated 
positions have been destructively examined in detail. 
They show essentially no dimensional change (see 
Table 3) and have the appearance of freshly auto
claved new fuel. 

Fuel shifting is now routinely carried out under full 
power conditions and the irradiated fuel is found to 
be completely compatible with the fuel-changing 
mechanism. 

FUEL COSTS 

The first charge of fuel for CANDU has been pro
duced on a firm price contract for $73.20/kg U, in
cluding the cost of uranium. At this price an initial 
fuelling cost of 1.1 mills/kWh ( ± 10 %) is assured. 
This has been achieved not only by careful design for 
neutron economy, but also by attention to fabrication 
development. Major contributions to fabrication 
economy have resulted from the development of a 
wire-wrap welding process and a resistance welded end 
closure, both of which lend themselves readily to auto
mation. 

The above costs for the CANDU first charge in no 
way recognize the significant reductions resulting from 
increased throughput. In the light of NPD and CAN
DU production experience, cost estimates have been 
made for the supply of fuel to 1000 MW(e) of 
CANDU capacity. Assuming that Zircaloy costs 
remain at today's level and that yellowcake will 
increase to $17.60/kg (UaOs), the average cost of fuel 
(in 1964 dollars) is predicted to be in the range of 
$50.00/kg U ± 10%. At an average burn-up of 
8800 MWdjtonne U and a net efficiency of 29.7 %, 
this yields a total fuelling cost of 0.80 mills/kWh± 
10 % on a throw-away cycle. The use of this fuel in a 
500-MW(e) plant which could yield a burn-up of 
11000 MWd/tonne U would reduce this cost still 
further to 0.64 mills/kWh. 

FUTURE POTENTIAL 

Thus far, the Canadian fuel programme has placed 
emphasis on the economy of the fuel cycle. It is evident 
that significant reductions in reactor capital costs 
would result from fuel capable of operation at higher 
rating. Efficiency and other engineering factors favour 
a minimum coolant-temperature rise across the fuel 
channel. Hence a high fuel rating and two-phase cool
ing ~ppear to go hand in hand. This suggests that the 
next logical step in the evolution of the CANDU con
cept will allow bulk boiling. The excellent results of the 
first full-scale exploratory experiment (U-201) indicate 
that no radically different approach in design will be 
required to develop a fuel for a boiling environment. 

APPENDIX 
I. As of 11 August 1964, the first NPD charge has 

seen 443 effective full power days of operation and 
196 power cycles. The most highly rated fuel bundle 
has now achieved a burn-up of6000 MWdjtonne U. 
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A sampling of 20 type C bundles from the CA ND U 
production run are under test in NPD. The most highly 
rated of these has now reached a burn-up of 4 500 
MWd/tonne U. 

II. This note concerns some past experience in fuel 
handling which begins to make sense in the light of 
some very recent information which Thomas et a/. are 
presenting to this conference [13]. 

In many of our experiments, irradiated fuel bundles 
have been withdrawn from the NRU loops two or 
three times for interim examination. Only reasonable 
care was used in handling the irradiated fuel, and it 
was able to survive with no structural failures. How
ever we have had two or three post-irradiation hand
ling accidents where bundles have slipped in the cold 
water fuel storage bays and in these cases, brittle frac
ture of end plates and end plate to element joints were 
observed. 

The fuel handling experience at NPD is somewhat 
similar. To bring NPD to equilibrium, more than 
80 irradiated fuel bundles have been shifted on power 

R. D. PAGE et a/. 71 

from channel to channel without difficulty. However, 
we have encountered three cases of brittle breakage of 
end plates and end cap to end plate joints in fuel 
bundles which had been discharged to the cold water 
fuel storage bays. 

These observations correlate very well with the 
experiments described by Thomas eta/. which indicate 
that below a certain critical temperature of about 
150°C, Zircaloy containing 50-200 ppm of H2 in un
favourably oriented platelets will break with a brittle 
fracture. Above this critical temperature the ductility 
lost by the metal through the presence of hydrogen is 
restored. 

It would therefore seem that on power fuelling may 
have an advantage which had previously• not been 
appreciated. That is, it allows the fuel to be manipu
lated while thermally hot and hence at a temperature 
where full ductility is available. 

The tentative conclusion is that the safest place for 
irradiated fuel is within the hot pressurized envelope 
of the primary coolant system. 
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ABSTRACT -RESUME-AHHOTAL..tiiiJI-RESUMEN 

Technologie et comportement des 
elements combustibles en uo2 
par R. D. Page et a/. 

A/18 Canada 

La pile prototype NPD de 20 MW(e) et Ia pile de 
grande puissance CANDU de 200 MW(e) sont les 
premieres d'une serie de piles de puissance canadiennes 
a utiliser l'eau lourde comme ralentisseur et calo
porteur, et !'uranium nature! comme combustible. La 
raison du faible cofit de l'electricite produite par les 
piles du type CANDU provient des depenses en com
bustible peu elevees. On se propose, dans le memoire, 
de montrer comment le combustible pour une pile de 

modele CANDU a ete con~u pour des taux de con
sommation excedant 10000 MW j/t U, pour que la 
depense en combustible soit inferieure a 0,8 mill/kWh. 
Les points suivants sont passes en revue: 

Conception pour I' economie neutronique 
Le combustible consiste en 19 elements de 15,2 mm 

de diametre reunis pour former des grappes de 49,5 em 
de longueur. Plusieurs grappes superposees bout a 
bout constituent la charge de combustible d'un canal 
(82,5 mm di). Cette disposition permet un chargement 
bidirectionnel et, par consequent, un aplatissement 
radial du flux et un taux de consommation uniforme de 
tout le combustible dans chaque canal. 

Le crayon de U02 est gaine de Zircaloy-2 et un 
rapport de poids combustiblefgaine de 10 est obtenu 



72 SESSION 2.3 P/18 

principalement par la conception d'une gaine (0,38 mm 
d'epaisseur) qui s'affaisse sur le combustible sous la 
pression du caloporteur. 

On examine dans le detailles problemes que creent 
les conditions hydrauliques, thermiques, dimension
nelles, etc., requises pour qu'il y ait compatibilite avec 
!'assemblage du ·,tube de force en Zircaloy et avec 
l'appareil pour le chargement en marche. 

Regime d'irradiation 
Dans l'etude des piles CANDU et NPD, on a 

reserve une place tres importante aux essais d'irradia
tion. Cinquante-quatre prototypes d'elements com
bustibles ont ete irradies a une temperature et une 
pression de caloporteur s'etendant sur un intervalle de 
taux de production de chaleur (f,\dB) de 20 a 55 W/cm 
(Ia valeur nominale maximale de f,\dB pour CANDU 
est de l'ordre de 40 W /em). 

Le chargement de Ia pile NPD a ete termine en mars 
1962; depuis, Ia premiere charge de combustible a 
fourni !'equivalent de 210 jours de fonctionnement a 
pleine puissance, et ceci a pleine capacite Ia majeure 
partie du temps. Jusqu'a present, aucune des 1188 
grappes de combustible n'a fait defaut. Des grappes 
echantillons retirees des milieux les plus actifs etaient 
en excellent etat. 

Depenses en combustible 
La premiere charge pour CANDU a ete achetee a 

prix fixe, ce qui assure une valeur pour les depenses en 
combustible de l'ordre de 1,1 mill/kWh± 10%. En 
s'appuyant sur !'experience acquise dans la production 
de combustible pour NPD et CANDU, on estime que 
!'augmentation de production necessaire pour appro
visionner une puissance installee de 1000 MW(e) 
diminuera Ia montant des depenses en combustible a 
un niveau inferieur a 0,8 mill/kWh. C'est en prevoyant 
une parfaite conco(dance dans 1a conception du com
bustible et !'elaboration des methodes de fabrication 
qu'on est arrive a une telle economie. Le perfectionne
ment du soudage par resistance a joue un role de 
premiere importance dans Ia reduction des depenses de 
fabrication. 

L'accent est mis sur Ia preparation des normes tech
niques relatives a Ia fabrication des elements com
bustibles. 

Possibilites futures 
On procede actuellement a des essais en vue d'aug

menter le taux de production de chaleur permissible et 
d'introduire !'ebullition pour ameliorer Ia capacite 
thermique des canaux. On a en meme temps apporte 
des innovations dans le but de reduire davantage les 
quantites de Zircaloy et de simplifier les methodes de 
fabrication. 

On a effectue avec succes des essais preliminaires sur 
des grappes prototypes de combustible eu vraie 
grandeur a des taux de production de chaleur atteign
ant 130% de ceux du CANDU, avec ebullition dans le 
canal, donnant jusqu'a 13% en poids de vapeur a la 
sortie et un taux de consommation calcule de 7000 
MWjjt d'uranium. 

R. D. PAGE et al. 

A/18 KaHaAa 

Paapa6orKa H xapaKrepHCTHKH ron
JlHBHbiX c6opOK H3 U02 

P. ,D.. neHAH< et al. 

llpoTOTHIIHhiii: peai(Top NPD :meKTpnqecKoii 
MOIIJ;HOCThiO 20 M 6T H noJinoMacrnTa6nLiii pean
·Top CANDU aJieKTpnqecKoii MOIIJ;HOCThiO 200 MBr 
HBJIHIOTCH nepBhiMH H3 cepHH KaHaP,CKHX 3Hep
reTHqecKHX peaKTOpOB, B KOTOphiX B KaqecTDe 
aaMeP,JIHTeJIH H TeiTJIOHOCHTeJIH HCITOJihayeTCH TH
iKeJiaH BOP,a, a TOIIJIHBOM CJIYiKHT IlpHpOP,Hhlii 
ypaH. llyTh K P,OCTlliKeHHIO HH3KOii CTOHMOCTJI 
.aJTeKTpo:lneprHH, Bhipa6aThiBaeMoii peaKTopaMn 
Tuna CANDU, up,eT qepea cnnmenue CTOHMOCTH 

Hp,epnoro Torrmma. QeJih p,annoro p,oKJiap;a - no

KaaaTh, KaK BeJIHCh paapa60TKH TOIIJIHBa )l;JTH 
poaKTopa THna CANDU, nanpanJiennhie na p;o
-tTHmenue BhlropaHHH Bhiiiie 10 000 M 6T • cyr10u/r 
ypaHa H )l;OBOP,eHHe o6m;eii CTOHMOCTH TOIIJIHBa 
Monee qeM p,o 0,08 LfeHT/1>6T • 't. B p,oKJTap,e o6cym
p,aiOTCH cJiep,yrom;ue nonpochl. 

3KOHOMHfl HeHTpOHOB npH KOHCTpyHpOBaHHH 

.flp,epHOe TOIIJTHBO aaKJIIOqaeTCH B TeiTJIOBhl

AeJIHIOIIJ;HO aJieMeHThl P,HaMeTpOM 15,2 MM, KOTO
phie coeP,HHHIOTCH ITO 19 IIITYK B TOIIJIHBHhie c6op
:KH P,JIHHoii 49,5 eM. HecKOJihKO c6opoK YKJiap,hl
naiOTCH BCThiK, o6paayH TOITJIHBHYIO aarpyaKy 
~P,HOfO TeXHOJIOrHqecKoro KaHaJia BHyTpeHHHM 
)l,HaMeTpOM 82,5 MM. TaKaH KOHCTPYKIJ;HH noanoJIH
O'l' nponoP,HTh p,nycTopoHHIOIO aarpyaKy TOITJIHBa, 
a cJiep;onaTeJihHO, o6ecnequnaeT noaMomnoCTh pa
)l,HaJihHoro BhlpUBHHBaHHH IIOTOKa H paBHOMepHO
ro BhiropanuH ncero TOITJIHBa n Kamp,oM KanaJie. 

AnyoKHCh ypana (U02) aaKJIIOqena B ooo
.JioqKy ll3 IJ;HpKaJIOH-2, H OTHOIIIeHHe BeCa TOIIJIH
Ba K necy o6oJioqKn, pannoe 10, rrpop,HKTonano 
rJJaBHhiM o6paaoM KOHCTPYKTHBHhiMH coo6pame
HHHMn B OTHOIIIeHHH 060JIOqKll ( TOJIIIJ;HHU 
0,38 .M.M), KOTOpaH 6yp,eT nnaqe ClliHMUTh TOilJIH
BO ITOA f];UBJTOHHOM TOITJIOHOCHTeJIH. 

llop;po6no o6cym~aiOTCH rrpo6JieMhi, cnHaaH
Hhle c yp;onJTeTnopenneM rnp;panJiuqecKHX, TerrJio
BhiX, KOHCTpyKTHBHhiX H rrpOCTpaHCTBeHHhiX orpa
HnqeHHH, HUKJIUf];hiBaeMhiX Tpe6oBUHHHMH o6ecne
'10HHII COBMOCTHMOCT.H C Tpy6aMll ll3 IJ;HpKaJIOH, 
pa6oTaiOIIJ;HMH rrop; p;anJieHHeM, n c aarpyaoquoii 

M'UIIlHHOH, IIpOH3BO)l;HIIJ;eii neperpyaKy TOllJIHlla 
rrpH pa6oTe peaKTopa Ha MOIIJ;HOCTJI. 

~cn~TaHHfl no o6ny~eHH~ 

B nccJiep;onaTeJihCimx nporpaMMax, cnHaan-
HhiX c pa6oToii peaKTopon CANDU H NPD, 6oJTh
rnoe MeCTO yp,eJTOHO HCllhiTaHHHM ITO o6JJyqeHHIO. 
BLIJTH o6Jiyqeuhl 54 aKcrrepHMOHTaJTbHhle rroJIHo
MacmTa6Hbie rrpOTOTHITHhle C60pKH rrpH TeMrrepa • 
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Type H p;aBJieHHH TCIIJIOHOCHTCJIH B p;uarraaoHe HO

MHHaJihHOH TCIIJIOBOH MO~HOCTH JA.dfJ) OT 20 
p;o 55 8T / c.M ( MaKcnMaJihHan HoMnHaJibHaH TerrJio

nan MO~HOCTL ,ll;JIH peaKTopa CANDU cocTaBJIH

eT f/-dfJ =40 8T/C.M). 

3arpyaKa TOIIJIHBOM peaKTopa NPD 6Lma 

aaneprneHa n MapTe 1962 rop;a, c Tex rrop rrepnaa 

aarpyaKa npopa6oTaJia 210 .n;neii, aKBHBaJieHTHhlX 

paooTe Ha IIOJIHOii: MO~HOCTH, IlpH'ICM B OCIIOB

HOM OHa pa6oTaJia IIpH IIOJIHOH HOMHHaJihHOH 

MO~HOCTH. 11 IlOna lUI O.rt;Ha H3 1188 TOIIJIHBHhlX 

c6opoK He BhiiiiJia ua cTpon. OcMoTp nanJieqeH

HhiX H3 HKTHBHoii 30Hhi OUhiTHLIX COOpOI\, H8XO

/~HBIIIHXCH B II03HIJ;IHIX HaH60JILIUeii: HOMMUUJihHOii 

TCIIJIOBOH MO~HOCTll, IIOI\a3aJI, 'ITO OHM HUXOjJ;HT

CH B OTJTH'IHOM COCTOHIIHH. 

CTOHMOCTb TonnHBa 

IIepBaH TOIIJIUBHaH aarpyaKa li,JIH peaKTopa 

CANDU 6LIJia xyuJieHa no Tnepp;oii u;eHe, o6ecue

qnnaro~e:ii CTOHMOCTL TOIIJIHBa B 0,11 1JenT/1'>8T • 'l 

± 10% . Ou;eHHH, npop;eJiaJIHLie Ha ocHone orrLITa 

uaroToBJiennH Tonmraa ,'J;JIH peaKTopon NPD n 

CAND U, mmaabiBaiOT, 'ITO pacrnnpmmc rrpona

no.n;cTna TOIIJinna n u;cJIHX y.n;onJieTBopeHnH no

Tpe6HoCTe:ii 3HcprCTH'ICCKOI'O peaKTOpa 3JICKTpH

'ICCKOi( Mo~noCThiO 1000 M 8T noanoJIHT p;o6nThCH 

CTOHMOCTII TOIIJIHBH HIIiKe 0,08 1JenT/1'>8T•'l. ::ha 
:mOHOMIIH ji;OCTIIraeTCH Oji;HOBpeMCHHO aa C'leT CO

BCpiiiCHCTBOBaHUH I<OHCTpyKIJ;I111 TCIIJIOBhl,!l;CJIHIO

~HX 3JICMCHTOB 11 MCTOji;OB HX II3l'OTOBJICHIIH. 

0cHOBHhiM iflaKTOpOM CHIIiKCHIIH CTOHMOCTU II3l'O

TOBJICHIIH TOIIJIIIBa HBJIHCTCH 11CIIOJTL30BaHMC CBap

KH COITpOTHBJieHHeM. 

Yp;eJI.HJIOCh BHMManue paapaooTKe cueu;mJm-

Kau;nii Ha TOJJJII1BO. 

nepcneKTHB~ Ha 6yAy~ee 

B nacTo.Hn~ee npeM.H nep;yTc.H :mcuep11MeHTLt, 

HanpaBJieHIIhlC Ha B03MOiKHOC IIOBhiiiiCHIIC HOMU

HaJihHOH TCIIJIOBOii MOIIJ;liOCTH II BHep;peHIIC npo

l~CCCa KIIIICHII.H TCIIJIOHOCIITCJIH l~JI.H IIOBhiUICliiiH 

~IO~HOCTII ua KaHaJI. Op;nonpeMeHno ne.n;yTc.H pa-

6oThi IlO p;aJILUeiimeMy CHIIiKCHIIIO KOJlii'ICCTBll 

HCJJOJIL3YCMOI'O D;llpKaJIO.H II ynpo~CHIIIO MCTOji;OB 

113l'OTOBJICHIIH TOJIJIIIBH. 

Y CJJCIIIHO 3HKOH'!CHbl npep;napiiTCJILHLie 31\C-

nepMMCHTLI C IICIIOJIL30BUHIICM IJOJIHOMaCIIITaOHMX 

IIpOTOTIIIIHbiX TOUJIHBHbiX COOpOK UpH HO

MIIHaJILHOH TCIIJIOBoii: MO~HOCTII peai<TOpa, paB

HOH 130% HOMMHaJihHOH TCllJIOBOH MOIIJ;HOCTU pc

aKTopa CANDU, np11 I<IIIICHIIII TBIIJIOHOCIITCJIH B 

nanaJie c o6paaonanueM 13% nee. napa na 

BhiXOji;C H ji;OCTIIiKCHIIII paC'!CTHOI'O llhll'OpaHHH 

7000 M 8T • cyr1'iu/r ypana. 

R. D. PAGE et a/. 73 

A/18 Canada 

Realizaci6n y comportamiento de 
agrupaciones de combustibles de uo2 
por R. D. Page et a/. 

El prototipo NPD de 20 MW(e) y el CANDU a 
escala natural de 200 MW(e) son los primeros de una 
serie de reactores canadienses de potencia, moderados 
y refrigerados por agua pesada y que queman uranio 
natural. La clave para obtener energia barata a partir 
de reactores del tipo CANDU consiste en que los 
castes del combustible sean bajos. La memoria intenta 
describir la forma en que se ha estudiado y trabajado 
el combustible del tipo CANDU de forma que con 
quemados superiores a 10000 MWd/t de uranio se 
consigan costes del combustible inferiores a 0,8 mili
dolares/kWh. Se discuten los siguientes puntos: 

Economia neutr6nica en el proyecto 
El combustible se com pone de elementos de 15,2 mm 

de diametro agrupados de 19 en 19 formando car
tuchos de 49,5 em de largo. Varios de estos cartuchos 
introducidos uno tras otro y atacados en un canal de 
82,5 mm de d.i. forman su carga de combustible. Con 
este disefio se puede cargar el combustible en ambas 
direcciones y, por tanto, se puede aplanar el flujo 
radial y se consigue.en quemado uniforme de todo el 
combustible en cada canal. 

El U02 se envaina en Zircaloy-2 y se proyecta la 
envoltura de modo que la presion del refrigerante lo 
aplaste contra el combustible (espesor 0,38 mm). Esta 
es Ia causa principal de que Ia proporcion en peso 
combustiblejvaina Begue a 10. 

Se discuten en detalle los problemas que resultan al 
enfrentarse con las limitaciones hidraulicas, termicas, 
estructurales y dimensionales impuestas por la reque
rida compatibilidad con el montaje de los tubos de 
presion de Zircaloy y con Ia maquina de cargar com
bustible durante el funcionamiento. 

Comportamiento /rente a Ia irradiaci6n 
Los programas CANDU y NPD le han dado mucha 

importancia a las pruebas frente a Ia irradiacion. 
Cincuenta y cuatro agrupaciones de combustible pro
totipos, a escala natural, experimentales, se han 
irradiado con temperaturas y presiones del refrigerante 
que cubrian una zona de aporte calorifico (ft\d8) de 
20 a 55 Wjcm (el aporte nominal maximo para el 
CANDU es una ft\d8 de 40 W/cm). 

La carga de combustible del NPD se termino en 
mayo de 1962. Desde entonces Ia primera carga lleva 
registrado el equivalente a 210 dias de o.peraci6n con 
plena potencia, Ia mayor parte con aporte maximo. 
Hasta ahora no ha fallado ninguno de los 1188 
cartuchos de combustible. Como muestra se han 
extraido cartuchos de las posiciones de maximo aporte 
y se ha visto que estaban en condiciones excelentes. 

Coste del combustible 
La primera carga del CANDU se ha comprado a un 
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precio establecido que asegura costes de combustible 
de 1,1 milid6lares/kWh ± 10%. Tomando como base 
Ia experiencia de fabricaci6n del combustible del NPD 
y del CANDU, los calculos aproximados indican que 
el aumento del rendimiento total para alcanzar una 
capacidad de 1000 MW(e) llevani los costes del com
bustible por debajo de 0,8 milid6lares/kWh. Este 
ahorro se ha conseguido planeando el desifio y los 
metodos de fabricaci6n del combustible para que sean 
mutuamente compatibles. Un factor importante en la 
reducci6n de los costes de fabricaci6n ha sido el 
desarrollo de la soldadura por resistencia. 

Se ha dado mucha importancia a la evoluci6n de las 
condiciones que tienen que complir los productos. 

R. D. PAGE eta/. 

Potencial futuro 
Se esta experimentando a fin de aumentar el aporte 

calorifico permisible e introducir la ebullici6n para 
mejorar la potencia de salida por canal. Al mismo 
tiempo se estan introduciendo innovaciones para 
reducir aim mas las existencias en Zircaloy y para 
simplificar los metodos de fabricaci6n. 

Se han terminado con exito los experimentos pre
vios hechos sobre prototipos de cartuchos de com
bustible a escala natural cuyos aportes termicos son el 
130% de los del CANDU, con ebullici6n en el canal 
de modo que a la salida se tuvieran basta 13 % en peso 
de vapor y llegando a un quemado calculado en 
7000 MWd/t de uranio. 



P/608 Sweden 

Fuel development for Swedish heavy-water reactors 

By H. Mogard, S. Djurle, I. Multer, H. P. Myers, B. Nelson and U. Runfors* 

The achievement of a reliable and economic fuel is 
of primary importance for the development of power 
reactors in Sweden whose reactor programme aims at 
competitive nuclear power in the beginning of the 
1970s through the exploitation of the heavy-water 
moderated and cooled pressure-vessel reactor [1,2,3]. 
The fuel policy prescribes the use of natural and/or 
slightly enriched uranium in a once-through fuelling 
scheme. For the future supply of enriched material 
reliance is placed on the recycling of plutonium 
together with a fresh input of natural uranium in a 
self-sustaining fuel cycle [4]. Table 1 summarizes the 
principal fuel data for the reactors of the programme. 

Although the successful operation of the Agesta 
power demonstration reactor is most encouraging with 
respect to fuel behaviour, further advancement in fuel 
technology is needed for the succeeding commercial 
reactors. In particular, there are demands for a more 
economic use of the fuel which implies higher burn-up, 
increased heat rating and reduced fabrication costs. 
The fuel components for the main projects Marviken 

* AB Atomenergi, Stockholm. 

and PHWR are at present in an active state of develop
ment, while for other reactor projects development is 
just beginning. 

The basic fuel technology for these projects is 
essentially the same as that for the light-water reactors 
and the pressure-tube reactors, sintered uranium 
dioxide pellets canned in Zircaloy tubes and other 
Zircaloy structures being used in the cores. However, 
one important object of the Swedish fuel development 
work is the exploitation of the basic features of the 
pressure vessel reactor for achieving possible improve
ments in component design, performance and fabrica
tion costs. For example, the characteristic high 
coolant-to-fuel area ratio of the fuel channels in these 
reactors presents certain advantages; it facilitates the 
use of an open fuel rod cluster with relaxed tolerances 
and lower hot channel factors, and it permits the use of 
large tubular fuel components of potentially lower 
fabrication costs and higher heat ratings. In the follow
ing presentation of Swedish fuel development work, 
emphasis will be placed on the characteristic differ
ences rather than on the similarities between the 
Swedish and other comparable reactor systems. 

Table 1. Fuel data for Swedish power reactor fuel elements 

Agesta R3 PHWR Marviken R4 
Reactor power, net 55 MW(th)+ 360 MW(e) Boiling el. Superb. el. 

IOMW(e) 140-200 MW(e) 

Total heat release in fuel, MW 60 1134 471 122 
Reactor pressure, bar 33.3 74 49.5 49.5 
Fuel form. uo2 (sint.) uo2 (sint.) uo2 (sint.) uo2 (sint.) 
Enrichment, % Nat. 1.5 1.3 1.6 
Active fuel rod length, mm . 728 2220 2180 2115 
Active fuel element height, mm 3047 4455 4420 4220 
Free space in rod, mm 10 65 100 150 
Fuel rods per assembly 4 X 19 2 X 49 2 X 30 2 X 48 
Number of assemblies 140 177 147 32 
Total U02 weight, t . 18.5 33.7 25.6 7.0 
Can Zr-2 Zr-2 Zr-2 ss 
Canning tube id nom., mm 17.2 10.5 12.6 11.6 
Can wall thickness, mm 0.7 0.51 0.6 0.4 
U02 pellet diameter, nom., mm 17.0 10.4 12.5 11.5 
Mean heat loading W/cm 78.5 300 227 180.6 
Hot channel factor (incl. trans.) 4 2 2.99 2.72 
Max. trans. heat loading, W /em 314 600 680 491 
Max. heat flux on can surface, W /em 54 164 156 126 
Mean temp. of the fuel, oc 500 900 800 1200 
Max. centr. temp. (incl. trans.), oc . 1325 2450 2760 2670 
Coolant/U02 area ratio . 1.13 16.4 3.52 1.92 
Coolant inlet temp., oc . 205 254 255 263 
Coolant outlet temp., oc 220 274 263 470 
Mean burn-up, MWd/t . 3600 16000 13000 13000 
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• 
Figure 1. Agesta fuel assembly, mark I 

FUEL DESIGN AND PERFORMANCE DATA 

Agesta fuel assemblies 

For the purpose of illustration, the fuel elements of 
the Agesta reactor will be described only briefly, a 
detailed description having been given elsewhere [5]. 
The fuel assembly consists essentially of a 3 m long, 
19 rod bundle (Fig. 1 and Table 1). Together with a 
surrounding shroud tube and end fittings, this bundle 
constitutes an integral unit for fuel handling. Each fuel 
rod of the bundle is made up of four elements which 

are screwed together to form a full-length fuel rod 
supported at the top. Each element contains sintered 
and ground uo2 pellets of 17 mm diameter enclosed in 
a self-supporting Zircaloy-2 canning tube. The cooling 
heavy water enters at the bottom orifice of the assem
bly, passes up through the fuel bundle within the 
shroud tube and flows out into the moderator water 
at the top. 

In particular, the fuel design is characterized by the 
precautions taken to eliminate the risk of fretting 
corrosion and the means provided to facilitate free 

~~750 

a 

Figure 2. Proposed Marviken boiling fuel assembly 
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longitudinal expansion of individual fuel rods. The 
use of flexible plate spacers of special design located at 
the fuel element junctions are expected to satisfy both 
purposes [5]. The possible occurrence of fretting cor
rosion at the contact points between the fuel bundle 
and its shroud tube is suppressed by a springing action 
between the shroud tube wall and protruding points of 
the plate spacers. Another feature of particular sig
nificance is the rod spacing within the bundle. Because 
it varies between 3 and 5 mm, it should normally 
provide an adequate safeguard against the bowing 
together of fuel rods. Although in-pile experiments 
carried out so far have given no indication of excessive 
rod bowing, this occurrence may perhaps not be 
excluded statistically for a large number of fuel rods. 
Fortunately, out-of-pile experiments have demonstra
ted that even if the rods should touch each other, no 
burn-out will occur because of the low heat rating 
(54 W jcm, Table I). At the time this fuel design was 
specified, no experience in the behaviour of spacer 
grids located on heat transfer surfaces was available. 
However, as a consequence of later successful in-pile 
experiments under pressurized water conditions, the 
replacement fuel assemblies were provided with such 
spacer grids instead of the conventional plate spacers. 
It should be pointed out that the safety requirements 
of low pressure drop for the coolant and slightly 
negative void coefficient exclude the use of a fuel 
cluster having a close rod packing. Thus, helical wire 
wrapping as used for the pressure tube reactor fuels 
cannot be considered for rod spacing purpose. 

Marviken fuel assemblies 

The Marviken boiling fuel assemblies (Fig. 2) are in 
many respects similar to the ones for Agesta, but some 
essential differences exist, because of the main reactor 
design which, in contrast to Agesta, foresees on-power 
fuel loading and because of the requirements for 
higher thermal performance. The shroud, or the boil
ing water channels, of Marviken are fixed in the 
reactor core. From a fuel construction point of view, 
this introduces some problems with respect to rigidity 
during handling and firm fixation in the channel 
during reactor operation. 

Present results from in-pile (see below) and out-of
pile experiments are not conclusive with respect to the 
reliable use of fuel rod spacers located directly on the 
heat-transfer surfaces, i.e., under boiling water con
ditions. However, improved spacer designs are being 
tested in the Halden and Agesta readors under 
simulated Marviken conditions. If successful, long fuel 
elements of half core-height dimensions, i.e., 2.2 m, 
will be preferred to short length elements. A particular 
advantage of this concept is the fact that the fission 
gas chamber of the elements can be located outside 
the active core, where it can be freely dimensioned to 
accommodate extensive amounts of released fission 
gases at any foreseeable fuel heat rating. Thin cladding 
would thus present no problems with respect to 
internal pressure build-up. Furthermore, the long rods 
permit a continuous pellet stacking, thus avoiding flux 
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Figure 3. Test model of spacer design for Marviken boiling fuel 
assembly 

peaking, and perhaps most important, the fabrication 
cost is likely to come down appreciably. The key 
problem in the spacer development is considered to be 
the tendency for steam bubbles to anchor on the 
spacer grids where they eventually, according to out
of-pile experiments, may cause overheating and 
corrosion failure of adjacent fuel rods. Figure 3 shows 
a spacer version which has been improved with respect 
to the water flow and is provided with springs to 
prevent vibration while still permitting longitudinal 
fuel rod sliding. The large rod-to-rod distance of 
about 8 to 10 mm facilitates the use of such a ring 
spacer arrangement. For rigidity, particularly during 
loading operation, the spacers are all fixed to a central 
supporting Zircaloy tube. The whole bundle is clamped 
by a three point springing action to the fuel channel. 

PHWR fuel assemblies 

Significant for the PHWR fuel assemblies (Fig. 4) 
are the extremely large rod-to-rod distances ( R::~20 mm); 
in fact, the fuel rods are uniformly distributed over the 
whole core. Here also long rods of half core-height are 
most practical. No great problems with vibration, 
fretting or burn-out are foreseen, because of the 
slowly streaming coolant and the very open assembly 
construction which minimizes the hot channel factors. 
The form factors in PHWR are very favourable with 
respect to the thermal loading of the fuel elements [3]. 
Nominal maximum heat ratings for Agesta, Marviken 
and PHWR are respectively 300, 452 and 510 Wjcm. 
As more reliable results from heat transfer and 
irradiation experiments are obtained, these values are 
expected to be increased further. Maximum heat 
ratings during worst transient conditions are as a 
design-rule so restricted that oxide fuel will just not 
melt. 

Advanced fuel elements 

The possibility of using full-core-length fuel tubes 
of sizable diameters (50 to 100 mm) is also being 
considered for projects under study. For the Marviken 
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Figure 4. PHWR fuel assembly 

as well as for the PHWR type of reactor, this would 
exclude the need for shroud tubes or supporting struc
tures for the elements, thus reducing the amount of 
structural material in the core and giving correspond
ing reductions in material and fabrication costs. Such 
elements also permit higher burn-out heat fluxes than 
rod bundles with similar coolant volume/fuel canning 
surface ratios [6]. The characteristic open fuel construc
tion of the heavy-water pressure vessel reactors would 
also favour the safe use of metallic natural uranium fuel 
elements, should these be developed for burn-up levels 
around 10000 MWd/t a corrosion failure of an indivi
dual fuel element will not propagate to neighbouring 
elements, as might be the case in a close-packed fuel 
bundle. 

The super-heating fuel elements for Marviken are 
still in an early stage of development; design and per
formance data are only tentative. The main problem 
concerns the development of a material which as a 
canning component is compatible with the steam en
vironment [7]. 

FUEL ELEMENT RESEARCH 
The development of the long, open-cluster type of 

tuel assembly described above needs the support of a 
broadly based fuel element research programme in
volving extensive in- and out-of-pile testing. The 

irradiation programme calls not only for studies of 
special material properties, but also the testing of 
components such as multirod bundles incorporating 
special features of design and the irradiation testing of 
prototype fuel elements. Such a programme requires 
access to a materials testing reactor and to reactors 
with large cores capable of accommodating long 
bundles; in such cases we have until now used the 
Canadian NRX and the OEEC HBWR. The Agesta 
reactor, which is now in operation, however, also meets 
the requirements for the irradiation of prototype 
elements. Table 2 lists loops that have been or are 
being installed in the R2 reactor at Studsvik which are 
expressly intended for fuel irradiations. 

Advanced fuel performance for future reactor cores 
may require heat ratings of~ 600 Wfcm or more and 
burn-ups exceeding 20000 MWdjt; fuel elements 
must therefore have excellent thermal and mechanical 
stability. Two particular factors which may prove 
limiting are the thermal conductivity of the uranium 
oxide and the embrittlement of the zirconium alloy 
canning by the combined effects of neutron irradiation 
and hydrogen absorption. Published data often show 
significant discrepancies or are not generally applic
able and further work is needed. Swedish work on 
canning materials is reported in another paper presen
ted at this conference [7]. The thermal conductivity of 
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Figure 6. The influence of porosity on the thermal conductivity is usually expressed by the formula: 
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This work gives a probable value a = 2 
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Figure 7. Proposed high temperature phase relations in the system U-U02 

A: U02 dendrites in 0-rich U; B: Drops of L2 immiscible in LI; C, D: Monotectic compositions 
structures; E, F: U02 surrounded by U-rich liquid; G: U at grain boundaries of reduced U02 

increase at the highest temperature (Fig. 5). The 
question remains, however, whether this contribution 
would be maintained as burn-up progresses. Above 
about 1250 °C, uranium dioxide becomes an intrinsic 
semiconductor and our measurements made up to 
1950°C have given the following relation for the 

I . I d . . T !.44 E I . e ectnca con uctiVJty: a ""=' exp ---. xtrapo at10n 
· kT 

to 2000, 2500 and 3000°K gives values for the 
electrical conductivity of 5.6, 24 and 60 Q-1 em -1 re
spectively. If the Wiedemann-Franz rule is applicable, 
then this implies values of the electronic thermal con
ductivity at the previously quoted temperatures of 
2.8 x I0-4, 1.47 x I0-3 and 4.4 x I0-3 W/cm oK re
spectively, producing insignificant, changes in the total 
thermal conductivity. This conclusion is dependent 
upon extrapolation both with regard to the values of 
electrical conductivity at high temperatures and the 
use of the Wiedemann-Franz rule. 

By neglecting any electronic contribution and add
ing the measured thermal conductivity and the calcu
lated radiation contribution, we obtain a minimum 
value for the integrated thermal conductivity over the 

range 500 to 2750oC of 67 ± 5 W/cm for unirradiated 
stoichiometric uranium dioxide. 

Fuel bundle irradiations 

Even if the properties of the individual fuel element 
materials were well documented, there are many 
questions concerning the performance of the com
posite fuel element under reactor operating conditions. 
Furthermore, there are many variables in fuel' element 
design. Our development programme therefore in
cludes a series of fuel bundle irradiations, the purpose 
being primarily to establish the structural and dimen
sional stability of fuel rods with lengths up to 3 m 
arranged in bundles. Table 3 summarizes this pro
gramme. The first two experiments in VBWR and NRX 
have been completed. 

The experiment in VBWR operated at a low heat 
rating and the principal result was to show that the 
end plate separators used in this bundle would not be 
suitable for a full size fuel element due to the differ
ential length changes between rods. The experiment in 
NRX used rods 1.5 m long fixed at the bundle's upper 
end, but separated at the mid point and lower end by 
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Table 3. Fuel bundle irradiation programme 
(Material: U02 canned in Zr-2) 

Irradiation facility . VBWR NRX HBWR Agesta 
Location USA Canada Norway Sweden 
Time table May 1959 March 1963 July 1964 September 1964 
Number of rods 7 7 6 15 
Rod length, mm 760 1500 1700 3000 
Pellet diameter, mm 17.00 14.88 12.50 12.50 
Canning thickness, mm 0.70 ±O.o7 0.70±0.07 0.60±0.10 0.60±0.10 
Heat rating, max., W/cm 314 (272) 560 450 450 
Canning surface temperature, max., oc . 290 320 250 260 
Water temperature, inlet, oc . 260 Boiling water 205 
Water temperature, outlet, oc 286 285 temp. =230 240 
Total element power, kW . 100 480 350 1500 
Burn-up, max., MWd/t 1200 (500) 630 1000 5000-6000 
Water, pH 

a strip spacer designed to prevent fretting and to allow 
differential movement of the rods. This spacer neces
sarily covers part of the fuel canning and the question 
arises as to whether the extra thermal resistance so 
produced leads to significantly higher temperatures 
and accelerated corrosion in this region. No such cor
rosion was observed during the period of this experi
ment, but longer irradiation times are needed to settle 
this issue. Post irradiation examination of oxide pellet 
sections taken below, directly beneath and above a 
spacer, showed that the highest oxide temperatures 
were obtained not in the position directly beneath a 
spacer, but in the pellet immediately downstream from 
the spacer. This is in keeping with the results of out-of
pile burn-out tests [14] and presumably is due to the 

9.8-10.3 7 9 

anchoring of steam bubbles at this point. Grain 
growth in the oxide pellets was seen only at positions 
near the spacer. Assuming a heat transfer coefficient 
between fuel and canning of2 Wfcm2 oc and using our 
measured values of thermal conductivity, we estimate 
the maximum centre temperature in the oxide to have 
been at least 1850 oc; it is therefore strange that grain 
growth was not found and further experiments will 
be made to study grain growth in Swedish oxide. 
Dimensional changes were found in the bundle after 
irradiation, but were not significant for its perform
ance. Length changes were ~ 0.1 % and independent 
of the axial clearance between pellet and sheath. Indi
cators showed that the oxide movements relative to the 
sheath were on the average 0.5 mm over 1500 mm. 

Table 4. Comparison of approximate costs of Swedish reactor fuel assemblies 

Fuel quantity, tonne U . 
Fuel weight/elem., kg U . 
Diameter of U02 pellet, mm 
Number of fuel elements 
Enrichment . . . 
Cost of nat. U cone. $/lb UaOs 
Cost of Zr-2 canning tubes, Sw. Cr/kg 

Zr-2. 
Fabrication time, months 
Interest rate, % 

(a) Convers., recycl., etc., for excess fuel 
material 

(b) Zr-2 in fuel element 
(c) Other struct. comp. (mat. and 

labour) . 
(d) Fabrication costs . 
(e) Interest on product value during 

fabrication . 

(f) U02 ceramic grade powd. incl. UF6 
and conversion costs, net 

Total 

Agesta 

16.5 
1.75 
17.3 

10500 
nat. U 

5 

370 
9 
7 

$/kgU SwCr/kgU 

1.7 9 
11.2 58 

11.0 57 
32.3 167 

2 10 
58 301 

21 107 
79 408 

Marviken (boiling elem.) 

Nat. uranium 

22.5 
2.85 
12.5 

9000 
nat. U 

5 

380 
13 
7 

$/kgU SwCr/kgU 

1.7 9 
14.7 76 

5.8 30 
31.7 164 

2.3 12 
56 291 

21 107 
77 398 

I. 3 % enriched 

$/kgU 

3.7 
14.7 

5.8 
33.2 

6.5 
64 

88 
152 

22.5 
2.85 
12.5 
9000 
1.3% 

380 
13 
7 

SwCr/kgU 

19 
76 

30 
172 

34 
331 

453 
784 

PHWR 

1. 5 % enriched 

29.5 
1.95 
10.4 

17400 
1.5% 

400 
20 
7 

$/kgU SwCr/kgU 

3.9 20 
16.5 85 

13.9 72 
38.2 198 

10.4 54 
83 429 

107 558 
190 987 
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Further details of this experiment are available in 
references [15, 16]. The experiments in the HBWR and 
Agesta reactors will begin later this year and will allow 
us to study behaviour under boiling water conditions, 
greater numbers of longer rods forming the bundles 
and the very important factor of various burn-ups. 

FUEL FABRICATION AND COST DATA 

The established Swedish fabrication procedure is quite 
conventional for Zircaloy-clad U02 fuel elements. 
Details of both the process and the plant of AB Atom
energi, Stockholm, have been described elsewhere 
[5]. It is noteworthy, however, that almost 10000 end 
plug welds have been successfully accomplished by a 
recently installed 60 kV electron-beam welding 
machine. This should further reduce costly product 
control and inspection required by the old argon-arc 
method; reject rate decreased to only a few tenths of 
1 % and it was possible to recover most of the faulty 
welds by rewelding. 

As a result of experience gained by the fabrication 
of some 40 tons of fuel in the Stockholm plant, quite 
reliable cost estimates now can be stated for the 
Swedish reactor fuel assemblies (Table 4). The cost 
analysis shown reflects the strong influences of fuel rod 
diameter, fuel element length and assembly design. In 
comparing Agesta and Marviken, it is seen that the 
cost increase due to the smaller rod diameter for the 
Marviken fuel is counterbalanced by the cost decrease 
due to its longer length. The still smaller diameter for 
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the PHWR fuel increases the costs compared to 
Marviken, the fuel element length being the same. 
Decreased rod diameter increases the costs for canning 
material. The influence of design is in particular appar
ent from the cost item (c) other structural components. 
PHWR shows the highest cost because' of its large fuel 
assembly baskets; improvements here are, however, 
possible. The Marviken reactor is provided with fixed 
shroud tubes which reduce fuel costs but increase 
reactor investment. 

The relatively high cost concurrent in the fabrication 
of enriched fuel depends primarily on item (e) interest 
on product value. Enriched fuel demands, in fact, 
shorter fabrication time than has been assumed here 
in this comparison. 

CONCLUDING REMARKS 

The prospects given by the heavy-water pressure 
vessel reactor for further reduced fuel costs through 
advancements in design, performance and fabrication 
show exceptional promise; the development potential 
of the characteristic high coolant-to-fuel area ratio 
remains to be fully explored. 
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ABSTRACT -RESUME-AHHOTAL\V1JI-RESUMEN 

A/608 Suede 

Mise au point de combustibles 
pour les reacteurs a eau lourde suedois 

H. Mogard et at. 

On decrit certains travaux de mise au point d'ele
ments de combustible a oxyde d'uranium pour des 
reacteurs a eau lourde, a sa voir ceux d' Agesta (en 
service en 1964) et de Marviken (mise en service prevue 
pour 1968). On indique les tendances de l'etude des 
combustibles pour de nouveaux reacteurs eventuels a 
eau lourde. 

Certaines ameliorations de performance et de cons
truction par rapport au reacteur d'Agesta, proposees 
pour Marviken et pour le projet PHWR, doivent 
permettre, compte tenu des progres realises dans le 
precede de fabrication, une reduction marquee des 
frais de combustible. La construction de !'ensemble 
combustible est caracterisee par une disposition en 
faisceau ouvert des barres de combustible et par 
I' adoption de barres de combustible longues. La valeur 
elevee du rapport surface du refrigerant/surface du 
combustible qui caracterise le reacteur a caisson sous 
pression a eau lourde doit permettre des perfectionne
ments ulterieurs. Avec un leger enrichissement de 1,15 
et 1,3 %, respectivement, un taux de combustion de 
13000 MWj/t environ est prevu pour les cartouches de 
combustible gainees en Zircaloy du bouilleur de 
Marviken travaillant en regime de vapeur saturee et 
surchauffee. Les couts de fabrication de differents 
ensembles combustibles sont compares. 

Le programme de developpement comprend des 
essais en pile et hors pile de prototypes d'elements 
combustibles, ainsi que des recherches sur les pro
prietes fondamentales du combustible a l'oxyde 
d'uranium et du gainage en Zircaloy. On donne notam
ment les resultats des recherches sur Ia conductivite 
thermique et la composition substoechiometrique du 
bioxyde d'uranium. Les boucles disponibles dans le 
reacteur R2 de Studsvik destine aux essais de mate
riaux sont decrites. 

Ai6Q8 WB94HR 

Paapa6oTKa TonnHea Allft weeACKHX 
TR}f{eJlOBOAHbiX peaKTOpOB 

X. MorapA et al. 

flpeJJ;CTaBJICHbi HeROTOpLie OllLITHO-ROHCTpyR
TOpCRHe paOOTLI IIO C03,n:aHHIO TenJIOBLI.ll:9JIHIO~HX 
:JJieMeHTOB H3 OKHCH ypaHa, npe,n:Ha3Ha'leHHLIX .ll:Jill 
lfCnOJIL30BaHHH B lliBe,n:CKHX THiK9JIOBO.ll:HLIX peai\
TOpax, To ecTb B peaRTOpax B ArecTe (ny~eH B 
;mcnJiyaTa~n:IO B 1964 ror~Y) H B Mapnn:ReHe (c.n:a-

~ta B ::mcnJiyaTa~HIO aaMe'leHa aa 1968 ro.n:). Pac
cMaTpHBaiOTCH HanpaBJI9HHH paapa6oTRH TOnJIHBa 
;J;JIH B03MOiKHLIX 6yp;y~ax ROHCTpyRn;Hii THiKeJio
BO)J;HLIX peaRTOpOB. 

flo cpaBHeHHIO c peaKTopoM B ArecTe npep;no
.rraraeTcH BHCCTH HeROTOpLie yconepmeHCTBOBa
HHH B T9XHH'IeCRHe xapaKTCpHCTHRH H ROHCTpyR
li;HIO peaRTopa B MapBHReHe H npoeRT peaRTopa 
PHWR, npatieM omap;aeTcH, 'ITO BMecTe c yJiyq
meaaeM T9XHOJIOrHH H3l'OTOBJI9HllH TOnJIHBa :no 
1103BOJIUT 3Ha'IHT9JILHO CHll3HTh TOnJIHBHYIO CO
eTaBJIHIO~yiO. RoHCTpyRu;HH TeiiJIOBhi,n:eJIHIO~eii 
COOpRH xapaRTCpH3yeTCH HCnOJib30B3HHeM )J;JIHH
HLIX TOIIJIHBHhiX CTep~RHeii C peiiiCTROi'r H3 AH
CTaH~HOHHpyiO~HX BCTaBOJ\. lfMeiOTCH IJOT9HD;I1-
aJibHbie B03MoamocTH AJIH ,n:aJihHeiimero YJIY'I
meHHH BeJUI4HHbi OTHOilleHHH noBepXHOCTeii 
TCTIJIOHOCHTeJHI H TOUJillBa )J;JIH peaRTOpa C THiKe
:wii BO,n:oii IIOJJ; IJ,aBJI9HHeM. flpH HeOOJlblllOM 000-

raUJ;CHlfll COOTBCTCTBeHHO 1,15 H 1,3% npe,n:ycMa
TpHBaCTCH BhiropaHHe oRoJio 13 000 Mer· cyrrmir 
;~JJH HCnapHTCJibllhlX TenJIOBhi)J;eJIHIO~HX 3JICMeH
TOB C ~IIpRaJIOeBOIJ o6oJIO'IROII, pa6oTaiO~HX B aT
l10C<IJepe aachiUJ,eHHoro H neperpeToro napa, )J;JIH 
peaRTopa B Mapmmene. flpnno,n:HTCH cpanHnTeJIL
Hhie ,n:aHHbiC liO CTOHIIWCTH Jl3rOTOBJieHHH pa3JIH11-
HbiX THIIOB TeiiJIOBhl.ll:CJIHIOill,I1X c6opoR. 

flporpaMMa OllbiTHO-ROHCTpyRTOpCRHX pa6oT 
npeJJ;yeMaTpnnaeT nponep;eu.ue BHyTpnpeaRTOPHhiX 
n BHepeaKTOpHbiX 3KCnepU:M9HTOB C npOTOTHnHLI
MH TCIIJIOBhliJ,eJHIIOlll,HMH 3JI9M9HTaMn, a TaRme HC
CJie,n:oBaiiHe HCROTOpbiX 113 OCHOBHbiX CBOHCTB Ton
.71HBa Jl3 OKJICH ypana H CBOHCTB 060JIO'IRH 113 
I\HpRaJIOH. B qacTnocTn, coo6~aiOTCH peayJihTaThi 
UCCJie,n:oBaHHH no TenJioiipOBOti,HOCTH II cy6CT9XliO
MeTpn•ICCROMY cocTany p;nyoKHCn ypana. AaeTCH 
onHCaHne JIMeiOTD;HXCH 3RCrrepnMeHTaJihHbiX ne
TeJib B CTy,n:nnReRoM peaRTope R-2 ,!I;JIH ncnhtTa
HliH M3TI:'pHaJIOB. 

A/608 Suecia 

El combustible para los reactores de agua 
pesada de Suecia 

por H. Mogard et at. 

La memoria expone algunos trabajos recientes sobre 
elementos combustibles de 6xido de uranio destinados 
a los reactores suecos de agua pesada, a saber, el 
Agesta (que entrani en servicio en 1964) y el Marviken 
(que empezani a funcionar en 1968). Se sefialan las 
tendencias en materia de proyectos futuros de reac
tores de agua pesada. 

Para el reactor de Marviken y el proyecto del 
PHWR se proponen ciertas mejoras de rendimiento y 
construcci6n con relaci6n al reactor Agesta que, junto 
a progresos en el procedimiento de fabricaci6n, se 
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espera reduzcan notablemente el costo del com
bustible. El disefio del conjunto combustible se carac
teriza por una disposici6n en haz abierto y por Ia 
adopci6n de largas barras. La elevada relaci6n carac
teristica entre Ia superficie de contacto del refrigerante 
y el combustible del reactor de agua pesada de vasija a 
presion permite que se introduzcan nuevas mejoras. 
Para los elementos combustibles con Zircaloy del 
reactor Marviken, se preve que con un ligero enrique
cimiento del 1,15 y del 1,3% respectivamente alcan
zanin un grado de combustion del orden de 13 000 
MWd/t, si el reactor funciona en condiciones de vapor 
saturado y sobresaturado. Se comparan los costos de 
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fabricaci6n para diversos tipos de conjuntos com
bustibles. 

El programa de desarrollo incluye experimentos en 
el interior y en el exterior del reactor con prototipos de 
elementos combustibles, asi como investigaciones de 
algunas propiedades fundamentales del 6xido de 
uranio y del Zircaloy como material de revestimiento. 
La memoria informa en particular sobre el resultado 
de investigaciones de la conductividad termica y la 
composici6n subestequiometrica del 6xido de uranio. 
Se describen los medios de investigaci6n de que se 
dispone en las instalaciones del reactor R2 de Studsvik 
para ensayo de materiales. 



Pj60 France 

Developpements recents des elements combustibles frant;ais 
de Ia filiere uranium naturel-graphite-gaz carbonique 

par M. Salesse, J. A. Stohr, G. Jeanpierre* 

La politique choisie en France pour le developpe
ment des elements combustibles destines aux reac
teurs de l'Electricite de France consiste a chercher, pour 
chaque pile nouvelle, a beneficier au maximum des 
progres techniques les plus recents en etudiant chaque 
fois un nouvel element combustible permettant une 
puissance par canal aussi elevee que possible [1]. 

Les derniers elements combustibles ainsi etudies par 
le Commissariat a l'energie atomique sont de deux 
types differents: 

a) Un element a tube d'uranium ferme aux deux 
extremites et refroidi exterieurement par des 
ailettes a profil chevron (fig. 1); ce type 
d'element, retenu pour les reacteurs EDF2, 
EDF3 et EDF4 permet des puissances par 
canal superieures a 600 kW pour des pressions 
de C0 2 de l'ordre de 25 bars (tableau 1). 

b) Un element a tube d'uranium ouvert, refroidi 
interieurement et exterieurement, appele "ele
ment annulaire" (fig. 2 et 3); un tel element, 
utilisable sous de fortes pressions, peut 
permettre des puissances par canal approchant 
3 000 kW. 

UTILISATION DE TUBES METALLIQUES EN 
ALLIAGE D'URANIUM 

Le CEA a choisi, des le depart de la filiere EDF, de 
mettre !'uranium sous forme de tubes metalliques puis, 
pour chaque nouveau reacteur, d'essayer d'en aug
menter les diametres et d'en diminuer les epaisseurs de 
paroi pour en tirer une puissance par unite de longueur 
de canal aussi forte que possible. 

Tubes fermes aux deux extremites 

On est ainsi passe des diametres I4 x 35 mm pour 
ED F I a I8 x 40 mm pour ED F2 et main tenant a 23 X 43 
mm pour EDF3 et EDF4. Ceci n'a ete possible que 
grace au developpement des alliages uranium
molybdene [2 a 4], seuls capables de resister a la 
pression de 25 bars retenue pour ces quatre reacteurs, 
grace a leur resistance mecanique et a leur resistance a 
!'irradiation particulierement elevees [5]. Aux environs 
de 500 ac, par exemple, leur vitesse de fluage est I 00 
fois mains elevee que celle de !'uranium faiblement 

* Commissariat a l'energie atomique. 

allie, traite ~- Par ailleurs, leur microstructure, au
dessus de I % de Mo, est constituee de fines lamelles 
alternees de phase IX et y tres favorable a la tenue 
sous irradiation. Enfin, ce type d'alliage peut tolerer, 
sans trop de dommages, de courtes incursions de 
temperature au-dessus de Ia limite de Ia phase ~. alors 
que }'uranium faiblement allie, traite ~. subit in
stantanement une modification complete de la structure 
des qu'il est porte a une temperature superieure a cette 
limite. 

Figure 1. Element combustible type EDF3, EDF4 

Gaine a ailettes chevrons a ftancs plans, centreurs incorpores; 
tube d'uranium 23 x 43 mm en alliage a l, 1% de Mo 

Figure 2. Element combustible type annulaire a refroidissement 
externe et interne avec sa chemise en graphite 

Cet element, a tube 54 X 70 mm, est destine a une irradiation 
experimentale dans EDF2 
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Figure 3. Plan de !'element annulaire (projet INCA) 

Gaine externe a ailettes en chevrons a flancs plans, centreurs incorpores; gaine interne a ailettes 
longitudinales; tube d'uranium 77 x 95 mm en alliage traite en phase 13 

Des etudes sont maintenant en cours pour essayer 
d'ameliorer encore la resistance mecanique a chaud 
ainsi que la resistance au gonflement de ces alliages par 
adjonction d'un troisieme composant tel que AI, Si, 
Sn ... 

L'etude de Ia resistance des tubes a Ia pression 
exterieure a fait !~objet de deux types d'essais hors 
pile [6]: essais avec gradient thermique, le tube etant 
chauffe interieurement par une chaufferette de 
graphite, et e~sais isothermes dans des fours speciaux. 
Les resultats obtenus montrent que !'on peut classer les 
tubes en deux categories, suivant leur epaisseur de 

paroi: les tubes "epais", tel que le tube EDF2 et le tube 
EDF3 qui voient leurs diametres diminuer lentement 
avec le temps, sans qu'il y ait jamais ecrasement 
(fig. 4) et les tubes "minces" qui, apres une certaine 
periode de fluage progressif, s'ecrasent tout a coup 
tres rapidement (fig. 5). 

Ces resultats sont en cours de verification en pile, 
dans G2 et 03, ou plus de 30 canaux a tubes enrichis 
ont ete charges, et dans EDFl, ou 200 canaux speciaux 
sont egalement en cours d'irradiation. D' ores et deja on 
a enregistre des resultats tres encourageants [7]. Par 
exemple dans G2 so us 15 bars, des tubes 20 x 28 mm 
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Figure 4. Tube d'uranium (18>A0 mm) a 1,1% de molybdene, cycle thermiquement aux environs 
de 590 oc so us press1on exterieure de 30 bars 

a) Coupe avant cyclage; b) Coupe apn'!s 3 000 h de cyclage thermique 

Figure 5. Tube d'uranium (25 v 35 mm) a 1,1% de molybdene, cycle thermiquement aux environs de 
590 ·"C so us pression exterieure de 30 bars 

a) Coupe avant cyclage; b) Coupe apres I 500 h de cyclage thermique 

en U-Mo 1,5% enrichi a 1,6% ont atteint un taux 
d'irradiation de 4 960 MWj/t: on a note une Iegere 
ovalisation et une diminution du diametre exterieur 
comprise entre I et 2 mm au centre de Ia cartouche, 
mais pas de fleche ni de deformation de surface, ni de 
croissance des extremites. 

Rappelons que par ailleurs, a des temperatures et 
des pressions plus faibles, on a enregistre dans le 
reacteur experimental EL3 des taux d'irradiation 
eleves sur des cartouches a 0,5 ~~de Mo (avec et sans 
traitement thermique), a I, I ,5, 2 et 3% (bruts de 
coulee): tous ces alliages ont ete portes a plus de 
7 000 MWjjt (et certains jusqu'a 10 500) sans de
formation d'ensemble importante: seule une Iegere 
fleche ou ovalisation est remarquee sur les tubes les 
plus fortement irradies, mais il n'y a pas de croissance 
importante sous irradiation et Ia surface, interne et 
externe, est restee lisse (sauf dans le cas de cartouches 
en U-Mo 0,5 ~~ portees a 5 500 MWj/t, ou il a ete note 
une "peau d'orange" sur Ia surface interne du tube). 

Tubes ouverts, refroidis interieurement et 
exterieurement 

Les tubes fermes ont malheureusement une limite 
inevitable d'utilisation : celle de leur ecrasement par 
fluage lorsque, a epaisseur donnee, on augmente leurs 
diametres et Ia pression du gaz caloporteur. Cette 
consideration a amene l'EDF et le CEA a lancer le 
projet INCA [I] dans lequelles "elements annulaires" 
(fig. 3) sont a tube d'uranium de diametre 77 X 95 mm 
ouvert a ses deux extremites et dans lequella pression 
du gaz est de 40 bars. 

Les alliages uranium-molybdene ne sont plus 
indispensables pour de tels tubes, puisq ue Ia resistance 
mecanique devient un facteur secondaire. Comme ils 
presentent une absorption neutronique relativement 
elevee, on cherche a les remplacer par des alliages a 
faible teneur. Les premiers alliages essayes [8-1 0] sont 
d u type Sicral F I, Sicral F 2 et U-Cr. lis sont 
destines soit a Ia trempe directe (eau ou huile), soit a Ia 
trempe isotherme et vont etre irradies, des le demarrage 
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Tableau 1. Caracteristiques et performances des elements combustibles fran~ais de Ia filiere uranium naturel
graphite- gaz carbonique 

EDFI 

Pression de C0 2 (bars) 25 

Combustible Alliage -. U-Mo 0,5% 
Diametres (mm) 14x 35 
Section droite (cm 2) 

(c 2m). 8 
Puissance specifique 
max. (MW /t) . 4,4 

Gaine Type d'ailettes . Longitudinal 

Flux thermique super-
ficiel max. (W ;em 2) 56 

Element Support individuel Pas de support 
Combustible Longueur totale (em) 60 

Nombre par canal 15 

Puissance totale pour un canal 
central (kW) 380 

d'EDF 2, so us forme d'elements annulaires 54 x 70 
mm (fig. 2). Par ailleurs, le CEA etudie aussi des 
alliages dits "autotrempants", qui eviteraient Ies 
inconvenients de la trempe. Des cartouches de ces 
alliages sont en cours d'irradiation dans EL3. 

GAINES A AILETTES CHEVRON 

Les performances thermiques assez remarquables de 
ce typedeprofil sontetudiees dans un autre rapport [11]. 
Rappelons-en ici un autre avantage, tres important 
[12]: la symetrie des ecoulements qui confere aux 
elements combustibles une grande stabilite, comme 
l'ont montre tous les essais faits jusqu'a present a 
froid ou a chaud et sous les debits gazeux les plus 
varies : aucune vibration importante, ni aucune 
tendance a Ia rotation n'ont ete decelees. II en resulte 
que le support inferieur de Ia cartouche et son dispositif 
de centrage peuvent etre simples et ne pas penaliser les 
performances aerodynamiques et neutroniques du 
canal. 

La tenue aucyclage thermique [13] des gaines EDF2, 
EDF3 et EDF4 a ete etudiee dans 5 boucles con~ues 
pour cette etude. On a utilise deux types de cyclage: 
violent, amplitude 450 oc ~ 50 oc et vitesse de 
refroidissement sur ailette de 80 oc durant la premiere 
seconde, et faible, amplitude 450 oc ~ 420 oc et 
vitesse de refroidissement de 2 oc durant la premiere 
seconde. Dans les deux cas les memes deformations de 
gaine ont ete obtenues: avec le cyclage faible il faut 
simplement multiplier le nombre de cycles par 20 pour 
avoir approximativement les memes resultats qu'avec 
Ie cyclage violent. 

Le profil EDF2, a ailettes helicoldales de hauteur 
relativement faible (6 mm), n'a pas presente de 
difficulte au cyclage thermique. Par contre Ie type de 
profil retenu pour EDF3 et EDF4, dit a "flancs plans" a 
necessite une etude poussee pour eviter le frisage du 
sommet des ailettes. En effet, celles-ci sont rectilignes, 
relativement hautes (8 mm), longues et fines (0,5 mm 

Elc.~ment annulaire 
EDF2 EDF3 et EDF4 (projet INCA) 

25 26,5 40 

U-Mo 1% U faiblement allie 
18x40 23x43 77x95 

10 10 25 

5,8 6 II 
Chevron helicoidal Chevron ftancs plans Ext.: chevron 

Int.: longitudinal 
ou corrugations 
Ext.: 105 

82 81 Int.: 70 

Chemise graphite 
60 -60 60 
12 15 15 

500 660 2 980 

au sommet), facteurs tous defavorables a Ia tenue au 
cyclage thermique. On a trouve une solution en 
diminuant Ia longueur de ces ailettes (par augmenta
tion du nombre de secteurs-porte a 8 au lieu de 6 dans 
EDF2-et de I' angle des ailettes par rapport a I' axe de 
Ia gaine) et en menageant au sommet de celles-ci, sur 
une hauteur de 2 mm, des saignees convenablement 
etudiees (fig. 1). 

Par ailleurs un progres important a ete fait entre 
EDF2 et EDF3: les centreurs, destines a maintenir Ia 
cartouche au milieu de sa chemise, ont ete incorpores a 
la gaine. On file une ebauche, comprenant 4 grandes 
ailettes longitudinales, puis on usine les petites ailettes 
d'une part, les centreurs • d'autre part. Ce dernier 
usinage a du etre soigneusement etudie pour eviter 
deux phenomenes fikheux au cyclage thermique : a) la 
rupture des soudures de bouchon au droit des centreurs, 
due aux efforts que ceux-ci, lorsqu'ils sont prolonges 
jusqu'aux extremites de Ia cartouche, viennent exercer 
sur le cordon de soudure. Ceci est maintenant evite 
en leur donnant un profil convenable aux deux ex
tremites; et b) la tendance au frisage du sommet des 
centreurs, evitee en les coupant en 4 tron~ons, separes 
par une fente de quelques millimetres de largeur. 

Au totalles avantages actuels du profil "chevron a 
flancs plans" sont tels que, pour Ie projet INCA 
d'element annulaire 77 x 95 mm, on n'a pas hesite a 
Ie choisir pour Ia gaine externe, qui aura 16 ou 24 
secteurs et 4 centreurs incorpores. 

CHEMISES EN GRAPHITE 

A partir d'EDF2, les elements combustibles fran~ais 
de Ia filiere com portent une chemise en graphite, ce qui 
limite les efforts verticaux auxquels ils sont soumis et 
leur assure une double securite: vis-a-vis du decharge
ment, qui reste toujours possible meme s'ils sont 
deformes, et vis-a-vis des manutentions en pile, 
puisqu'ils ne sont pas saisis directement par Ia pince de 
dechargement et qu'ils sont proteges contre Ies chocs. 
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On estime que la presence de ces chemises devrait 
permettre le rearrangement des cartouches irradiees, 
d'ou un gain possible important en duree de vie totale 
d'une charge donnee. 

Aces a vantages generaux s'ajoutent, pour EDF4et le 
projet INCA, une necessite particuliere: dans ces deux 
reacteurs le sens de circulation gazeuse est en effet 
inverse par rapport aux reacteurs precedents, le CO 2 

circulant de haut en bas a l'interieur des canaux. 11 en 
resulte d'une part que les efforts aerodynamiques du 
gaz sur les cartouches viennent s'ajouter-au lieu de se 
retrancher-a la pesanteur, d'autre part que les 
cartouches les plus chaudes sont celles du bas des 
canaux. Des supports individuels de cartouche sont 
done pratiquement indispensables p~mr de tels 
reacteurs, si I' on ne veut pas que les elements du bas 
s'ecrasent sous le poids des elements situes au-dessus. 

PROBLEMES PARTICULIERS AUX ELEMENTS 
ANNULAIRES 

Le premier probleme que posent les elements 
annulaires est celui du comportement de leur gaine 
interne, tant durant I' operation de gainage que durant 
le fonctionnement en pile [14]. En effet, le coefficient de 
dilatation de la gaine etant superieur a celui de l'ura
nium, si I' on gaine I' element combustible a 400 oc puis 
qu'on le laisse refroidir, Ia gaine interne risque de 
decoller de l'uranium, si une pression suffisante ne 
vient pas l'appliquer. Cette pression est donnee par la 
formule: 

2ne 
p=-

D 

e est l'epaisseur de la gaine, D son diametre et n la 
contrainte interne due a la deformation elastique 
necessaire pour rattraper le jeu uranium-gaine. 

Pour les elements du projet INCA, Ia forte pression 
envisagee (40 bars) et le fort diametre interieur (75 mm) 
font que la valeur de n correspondant au decollage est 
assez elevee (7,5 kg/mm 2), ce qui ne peut etre obtenu 
que nettement en-dessous de 100°C quel que soit le 
jeu initial entre la gaine et !'uranium apres I' operation 
de gainage et compte tenu de la plasticite du ma
gnesium. Comme Ia temperature d'entree du gaz est 
superieure a 200°C, il n'y a done dans ce reacteur 
aucun risque de decollement de la gaine interne en 
fonctionnement normal. 

Le second probleme est celui de l'extremite inferieure 
de la cartouche, qui doit resister aux importantes 
forces verticales mentionnees ci-dessus. Or, la surface 
portante a la base du tube uranium est faible par 
rapport auxelements types ED F2-ED F4, puisqu'il n'y a 
pas de pastille fermant le tube et que l'on doit menager 

M. SALESSE et a/. 

l'espace de deux cordons de soudure au lieu d'un. Des 
etudes particulieres sont done en cours pour renforcer 
cette extremite inferieure. Elles ont d'ores et deja abouti 
a des solutions satisfaisantes. 

D'autres problemes se posent pour le fonctionne
ment des elements en pile: en particulier la temperature 
maximum que 1' on peut tolerer sur Ia gaine interne et 
la chute de temperature au contact entre les gaines 
interne et externe et l'uranium. Ce dernier facteur, en 
particulier, demande a etre serre de tres pres car tout 
l'equilibre thermique entre la fraction de chaleur 
degagee a l'interieur du tube et celle degagee a 
l'exterieur en depend: les etudes [15] ne doivent plus se 
limiter comme pour les tubes fermes aux conditions de 
!'element le plus chaud, mais a celles de tous les 
elements de haut en bas du canal. 

Entin se pose le probleme du prix de revient de ces 
elements combustibles. Les premiers essais effectues 
montrent qu'il ne devrait pas y avoir de problemes 
serieux pour la fabrication des gaines ainsi que pour Ia 
coulee et le traitement thermique des tubes uranium: 
les taux de rebuts obtenus lors de ces operations sont 
d'ores et deja acceptables. L'usinage interne des tubes 
presente des difficultes qui augmenteront le prix de 
revient. Cependant, compte tenu du poids d'uranium 
contenu dans chaque element (25 kg environ pour le 
tube INCA), le prix de revient ramene au kilogramme 
contenu devrait etre inferieur a celui des elements plus 
classiques, type EDF2 par exemple. 

CONCLUSION 

La politique choisie en France pour le developpe
ment de la filiere uranium naturel-graphite-CO 2 

consiste a essayer de pousser cette filiere a son degre 
ultime de simplification, par reduction du nombre de 
canaux et du nombre d'elements. 

Cette politique conduit en ce moment le CEA et 
l'EDF aetudier le projet INCA de reacteur a elements 
combustibles annulaires. Ces elements demandent une 
somme tres importante d'etudes, dans tous les do
maines, mais l'effort entrepris devrait trouver sa 
recompense dans le saut en avant, la "mutation" qu'il 
peut permettre de faire faire aux reacteurs EDF. 

Par ailleurs, cet effort sur !'element annulaire ne 
signifie nullement que les elements plus classiques a 
tubes fermes type EDF2-EDF4 soient abandonnes: 
nous avons vu en particulier que les etudes se pour
suivent pour ameliorer la resistance des tubes d'ura
nium ainsi que les performances et la robustesse des 
gaines chevron. Des elements plus pousses que 
!'element EDF3-EDF4 peuvent done etre envisages, 
lorsque ces etudes auront abouti et qu'une experience 
plus complete de la tenue des elements so us irradiation 
aura ete acquise. 
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A/60 France 

Recent developments concerning French 
fuel elements used in natural uranium
graphite-carbon dioxide reactor systems 

By M. Salesse et a/. 

The latest fuel elements studied by the French 
Atomic Energy Commission are of two different types: 

(a) A tubular uranium element closed at both ends 
and cooled externally, which will withstand a maxi
mum specific power of the order of 6 MW /tonne; 

(b) An open tubular uranium element cooled both 
internally and externally, called an "annular element", 
which will withstand a specific power of over 12 MW/ 
tonne. 

The two types of element have the following 
common characteristics: 

(i) The can, for external cooling, has herring-bone 
type fins. This type of profile has recently been vastly 
improved giving an increase in its thermal efficiency and 
has the important advantage of avoiding vibration of 
the element, but there are problems of resistance to 
thermal cycling which have required considerable 
study. 

(ii) The fuel rods are placed inside graphite jackets; 
this limits the vertical forces to which they are sub
jected and protects them during charging and dis
charging. 

On the other hand, these elements present very 
different problems as far !iS the following points are 
concerned: 

(a) The characteristics required of the uranium 
tubes, apart from a good dimensional stability during 

irradiation in both cases, are, for closed tubes, a very 
high resistance to external pressure and, for the annu
lar elements, a low neutron absorption. Thus it has 
been necessary to develop a suitable type of alloy for 
each case. 

(b) A possible loosening of the can during thermal 
cycling; this is peculiar to the internal can of the 
annular element and has required much research 
work. 

(c) The exact temperature drop at the contact 
between the uranium and the can and the strength of 
the lower end of the cartridge are points which are 
increasingly important for the annular element. 

The annular element thus calls for considerable 
development work. this work is justified by the big 
step forward which will result in the EDF reactors 
owing to their high specific power and to the high 
weight of uranium in each cartridge. 

A/60 ttlpaHLIHH 

nocneAHHe paapa6oTKH rennoB~Ae
nflto~Hx sneMeHTOB Anfl ypaH-rpatfJH
TOBbiX peaKropoe, oxna>HAaeMbiX ynle
KHCnbiM ra30M BO UJpaHt,tHH 
M. Canec et al. 

llocJie~HHe TerrJIOBM~emno~He aJieMeHThl, nay
qaeMMe KoMHccapHaToM no aToMHoii aHepnur, 
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HpHHa,u;Jiea<aT K ,lJ;BYM pa3JIHlJHhlM THIIaM: 

a) 8JieMeHT B Bn,u;e Tpy6Kn na ypaaa, aaKphr

Toii C o6onx KOHIJ;OB, C BHellHHM OXJiam,u;eaneM, 

KOTOphlii II03BOJIJieT IIOJiylJaTb MaKCIIMaJibHYIO 

y,u;eJILHYIO MOID;HOCTh rropH,u;Ka 6 Merlr. 
6) 8JieMeHT B BH,lJ;e OTKphlTOH Tpy6Kn H3 ypaHa 

C BHyTpeHHHM H BHeillHHM OXJiam,u;eHHeM, Ha3hl

BaeMbiH <<KOJibD;eBbiM :meMeHTOM>>, KOTOphlH II03BO

JIHT IIOJiylJaTh y,u;eJILHYIO MOID;HOCTb 60Jibille 

12 Mer/r. 
06a <ITH THIIa TeiiJIOBbi,lJ;eJIJIIOID;HX aJieMeHTOB 

UMeiOT o6rn;ne xapaKTepHCTHKH: 

- o6oJiolJKa c naemnnM oxJiam.u;enneM cna6mc

na crrnpaJihHhlMH pe6paMn. TaKoii rrpo<fJHJib, Hl:'

.u;anno 3Ha'lnTeJibHO yconepmeHCTBOBaHHbiH B OTHO

meHHH TeiiJIOBOI'O K. II. ,lJ;., II03BOJIJieT ycTpaHHTb 

nn6par~nn TenJIOBhi;:(emuorn;ero aJieMeHTa, no rrpn 

noM noannKaiOT rrpo6JieMhl cToiiKocTu o6oJIOlJRU 

TeiiJIOBhlM IJ;HKJiaM, Tpeoyrorn;ne YrJiy6JieHHOI'O 

nayqennH; 

- TOIIJIHBHLie cTepmnn noMern;aroTcH BHYTPH 

rpaqmTOBhlX o6oJio'lel\, KOTopble npe.a;oxpaHHIOT 

ltX OT ,u;eiiCTBHH nepiieH,lJ;HKYJIHpHbiX CHJI H 3aiD;H

lU;aiOT HX no npeMH aarpyaHn n paarpyaKn. 

8TH }J,Ba THIIa TeiiJIOBhl}J,eJIJIIOID;HX aJieMeHTOB 

cTaBHT paaJinlJHhie IIpo6JieMhl, Kacarorn;necJI cJie

;~yrorn;nx MOMeHTOB: 

1. Ypanonhle Tpy6Kn ,lJ;OJiiHHhl o6Jia;:J;aTb BhlCo

I>HM COIIpOTHBJICHJICM BHCllHeMy ,JJ;aBJICHHIO B CJiy

•Iae aaKpbiTbiX Tpy6oK II CJiaOhiM IIOI'JIOID;eHHeJ.I 

nefiTpOHOB B CJiyqae KOJibl(eBhiX TeiiJIOBbi,JJ;eJIHIO

IIJ;IIX <IJieMeHTOB ( paayMeeTCH, B OOOJIX CJiylJaHX 

onn ,JJ;OJia<Hhl o6Jiap;aTh xoporneii paaMepnoii cTa-

6nJILHOCTbiO IIO)J; ,JJ;eiiCTBlleM OOJiy'leHIIH). IJoaTO

MY ,JJ;JIH Ham,JJ;oro na aTnx TnrroB TenJIOBhi,JJ;eJIHIO

n~nx aJieMenToB neo6xo,JJ;IIMO 6hlJIO paapa6oTaTI:. 

COOTBCTCTBYIOID;He CIIJiaBhl. 

2. BoaMomnoe OTCJiannanne o6oJIO'IKn B TenJio

BOM n;nKJie, cnoiicTnennoe BHyTpenneii o6oJiolJHe 

xoJILn;enoro TeiiJIOBhl,JJ;eJIHIOrn;ero aJieMeHTa, Tpe6y

eT yrJiy6JieHHoro nayqennJI. 

3. KoJibn;enoii TeiiJIOBhl,JJ;eJIHIOID;llii aJieMeHT Bhi

;J,nnny JI n ,u;pyrne cJioa<Hhie IIpo6JieMbi. K HnM OT

HOCHTCH IIap;eHne TI:'MIIepaTypbi IIpii 1:\0HTaKTC 

ypana c o6oJIO'Il\OH II corrpoTIIBJiemre nnmnero 
Honn;a TenJIOBhi}J,eJIHIOLn;ero aJieMeHTa. 

B HTore Momno cKaaaTb, 'ITO KOJibn;enoii: TeiiJIO

BhilJ.CJIHIOLn;Hii aJieMeHT Tpe6yeT ,lJ;OllOJIHIITCJihHOii 

paapa6oTKn. 8Ta paapaooTKa naxo,u;nT cnoe onpas

l~aHIIe B TOM <<CKalJKe>> BIIepe.a;, KOTOpbiii OH l103BO

•TIHT c,u;eJiaTb pl:'aKTopaM EDF 6Jiaro,JJ;apH OoJihiiiOii: 

Y,JJ;CJibiiOH MOlD;HOCTII II BblCOKOMY CO,lJ;epa<aHHIO 

ypaHa B TCIIJIOBhi,lJ;I:'JIRIOLn;CM 3JieMeHTe. 

M. SALESSE et a/. 

A/60 Francia 

Desarrollos recientes en los elementos 
combustibles franceses del sistema uranio 
natural-grafito-di6xido de carbono 

por M. Salesse et a/. 

Los ultimos elementos combustibles estudiados por 
el Commissariat a l'Energie Atomique son de dos tipos 
diferentes: 

a) Un elemento tubular de uranio cerrado por los 
dos extremos y refrigerado exteriormente, que permite 
obtener potencias especificas maximas del orden de 
6 MW/t; 

b) Un elemento tubular de uranio abierto, refriger
ado interiormente y exteriormente llamado <<elemento 
anular 1>, que puede permitir potencias especificas 
superiores a 12 MWjt. 

Estos dos tipos de elementos poseen caracteristicas 
comunes: 

i) La vaina, para la refrigeraci6n externa, lleva 
aletas en espiga. Este tipo de perfil que ha recibido 
recientemente notables mejoras aumentando su 
eficacia termica, tiene la gran ventaja de evitar las 
vibraciones de los elementos, pero ha planteado prob
lemas tecnol6gicos de resistencia al ciclado termico que 
es necesario estudiar a fondo. 

ii) Los elementos se colocan en el interior de 
camisas de grafito, que limitan los esfuerzos verticales 
a que estan sometidos y los protege durante las opera
ciones de carga y descarga. 

Por otra parte estos dos tipos de elementos plantean 
problemas muy diferentes en relaci6n con los puntos 
siguientes: 

a) Las propiedades que se exigen a los tubos de 
uranio-ademas, por supuesto, de una buena estabili
dad dimensional bajo irradiaci6n en los dos casos
son, en el caso de tubos cerrados, una excelente resis
tencia a la presion exterior y en el caso de elementos 
anulares una debil absorci6n de neutrones. Ha sido 
pues, necesario desarrollar, para cada caso, un tipo 
apropiado de aleaci6n. 

b) La posible separaci6n de la vaina en el ciclado 
termico, que es especial en la vaina interna del ele
mento anular, necesita estudiarse a fondo. 

c) La caida de temperatura en el contacto entre el 
uranio y la vaina y la resistencia de la extremidad 
inferior del elemento son cuestiones que presentan 
dificultades mayores en el elemento anular. 

En resumen, el elemento anular necesita de un 
esfuerzo importante. Este esfuerzo encuentra su justi
ficacion en el avance que puede suponer para los 
reactores EDF gracias a su elevada potencia especifica 
y a su peso elevado de uranio por elemento. 



P/147 United Kingdom 

The development and evaluation of uranium Magnox fuel 
elements 

By J. W. Hughes,* G. H. Inglis, C. H. Jones,** and J. Price*** 

The early development work on the uranium 
Magnox fuel elements for the UK gas-cooled reactors 
was directed mainly towards their metallurgical 
behaviour under irradiation and to their thermo
dynamic performance. Extensive mechanical testing 
under simulated environmental conditions com
menced in 1959 when, following irradiation trials on 
prototype elements, two new problems were re
vealed [1]. Polyzonal fuel elements with helical finning 
were not stable when stacked one upon the other in a 
vertical channel and the movements induced by the 
gas flow soon produced appreciable damage. It also 
became apparent that the gas forces imposed on the 
heat transfer surface would necessitate redesigning 
part of the surface to avoid unacceptable deforma
tions. These problems had not arisen on the circum
ferentially finned elements previously irradiated in the 
Calder Hall reactors. New techniques of mechanical 
testing were evolved to study the effects of gas forces 
and these are discussed in some detail in this paper. 
Methods of analysis are outlined and the criteria for 
acceptance of a design of fuel element are given. The 
problems of compression and element bow associated 
with stacking are also described and some idea of the 
work involved in the development and proving of a 
fuel element is given. Fuel elements with helical finning 
and those with herringbone or chevron finning are 
both discussed. 

FUEL ELEMENTS WITH HELICAL FINS 

Stability 

The polyzonal fuel element with helical finning 
shown in Fig. la was found to be aerodynamically un
stable in a reactor environment, exhibiting a violent 
precessional motion which brought the splitters into 
intermittent contact with the channel wall. This 
behaviour caused gross damage to the element splitters 
and braces and led to early fatigue failure of the can. 

Theoretical analyses of the problem were of limited 
application in view of the complex nature of the flow 
pattern; evaluation therefore involved the use of 
experimental facilities. Two types were used, one in 
which the forces acting upon the element when posi-

* The Nuclear Power Group, Knutsford, Cheshire. 
** U.K. Atomic Energy Authority, Springfields, Lancashire. 

*** English Electric Co. Ltd., Whetstone, Leicestershire. 

tioned in a moving gas stream were measured, and the 
other in which visual observation of the behaviour of a 
stack of elements under simulated flow conditions 
could be made. 

The forces arising when an element is displaced 
from the channel centre line, as derived from a force 
measuring facility are shown in Fig. 2a, the component 
of force perpendicular to the direction of displacement 
being responsible for the observed precessional 
mbtion. Of particular interest is the significant reduc
tion in the magnitude of these forces, when the splitter 
is castellated by reducing its height between braces to 
increase the clearance with the channel wall. Element 
distortions, such as bow and asymmetries arising from 
manufacturing tolerances, introduce additional forces 
which do not vary with element position, as do the 
displacement forces. They are unidirectional and 
depend only upon the magnitude and mode of the· par
ticular distortion or asymmetry. 

During the early evaluation period the stability 
criterion adopted was that there should be no move
ment of the fuel element, otherwise lengthy endurance 
and irradiation trials would be required. Examination 
of the displacement force pattern indicated three 
possible methods of attaining stability: 

(a) by transforming the pattern into one which 
would give a self-stabilizing effect; 

(b) by reducing the disturbing forces to zero; 
(c) by providing a force greater than the disturbing 

forces and so maintain the element in contact with the 
channel wall. 

Force :t;neasurement work showed that (a) could 
only be achieved with a major change of fuel element 
geometry. Measurements on elements with modified 
splitter geometries indicated how (b) might be achieved 
but this approach was not pursued because the forces 
were found to be very sensitive to small changes of 
splitter geometry. 

The provision of an overriding force to provide 
stability followed two parallel lines of development, 
one in which the force was provided aerodynamically, 
for example by creating differential pressures across 
the element, the other mechanically using a spring. To 
ensure complete stability a force which could overcome 
both the displacement and distortion forces had to be 
provided. This necessitated comprehensive measure
ments to assess the magnitude of the forces produced 
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Figure 2. Displacement force patterns 

at the top and foot of an element since both contribute. 
to the forces obtaining at a junction. Analysis of these 
data using methods of superposition permitted calcula
tion of the overriding force required under the worst 
possible element attitudes for bow and displacement 
together with the most adverse combination of element 
and channel manufacturing tolerances and wear. It is 
noted that any stabilizing device was also subject to 
severe design limitations in view of its possible adverse 
effects upon heat transfer and pressure drop, nuclear 
characteristics, element length, handling characteris
tics and endurance. 

An aerodynamic solution was developed to the stage 
where it satisfied the stability criterion subject to 
endurance endorsement. The solution ultimately 
adopted, however, was the mechanical device used in 
combination with a splitter with a castellated profile 
(Fig. lb). This solution has been proven by consider
able reactor service since its adoption. The spring is 
designed to give a force when new of between 3 and 4 kg 
which ensures that the force of about 1-1.5 kg required 
for stability under all service conditions is available 
after thermal and irradiation relaxation of the spring 
has occurred. 

Endurance 

Endurance tests, first used to investigate the effect 
of gas forces on the ear:ly designs of splitter, showed 
that severe splitter waving occurred. This was over
come without loss of heat transfer by reducing the 
splitter height between braces, giving the characteristic 
castellated profile mentioned earlier. The change con
centrated gas forces at brace positions and suitable 
designs of brace where then developed [2] using endur
ance tests, component creep tests and exploratory 
measurements of the forces acting on the splitter. To 
ensure that gas forces would not precipitate a reduc
tion in support against fuel element bowing or cause 

significant reduction in heat transfer, splitter/brace 
assemblies were designed so that the splitter tip would 
not be displaced by more than 4 mm from its nominal 
position as a result of gas forces. 

In an endurance test, a stack of fuel elements in a 
vertical graphite lined channel is exposed to C02 gas at 
reactor pressure and at temperatures between 430 and 
500°C with a flow exceeding that in the reactor. Creep 
deformation is measured at suitable time intervals. 
Accelerated tests of 2000 hours or more are used to 
represent the fuel element life of about 25000 hours in 
relation to creep deformation, plastic strain and high 
frequency fatigue. Separate tests are mounted for 
splitters and fins because of the temperature difference 
of 50°C or more between them in the reactor. Tests at 
low acceleration establish the validity of the creep 
acceleration factors employed. 

Endurance test data obtained on fuel elements at a 
uniform temperature and at magnified stress are inter
preted for the reactor conditions with the aid of creep 
data and simple beam theory. Using a simplified form 
i. =Kan of the law for Magnox secondary creep [3], 
where i. is the strain rate, K =exp (a -bT-1), a and b 
being constants depending on the material, a is stress 
and n a constant, Anderson [4] showed that the maxi
mum deflection of a beam is KcpM(n), where cp depends 
on the geometry, f(n) depends on the boundary con
ditions and to a lesser extent on the value of n, i.r is the 
strain rate evaluated at a particular representative 
stress. 

Numerous tests to measure steady gas forces oper
ating on fuel elements and pressure plots across 
splitters have confirmed that, over a wide range of 
Reynolds number, the form of the loading distribution 
is constant but its magnitude is proportional to the 
mean velocity head of the fluid flow, H. An "accelera
tion factor due to stress" can then be defined as AO'= 
pn where F = Hrlg/ Hreactor, and a corresponding 
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"acceleration factor due to temperature" as AT= 
exp [b(T-1reactor-T-1rig)]. The over-all acceleration is 
A=AuXAT. 

The creep rates for Magnox AL80 are simply 
defined as above but heat treated Magnox ZR55, from 
which most splitter/brace assemblies are made, ex
hibits hydriding which causes the creep rate to dimin
ish steadily to a very low value after some 5 000 hours 
and the derivation of acceleration factors is more 
complex. Minimum creep rate data for heat treated 
Magnox ZR55 is used and the validity of doing so has 
been confirmed by furnace and endurance tests at 
different accelerations and in C02 with moisture con
tents of less than 0.002 % by weight and more than 
0.02 % by weight at reactor pressure. 

Figure 3a shows the mean mode of splitter and brace 
deformation as found in an endurance test. The centre 
of pressure of the gas force is very near the splitter root 
as shown in Fig. 3b; it is balanced by a fin reaction 
force and a brace moment. In the test fins will be 
stronger relative to splitters than in the reactor where 
for the third element from the top the effective fin 
temperature may be 50-70°C higher than that of the 
splitter and in consequence the fin reaction will be 
developed nearer the splitter root in the reactor than in 
the test. Figure 3c shows the difference between the 
bending moment diagrams in the test and in the 
reactor due to this. The reduced reactor fin support 
can be represented in an endurance test by a reduction 
in the number of fins in contact with the side of the 
splitter, thus replacing temperature acceleration by 
stress acceleration. 

Other forms of deformation are as important as the 
mean mode and arise due to asymmetries, such as the 
spring arm spider, or to fuel element eccentricity in the 
channel. Figure 4 shows the effect of all modes on the 
splitter tip displacement of a typical element, for which 
gas forces would cause a maximum splitter tip dis
placement of0.6 mm in 25000 hours. 

The background to the problem of fin distortion and 
the methods of evaluation have been discussed pre
viously [1,2]. It will suffice here to recall that the 
purpose of the out-of-pile programme was to find how 
fin distortion grows, to predict end-of-life distortion so 
that the effects on heat transfer properties could be 
assessed, and ultimately, to enable fin design to be 
optimized for any reactor. Figure 5a shows the mean 
mode of fin deformation which results from creep 
under gas loading. The fins deform most near their 
upstream ends where they lean downstream; deforma
tion is small at mid-quadrant and changes direction at 
the upstream end. Figure 5b shows that the mean 
mode fqr the prototype Dungeness can grows uni
formly with time until the tip displacement reaches a 
transition point at about 0.1 x fin height, after which 
growth proceeds at a much lower rate. The shape and 
growth of the mean mode is similar for several designs. 
It is noted in Fig. 5b that the stronger fin of the Dunge
ness production can has not reached transition defor
mation. Tests with Perspex and with wax models show 
that after transition, fins group together and some fins 
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wave to and fro, showing that the loading on each fin 
depends on the shape of its neighbours. 

Another significant mode of deformation occurs 
when cans are pressurized and small kinks appear in 
the fins in the planes of anti-ratcheting grooves. These 
'kinks grow due to the combined effect of gas load and 
thermal cycling strains. Gas load also causes local 
deformation in the vicinity of braces and. the growth of 
initial imperfections. Pressurizing kinks grow at a 
rate which diminishes with time as indicated by the 
standard deviation curve for the Dungeness prototype 
can in Fig. 5b. 

It can be shown that a tapered fin with a tip to root 
temperature gradient creeps as though it were all at the 
mean of the root and tip temperature, and since 
acceleration factors can be adjusted to allow for axial 
and circumferential temperature variations, then de
formation may be predicted for any position on the 
can. Figure 5b shows, for example, that fins will just 
reach transition deformation on elements having the 
most severe duty in Dungeness. Heat transfer tests on 
elements representing the deformation beyond transi
tion indicate a deterioration of minimum heat transfer 
of less than 5 %-

Fatigue 
A study has been made of the gas induced vibrations 

and of the fatigue properties of fuel element materials, 
in both specimen and component form, to find whether 
fatigue failure of fins, splitters or braces could occur. 
The amplitude and frequency of vibrations were· mea
sured by conventional strain gauge techniques in rigs 
with gas at reactor flow conditions. The results showed 
that fluctuating stresses were small, typical values 
being ± 1.5 kg/cm2 in the 1000 c/s range for fins and 
± 1.5 kg/cm2 at lower frequencies for splitters and for 
braces. The highest mean stress measured was about 
8.5 kgfcm2. Comparison of these data with the fatigue 
properties of the material indicated that there was little 
risk of failure. Unfortunately, this technique of evalua
tion is not entirely satisfactory since existing fatigue 
data have to be extrapolated to low stress values. 
Furthermore, it is extremely difficult to locate the 
position of, or estimate the magnitude of, the worst 
combination of steady and fluctuating stresses. 

Recently it has been possible to show by a con
servative interpretation of the fatigue and vibration 
data that accelerated endurance tests at reactor gas 
density magnify both the steady and fluctuating stress 
in nearly the same proportion and give an equivalent 
reactor life, I reactor= I rig X F 4, where lrig is the dura
tion of the rig test. Elements tested in this manner to 
the equivalent of 100000 hours reactor service for fins 
and 60000 hours for splitters and braces show no sign 
of incipient failure. The assessment will be more 
favourable when fatigue data at very low stress values 
become available but already the evidence indicates 
strongly that fuel elements will not fail in fatigue. 

Stacking 
The creep strength of the uranium rod under the 
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combined effects of temperature and irradiation is in
sufficient to permit safe stacking of elements, and 
support against excessive rod bow is provided by the 
splitters and braces. The brace spacing has been fixed 
mainly by the requirement to support the splitter 
against gas forces and in every case is less than one
fourth of the element length. Irradiation trials have 
shown that this spacing is adequate to limit secondary 
bow. The effectiveness of the support at the brace 
position is dependent upon the angle of tilt of the split
ter and deformation arising from gas forces could be 
accelerated by the additional bowing loads. Furnace 
tests have confirmed the theoretical analyses which 
predicted that if the splitter tilt from gas forces alone 
does not exceed about 4 mm then the splitter and brace 
assembly should provide sufficient support to limit the 
element bow to little more than the channel clearance. 
In the reactor, this support will be influenced by fric
tion of the splitter at the channel wall and hence by 
thermal cycling which will induce axial movement of 
the element and possibly reduce or eliminate the fric
tional resistance. The furnace tests have included such 
movement in an endeavour to simulate reactor 
conditions. 

A different experimental approach has been to 
reproduce bowing in the hot loop endurance tests by 
using elements containing rods made of alloys which 
have a creep strength in the loop roughly equivalent to 
that in the reactor. This technique should provide the 
most realistic indication of the behaviour of the braced 
splitter assembly in resisting the combined effects of 
gas forces and bowing loads. Long-term results are 
not yet available. 

The other major problem with regard to the stacking 
of elements is in accommodating the compressive 
loads at the junctions between elements. The direct 
compressive stresses induced in the end cap and end 
fittings are too high for acceptable deformation if the 
material is the same as that used for the can, i.e., 
Magnox ALSO. Stronger alloys have been developed, 
mainly having manganese as the principal alloying 
constituent, and these have been shown by end com
pression tests on elements to limit the strain so as not 
to cause failure by cavitation in the end caps or by 
failure of the sealing weld. Unfortunately, simple end 
compression tests do not entirely simulate behaviour 
in the reactor. Because of element bow, bending 
stresses are induced in the end caps and end fittings 
and it has been necessary to devise non-axial loading 
tests to reproduce the combined effects of bending and 
compression. The limiting ductility of the sealing weld 
has also been investigated so that the design criteria 
for end deformation could be established. 

DEVELOPMENT PROGRAMME 

In a short paper such as this it has not been possible 
to discuss the details of the many and varied problems 
associated with the design and development of an 
acceptable fuel element. However, some idea of the 
work involved is given in Fig. 6 which shows a typical 
development programme. The first stage to the 
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specification of the final design may be considered as 
truly design development where new design features 
are chosen and confirmed, whilst the second stage is 
mainly proving work where production components 
are checked to see that they behave as required and 
expected. 

FUEL ELEMENTS WITH HERRINGBONE FINS 

The herringbone or chevron finned element was 
investigated because it offered a reduction of fittings 
external to the can and because it was thought to be 
inherently more stable than a helically finned .element. 
Furthermore preliminary trials had shown that a can 
with straight fins could be manufactured by a process 
suitable for quantity production. Since then it has been 
demonstrated that, with this type of surface, splitters 
are not necessary for heat transfer purposes and the 
requirement for braces is removed if support against 
bowing is provided by, for example, lugs made integral 
with the can. Improved stability may afford the oppor
tunity to eliminate the spring arm spider which has 
complicated the handling of helically finned elements 
and introduced aoditional neutron absorbing material. 

Stability 

The envisaged design of herringbone element 
(Fig. ld) was expected to produce a different displace
ment force pattern from the helically finned element 
since continuous splitters were replaced by anti
bowing supports and the element possessed 180 o 

symmetry. Initial force measurements confirmed that 
the force pattern was different, Fig. 2b, and indicated a 
significant reduction in the components of the dis
placement force both of which were found to vary with 
time. Such fluctuations had not been observed on the 
helical element. It is noted that the force pattern shown 
does not produce a precessional motion, but rather it 
moves the element to one of two positions in the 
channel (Fig. 2b, Nor S). The unsteady nature of the 
forces then causes random movement about this 
position. 

The presence of the unsteady forces necessitated a 
far more elaborate system of force measurement than 
that used previously. This utilized electronic equip
ment which maintained the element in any chosen 
position in the channel to within 0.025 mm and 
measured both the steady and unsteady forces required 
to hold the element in this position with the gas flow
ing. Analysis of the unsteady components showed a 
frequency spectrum over the range 0-40 c/s but no 
predominant frequency. The amplitude at any fre
quency varied with time. Distortion of the element 
introduced additional forces as for the helically finned 
elements but distortions of the anti-bowing lugs were 
found to modify the displacement force pattern as well 
as introduce a unidirectional force. 

To achieve stability by the provision of an over
riding force requires a similar approach to that 
adopted for helical elements. However, the reduced 
tangential components of displacement force offer the 
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Figure 7a. Herringbone fins. The reference deformation showing 
the difference between adjacent quadrants 

possibility of achieving stability without the need for 
a stabilizing device. Visual tests confirm that the 
herringbone element is far more inert than the helical 
element; generally it tends to flutter about a stable 
position due to the action of the unsteady forces. It is 
known, however, that at high flow the steady tangen
tial component together with the unsteady forces can 
overcome the stabilizing effects of friction and gravity 
thereby causing the element to rattle. This picture is 
further complicated if distortions of the anti-bowing 
lugs increase the tangential components of displace
ment force. Current development work is aimed at 
establishing suitable criteria for assessing stability and 
determining the magnitude of the forces involved. It is 
clear that such criteria must differ from those for the 
helical element in that some movement may be present 
under reactor conditions. The basis for acceptance 
will be that such movements shall not cause failure of 
the element within the required life. Proving therefore 
will involve endurance tests and irradiation trials. 

Endurance 

Preliminary endurance tests on herringbone fuel 
elements were made at reactor pressure and at a tem
perature of 495 oc with a fluctuation in gas entry 
temperature of up to ± 5 oc at 1 c/min. Characteristic
ally, the fins in two opposite quadrants developed an 
S shaped wave, which grew until eventually all the fin 
tips were in contact near the mid-quadrant position, 
Fig. 7a. The wave was of opposite curvature to that of 
helical elements. In the other quadrants, a rather more 
complex mode developed, but at a slower rate. 

Thermal cycling appears to affect fin distortion to a 
greater extent than on helical elements and as a result 
endurance evaluation is treated differently. In an 
endurance test several elements of a particular design 
are tested at the same time in the same rig and sub
jected to the same over-all acceleration factor. Each 
element is however subjected to different values of total 
can plastic strain by virtue of the fact that the gas 
temperature fluctuation is progressively reduced along 
the rig. The measured fin deformation, expressed as a 
proportion o of a reference deformation, Fig. 7a, is 
then plotted against total plastic strain L'rig as in 
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Figure 7b. Herringbone fin distortion from endurance tests 

Fig. 7b to give the equation 

8/trig = 0.1 + 0.33 L'rig/frig 

where trig is the test duration in units of 1 oob hours. It 
is then assumed that the in-pile deformation can be 
evaluated from this equation with the plastic strain 
component of deformation modified by a factor C to 
allow for the effect of rig to reactor temperature 
difference, i.e., 0=0.1 freactor/A+0.33 L'reactor/C, 
where L'reactor is the calculated total in-pile plastic 
strain caused by all reactor thermal cycles. This rela
tion is justified to some extent by thermal cycling tests 
which show that deformation varies linearly with 
plastic strain for a given mean temperature and in
creases with mean temperature. The factor C can be 
evaluated from this evidence. The plastic strain per 
cycle is found from constant strain rate tests where the 
secant modulus is found to be unchanged for strain 
rates appropriate to cycle periods from 0.5 to 70 min. 
It is important to note that the above equations apply 
only to a specific can design and that for any other can 
they have to be derived anew. 

Implicit in the method of evaluation is the assump
tion that the data obtained from the thermal cycling 
tests apply to the endurance tests. This is being checked 
by further endurance tests which will also be used to 
confirm the prediction that twisting and tilting of the 
integral anti-bowing lugs is small. 

Bowing 

The herringbone element does not possess con
tinuous splitters and so depends primarily for its bow
ing resistance upon the creep strength of the uranium 
rod, except for positions near the inlet of the reactor 
channel where the Magnox can is strong enough to 
govern the bowing rate. The greatest rate of bow is 
calculated to occur about a third of the way along the 
channel where the combination of stack load, tem
perature and flux level is most severe. 

Theoretical studies of the possible shapes into which 
an element can bow, supported by in-pile testing, are 
necessary to ascertain the number of anti-bowing lugs 
to be spaced along the element length to prevent 
excessive bow. Such bow can cause overheating of the 
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element by reducing the heat transfer coefficient 
locally and also impair the action of the grab during 
discharge by permitting excessive tilt at the ends of the 
element. The problem could be aggravated by defor-

. mation or collapse of the anti-bowing lugs and their 
behaviour has to be investigated by tests under simu
lated service conditions. Confirmation of the lug 
deformation under the combined action of gas force, 
thermal cycling, uranium bowing and swelling must, 
however, be awaited from irradiation trials. 

CONCLUSIONS 

During the development period under review the 
problems of gas forces and stacking loads have been 
satisfactorily overcome and the chosen design solu
tions have been consolidated. There is no doubt that 
for helically finned fuel elements alternative solutions 
are possible but the incentive in terms of performance 
benefit for developing them is small. On the other hand 
the herringbone element appears attractive in that it 
offers a reduction of fittings external to the can and is 
inherently more stable than the helically finned ele
ment. It has yet to be demonstrated for the herringbone 
element that stability can be achieved without a 
mechanical device; nevertheless the design has merits 
which have resulted in its adoption for the second 
reactor at Sizewell. 

This paper has highlighted some of the major 
aspects of the out-of-pile mechanical development of 
uranium Magnox fuel elements. It is emphasized that 
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this forms only part of the work involved in developing 
fuel elements to give a mean irradiation life of 3 000 
MWd/t, and that in any out-of-pile test, where it is 
impossible to simulate reactor conditions completely, 
compromise is inevitable and judgement must be 
exercised on what may be ignored and what is essen
tial. The ultimate proof therefore of the adequacy of a 
design must rest on large-scale irradiation trials. 
Despite some of the obvious limitations of out-of-pile 
techniques it is felt that reasonably accurate predic
tions of fuel element deformation can be made. This is 
confirmed by data now becoming available from reac
tor operation on elements irradiated for about one
third of their life and from irradiation trials to much 
greater burn-up. 
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ABSTRACT -RESUME-AHHOTAU1,..1.R-RESUMEN 

A/147 Royaume-Uni 

Mise au point et evaluation des elements 
combustibles uranium-Magnox 

par J. W. Hughes eta/. 

Le memoire decrit quelques-uns des principaux 
aspects de la mise au point mecanique hors pile, 
pendant les annees 1961, 1962 et 1963, des elements 
combustibles uranium-Magnox utilises ou prevus pour 
les reacteurs de puissance britanniques. 11 est entiere
ment consacre a la mise au point de Ia construction 
d'elements empiles et traite principalement des pro
blemes relatifs aux contraintes dues aux gaz et aux 
charges dues a l'empilage. Des techniques experi
mentales et analytiques pour !'evaluation des diffe
rentes for.mes d'element combustible ont ete mises au 
point dans ce domaine. Elles sont decrites et on donne 
les criteres selon lesquels un element est juge accep
table. Certains problemes de milieu, tels que celui de Ia 
fatigue due au cyclage thermique, ne sont pas exa
mines, mais on donne une certaine idee du travail que 
representent Ia mise au point et les essais d'un element 
combustible. 

Les exigences de stabilite et d'endurance pour 

!'element combustible polyzonal ont entraine !'adop
tion d'un dispositif de stabilisation a ressort et d'un 
assemblage de deflecteurs et entretoises avec des 
deflecteurs de hauteur reduite entre les entretoises. La 
reduction locale de Ia hauteur des deflecteurs reduit les 
forces perturbatrices pour !'element et elimine virtuel
lement Ia force nette de deflexion dans ces zones, 
rendant ainsi plus aises Ia stabilisation de ]'element et 
le maintien du deflecteur. La resistance au cintrage est 
assuree par Ia structure deflecteursjentretoises aux 
emplacements des entretoises. 

Le ressort est calcule pour fournir, apres la relaxa
tion resultant de !'irradiation et des effets thermiques 
en cours de service, une force suffisante pour assurer 
une stabilite complete. On escompte que les mouve
ments des extremites d'ailettes et des extremites de 
deflecteurs a I'endroit de l'entretoise, provoques tant 
par le gaz que par les efforts de cintrage, seront 
suffisamment faibles pour que Ia diminution resultante 
de transfert de chaleur soit negligeable. 

Au cours de Ia periode consideree, la demande d'une 
performance accrue en matiere de transfert de chaleur 
a amene Ia fabrication des gaines helicoldales a Ia 
limite des possibilites economiques. Les conceptions 
choisies pour resoudre le probleme des contraintes 
dues aux gaz et a l'empilage ont ete unifiees, et, bien 
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qu'il n'y ait pas de doute que des solutions differentes 
soient possibles, on n'est guere justifie a les etudier 
sous l'angle d'un rendement ameliore. D'autre part, 
}'element en chevrons semble attrayant parce qu'il 
permet d'eliminer en partie ou completement les 
accessoires exterieurs a Ia gaine et qu'il devrait 
posseder une stabilite inherente. On procede a une 
estimation de ce type d'element a l'aide de techniques 
analogues a celles mises au point pour I' element poly
zonal. II reste encore a prouver que Ia stabilite puisse 
etre obtenue sans }'aide d'un dispositif mecanique; il 
n'empeche que cette structure a des avantages qui l'ont 
fait adopter pour le deuxieme reacteur de Sizewell. 

A/147 CoeAHHeHHoe KoponeecTeo 

Paapa6orKa H o'-'eHKa ypaHOBbiX ren
nosbiAemuow.Hx sneMeHTOB K o6ono4-
Ke H3 MafHOKCa 
)J.m. Y. XbtoAmec et al. 

B p;oKJiap;e oiiHCbiBaiOTCH neKoTophle H3 oc

HOBHbiX OCOOeHHOCTeH HCCJiep;oBaHHJI MexaHH'Ie

CKHX CBOHCTB BHe peaKTOpa MarnoKc-ypaHOBbiX 

TeiiJIOBblp;eJIHIO~HX :meMeHTOB, yme HCIIOJlb3ye

MbiX HJIH KoTopble p;oJimHhl OhlTb HCIIOJib30BaHbl n 

:mepreTHtJ:ecKHx peaKTopax BeJIHKoopHTaHHH. llc

CJiep;osaHHH OXBaTbiBaiOT TpeXJieTHIIH IIepHOP, 

BIIJIOTb p;o p;eKaopH 1963 rop;a. ,[(OKJiap; II;eJIHKOM 

nocBH~en pa3pa6oTKe cKeJieTnoii KOHCTPYKII;HH 

TeiiJIOBblp;eJIHIO~ero ::meMeHTa H BKJIIO'IaeT rJiaB

HbiM oopa30M IIpOOJieMhl, CBH3aHHble C YCJIOBHJIMH, 

B03HHKaiO~HMH IIpH p;BHmeHHH llOTOKa raaa H 

coocTBeHHhlMH narpy3KaMH. Pa3pa6oTaHI>I aKciie

pHMeHTaJII>Hhle H aHaJIHTH'IeCKHe MeTOfl;bl OII;eHK11 

ROHCTPYKII;Hii TeiiJIOBblp;eJIJJIO~Hx :meMenTos. 0IIH

CbiBaiOTCH 8T11 MeTO;D;bl, 11 npHBO;D;JITCJI KpHTepiiH, 

Ha OCHOBaHHH KOTOpbiX MOmHO cyp;HTb 0 npHrop;

HOCTH TenJIOBblp;eJIJJIO~ero aJieMeHTa. HeKoTophle 

npo6JieMbi, CBJJ3aHHble CO Clleii;HtPHtJ:eCKHMH YCJIO

BHJIMH paOOTbl TeiiJIOBblp;eJIHIO~ero 8JICMCHTa, Ha

TipHMep ycTaJIOCTb, B03HHKaiO~aJJ BCJiep;CTBHO 

TCpMH'IeCKHX II;HKJIH'ICCKHX HanpHmeHHH, HC pac

CMaTpHBaiOTCJI, Op;HaKO p;aiOTCJI HeKOTOpble Hp;eH 

OTHOCHTeJibHO HCOOXOfi;HMbiX HCCJiep;oBaH11H B 00-

JiaCTH paapaOOTKH H HCIIbiTaHHJI TCIIJIOBblp;eJIJJIO

lii;HX 8JICMeHTOB. 

B cooTBCTCTBHH c TeXHH'IeCKHMH ycJioBHHMH, 

IIpep;'bHBJIJICMbiMH R CTaOHJibHOCTH H p;JIHTCJibHOCTH 

cpoKa CJiymobl noJIH30HaJibHOrO TCIIJIOBbip;eJIJJIO

III;CrO 8JieMCHTa, OKa3aJIOCb HCOOXOp;HMbiM BBeCT11 

npym11HHOe CTaOHJIH3Hpyro~ee ycTpOHCTBO H KOM

TIJieKT pacnopnhlx cKo6 c pacnopKaMH, yMeni>rna

IO~HMHCH no BbiCOTe Memp;y cKooaMH. MecTnoe 

yMeHI>IIIeHHe BbiCOTbl paCIIOpKH CHHmaeT p;eHCT

ByiOIII;11e Ha 8JieMCHT CHJibl H no cy~eCTBY ycTpa

HHeT peayJII>THpyiOIII;yiO pacKaJihlBaiOIII;YIO .CHJIY B 

aTHx ooJiacTHx H 'TaKHM o6pa3oM ooJiertJ:aeT 3ap;a

qy CTaOHJIH3aii;HH 8JICMCHTa H 3aKpCIIJieHHJI pac-

j. W. HUGHES eta/. 

IIOpKH. lf3fHO orpaHH'IHBaeTCJI CHCTCMOH paCIIO

pOK H CKOO H MomeT HMeTb MCCTO TOJlbKO Ha 

yqacTKax Memp;y CKo6aMH. 

IlpymHna ciipoeKTHposana c TaKHM pactJ:e

TOM, 'ITOObl ooJier'IHTb peJiaKcaii;11IO ycHJIHii, paa

BHBaiO~HXCH B aJieMeHTe B pe3yJII>TaTe pap;Haii;H

OHHbiX H TepMH'IeCKHX a<P<PeKTOB BO BpeMH paoo

Tbl, H TaKHM 00pll30M ooecnetJ:HTb ero nOJIHYIO 

cTaoHJII>nocTI>. OmHp;aeTcH, 'ITo p;BHmeHHH TOpii;oB 

opeopeHHJI H p;BHmeHHJI TOpii;OB paCIIOpOK B CK0-

6ax, Bbl3b1BaeMble KaK nOTOKOM raaa, TaK 11 H3-

fHOaiO~HMH ycHJIHHMH, 6yp;yT nacTOJII>Ko orpa

HH'IeHHbiMH, 'ITO He yxyp;IIIaT XapaKTCpHCTHK Te

nJIOIIepep;a'IH HHme npHeMJieMoro ypoBHH. 

IlpH KOHCTpyKTOpCKOH paapaoOTKe TCIIJIOBbi

)J;eJIJJIO~HX aJieMeHTOB c II;eJibiO p;aJII>Heiirnero 

noBbiiiieHHH xapaKTepHCTHK TenJionepep;atJ:H obiJia 

HcnoJ1I>3oBana cnHpaJII>HaH oooJIO'IKa B npep;eJiax 

aKonoMH'IecKoii II;eJiecooopaanocTH. BI>ropannblo 

KOHCTPYKTHBHble perneHHH npo6J1eM, CBJJ3aHHI>IX c 

YCHJIHJIMH, B03HHKaiO~HMH npH fi;BHmCHHH noTO

Ka ra3a, H narpyaKaMH coocTsennoro seca, obiJIH 

OOOO~eHbl, H noRa HCT HHKaKHX COMHeHHH OTHO

CHTeJibHO B03MOmHOCTH aJII>TepHaTHBHbiX perne

HHH, XOTJI OCHOBaHHH fi;JIJI HX p;eTaJibHOH pa3pa

OOTKH c noaHII;Hii noshlrneHHH paootJ:Hx xapaKTe

pHCTHK TaKOfO TenJIOBhlp;eJIJJIO~ero 8J1CMeHTa e~e 

MaJIO. C p;pyroii CTOpOHbl, nepcneKTHBHhlMH, no

BJifi;HMOMy, JIBJIJIIOTCJI CKeJieTHble TenJIOBblp;eJIJJIO

~He 8JICMeHTbl HJIH HMCIOIII;He BHA rneBpoHa, TaK 

KaK B 8T11X CJiy'laJIX yMeHbiiiaeTCJI 'IHCJIO tPHTTHH

rOB cnapymH oooJIO'IKH HJIH me neo6xop;HMOCTb n 

HHX OTnap;aeT nOJIHOCTbiO H noCKOJ!bKY no CaMoi{ 

CBOCH CY~HOCTH TaKHC TeiiJIOBblp;eJIJJIOIII;He ::me

MeHTbl JIBJIJIIOTCJI CTaOHJibHbiMH. 8TOMY THny 

3J1eMeHTa CBOHCTBeHHa Ta me CaMaJJ TeXHHKa, KO

TOpaH paapaOOTaHa fi;JIJI nOJ1H30HaJibHOf0 aJieMeH

Ta. OcTaCTCJI noKa3aTb, 'ITO neooxop;HMaH 

cTaoHJibHOCTb MomeT OhlTb p;ocTifrHyTa 6ea Mexa

HH'IecKoro npHCnOCOOJICHHJI, XOTJI H TaKaJI KOH

CTPYKII;HJI aJieMeHTa OOJiap;aeT fi;OCTOHHCTBaMH, 

KOTOpble p;eJiaiOT B03MOmHbiM ee npHMeHeHHe BO 

BTopoM peaKTope B CaiiayaJ1J1e. 

A/147 Reino Unido 

El desarrollo y Ia evaluaci6n de los 
elementos combustibles de uranio y magnox 

por J. W. Hughes et a/. 

La memoria describe algunos de los principales 
aspectos del desarrollo mecanico (( fuera de pila )) de 
los elementos combustibles de uranio-magnox en uso, 
o que van a ser usados, en reactores de potencia del 
Reino Unido y abarca un periodo de tres aii.os, basta 
diciembre de 1963. Esta dedicada por completo al 
desarrollo del proyecto de apilamiento de los ele
mentos y se ocupa principalmente de los problemas 
asociados con las fuerzas producidas por el gas y con 
las cargas del apilamiento. En estos campos se han 
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desarrollado tecnicas experimentales y analiticas para 
la evaluaci6n de los proyectos de elementos com
bustibles. Se describen dichas tecnicas y se exponen 
los criterios por los cuales se considera aceptable un 
elemento combustible. No se discuten ciertos prob
lemas auxiliares, tales como la fatiga por ciclado 
termico, pero se da alguna idea del trabajo que lleva 
consigo el desarrollo y pruebas de un elemento 
combustible. 

Los requerimientos de estabilidad y resistencia a la 
fatiga del elemento combustible polizonal han con
ducido al empleo de un mecanismo de estabilizaci6n 
provisto de un muelley de un sistema de espaciadores 
distanciados con los espaciadores disminuidos en 
altura entre los distanciadores. La reducci6n local de 
la altura del espaciador reduce las fuerzas perturba
doras del elemento y elimina, virtualmente, la fuerza 
activa del espaciador en esas zonas, disminuyendo, al 
mismo tiempo, la tarea de estabilizar el elemento y de 
soportar el espaciador. Gracias a la estructura for
mada con el espaciador se evita el pandeo en las 
posiciones de los distanciadores. 

El muelle se proyect6 con objeto de proporcionar 
una fuerza que sea adecuada, despues de Ia relajaci6n 
producida durante el funcionamiento por los efectos 
termico y de irradiaci6n, para conferir una total 
estabilidad. Se espera que los movimientos en el 
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extremo de la aleta y en el extremo del espaciador, en 
un distanciador, originados por las fuerzas debidas al 
gas y por el pandeo, quedaran reducidos hasta un 
limite tal que Ia perdida de rendimiento en la trans
misi6n de calor sea pequeiia y aceptable. 

La exigencia de mejorar la transferencia de calor ha 
conducido, durante este periodo de desarrollo que 
estamos considerando, a la fabricaci6n de vainas 
helicoidales hasta el limite que permite la posibilidad 
econ6mica. Se han unificado las soluciones adoptadas 
en el proyecto para resolver los problemas planteados 
por las fuerzas debidas al gas y a las cargas de apila
miento, y aunque es includable que son posibles otras 
soluciones, el estimulo para desarrollarlas es pequeiio, 
en lo que se refiere a la mejora que puede obtenerse en 
el rendimiento. Por otra parte, es interesante al 
parecer el elemento combustible en foram de espina de 
pescado o de uve dado que ofrece una reducci6n en el 
numero de accesorios externos de la vaina por lo que 
debera poseer una estabilidad propia. Se esta valor
ando este tipo de elemento mediante el empleo de 
tecnicas analogas a las desarrolladas para el elemento 
polizonal. Esta aun por demostrar que pueda lograrse 
Ia estabilidad sin ningun artificio mecanico. Aun asi, el 
proyecto tiene meritos demostrados por el hecho de 
que haya sido adoptado para el segundo reactor de 
Sizewell. 



P/148 United Kingdom 

Post-irradiation examination of CEGB fuel elements 

By G. W. Greenwood and B. F. Sharpe* 

Post-irradiation examination of fuel elements at the 
Berkeley Nuclear Laboratories of the Central Elec
tricity Generating Board furthers two objectives. The 
first is to assist the reactor operator in the elimination 
of reactor shutdowns due to fuel element failure. The 
second is to provide data upon which reactor operation 
and the future design of fuel elements can be based. In 
the present state of knowledge, it is not possible to 
predict accurately the physical changes which may 
occur in a fuel element in the reactor environment. It is 
important that the reactor operator and the designer 
should be made aware of any such changes and their 
possible implication. Post-irradiation examination of 
selected fuel elements is essential to evaluate the 
changes. 

EXAMINATION FACILITIES 

The handling and examination of whole fuel ele
ments is carried out in a cave 30 ft long and 9 ft 6 in 
deep shielded by 5 ft of normal concrete. The cave is 
connected by a tunnel to a 20 ft X 20 ft handling pond 
in which fuel elements enclosed in watertight steel 
containers are removed from the transport flask and 
stored prior to examination. The cave is constructed 
as one major enclosure which can be subdivided into 
three smaller enclosures by inserting sliding partitions. 
There are three working positions on the operating 
face and the whole enclosure is normally operated as 
three interconnected caves. 

Each of these caves is provided with a zinc bromide 
window and each is equipped with heavy-duty master
slave manipulators, viewing periscopes and a variety 
of removable plugs through which shaft drives and 
piped and cabled services can be introduced. A power 
operated manipulator can be driven and operated in 
any one of the three caves. 

In addition to wet-posting through the pond, dry
posting is possible into any cave via posting ports in 
the rear door or similar ports in the roof. Three 
removable 5 ft x 5 ft sections in the roof and the main
tenance area at the rear of the caves are spanned by a 
10 ton crane. Each of the caves is primarily equipped 
for a particular type of operation: in Cave I, nearest 
to the pond, fuel elements are removed from their steel 
containers and may subsequently be completely dis-

* Central Electricity Generating Board, Berkeley Nuclear 
Laboratories, G loucestershire. 

mantled. In Cave 2 such contamination-free operations 
as radiography, visual inspection and leak testing are 
carried out. Cave 3 is reserved for operations which 
involve cutting the fissile material. A further descrip
tion is given elsewhere [1]. 

DISMANTLING 

The extent of dismantling and its sequence is dic
tated by the emphasis of the examination and it is a 
particular feature of our design of equipment that the 
dismantling procedure can be varied as required. 

In order to achieve this flexibility each dismantling 
stage is considered as an individual operation. This 
has led us to a number of small machines, each 
capable of performing one or two operations in t~e 
simplest manner possible. A direct result of thts 
simplicity is increased reliability. 

Figure 1 shows the layout of the machines in Cave 1. 
The small machines are sited on an aluminium work 
bench. To achieve maximum free working area on this 
bench, all shaft drives, cabled and piped services are 
situated between the underside of this bench and 
another layer 12 in below it. The following brief 
descriptions indicate the way in which dismantling is 
carried out. The graphite strut assembly is readily 
removed from Berkeley fuel elements by means of 
master slave manipulators after one of the struts sup
ported between a pair of anvils has been cracked by a 
light blow from a pivoted hammer. Splitter cage 
assemblies are removed by shearing with a small 
hydraulic shear through the joints between the splitter 
blades and braces. The end fittings from all types of 
fuel element are removed by drilling out either the 
small locking pin to permit the fitting to be unscrewed, 
or by drilling out the entire threaded portion of the 
fitting. End caps, when required for further examina
tion, are cut off by a thin slitting saw attached directly 
to the geared shaft of a fractional horse-power 
electric motor. The motor is mounted on a hinged 
plate and the saw is gravity-fed through the work ~t a 
rate controlled by a hydraulic damper. If it is demed 
to expose the end of the uranium bar, then the end cap 
and the ceramic spacer are removed by feeding in a 
knife-edged cutter wheel while the element is slowly 
rotated in a chuck. Often one or more alternative 
methods are available for the same operation. For 
example, drilling can be carried out with the fuel 
element in the lathe chuck and the drill in the tailstock, 
either the chuck or the tailstock can be driven, or the 
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Figure 1. Cave 1 layout. 

1 : Portable rotary cutter; 2: Portable drill; 3: Fuel element container vice; 4: Fuel element transfer 
trolley; 5: Graphite strut breaker; 6 and 7: Hydraulic shears; 8: Fuel element lathe 
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Figure 2. End view of a Bradwell fuel element showing splitter 
deflection associated with twisting 

Figure 3. End view of a Bradwell fuel element with markers 
inserted in splitter slots which indicate the angle of twist over the 

fuel element length 

fuel element can be clamped in a vice and an electric 
drill can be used. 

VISUAL EXAMINATION 

Because they are subjected to higher coolant gas 
flows at higher pressures and temperatures CEGB 
reactor fuel elements differ considerably from the fuel 
elements used in the Calder Hall reactors. The major 
differences lie in the fin geometry of some external 
components, and in the Berkeley reactors, in the 
absence of compression end loads. Fin deformation 
could result in considerable loss of heat transfer 
properties and, although this has been much studied 
in out-of-pile rig tests, the combined effects of the gas 
forces and dimensional changes in the uranium bar 
can only be satisfactorily investigated by post irradi
ation examination [2]. 

Visual examination commences immediately a fuel 
element is withdrawn from its container and great care 
is taken to ensure that no markings or damage are 
caused by handling. The optical quality achieved by 
careful installation of the zinc bromide windows is 
sufficiently high that conventional optical equipment 
such as binoculars, epitechniscopes and cameras of 
suitable focal length are used to view through the 
window. 

In the examination of Berkeley fuel elements [3], the 
condition of the graphite struts and stainless steel or 
zirconium bridges and the satisfactory containment of 
the cartridge within this framework are noted. In 
Bradwell fuel elements, cups and cones are observed 
for any evidence of sticking between adjacent elements 
in a reactor channel. The components of all fuel 
elements are examined with reference to the function
ing of the· reactor discharge machinery. The fuel 
elements are next observed longitudinally to note the 
extent of deflection of splitters and distortion of the 
can fins. Often, when deformations are small, it is 
better to assess the general form of fin behaviour and 
its causes [4] rather than obtain detailed numerical 
results. Brace distortion and the angle of splitter 
deflection is readily observed from end views of the 
elements and appropriate measurements can be made. 
One unexpected observation (Fig. 2) is that the 
splitters sometimes tilt in a direction opposite to that 
expected if their deflection was solely due to gas 
forces [5]. Further investigation has related this to a 
twist of the cartridge in a direction such as to tighten 
the helix of the fins of the cans. Twist measurements 
have been made both by longitudinal observations of 
the splitter slots after the splitters have been removed 
and by viewing from the end of the element markers 
placed in these slots (Fig. 3). A detailed inspection of 
the end cap and end cap weld is made after the end 
fittings have been removed. We have found that 
damage to end welds caused by handling during manu
facture or subsequently has so far been the major 
cause of leaks [3, 6, 7, 8, 9, 10] although fewer than one 
fuel element in 104 has suffered this form of damage. 

Photography is widely used during visual examina
tion both to record observations and because it is 
possible to make sufficiently accurate measurements 
from appropriate photographs of the fuel element. 

RADIOGRAPHY 

Radiography has proved to be a powerful tool in 
the examination of fuel elements. It has been demon
strated at Berkeley [11) that if sufficient attention is 
given to geometrical factors, radiography offers the 
opportunity of following closely the dimensional 
changes which take place in uranium during irradi
ation due to creep, growth, swelling, thermal and 
thermal cycling effects. The technique is experimentally 
convenient, results in a valuable saving of cave space 
and operating time and decontamination and disposal 
problems are minimized since there is no need to 
expose bare uranium. 
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Figure 4. Cave 2 layout. 
1 and 2: X-ray tube with fuel element positioned beneath it; 3: Fuel element hoist; 4: Bubble leak 

test apparatus; 5: Fuel element examination bench 
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The geometrical factors involved in the projection 
from a point source of a grooved and chamfered bar 
onto a plane surface have been evaluated [11]. The 
most satisfactory compromises have been assessed so 
that, when measurements are made from radiographs 
positions of strong contrast in film density are utilized 
and cross wire locations made on lines which intersect 
the direction of measurement at a sufficiently large 
angle. For optimum accuracy, it is most important to 
have a known and preferably constant distance 
between the fuel element and the film. To satisfy this 
geometrical condition in practice we average the 
measurements from radiographs of the element taken 
in 6 positions about a fixed axis of rotation. Rotations 
of 60, 60, 90, 60, 60, 30 deg are employed to permit a 
better survey of the bar profile to be made than would 
be achieved with 6 rotations of 60 deg. Bar dimen
sional changes are obtained from the mean of these 
results plotted as a function of rotation angle. The 
methods developed permit measurements of over-all 
length to an accuracy of about ± 1 in I 04, and of fuel 
bar diameters and spacing between anti-ratchetting 
grooves to an accuracy of about ± 1 in 103• As local 
bar distortion increases, the accuracy is correspond
ingly reduced, but it is in this state, when direct 
measurement would be even more difficult, that radio
graphic measurements are most valuable in closely 
following variations in dimensions over limited 
regions. 

Measurements of bowing of fuel bars are readily 
obtained from radiographs. It has been found [12] 
that Berkely fuel elements bow at a rate greater than 
was anticipated from the absence of end loading. This 
bowing is eventually satisfactorily restrained by the 
anti-bowing brace and splitters. 

To achieve radiographs of high definition, the fuel 
element must be close to the film, and the X-ray 
source, which must be as nearly as possible a point 
source, must be a long distance away. This dictates 
the exposure time. These requirements conflict with 
the necessity to reduce the gamma-ray dose received 
by the film to a minimum. This difficulty has been 
largely overcome in the design of the equipment. In 
Cave 2 (Fig. 4) the X-ray tube, which has a rotating 
anode and electron focusing to beam diameters of 1.2 
or 2 mm on the target, is positioned about 70 in above 
the horizontal film position. The long axis of the fuel 
element is about 4 in above the film when an exposure 
is made. Fuel elements can be gripped and rotated to 
any appropriate orientation and can be longitudinally 
traversed to bring the end or the centre of the element 
directly under the beam. The film cassette is initially 
loaded on the circumference of a shielding cylinder so 
that it is protected from gamma radiation until the 
cylinder is rotated through 180 o and the cassette is 
brought under the fuel element and in line with the 
X-ray beam. When the film is in position the selected 
X-ray exposure is automatically given and the 
cylinder returns through I 80 deg so that the film is 
immediately gamma ray shielded and the cassette can 
subsequently be withdrawn. A novel feature of this 

equipment is that motion is imparted to the cylinder 
by a torsion bar in such a way that it has zero momen
tum in the two positions in which it is arrested [1]. 

Where the greatest surface profile detail on the 
uranium bar is required, the maximum tube voltage 
100 kV is applied. The sensitivity is such that very 
small oxide formations on the bar which occur 
particularly at corners of anti-ratchetting grooves [3] 
can be readily observed. Where a crack in the magnes
ium end components is suspected, there is a possibility 
of its location from radiographs. In order to be 
detected, the plane of the crack must be nearly 
parallel with the line of the X-ray beam. This require
ment is unlikely to be fulfilled for leaks in the body of 
the can, but may be fulfilled [3, 8] for cracks in end 
cap welds at some appropriate rotation of the fuel 
element about its axis (Fig. 5). Such an assessment 
can be a useful prelude to subsequent detailed metal
lographic examination. 

LEAK DETECTION AND ASSESSMENT 
Of the fuel element failure modes, leak development 

presents the most serious problem. The requirements 
of an ideal leak detecting technique are that it should 
be capable of locating, very precisely, leaks down to 
the smallest size likely to cause unsatisfactory fuel 
behaviour; the method should be non-destructive, 
rapid in its operation1 easy to operate remotely, take 
up the smallest possible cave space and any mainten
ance should be possible in a simple manner. 

A method which most closely meets these require
ments has been described [13, 14]. The method is 
essentially simple, but has been shown to be capable 
of locating leaks of I0-3 lusecs and of giving a quanti
tative assessment both of leak size and shape. It 
involves the observation of bubbles which emerge 
from a leak when a fuel element is immersed in a 
liquid and the space above the liquid is evacuated. 

The ultimate sensitivity of the technique is limited 
by the surface tension conditions at the mouth of the 
leak. It is readily shown that the smallest dimension of 
the mouth must exceed the value 2yjP for bubble 

Figure 5. Print of a radiograph of a failed Bradwell element which 
has severely oxidized as a result of a leak in the end weld. The 

fuel element is suitably oriented to reveal the leak path 
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formation to occur. Where y is the surface tension of 
the liquid and P is the pressure difference across the 
leak. Thus the smallest detectable leak has a radius or 
width of 0.6 microns when y = 30 dynes em -1 and the 
internal pressure in the fuel element is one atmosphere. 
The size of bubbles which rise through the liquid is 
determined by the hydrostatic pressure of the liquid 
head and the air above its surface. The rate of bubble 
emission can be controlled by varying the air pressure, 
and in a typical case it has been shown experimentally 
and theoretically from Knudsen's equations [15] that 
about 10 bubbles per second are emitted under a 
differential pressure of one atmosphere from a 
cylindrical hole 2 mm in length and 1 micron radius. 
A hole of these dimensions corresponds to a leak size 
of about I0-3 lusecs and is detectable by the apparatus. 
An example of leak location in the end of a fuel 
element can is shown in Fig. 6. Further improvement 
in sensitivity is possible if the element is pressurized 
immediately before being placed in the bubble leak 
detection apparatus, so that the gas which leaks out is 
above atmospheric pressure, but the use of this 
procedure has not yet been justified. 

The leak size can be calculated from the rate of 
pressure drop in the element as determined from the 
pressure above the liquid at which bubbles just emerge 
after given times of bubbling. Since the gas flow is 
affected by the shape of the leak [15], it is possible to 
deduce the leak shape as weir as its size. This is done 
by finding the pressure at which the bubbles can just 
be created. The smallest dimension of the mouth of 
the leak can then be determined as the surface tension 
of the liquid is known. The leak size is calculated 
assuming it is cylindrical in shape and the experi
mentally measured leak size is compared with it; the 
ratio of the two values gives a measure of the largest 
and smallest dimensions of the leak. 

Where leaks occurred in end welds, the end caps 
have been removed and agreement within a factor 2 
has been found between direct measurements of leak 
size by conventional vacuum techniques and that 
determined in the bubble leak apparatus. 

Figure 6. A stream of bubbles from a leak in the damaged end 
weld of a fuel element 

Post-irradiation leak me!lsurement has given a use
ful indication of the sensitivity of the faulty-cartridge 
detection gear in reactors. To develop this correlation 
fuel elements with deliberately manufactured leaks 
have been loaded into reactors, and post-irradiation 
measurement has been used to confirm whether the 
leak size remained constant [16]. 

The part of the bubble leak apparatus which is in 
the cave is shown in Fig. 7. All controls are on the 
cave operating face (Fig. 4). The fuel element is 
loaded into a rectangular tank with radiation stabilized 
glass windows at the top and one of the long sides. 
Indium wire clamped between the windows and the 
stainless steel frame forms a radiation resistant seal. 
Intense sodium lighting shines through the top window 
and the side window is used for viewing. Bubble 
emission from every region of the fuel element can be 
observed since the element can be rotated on the two 
knurled rollers on which it rests and mirrors at each 
end set at 45 deg to the viewing direction permit 
simultaneous observation of the ends. 

In the early fuel elements charged in the Calder 
Hall and Chapelcross reactors, the formation of holes 
in grain boundaries of coarse grained cans was a 
systematic mode of failure and this problem has been 
met by the use of cans of finer grain size in low 
temperature positions in CEGB reactors [2]. 

Two instances have been found where a leak was 
occasioned by some inherent materials defect. One 
was attributed to a fault in a magnesium-manganese 
end cap [10] and the other to an extrusion defect 
introduced in the manufacture of the can [3]. 

One of the most serious forms of fuel element 
failure arises when there is a small leak (which may be 
as low as I0-4 lusecs) near the end of the fuel element. 
C02 flows in to oxidize the uranium but the leak path 
is long and it is not possible for fission products to 
escape against the inflowing C02. In these conditions, 
the faulty-cartridge detection gear, which relies on the 
emission of radioactive decay products of the fission 
gases, does not operate. Large" amounts of oxide may 
thus be built up without warning to the reactor 
operators until the can finally ruptures. Although this 
type of leak is rare (4 in the first 130000 elements in 
CEGB reactors), a possible hazard of an extreme case 
of this failure mode is that of the uranium catching 
fire in the reactor. The location of the site of the small 
leak which causes a failure of this type presents a 
special problem since, in any leak test where the fuel 
element is completely eveloped, gas will preferentially 
emerge from the large rupture. When the original leak 
is suspected to be in an end weld a device [17], illus
trated in Fig. 8, is sealed to the upstand of the can by 
means of an 0-ring and evacuated. Gas is drawn from 
the ruptured region out through the end leak if one is 
present, and a measurement of the leak rate is possible 
if the impedance to gas flow between the oxidized 
surface of the bar and the can is less than that through 
the leak. 

The same device can be used to determine the 
volume of helium and fission gases in the interspace 
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Figure 7. The bubble leak detection apparatus 

between can and bar of undamaged fuel elements. In 
this case the end weld is deliberately punctured and 
the gas drawn out [17]. 

FACILITIES FOR INVESTIGATIONS ON 
FUEL ELEMENT MATERIALS 

Many cases arise where detailed studies on fuel 
element materials are necessary to assess actual or 
potential causes of failure. In the first instance, 
cutting and machining operations are required to 
obtain specimens in the most appropriate form. 
Depending on their radioactivity and the processes 
involved, specimens are studied in a suite of cells with 
10 in, or 7 in, front walls or in free standing boxes, 
operations being performed by ANL 7 manipulators 
[1]. Great experimental flexibility is achieved by these 
arrangements in that all equipment is readily remov
able through a rear posting port or, for large equip
ment, through the rear door of the cells. Compact 
cutting [18] and metallographic preparation machines 
[19] simple in design and operation permit a large 
number of grinding and polishing operations to be 
carried out simultaneously in a small space. Etchants 
can be readily introduced or removed from the metal
lographic suite and for surface preparation, where 
maximum detail and minimum distortion is required 
[20], either special chemical techniques [21] or ion 
bombardment etching apparatus are used. Since the 
fissile material examined often contains holes or 
cracks, great importance is attached to ultrasonic 
cleaning. Replicas of prepared or fractured surfaces 
can be taken and readily removed for unshielded 
electron microscope examination. They have indicated 
for example, patterns of fission gas bubble distribution 
which influence the volume increase of uranium on 
irradiation [21]. Thin films can also be prepared from 
bulk material for transmission electron microscopy. 
Such techniques prove valuable, for example in 
elucidating the role of precipitates on the dimensional 
stability of uranium [12] and in understanding the 
properties of magnesium alloys used for fuel element 
cans or components. 

Figure 8. The device for end leak detection and measure
ment when the can wall is ruptured. The same device can 
be used to sample the gas between the can and bar in 

elements without leaks 

Heat treatment facilities are essential for studying 
the rate of annealing of radiation damage and other 
problems which involve thermally activated processes. 
In particular studies of the behaviour of fission gases 
has indicated the importance of bubble diffusion 
processes in a and {3-uranium and of the predominence 
of solubility effects in y-uranium [22]. Instead of 
vacuum furnaces, which are difficult to operate and 
maintain under remote handling conditions, specimens 
for heat treatment are first enclosed in silica capsules 
which are evacuated or filled with an appropriate gas 
atmosphere prior to sealing by an arc between tung
sten electrodes operated from a welding transformer 
[23]. Capsules are bubble leak tested prior to insertion 
in furnaces. Encapsulation has the further advantage 
that quenching can be carried out without difficulty. 

Mechanical properties of irradiated materials are 
mainly studied by means of an Instron Tensile Test 
machine, modified for remote operation and with a 
furnace, designed to eliminate thermal gradients, 
surrounded by a vacuum or inert atmosphere en
closure [24]. The equipment is suitable for studies of 
irradiation hardening and embrittlement of both 
fissile and non-fissile material. Experimental work has 
pointed to the importance of fission products in 
drastically reducing creep ductility in irradiated 
uranium [25]. The equipment has also been used to 
determine the mechanical properties of the f3 phase [26] 
to explore the limitations of present operating 
criteria. 

MAINTENANCE AND WASTE DISPOSAL 

The maintenance and decontamination of remote 
handling equipment and disposal of waste are prob
lems which have a direct bearing on the design and 
operation of the fuel element examination facilities 
since, being a self-contained laboratory covering all 
these aspects, the problems cannot be passed on to 
other specialized departments. Maintenance is mini
mized by straightforward and simple design [1]. De
contamination is only undertaken when it is really 
worthwhile and only to the minimum degree that is 
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necessary to enable the equipment to be returned to 
service [I]. Adhesive coatings are used to fix and strip 
loose contamination; alternatively, immersion in 
ultrasonic cleaning tanks is employed. The problem of 
waste disposal is considered to be a part of any 
operation which produces waste and segregation into 
grades is strictly maintained throughout all stages in 
order to eliminate sorting before disposal. 

Swarf resulting from cutting operations is converted 
into a stable glass by heating with a mixture of copper 
oxide, alumina and lead borate glass [27]. The advan-

tages of the process are that it involves the minimum 
of handling and as the temperature during a simple 
heating cycle at no time exceeds 850°C, fission product 
losses are exceedingly small. 

CONCLUSION 

Irradiated fuel elements can be examined com
pletely with basically simple equipment, providing 
that the examination facilities are staffed in such a way 
that the full potential of each technique is exploited. 

REFERENCES 

1. Sharpe, B., CEGB report in preparation. 
2. Hardy, H. K., Bishop, J. F. W., Pickman, D. 0., and 

Eldred, V. W., J. Brit. Nucl. Energy Soc., 2, 33 (1963). 
3. Uglow, A. G., Smith, A. F., and Yelland, J., unpublished 

work. 
4. Stewart, J. C. C., Paper P9/64, Inst. of Mech. Engrs., Nucl. 

Energy Gp., Nov. 1963. 
5. Hines, G. F., unpublished work. 
6. Uglow, A. G., unpublished work. 
7. Hines, G. F., unpublished work. 
8. Hines, G. F., unpublished work. 
9. Hines, G. F., Ratcliffe, R. T., and Sutcliffe, J. M., un

published work. 
10. Sutcliffe, J. M., Hines, G. F., and Yelland, J., unpublished 

work. 
11. Smith, A. F., Sutcliffe, J. M., and Greenwood, G. W., 

CEGB report RD/B/N.60. 
12. Smith, A. F., CEGB report in preparation. 
13. Ratcliffe, R. T., CEGB report RD/B/R.39 and J. Appl. 

Phys. 15, 79 (1964). 
14. Speight, M. V., and Ratcliffe, R. T., CEGB report RD/B/ 

N.80. 

15. Guthrie, A., and Wakerling, R. K., Vacuum Equipment 
and Techniques, McGraw-Hill Book Co., New York (1949). 

16. Uglow, A. G., and Ratcliffe, R. T., CEGB report 
RD/B/M.64. 

17. Ratcliffe, R. T., CEGB report RD/B/M.97. 

18. Haddrell, V. J., CEGB report RD/B/M.l04. 

19. Haddrell, V. J., and Sykes, E. C., CEGB report RD/B/ 
M.124. 

20. Harris, J. E., Haddrell, V. J., and Rickards, G. K., J. Nucl. 
Mater., 6, 144 (1962). 

21. Haddrell, V. J., J. Inst. Met., 92, 121 (1963). 

22. Reynolds, G. F., CEGB report· in preparation. 

23. Reynolds, G. F., and Horne, D. J., CEGB report RD/B/ 
M.204. 

24. Sykes, E. C., CEGB report RD/B/M.153. 

25. Sykes, E. C., CEGB report in preparation. 

26. Sykes, E. C., CEGB report RD/B/N.156, and J. Nucl. 
Mater. (in press) 

27. Hilton, D. A., and Buddery, J. H., CEGB report RD/B/ 
N.70. 

ABSTRACT-RESUME-AHHOTA[4VIJI-RESUMEN 

A/148 Royaume-Uni 

Examen apres irradiation des elements 
combustibles CEGB 
par G. W. Greenwood et B. F. Sharpe 

Cet examen a un double but. Tout d'abord, aider 
l'exploitant a eliminer les arrets du reacteur; ceux-ci 
peuvent etre dus a des perforations de Ia gaine ou bien 
a une modification physique de !'element de com
bustible, l'un et !'autre phenomene pouvant affecter 
defavorablement le fonctionnement du reacteur, ou 
empecher le dechargement du combustible. Ensuite, 
fournir des renseignements sur l'etat des surfaces de 
transfert de chaleur de la gaine, ainsi que sur l'ampleur 
de la deformation du barreau d'uranium. Sur ces 
renseignements, on peut fonder le fonctionnement du 
reacteur et Ia conception future des elements com
bustibles. 

Le memoire decrit les techniques de manutention, de 
demontage et d'examen a distance des elements com
bustibles qui ont ete elaborees pour assurer !'obtention 

du maximum de renseignements a partir d'un mini
mum d'operations a ,distance. On souligne la possi
bilite, par l'emploi d'un materiel simple, de modifier 
!'orientation de l'examen. 

Le memoire decrit des methodes d'examen optique 
et donne des exemples de la maniere dont on evalue la 
deformation des composants des elements combusti
bles et de la surface externe de la gaine. Par ailleurs, il 
examine la mesure dans laquelle la radiographie peut 
fournir des renseignements utiles; il montre qu'on peut 
effectuer des mesures precises de la distorsion des 
barres combustibles a partir des radiographies en 
tenant compte de Ia geometrie de projection a partir 
d'une source ponctuelle. 

Le memo ire indique egalement les conditions exigees 
'pour la detection des fuites dans les elements com
bustibles irradies, et montre qu'on atteint presque la 
perfection par reperage au moyen de bulles; dans cette 
methode, on reduit la pression au-dessus de la surface 
d'un liquide dans lequel !'element est immerge. Des 
perfectionnements permettent d'evaluer !'importance 
et la forme de la fuite. 
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On trouve par ailleurs une description des techniques 
servant a sectionner les elements combustibles pour 
l'examen metallographique, grace auxquelles la defor
mation de l'echantillon est reduite au minimum. Sont 
egalement exposes, avec des exemples de travaux 
actuellement en cours, les moyens servant a etudier les 
proprietes des materiaux constitutifs des elements 
combustibles. 

Les problemes relatifs a l'entretien et a la decon
tamination du materiel ainsi qu'a }'elimination des 
dechets, dans Ia mesure oil ils affectent Ia pratique de 
laboratoire, sont brievement examines. Mention par
ticuliere est faite d'un procede servant a convertir en 
blocs de verre inerte les copeaux provenant des opera
tions d'usinage. 

A/148 Coep.HHeHHOe KoponeacTao 

V1CC116AOBaHHfl Ten/10BbiA611fiiOW.HX 3116-
MeHTOB Allfl peaKropos U.eHrpallbHOro 
3HepreTH46CKOrO ynpaB/16HHfl 

,LJ,m. Y. rpHHBYA, 5. co. Wapn 

Hamu uccJiep;onaHHH npecJiep;onaJIH p;ne n;enn. 

JlepBaH n;eJib COCTOHJia B TOM, 'IT06hl IIOMO'lb one

paTopy peaRTopa n ycTpaHeHHH HerroJiap;oR n 

peaRTope. 8TH HerroJiap;RH MoryT npoucxop;HTb n 

peayJihTaTe nonpemp;eHHH o6oJio'leR TerrJIOBhlp;eJIH

ro:rn;nx 3JieMeHTOB HJIH <f>H3H'leCRHX H3MeHeHHH B 

TerrJIOBhip;eJIHIOIIJ;eM 3JieMeHTe, 'ITO MOil\eT IIOMP

JUaTb HOpMaJibHOH 3RCIIJiyaTaiJ;HH peaRTOpa HJIH 

3aTpyp;HHTb paarpy3Ry TOIIJIHBa H3 peaRTOpa. 

BTopaH IIeJih nccJre,n:onaHHH aaRJIJOqaJiaCb n TOM 

•no6hl IIOJIY'IHTb HH<f>opMa1IHIO o6 ycJionn~ 
HX TerrJiorrepep;aqn Ha rronepXHOCTHX o6oJio'lei\ 

TB3JIOB npn yBeJIH'leHHH p;e<f>opMaiiHH ypaHOBOfO 

cTepmHH. Ha ocHone p;aHHhiX aTnx uccJiep;onaHuii 

MomHo 6yp;eT orrpep;eJIHTb ycJIOBHH ::mcnnyaTaiiHU 

peaRTopa u pacc'IHTaTb 6yp;y:rn;ne ROHCTPYRIIHH: 

TeiiJIOBhlp;eJIHIOIIJ;HX 3JieMeHTOB. 

B ,n:oRJiaf);e ouuchlnaiOTCH MeTOAhl p;HcTaHIIHOH

uoii: o6pa60TRH, pa360pRH H HCCJiep;oBaHHH TeiiJIO

Bhip;eJIHlOIIJ;HX 3JieMeHTOB, ROTOpbie, DO MHeHHIO 

HBTOpOB, II03BOJIHIOT IIOJIY'IHTh MaRCHMaJihHOe RO

JlH'leCTBO f);aHHbiX IIpH MHHHMaJibHOM ROJIH'leCTBe 

1J,HCTaHIIHOHHhiX orrepaiiHH. 06pa:rn;aeTCH BHHMa

HHe Ha B03MOiKHOCTh HCIIOJih30BaHHH IIpOCTOI'O 

o6opy)WBaHHH p;JIH H3MeHeHHH OCHOBHOfO HarrpaB

JieHHH HCCJiep;onaHHH. 

OnHChiBaiOTCH MeTop;bi OIITH'leCRoro uccJiep;ona

HHH. llpHBOAHTCH HJIJIIOCTpaiiHH, IIOJIY'leHHbie 3TH

MH MeTOp;aMH, Ha 1\0TOpbiX MOiKHO BHp;eTb p;e<f>op

MaiiHlO p;eTaJieii: TeiiJIOBhip;eJIJIIOIIJ;HX 3JieMeHTOB U 

HapyiKHOH IIOBepXHOCTH o60JIO'IRU. 06cymp;aiOTCH 

B03MOiKHOCTH HCIIOJih30BaHUH paf);HOrpa<f>HH, B 

upef);eJiax RoTophix ona MomeT o6ecne'IUTb noJiy

'ieHHe HYiKHOH HH<f>opMaiiUU. lloRa3aHO, 'ITO TO'l

Hhle U3MepeHHH HCRpHBJieHIJH TOIIJIHBHOfO CTepm-

1111 MOii\HO IIOJIY'IIJTb C llOMOIIJ;biO pap;uorpaMM, 

eCJilf npliHIJMaeTCJI B pac'leT <f>opMa npoeRIIHH OT 

TO'Ie'IHOfO HCTO'lHHRa. 

PaccMaTpunaiOTCJI Tpe6onaHHJI npn: orrpep;eJie

nn:u yTe'IRH B 06Jiy'leHHhiX TeiiJIOBhi)l;CJIHIOill,HX 

aJieMeHTax. 0TMe'!aeTCH, 'ITO up;eaJII>Hoe onpep;e

JieHue yTe'IRH Jiyqme ncero p;ocTnraeTCJI nyTeM 

onpe;:J;eJieHn:JI yTe'IRH nyahlphROB raaa, RoTophle 

o6pa3yiOTCH Ilpll IIOHHil\eHIIH p;anJieHHH Hap; llO

nepXHOCThiO ii\Hp;ROCTH, B ROTopyiO norpymaeTCH 

TerrJIOBhiAeJIHIOIIJ;Hii: aJieMeHT. Paapa6oTRa aToro 

MeTO)J;a II03BOJIHeT OIIpep;eJIHTb pa3Mep H <f>opMy 

TpeiiJ;IIHhi, qepea KoTopyro npoucxop;IIT yTe'IRa. 

llpHBO,[IHTCH OIIHCaHHe MeTO,');OB paape3aHIJH 

Tt'UJIOBhi,'J;eJIHIOIIJ;HX 3JieMeHTOB ,');JIH MeTaJIJIOrpa

ljlH'IeCROfO HCCJiep;oBaHHH, IIpH IIOMOIIJ;H ROTOphiX 

HpoHCXOP,HT MHHHMaJihHOe HCKpHBJieHHe o6pa3-

I~OB. OnuchiBaiOTCH ycTaHoBKu p;JIH uccJie,rJ;onaHHJI 

CHOHCTB MaTepHaJIOB TeiiJIOBblp;eJIHIOIIJ;HX 3JieMeH

TOB, II HJIJIIOCTpHpyiOTCH IIpiiMepbi H3 npoBO,[l.IIMhiX 

n uacToJI:rn;ee npeMJI pa6oT. 

1\paTKO o6cymp;aiOTCH npo6JieMhl peMOHTa, p;e
aa KTtiBaiiHII H y,[l.aJieHHJI OTXO,[IOB, llOCKOJihKY OHH 

HMeiOT namHoe aHa'leHue p;JIJI pa6oThl n Jia6opaTo

pnu. Oco6o ynoMnuaeTcJI o rrpon;ecce aacTeKJIOBbi

HaHUH MeJIKOH MeTaJIJIH'leCKOH CTpymKII OT MeXa

HII'leCKOif o6pa6oTKH B 6JIORH. 

A/148 Reino Unido 

Examen de los elementos combustibles 
irradiados de Ia CEGB 

por G. W. Greenwood y B. F. Sharpe 

Los autores se propusieron dos objetivos. En 
primer Iugar, ayudar al encargado de Ia explotaci6n de 
un reactor a eliminar las interrupciones; estas pueden 
deberse a perforaciones del revestimiento del elemento 
combustible o bien a alteraciones fisicas del propio 
elemento, porque ambas cosas pueden influir des
favorablemente en Ia marcha del reactor o impedir Ia 
descarga de los elementos. El segundo objetivo consiste 
en suministrar datos sobre el estado de las superficies 
de transferencia de calor del revestimiento y sobre el 
grado de deformaci6n de Ia barra de uranio. Tales 
datos pueden servir de base para organizar Ia explota
ci6n del reactor y perfeccionar el disefio de los ele
mentos combustibles. 

En Ia memoria se describen las tecnicas aplicadas 
para manipular a distancia, desmontar y examinar los 
elementos combustibles, con miras a obtener un 
maximo de informacion con un minimo de opera
ciones a distancia. Se sefiala que el uso de un equipo 
sencillo permite modificar convenientemente un en 
momento dado el enfoque del examen. 

Se describen metodos de examen 6ptico y se dan 
ejemplos de Ia manera de evaluar Ia deformaci6n de 
las partes componentes del elemento combustible y 
la superficie externa del revestimiento. Se discute en 
que medida la radiografia puede suministrar informa
ciones utiles y se demuestra que es posible efectuar 
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mediciones precisas de Ia deformaci6n de Ia barra com
bustible a base de radiografias si se tiene debidamente 
en cuenta la geometria de la proyecci6n desde una 
fuente puntiforme. 

Se examinan los requisitos para detectar fugas en 
elementos combustibles irradiados y se sefiala que Ia 
localizaci6n de tales fugas mediante el metodo de las 
burbujas, que consiste en reducir Ia presion sobre la 
superficie de un Iiquido en el cual se sumerge el ele
mento, constituye un procedimiento casi ideal. Este 
mismo metodo, debidamente perfeccionado, permite 
determinar las dimensiones y la forma de los poros. 

Los autores describen las tecnicas de seccionamiento 

de los elementos combustibles para el examen metalo
gnifico, que reducen a un minimo Ia deformaci6n de 
las pro betas. Describen asimismo las instalaciones para 
investigar las propiedades de los materiales de los 
elementos combustibles y dan ejemplos del trabajo que 
se desarrolla en las mismas. 

Examinan brevemente los problemas de manteni
miento, descontaminaci6n y evacuaci6n de desechos 
en cuanto afectan a las actividades del laboratorio. 
Mencionan especialmente un procedimiento para 
eliminar los desperdicios de las operaciones de maqui
nado mediante su incorporaci6n a bloques vitreos 
inertes. 



P/149 United Kingdom 

Progress towards the design of AGR fuel elements for 
power reactors 

By G. B. Greenough,* J. S. Nairn** and J. D. Thorn*** 

A full description of the details of the Windscale 
advanced gas-cooled reactor (WAGR) was given at a 
British Nuclear Engineering Society symposium in 
March 1963, where papers [1-3] are particularly 
relevant to the fuel elements. This paper describes a 
philosophy of fuel element standardization which 
enables maximum economic advantage to be extracted 
from the fuel element development programme, and 
notes some items of development work completed 
since that symposium. No attempt is made to re
capitulate the earlier work, and reference must be 
made to the earlier papers. Other papers [4-6] to this 
conference describe recent work on the behaviour of 
materials which are relevant to the AGR system. 

THE CASE FOR FUEL STANDARDIZATION 

In planning the commercial exploitation of a reactor 
system by the construction of a series of power stations 
the problem naturally arises of combining the advant
ages of continuing development with those of stand
ardization. This applies especially to the design and 
development of the fuel elements, both because of their 
important influence in affecting other aspects of reactor 
design, and because fuel production processes and 
quantities are such that the benefits from a suitable 
degree of standardization are likely to be most marked. 

The possible advantages of standardization include: 
(a) Savings in fuel fabrication costs due to the uni

fication of manufacturing plant, and the simplification 
of production programmes and stocking. 

(b) Savings in development costs due to these being 
directly applicable to, and therefore effectively shared 
by, all reactors in the programme. Another aspect of 
this same point is that further and more intensive 
development becomes economically advantageous. 
This applies not merely to initial development, but to 
continuing fuel development after completion of re
actors, with the result that their economic potential is 
enhanced. 

(c) Savings in the design and development costs of 
the reactor plant due to the further standardization 
possible both in components and design treatment. 

• UKAEA, Reactor Group, Springfields Works, Preston, 
Lancashire. 

•• UKAEA, Reactor Group, Windscale Works, Seascale, 
Cumberland. 

••• UKAEA, Reactor Group, Risley, Warrington, Lanca
shire. 

To realise these advantages in practice it is necessary 
to ensure that the form and degree of standardization 
applied does not restrict the scope of the development 
work so that balancing disadvantages arise. However, 
it has been shown possible to standardize an assembly 
diameter and length suitable for a range of reactor 
sizes from 200 to 1000 MW(e) without significant 
economic penalty. This allows considerable scope for 
development, e.g., thinner cans and longer burn•up, 
without involving alterations to the designs of reactors 
or to the main features of the fuel fabrication route. 

REFERENCE DESIGN 

Taking the main charge of WAGR as a starting 
base, a reference design of fuel element for a pro
gramme of AGR's has been built up and has been 
closely associated with the fuel development pro
gramme, both in applying results and in pointing 
desirable targets. This design is an assembly of 18 rods, 
in a two ring cluster, of about 40 in length. The fuel 
pellets are 0.57 in diameter, the can wall thickness 
0.015 in and the roughening ribs 0.015 in 2 at a 0.108 in 
pitch. The nominal maximum can temperature, TsM, 
is 700°C. 

The economically important aspects of fuel element 
performance depend on its capabilities under the 
following heads: 

(a) Temperatures of operation; 
(b) Utilization of neutrons; 
(c) Endurance. 

Each is discussed in turn and, where appropriate, 
recent data is summarised. 

Can temperatures 

The can temperature used in channel heat transfer 
calculations is the TsM noted above. It is this figure 
which has economic significance, the incentive being 
to make it as high as the requirements of endurance 
will permit. Due to local variations in heat production 
and heat transfer, actual temperatures will vary about 
this average expectation, and higher can temperatures 
than TsM will exist in places. Detailed examination of 
a specific reactor design permits a hot-spot allowance 
to be calculated, and in a typical power reactor this is 
less than lOOdegC. In the WAGR, an allowance of 
150degC was made, which is higher than the above 
partly because of flux disturbances, such as test loops, 
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and partly because the lower figure reflects an improved 
understanding of the many detailed phenomena which 
play a part. 

The effects can be divided into two categories, those 
which are systematic and properly looked upon as 
additive in effect, and those which are random and 
properly subject to a statistical treatment. Table I 
gives the items considered in a typical formulation of a 
hot-spot allowance, and gives approximate values. It 
should be noted that in such formulations it is import
ant to know the relevance of the figure so derived so 
that items can be judged for inclusion, for example, on 
the basis of time and duration of occurrence. The list 
given is such as would be used in assessing the possible 
importance of can corrosion by the coolant, and 
ensuring that this would not be expected to create a 
limitation to fuel life. 

It will be appreciated that to compile such figures 
requires a knowledge of fine flux distributions and 
local details of heat transfer which can only result 
from specific experimental work. This work is in 
progress in heat transfer rigs, in zero energy reactor 
assemblies, and in the WAGR itself. It is a feature of 
the W AGR that liberal use of thermocouples on fuel 
elements and elsewhere is possible, such that statistical 
analyses can be made. 

Fuel temperatures and fission product gas release 

In a reactor of the AGR type, where the cladding is 
hot, the total gas pressure in the element should be 
maintained below the coolant pressure to the end of 
life. An excess pressure will lead to the can creeping 
away from the fuel, rising fuel temperatures and gas 

Table 1. Factors increasing local can temperatures 
above nominal maximum values 

oc 
Systematic 

Effect of coolant flow through sleeve porosity and joints 
(at time of peak rating) . . 14 

Incorrect matching of coolant and fine-flux distributions 
across the channel (including changes in fine flux due 
to irradiation) . . . . . . . . . . . 9 

Flux peaking at ends of fuel elements (largest effect of 
local axial flux and flow variations) . . . . . . 18 

Planned time lag in adjusting channel coolant gas setting 4 
Variation in channel inlet temperatures and in core pres

sure drop (affecting can temperatures at peak channel 
output with gag fully open) . 4 

Total . 49 
Random 

Errors in heat transfer data . . . . . . . . 9 
Variation in heat transfer due to variation in can surface 

roughening . . . . . . . . . . 5 
Variation in fuel pellet diameter and density . 2 
Variation in fission cross section of fuel . . 1 . 5 
Variation in element pitching due to manufacturing toler-

ances . . 2 
Errors in coolant temperature thermocouples . 5 
Errors in temperature recording instrument . 4 
Errors in initial gag setting . 4 

1 in 1 000 probability of combination of random 21 
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pressures, followed by can puncture. Fission product 
gas release is thus a factor of prime importance, and 
fuel temperature is the parameter controlling this. The 
fuel temperatures depend primarily on the can 
temperatures, on the fuel pellet diameter and on the 
fuel rating; these factors must all be considered during 
the assessment of the economic significance of the fuel 
temperature. 

It is found that the fuel rating itself can vary over a 
wide range without much effect on generating costs. 
Increases in fuel diameter do however lead to savings 
in fabrication costs apart from giving a desirably 
robust fuel element. This must be balanced against the 
voidage required within the can to accommodate the 
fission products which is provided at the expense of 
fuel in· the high flux regions. The voidage required 
rises rapidly if fuel temperatures are allowed to rise 
into the range of uo2 grain growth and it is considered 
preferable to avoid this, e.g., by keeping the peak 
systematic fuel temperature well below 1600 °C. 

The thermal conductivity of the gap between can 
and fuel is that of the gas filling the element, initially 
helium but steadily diluted with fission product gases. 
The initial gap is reduced by creep-down of the can, 
but since the coolant pressure is low and the can fairly 
hard, the final gap is assumed to be never less than the 
equivalent of0.00025 in. Thus the surface temperature 
of the fuel can be calculated at any stage of the irradi
ation by a reiterative process. 

The centre temperature of the U02 follows from 
this figure and also depends on its thermal conductivity. 
Recent evidence has shown that for U02 of about 95 % 
density, a curve of the type shown in Fig. 4 in the paper 
by Roberts eta/. [4] is appropriate. This corresponds 
to a mean value between 700 and 1600 oc of about 
0.03 Wjcm °C. However, at present the conservative 
value of 0.0285 ±0.001 Wfcm oc is used. 

The selection of a value for the apparent diffusion 
coefficient, D, at 1400 °C presents most difficulty, and 
there is evidence that the value increases as burn-up 
increases. Currently, a value of D14oo=3 x 10-11 s-1 

is employed for irradiations up to 10000 MWd/t(U) 
which results quoted later help to substantiate. One 
of the objectives of the experimental programme 
described later is the determination of the amount of 
fission product gas released and its interpretation in 
terms of calculated uo2 temperatures. 

Utilization of neutrons 

There is a clear economic incentive to reduce the 
parasitic absorption of neutrons to the lowest level by 
reducing the volume of stainless steel used. To some 
extent this is a matter of particular detail in the design 
of the assembly, support grids, etc., and is one where 
specific knowledge and experience with a particular 
design brings advantages. 

The largest contribution to the absorption is from 
the thickness of the fuel can itself, and here a know
ledge of the behaviour of the can under external 
pressure is of considerable importance. Three processes 
are involved elastic, immediate plastic and creep 
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collapse. The first two will occur immediately the 
external load is high enough, and a design in which 
this occurs can be termed a weak can and one in 
which it does not, a strong can. Creep collapse is time 
dependent and the process will slow considerably as 
soon as can and fuel are in contact over a significant 
proportion of the circumference. It is important that 
the collapse process should not lead to the formation 
of a wrinkle in the can, which would result in fatigue 
failure during power or temperature cycling. 

.. 
z 

It has been shown experimentally and theoretically 
that for plain cans under conditions of plastic yield 
wrinkles will form if 

g > 0.24 t 
where g = diametral fuel-can clearance 

t = wall thickness. 

Under creep collapse conditions, it has been shown for 
several designs of 0.4 in bore and 0.57 in bore cans 
that much larger gaps can be tolerated than are 
possible for plastic yielding without wrinkles develop
ing. At 750°C, the critical fuelfcan gap above which 
wrinkles develop increases with decrease of coolant 
pressure, as illustrated in Fig. 1 for cans with ribs. 
Initially the can collapses both uniformly and assymet
rically until it contacts the pellets. At that instant 
uniform collapse will have reduced the can circumfer
ence from its initial value and any excess can circum
ference relative to the pellets at this stage is available 
to produce ovality. A useful working hypothesis 

(a) CAN OIAt.IETEA 0 4 IN 
CAN WALL THICKNESS 0 010 IN 

RIB FORN 0 006 I 0 006 IN 

0 090 IN PITCH 

• 
..J .2 0002 0004 0 006 0008 0.010 0012 

... .. 
: ..,600 (b) CAN DIAMETER 0 57 IN 

CAN WALL THICKNESS 0 008 IN .. .. 
[J • 

[J [J[J 

All FORM 0 015 X 0 015 IN 
0 108 IN PITCH 

KEY 
C - UNIFORM COLLAPSE 

II - RIDGED 

• - WAINKCED 

20~ 0004 0006 0 008 0·010 0012 

AVERAGE INITIAL HOT DIAMETRAL PELLET TO 
CAN CLEARANCE,· IN 

Figure 1. Occurrence of longitudinal wrinkling during the creep 
collapse of cans on to fuel pellets at 750 oc 
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appears to be that, if the excess external pressure 
exceeds the plastic collapse pressure of a can of this 
ovality it will form a wrinkle. The solid curves in Fig. 1 
are derived using this hypothesis and an experimental 
observation that uniform creep shortening of the 
circumference was of the order of 0.9 %. 

The can wall thickness of the reference design is 
0.015 in, and data for these cans shows that fuel/can 
gaps in excess of0.012 in will collapse by creep without 
wrinkling. The data in Fig. l(b) are for the same 
diameter but with a wall thickness of 0.008 in, and 
show that with fuel/gas gaps that are easily attainable 
creep collapse still occurs without wrinkling. Thus 
from this point of view, it is clear that a reduction in 
the amount of steel cladding per unit weight of fuel is 
feasible, leading to lower feed and discharge enrich
ments. This feature could be applied to all production 
of standard fuel at a suitable time and is the subject of 
an irradiation experiment. 

Endurance 
Many factors affect the possible irradiation life of 

fuel elements. Some of these are properties of the 
materials themselves, e.g., oxidation of the cans or 
release of fission products from uo2, others are due 
to the interaction between materials or between 
different components of the assembly, e.g., ratcheting 
effects. Oxidation of the cans is dependent on time and 
temperature rather than irradiation dose and it is 
likely that 800°C can be accepted as a peak value. 
Release of fission products from U02 depends on all 
three variables. 

The economic optimum for irradiation of the fuel 
is about 20000 MWd/t(U) average burn-up, but in 
view of the time required to demonstrate the full 
acceptability of this burn-up, which represents seven 
years or so residence in the reactor, the target for the 
first charge of an early commercial station is taken as 
12000 MWd/t(U) average. A change in enrichment 
and target irradiation level can be made at a later date 
without disturbing the standardization of the design 
and this enrichment would then be applicable to all 
existing reactors of the type. 

The enhanced release of fission product gases which 
may occur at U02 irradiations > 20000 MWd/t(U) 
need form no limit to irradiation life since they can be 
accommodated in a larger free space. Volume changes 
possible in the uo2 in the same, or higher, burn-up 
regions must be studied in more detail under AGR 
conditions before one can be certain whether these 
can be accommodated by design or whether they form 
a real limit to irradiation life. Data on both aspects 
will be forthcoming from the experimental programme 
already in progress in WAGR. A final material feature 
which will limit the irradiation life of elements is the 
ability of the can to sustain reversed circumferential 
straining. This is of small importance in the current 
reference design with its 0.015 in can wall, but will 
become more important in the developed elements 
with cans thin enough to follow the variations in fuel 
dimensions during power changes. Power cycling 
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irradiation experiments are planned to study this 
experimentally. 

IRRADIATION PROGRAMME 

No matter how extensive the irradiation data on 
material properties from materials testing reactors, 

· and no matter how extensive the out-of-pile programme 
to examine the interactions between components, 
confidence in the behaviour of fuel elements for power 
reactors can come only from the irradiation of these 
elements under realistic conditions. WAGR serves as a 
first class test bed for fuel element designs [7]. 

The fuel element irradiation programme has been 
designed around four types of irradiation experiment: 

(a) Standard and prototype designs under normal 
reactor conditions, e.g., the main charge stringers and 
stringers built from elements of the civil reference 
design; 

(b) Generally standard stringers under normal 
reactor conditions, with one or more variables in
corporated into the design, e.g., assemblies of alterna
tive designs such as grids and braces carried on the 
elements; elements with can variations such as thinner 
walls or with the ribs formed by various techniques; 
elements with fuel variations such as grooved pellets 
or plutonium-bearing fuel; 

(c) Non-standard fuel elements to provide special
ized or basic information, e.g., elements containing 
centre thermocouples; elements modified to allow 
continuous measurement of internal gas pressure; 

G. B. GREENOUGH eta/. 117 

elements mounted with strain gauges for in-pile 
determination of strains; 

(d) Standard or near 3tandard fuel elements under 
abnormal conditions, e.g., power cycling experiments; 
elements with leaking cans; elements with high can 
and fuel temperatures. 

Experiments of the first two types normally occupy 
up to five channels each. Stringers may be wholly made 
up of fuel elements of a single type, or several variables 
may be distributed statistically through a group of 
stringers comprising a single experiment. In both these 
groups, the fuel rating, TsM, and gas outlet tempera
ture are made to simulate the required civil condition, 
sometimes by making a minor modification to the heat 
transfer surfaces. Experiments of the third type are 
normally mounted in single core channels and experi
ments of the fourth type in loops. Table 2 shows a 
selection of the experimental stringers being manu
factured or irradiated at the end of 1963; by June 1964 
there will be over 40 core channels devoted to the 
experimental fuel programme. 

The majority of experimental stringers in the core 
are equipped with six can thermocouples and an outlet 
gas thermocouple. Results are obtained by statistical 
analysis of variance of the thermocouples reading; on 
a five channel experiment TsM is estimated to ± l0°C 
(standard deviation). The ratings while in the reactor 
are estimated from a general knowledge of the physics 
of the reactor and are at present quoted with an 
accuracy of± 10%, chemical analysis of the fuel after 
discharge will improve this accuracy. 

Table 2. A selection of fuel stringers in WAGR or being manufactured on 31 December 1963 

Mean channel 
Reference Purpose Can dimensions Cluster TsM irradiation 

10 rods oc MWd/t(U) 

Reactor core 
Original main core loading . 20 X 0.4 X 0.015 21 650 3000 (max) 

219A To study the effect of can wall thickness as an isolated 
variable 20x 0.4 x 0.010 21 650 2700 

219B As 219A, but pressed into circumferential grooves to 
reduce possible ratcheting 20x 0.4 x 0.010 21 650 2700 

221A Long elements at advanced ratings. Grids and braces 
fixed to elements and sliding relative to graphite . 39 X 0.4 X 0.015 18 700 

221B Long elements at advanced ratings. Elements sliding in 
grids and braces . 39 X 0.4 X 0.015 18 700 3300 

242 Combination of variables of219 and 221A 39 X 0.4 X 0.010 18 700 
244 To study effect of element length as isolated variable. 

Elements slide in grids and braces . 39 x 0.4 xO.Ol5 21 650 
266 Elements as in proposed civil AGR design 39 X 0. 57 X 0.015 12 700 2000 
282 Fuel elements enriched by plutonium . 20 X 0.4 X 0.015 21 650 
288 Centre temperature measurement (c.1550°C) 39 X 0.57 X 0.015 12 700 
289 Internal pressure measurement . 39 X 0. 57 X 0.015 12 700 
312 Free space in elements sufficient for 30000 MWd/t(peak), 

either in plenums or in annular pellets, uo2 fuel of 95 % 
or 99 % density 39 X 0.57 X 0.015 12 700 

Loop experiments 
127 Study of fission product gas release at 1650°C under 

AGR conditions . 20 X 0.4 X 0.015 3 700 
128 Pt 1 Detection of failed element and subsequent behaviour 20 X 0.4 X 0.015 3 650 Completed 

129 To power cycle fuel elements at constant can tempera-
ture 39 X 0.57 X 0.015 700 

191 High can temperature. Will give guide to behaviour of Tpeak 

cans with low creep strength 20 X 0.4 X 0.015 6 875 
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POST-IRRADIATION EXAMINATION 

The fundamental aims of the post-irradiation exam
ination of the irradiation experiments is to find out 
how fuel element assemblies behave and what changes 
are occurring which might limit their useful life. This 
ensures that design advances more rapidly than if 
knowledge of fuel element behaviour were confined to 
whether or not fuel elements failed during the planned 
irradiation life. More particularly, information is 
sought: 

(a) to assess the general behaviour of standard fuel 
element designs; 

(b) to assess the effect of particular variables on 
standard or near-standard designs; 

(c) to help to interpret in-pile experiments. 
The work is carried out in a series of caves and lines 

specifically designed to permit the required examina
tion stages to be carried out. The concrete shielded 
caves, which are on the reactor site, have two functions. 
The first is for the dismantling of the fuel element 
stringer as it arrives from the reactor, and the second 
is for preliminary examination. This gives information 
on the condition of graphite sleeves, of the tie bar, 
grids and anti-bowing braces. At a late stage of dis
mantling, it is possible to assess relative bow of fuel 
elements visually, i.e., not only how much each ele
ment is bowed, but the directions of bow in individual 
elements with respect to one another. Dismantling is 
carried out by specialist machinery, although master
slave manipulators are available for dealing with un
foreseen circumstances and for non standard work. 
The remainder of the work in the cave consists of 
radiography, leak detection and mensuration. 

If more detailed examination is required, the fuel 
elements are transferred from the cave to a series of 
lead shielded cells. The scope of examination in these 
cells is very wide and not all elements receive all forms 
of examination. The main divisions of work are: 

(a) Extraction, measurement and sampling of fission 
and other gases contained in fuel elements; 

(b) Cutting open cans to allow observation of pellet 
end faces; 

(c) Sectioning, metallographic preparation (includ
ing chemical and electrolytic etching) and optical 
microscopy; 

(d) Measurement of physical properties of U02, 
particularly density and surface area; 

(e) Annealing and dissolution experiments on U02 
to determine gas release parameters; 

(f) Mechanical tests on cans. 
In addition, facilities exist to carry out a wide range of 
other forms of supporting work. For example, anneal
ing experiments on unirradiated can material and fuel 
are in progress to provide comparative data for the 
interpretation of post-irradiation results. 

It is intended to follow any progressive changes in 
the fuel elements and assemblies, and at the time of 
writing, five stringers have been discharged for exam
ination. The first one, from the main charge, was taken 
after the commissioning period and a second im
mediately after the first full power operation. These 
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serve as a base line for subsequent work and showed 
that no observable changes occurred due to full gas 
flow and full can operating temperature. The other 
three stringers, one from each of the main charges, 
experiment 221B and experiment 266, at a channel 
average of about 1500 MWdjt(U), are the first which 
have had appreciable irradiation. 

In addition to the information obtained from these 
five stringers irradiated in WAGR, a great deal of 
information has been obtained from a small number 
of short, AGR type fuel elements (0.4 in diameter U02 
pellets in 20/25/Nb stainless steel cans) irradiated in 
the X-4 (steam-cooled) loop of the Canadian reactor 
NRX. Much of the information obtained is relevant 
to AGR conditions, although two important differ
ences were that the coolant pressure was higher 
(850 lb/in2 cf. 300 lb/in2 in WAGR) and the ratings 
higher (35-60 MW/t(U) cf. 20 MW/t(U) in AGR). 

It is not proposed to describe the results of examina
tion in general. Rather we have chosen to pick out 
three topics of interest, all of which were related to fuel 
element endurance and deliberately selected because 
the information obtained was new. For the rest, it is 
sufficient to say that the general condition of all fuel 
elements from AGR has been excellent, no leaks have 
been detected and neither gross distortions nor can 
deformations have been observed. 

Chemical interaction between can and fuel 

Metallographic examination of certain elements 
irradiated in the X-4 loop has revealed regions of 
chemical interaction at the inner surface of the can. 
These occurred at positions in the can wall which were 
opposite discontinuities in the fuel, e.g., radial cracks 
and chipped pellet surfaces. The effect was most 
frequently observed in transverse sections opposite 
radial cracks in the fuel. Figure 2 illustrates the major 
features of the observations. Detailed metallographic 
examination has revealed the presence of: 

(a) A globular precipitate at the very inside surface 
extending into the can wall to a depth of up to about 
5 JL; 

(b) A region varying in depth from 0-20 JL which 
was free of precipitation; 

(c) A region of fine intergranular precipitation 
extending up to 60 JL into the can wall. This precipitate 
was identified by electron diffraction as being princip
ally niobium nitride; 

(d) A fine precipitate in, or associated with, grain 
boundaries extending to a depth of 100 JL into the 
can wall. 

Visual examination of the can, after its removal 
from the fuel, revealed characteristic black lines on the 
inner surface, which were shown to be associated with 
the interaction. X-ray diffraction work has shown the 
black lines to contain chromium nitride as a principal 
constituent. These results indicated that nitrogen was 
responsible for the observed interaction. 

Measuring the distribution of the black lines, and 
combining these results with metallographic examina
tion, enabled the extent of interaction to be estimated 
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Figure 2. Transverse section through fuel element showing effect of nitrogen locally on inner surface 
of Stainless Steel cladding 

Magnification: at left, x 6. 5; at right, x 200 

in detail for one element. The quantity of nitrogen 
required to account for the extent of the attack was 
shown to be a few tenths ml at STP. This quantity of 
nitrogen was known to have been present in the 
element before irradiation as an impurity in the helium 
filler gas. Post-irradiation analysis of gases in similar 
fuel elements has shown that nitrogen present as an 
initial impurity disappears during irradiation. It is 
therefore concluded that this source of nitrogen could 
have been responsible for the observed interaction. An 
alternative, possible source of nitrogen is the fuel 
itself, which contains the equivalent of about 1 ml at 
STP. It is unlikely that all this nitrogen is available to 
react with the steel, but the possibility that this source 
contributed to the effect cannot be ruled out. 

There is at present no direct evidence that this inter
action adversely affects fuel element endurance. It has, 
however, been regarded as an undesirable feature and 
fuel elements are now being manufactured with 
negligible quanties of nitrogen in the filling gas. 

Length changes in fuel element pins 

During the preliminary out-of-pile programme, a 
possible mechanism for the progressive ratcheting 
extension of fuel element pins with strong cans had 
been demonstrated. This occurred during thermal 
cycling under pressure when time was allowed for the 
cans to creep down on to the pellets at operating 
temperature, and was a consequence of the differential 
thermal expansion between uo2 and stainless steel. It 
was expected that the in-pile effect would be less 
because the higher uo2 temperatures would in part 
compensate for its lower thermal expansion. This has 
two effects. Firstly, the clearance of the pellets in the 
can is much less in the reactor, perhaps preventing the 
free relative motion on the slip part of the stick/slip 

ratcheting cycle. Secondly, the strain induced in the 
can during the stick part of the cycle will be less. 

The stringer discharged, of 221B (see Table 2) had 
undergone several thermal cycles and was expected to 
show measurable ratcheting extension if the out-of
pile data was applicable. Comparison of the lengths 
measured after irradiation with the pre-irradiation 
data showed that of the 72 elements in the stringer, 
66 had decreased in length by up to 0.069 in, 5 had 
increased by up to 0.015 in and 1 by 0.085 in. This last 
was so different from the remainder that an error in 
the pre-irradiation data is suspected. It is clear that a 
general ratcheting extension does not occur under the 
conditions in which 221B is operating, but further 
work is planned to discover the general applicability 
of the observation. The tendency to contraction of the 
elements is thought to be due to creep relaxation of the 
axial compressive stress in the elements which con
tinues until the occasional small gaps left between fuel 
pellets on loading have closed. 

One interesting observation was that the pellets in 
many elements remained loose in the can. This is con
sistent with the absence of ratcheting extensions and 
perhaps indicates that the rate of creep collapse in-pile 
is somewhat slower than predicted from out-of-pile 
work. 

Fission gas release 

When fuel temperatures are low (less than about 
650 oq release occurs largely by fission recoil and 
associated processes, e.g., recoil-induced evaporation 
(knock-out). The fission gas release from nineteen 
elements in the stringer that was at full power for a 
few hours only has been measured. During 93 % of 
the irradiation time, the maximum centre fuel tempera
ture was less than 550 °C. The fractional release as a 
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Table 3. A comparison of measured and calculated fractional releases of total xenon for elements from the X4 
loop experiments 

19 day irradiation 

CKD CKC CKB 

Estimated rating, MW/t(U) . 40.2 41.3 40.1 
Estimated can temperature, oc 670 680 675 
Estimated fuel centre temperature, 

oc ±140°C 1400 1435 1400 
Fractional release ( %) of total xenon 
Calculated: a 

D1400 = 3 X I0-12 s-1 0.123 0.173 0.125 
D14oo = 3 X I0-13 s-1 0.052 0.069 0.054 

Measured 0.089 0.105 0.155 

a Includes contribution of 0.021 % from recoil release. 

free gas was 0.021% ±0.007% (standard deviation). 
This figure corresponds to 14 % of the calculated 
release by simple recoil from the cylindrical surfaces 
plus end faces of the fuel pellets. 

The fractional releases in ten fuel elements from the 
experimental221B stringer have been found to be less 
than 0.15 %. The results to date show higher values 
towards the bottom (cooler) and of the stringer, but 
more results (being currently acquired) are required to 
establish trends, since the existing results show appreci
able scatter. The fractional release from two elements 
of assembly 1 (the bottom assembly) and from one 
element of assembly 2 are higher (by factors of 2 to 4) 
than the corresponding releases calculated from diffus
ion theory using D14oo = 3 x 10-11 s -1 plus recoil 
release, whereas the measured releases in elements 
from assemblies 3 and 4 could be totally explained by 
a recoil contribution of 0.02 % alone. More work is 
required to show if the variations are due to fuel 
temperature variations or to variations in D14oo. 

Measured fractional releases of X-4 loop elements 
which contain U02 made by the same route as the 
WAGR elements showed good agreement with the 
calculated values based on diffusional plus recoil 
release (Table 3). Isotopic enhancement of 132Xe was 
observed in the released gases, this being attributed to 
the enhanced diffusion of the 132Te precursor at these 
comparatively high fuel temperatures. For two ele
ments of even higher rating [54.6 MW/t(U) and 54.8 
MW/t(U) calculated centre temperatures of 1780 and 
1800°C (estimated error ±200°C), estimated can 
temperatures of 725 and 750°C and irradiation time 
of 54 days], the measured fractional release of 12.5 
and 10.4 % corresponds to the calculated diffusional 
release plus a release of about 30 % from the regions 
of fuel that had experienced significant equiaxed grain 
growth (about one-third of the fuel volume). 

53 day irradiation 

CKA CKO CKN CKM CFL CKK 

37.6 37.9 40.5 41.7 40.5 37.9 
670 650 680 685 685 680 

1350 1320 1425 1445 1420 1385 

0.093 0.114 0.203 0.231 0.203 0.143 
0.044 0.051 0.078 0.087 0.078 0.060 
0.131 0.074 0.074 0.139 0.176 0.154 

APPENDIX 

Since the paper was written, measurements have 
been made of the lengths of the elements in the stringer 
from irradiation experiment 266. This confirmed the 
results quoted for experiment 221B in that the elements 
have contracted in length rather than extended, as 
was expected from the out-of-pile work on ratcheting. 
A special stringer, noted as 191 in Table 2, has been 
irradiated under conditions where there was a planned 
reduction to 150 oc at intervals during the irradiation 
life. This has just been discharged and preliminary 
observations show that a little ratcheting elongation 
has occurred. Meanwhile out-of-pile work has shown 
the form and number of grooves required in the uo2 
stack to keep ratcheting within an acceptable limit. 
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ABSTRACT-RESUME-AHHOTAltiiJJI-RESUMEN 

A/149 Royaume-Uni 

Mise au point des elements combustibles 
AGR pour reacteurs de puissance 

par G. B. Greenough et al. 

Panni les avantages qu'il y a a normaliser Ies ele
ments combustibles pour un grand nombre de reac
teurs, on peut relever l'economie de frais de fabrica
tion grace a !'unification du materiel de fabrication, 
l'economie de frais de mise au point, etant donne que 
ceux-ci sont partages, et l'economie de frais d'etude et 
de mise au point des reacteurs resultant de Ia possi
bilite de normaliser egalement les composants des 
installations et leur etude. Les resultats de Ia mise au 
point continue du combustible peuvent servir a 
ameliorer les types courants actuels et sont d'autant 
plus precieux qu'ils s'appliquent directement aux 
charges de combustible nouvelles destinees aux reac
teurs de puissance existants ou futurs. Le systeme AGR 
(reacteur ameliore a refrigerant gazeux) permet cette 
normalisation pour une gamme tres etendue de dimen
sions des reacteurs. 

Le programme d'etude et de mise au point des 
ensembles combustibles AGR vise a normaliser Ia con
ception des elements combustibles des reacteurs de 
puissance, en partant de I' etude initiate du combustible 
pour l'AGR de Windscale. Le memoire expose les 
bases du choix des parametres et des caracteristiques 
de construction et decrit brievement une methode 
d'evaluation des ecarts de Ia temperature des gaines 
par rapport a Ia valeur nominate pour certaines dis
positions en faisceau. II recapitule les donnees con
siderees comme les plus utiles pour le calcul des 
produits de fission gazeux a l'interieur de la gaine dans 
des AGR, qui influe sur le choix des conditions du 
reacteur. 

On decrit les etudes hors pile entreprises pour 
determiner le comportement probable des elements 
combustibles et des assemblages. On rapporte les 
donnees relatives aux conditions critiques pour 
!'apparition de rides longitudinales pendant l'ecroule
ment dfi au ftuage et au comportement des gaines dans 
des conditions de defaillance simulees. On examine le 
comportement de differents types d'ensembles com
bustibles pendant les cycles thermiques. On donne 
quelques indications sur l'effet de la chute des·elements 
combustibles. 

On expose le programme d'irradiation des elements 
combustibles dans l'AGR de Windscale. On examine 
la correlation entre la performance des elements com
bustibles deja dans le reacteur et celle qui est prevue. 
On donne un apen;u des moyens disponibles pour 
l'examen des elements irradies. On rapporte egalement 
les resultats de l'examen apres irradiation des groupes 
d'elements combustibles de l'AGR de Windscale, ainsi 
que les resultats de certaines experiences en boucle 

entreprises dans le NRX dans des conditions sembla
bles a celles de l'AGR. Les donnees citees se rappor
tent surtout aux variations de longueur se produisant 
dans Ia pile, au degagement de produits de fission 
gazeux et a une deterioration chimique peu commune 
des surfaces internes des gaines en acier inoxydable. 

A/149 CoeAMHeHHoe KoponeacTao 

nporpecc 8 paspa60TKe KOHCTPYK4H~ 
TennOBb1AenRIOU4HX sneMeHTOB THna 
AGR AnA sHeprerH~ecKHX peaKropoe 
r. B. rpHHacJ:l et al. 

II penMyll\eCTBa, KoTopLie MoryT OLITb rroJiyqe
HLI 3a cqeT CTaHAapTHaa~HH TeiiJIOBLIAeJIHIOil\HX 
:meMeHTOB AJIH 15oJibiiioro 'IHCJia peaKTopoB, oxBa
ThiBaiOT 3KOHOMHIO B paCXOAaX Ha H3fOTOBJieHHe 
OJiaroAapa yun<PnKa~HH aaBOAOB no rrpoH3BOACT
By, 3KOHOMHIO B CTOHMOCTH paapaOOTKH H 3KOHO
MHIO IIpH npoeKTHpoBaHHH H paapaOOTKe <;aMoii: 
peaKTopnoii ycTaHOBKH 15naroAapa BOaMomaocTII 
AaJibHeHIIIeH CTaHAapTH3a~HH yaJIOB H rrpoeKTHpO
BaHHH. PeayJibTaTbi uerrpepbiBHoii paapaooTKH 
TODJIHBa MoryT OhiTb rrpnMeHeHbi AJIH ycoBepiiieH
CTBOBaHHH COBpeMeHHOH CTaHAapTHOH KOHCTpyR
J..IHH, npnqeM ~eHHOCTb nx BoapacTaeT 15naroAapa 
TOMy, l{TO OHH MOfYT HaRTH npHMeHeHHe B HOBbiX 
TOllJIHBHbiX aarpy3KaX AJIH Cyll\eCTBYIOil\HX H oy
AYil\HX peaKTopoB Toro me THna. ,lJ;Jia peaKTopoB 
Tima AGR TaKaa cTaHAapTnaa~na BOaMomua B 
urnpoKoM ,n,nanaaoue paaMepoB pea«Topa. 

IIporpaMMa npoeKTHpoBanna n paapaooTKH 
TODJIHBHbiX cl5opoK Tuna AGR HMeeT ~eJibiO BbJpa
ooTaTb TaKyiO CTaH,n,apTHYIO KOH~en~HIO TeDJIOBbi
AeJIHIOil\HX aJieMeHTOB AJIH anepreTn'leCKHx peaKTO
poB, npHHHB 3a HCXO,D,HYIO KOHCTpyK~HIO TenJIOBbi
,D,eJIHIOil\HX aJieMeHTOB BHHACKeuJicKoro peaKTopa 
AGR. PaccMaTpnBaiOTCH OCHOBhi ,D,JIH Bhloopa 
napaMeTpOB H KoncTpyKTHBHbiX oco15eanocTeii 
npoeKTa, BKJIIOqaa KpaTKYIO xapaKTepHCTIIKY MC
TO,D,a OJ..IeHKH H3Menenuii TeMnepaTyphl ooono'IKH 
OT HOMHHaJibHOH B KOHKpeTHOH KOHCTpyK~HH nyq
Ka. ,ZJ;au KpaTKHll 0030p ,D,aHHhiX, BbiOpaHHbiX B 
RaqecTBe uanl5onee npneMJieMbiX ,n,na pacqeTa ra
aool5paanhlx npo,n,yKTOB ,n,eJieHHH BHYTPH oooJio'I
KH B ycJIOBHHX peaKTopa AGR, 'ITO BJIHHeT na 
ycJioBna, BhiopaHHI.Ie ,n,na peaKTopa. 

OnncaHbi BHepeaKTOpHbie :mcrrepnMeHTbi, rrpo
BOAIIMbie ,D,JIH OJ..~eHKH BepOHTHOfO IIOBe,n,eHHH Teii
JIOBhiACJIHIOil\HX aneMeHTOB H cl5opoK. Col5npaiOT
ca AaHHbie no KpHTH'IeCKIIM ycnoBHHM IIOHBJieHHH 
llPOAOJibHbiX CKJia,D,OK BO BpeMH paapyiiiCHHH 
BCJieACTBHe noJiayqecTn n no noBe,n,eunro ol5ono
'ieK B ycnoBnax HMHTHpoBauaoii aBapHH. PaccMaT-
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pHBaeTCH llOBCACHHC pa3JIH'IHLIX CoOpOK BO BpeMH 
1.\HI\JIH'IecKHX H3Meueunif TeMnepaTypLI. B AOKJiaA 
BKJIIO'ICHLI TaKme HCROTOpLie 38MC'I8HHH llO BJIHH
HHIO c6paCLIB8l'MhiX c6opOK. 

Onncaua noprpaMMa ooJiy'leHHH TennoBhiAcJIH
IOil\HX aJieMeHTOB B BHHACKeifncRoM peaKTope 
AGR. ConocTaBJIJJIOTCH xapaRTepHCTHRH aJieMeH
TOB, H8X0/1.JIIl\HXCH B peaRTOpe, C OlliHA8CMbiMII. 
fJpHBCACHO RpaTKOe OIIHCaHHe ycTaHOBRH, npeA
Ha3Ha'ICHHOH AJIJJ npoBepRH OoJiy'leHHLIX TCIIJIO
BbiAeJIHIOil\HX aJieMeHTOB. PaccMaTpnBaiOTCH pe
ayJJhTaTM H3Y'ICHHH COOpOR TCllJIOBhlACJIHIOil\HX 
:meMeHTOB nocne o6JJy'leHHH B BHHACReiiJJcRoM 
peaRTope AGR, a TaRme B paaJJH'IHLIX :mcnepn
MCHTaJILHLIX neTJIJJX B peaRTope NRX B ycnoBnHx, 
auanorH'IHLIX peaKTopy AGR. ,[(aHHLie RacaiOTCH, 
H 'laCTHOCTH, H3MeHeHHH AJIHHLI, npoHCXOAHil\HX 
B peaRTope, BLIAeJieHHH npOAYRTOB AeJieHHH H He
o6LI'IHOro XHMH'ICCROro B03ACHCTBHH ·Ha BHyTpeH
Hife rroBepxHoCTH o6oJJo'leK na HepmaBeiOil\el'i 
CTaJIH. 

A/149 Reino Unido 

Progresos logrados en el proyecto de 
elementos combustibles del tipo AGR para 
reactores de potencia 

por G. B. Greenough et a/. 

Entre las ventajas que pueden obtenerse con la 
normalizacion de elementos combustibles para un 
gran numero de reactores, figuran el ahorro en los 
costes de fabricacion como consecuencia de la uni
ficacion de los talleres de fabricacion, la economia en 
los costes de desarrollo al ser estos prorrateados y el 
ahorro en los costes de proyecto y desarrollo del reac
tor debido a la posible normalizacion adicional tanto 
de componentes como de la forma de ejecucion del 
proyecto. Los resultados del desarrollo ininterrumpido 
del combustible pueden aplicarse para mejorar el 
proyecto-tipo actual y son tanto mas valiosos cuanto 
que son directamente aplicables a las nuevas cargas 
para reactores de esta clase, tanto para los existentes 
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como para los que se construyan en el futuro. Tal 
normalizacion es posible con el tipo AGR dentro de un 
amplio margen de potencias de los reactores. 

El proyecto y programa de desarrollo de conjuntos 
de elementos combustibles AGR esta dirigido a la 
formulacion de un patron para los elementos com
bustibles de reactores de potencia, tomando como 
punto de partida el proyecto original del combustible 
AGR de Windscale. Se discuten las bases para la 
seleccion de parametros y caracteristicas estructurales 
del proyecto y se incluye un breve bosquejo de un 
metodo para estimar, para configuraciones particu
lares del elemento, las variaciones de temperatura de 
la vaina a partir del valor nominal. Se presenta un 
resumen de los datos que se consideran como los mas 
apropiados para el calculo de productos de fision 
gaseosos dentro de la vaina, en las condiciones del 
AGR; esto influye en las condiciones del reactor 
elegido. 

Se describe el trabajo realizado <<fuera de pila )) para 
seleccionar el probable comportamiento de los ele
mentos combustibles y conjuntos de elementos. Este 
trabajo incluye datos sobre las condiciones criticas 
para la aparicion de arrugas longitudinales durante la 
ruptura por fluencia y sobre el comportamiento de 
vainas bajo condiciones simuladas de fallo. Se discute 
el comportamiento de diferentes proyectos de con
juntos de elementos durante el ciclado termico. Se 
incluyen algunos datos sobre el efecto de caidas 
accidentales de los conjuntos. 

Se describe el programa de irradiacion de elementos 
combustibles en el WAGR y se discute la correlacion 
entre el comportamiento de dichos elementos, ya 
introducidos en el reactor, y el que se esperaba. Se 
hace una breve descripcion de los equipos disponibles 
para el examen de elementos irradiados. Se discuten 
los resultados obtenidos con el examen despues de la 
irradiacion de los elementos combustibles del W AGR 
y los de ciertos experimentos realizados en circuitos 
introducidos en el NRX, en condiciones analogas a 
las del AGR. Los datos se refieren particularmente a 
las combios de longitud que tienen Iugar dentro del 
reactor, al escape de productos de fision gaseosos y a 
un insolito ataque quimico en la superficie de las 
vainas de acero inoxidable. 
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The design and development of the Tokai hollow rod 
fuel element 

By R. Sagane,* T. Yoshioka,* N. L. Franklin,** B. E. Eltham,** P. T. Fletcher*** 
and B. C. Woodfine*** 

The Tokai nuclear power station now under con
struction at Tokai Mura, Ibaraki Prefecture, is the 
first power station of its type to be constructed for 
commercial use in Japan. It is based on a graphite 
moderated Magnox type reactor imported from 
England. 

Reactors of this type now in operation or under con
struction use fuel elements of solid uranium rods 
stacked one above the other in fuel channels. In the 
particular case of the Hunterston reactor, the fuel rods 
are individually supported by graphite sleeves and this 
design feature has been retained for the Tokai element. 
The decision to finally adopt a hollow fuel rod was not 
made until December 1962, but the principle of design 
was decided in 1958 to ensure that the reactor would 
be of compact design with a high specific rating. 

OUTSTANDING FEATURES OF 
HOLLOW ROD FUEL ELEMENTS 

Increase in specific rating 

In the design of a uranium metal fuel element, it is 
essential to have the uranium centre temperature 
below the alpha-beta transition point. Since this 
temperature is determined by the uranium thickness 
and the specific rating, a hollow rod is clearly able to 
achieve higher ratings than a comparable solid rod. 

Table 1 indicates the specific rating of the Tokai 
reactor and other civil reactors located in the United 
Kingdom. The high specific rating of the Tokai reactor 
results in a lower tonnage of uranium for the same 
thermal output, thus giving better fuel economy. The 
fuel inventory of the Tokai reactor is about 70 t less 
than that required for a solid rod reactor of the same 
output and this results in a saving of about one million 
pounds (sterling) which is appreciable in a country 
like Japan, where the fixed charges are high in relation 
to the power production cost. 

Reduction in numbers of both fuel elements 
and channels 

If a solid rod element were used to attain the same 
specific output as a hollow rod, the restriction on 

• The Japan Atomic Power Company, Tokyo. 
**U.K. Atomic Energy Authority, Risley, Lancashire. 

*** United Power Co. Ltd., London. 

Table 1. Specific rating of certain Magnox reactors 

Reactor 
Specific rating MW(th)t(U} 

Average Maximum 

Berkeley . 2.45 4.26 
Bradwell. 2.29 3.79 
Hunters ton 2.26 3.86 
Tokai 3.07 5.9 
Sizewell 3.09 5.07 
Oldbury . 2.87 4.64 

centre uranium temperature would result in a large 
number of smaller diameter solid rod elements being 
used. This disadvantage is avoided with hollow rod 
fuel and fewer fuel elements per tonne are required 
together with a smaller number of core channels per 
unit of output. 

Table 2 shows a relative comparison of aspects of 
reactor design indicating the number of fuel elements 
and fuel channels together with the moderator 
graphite tonnage per unit of electrical output. It will 
be seen that in terms of the principal core character
istics the Tokai reactor is comparable with the latest 
designs of UK Magnox reactors. 

A reduction in the number of fuel elements and fuel 
channels reduces the cost of both fuel and moderator, 
while the smaller core diameter reduces the size of the 
pressure vessel and its cost of construction. In a 
country like Japan, where careful consideration must 
be given to earthquake effects, a core of small size and 
weight is an important advantage. Additionally, the 

Table 2. Number of fuel elements and channels and 
moderator graphite tonnage of Magnox reactors per 

1 MW in electric output 

Number of Number of Graphite Lattice 
Reactor fuel channels tonnage pitch 

elements t in 

Berkeley 303 23.3 15.1 8.00 
Bradwell 139 17.0 12.7 8.00 
Hunterston 220 20.2 12.3 8.25 
Tokai 104 13.1 9.87 9.30 
Sizewell 91 13.0 7.7 8.00 
Oldbury 98 12.3 7.9 1.15 
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Figure 1. Diagram ofTokai fuel element 

over-all improvement gained from a small core can be 
partly used to allow some variation in the graphite/ 
uranium ratio. This permits a larger lattice pitch to be 
adopted, thus permitting the use of thicker graphite 
blocks of superior aseismic strength. 

R. SAGANE et a/. 

Merits of the grap_hite sleeve 

The graphite sleeve has the disadvantage of intro
ducing a certain increase in fuel price, but it carries 
sufficient compensating advantages to justify its use. 
These advantages are: 

(a) The sleeve maintains the fuel cartridge firmly in a 
fixed position and eliminates rattling, vibration, 
irradiation creep and bowing problems associated 
with unsleeved stacked elements. 

(b) An improvement in the temperature profile of 
the moderator graphite arising from the insulating gas 
gap between the sleeve and the moderator. This 
improvement is effective in reducing the rate of Wigner 
energy accumulation. 

(c) The prevention of contamination of the modera
tor graphite by the protection afforded by the sleeve in 
the event of channel contamination due, for example, 
to a faulty fuel element or the inadvertent ingress of 
lubricating oil. 

(d) The physical protection of the fuel element heat 
transfer surface and welded end cap. Since the element 
is completely enclosed by the graphite sleeve inadvert
ent damage to the fuel element is virtually eliminated. 

FUEL ELEMENT DESIGN 

The element consists of a natural uranium tube clad 
in a magnesium alloy can and supported on a zir
conium alloy bridge located at the base of a graphite 
sleeve (Fig. 1). Eight elements are stacked one above 
the other in each reactor channel, and the spacing of 
the uranium rods allows sufficient axial clearance to 
accommodate the maximum predicted length changes 
associated with a peak fuel burn-up of 4500 MWd/t. 

The uranium tube has an outside diameter of 1.6 in, 
a bore of0.93 in, and is 2S.l in long. The composition 
of the uranium is adjusted with iron (350 ppm) and 
aluminium (l 000 ppm) to ensure that it responds to 
the grain refining heat treatment and has good dimen
sional stability under madiation. The ends of the tube 
are closed by zirconium plugs which are screwed in and 
welded, the weld being machined flat to provide a seat 
for the sintered alumina insulating disc. Anti-ratchet
ing grooves are machined on the outside of the tube, 
12 close pitched (0.2 in) at each end, and 22 at 1 in 
spacings in the centre. 

The helical finned can enclosing the uranium is 
made of Magnox ALSO and the necessary compromise 
between neutron capture cross section, fin strength and 
heat-transfer properties has led to a 72 fin can, each fin 
being 0.31 in high, and twisted to a 16 in helical pitch. 
The ends of the can are closed by ALSO end caps 
which are screwed in and welded. The screwed length 
shares with the end weld any strains imposed by dis
tortion of the uranium. 

The can is pressurised into the anti-ratcheting 
grooves during manufacture of the element using 
alternative techniques depending on whether the 
elements are to be used in the upper or lower part of 
the fuel channel. Cans for the lower positions are 
pressurised at high pressure and low temperature to 
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give a fine grain structure, which has a high creep 
ductility at the low gas temperatures obtaining at the 
bottom of the channels. The elements to be used in the 
upper positions receive a high temperature pressurising 
treatment to give a larger but more stable grain struc
ture. 

The canned fuel rod is located in the graphite sleeve 
by four equispaced radial splitters, which divide the 
heat-transfer surface into four zones, eliminate aero
dynamic instability and resist fuel bowing forces. The 
splitters fit in slots milled into the helical fins of the 
can and are retained by five circumferential rings of 
double spot-welded arched braces made in the creep 
resistant alloy Magnox ZR55. The middle ring of 
braces is secured in a groove in the can fins while the 
remaining four are free to slide axially. Because of the 
rigidity of the splitter cage, the use of individual 
cartridge support and the high moment of inertia of 
the fuel tube bowing due to thermal or irradiation 
creep is not expected to occur. 

A lifting ring which is the primary grabbing feature 
is screwed into the upper end cap, and carries a flange 
which protects the upper end cap weld. The lower end 
cap carries a saddle made of another creep resisting 
Magnox alloy, MN70, which is secured to the zir
conium alloy support beam by a Magnox shear pin. 
The support beam is a hollow rectangular extrusion 
and to prevent any possible reaction between it and 
the Magn<?x saddle, they are separated by a 0.002 in 
thick stainless steel sheath. 

The graphite sleeve is machined from extruded tube 
to rigid standards of strength, absorption cross section, 
chemical reactivity, permeability and density. Two 
different fuel channel diameters are used in the reactor 
and these are obtained by having sleeves of different 
bores, the hole in the graphite core blocks having a 
constant diameter. 

When the sleeves are stacked in the channel, there is 
a small annular gap between them and the moderator 
bricks up which there is a flow of coolant gas to control 
the moderator temperature. The lowest sleeve in each 
stack forms a seal at the bottom with the support 
member, and this prevents coolant gas reaching the 
lowest layers of moderator bricks, thereby maintaining 
a high temperature in these bricks and restricting their 
Wigner distortion. Four bleed holes are drilled through 
each sleeve wall at the upper end and these, together 
with the sleeve joint leakage and the permeability 
leakage, supply the moderator coolant flow. Protrud
ing from the outer surface at the top end of each sleeve 
are gagging rings, which locate the sleeve centrally 
within the moderator bricks, and prevent an excessive 
flow of gas up the annulus in the unlikely event of a 
sleeve becoming cracked. The lower end of each sleeve 
is located by mating double conical joints. 

The charging and discharging of the elements will 
be carried out using a grab from the top of the reactor. 
The design aim has been that it must be impossible to 
drop a cartridge and, further, to safeguard a leaky 
cartridge which might be weakened by oxidation, that 
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it must be impossible to subject the cartridge to 
excessive withdrawal forces which might occur during 
a faulty discharge. Because of this, the grab is provided 
with two sets of jaws and the element with two lifting 
facilities. The primary jaws grip the lifting ring and the 
secondary jaws locate into the lifting groove in the top 
of the graphite sleeve. During a normal discharge, the 
primary jaws take the full weight of the cartridge and 
sleeve, while t\Ie secondary jaws, although locked in 
position in the sleeve groove, do not take any load. 
The weight of the sleeve is then carried through the 
support beam and shear pin by the cartridge. 

To cope with a sleeve jamming fault, the torque 
which can be applied to the grab hoist is limited auto
matically. This ensures that an excessive withdrawal 
load cannot be imposed on to the fuel envelope un
wittingly. The shear pin then cannot be broken except 
by deliberately increasing the pull on the hoist and 
this step may only be taken after shutting down the 
reactor. Under these conditions, the withdrawal load 
on the cartridge can increase only up to the load 
required to break the shear pin, when the cartridge 
starts to pull through its sleeve. After a short travel, 
the secondary grab jaws will start to pull on the sleeve 
and a very large load may now be applied to the sleeve 
to complete its discharge. Should the sleeve fracture at 
this stage, it cannot strain the cartridge which would 
still be withdrawn. 

PERFORMANCE 

Extensive heat transfer and pressure drop tests have 
been carried out on the Tokai fuel element can both to 
select and optimise the best design of heat-transfer 
surface and to establish the detailed properties of the 
chosen design under normal operating conditions and 
under fault conditions. In general, the heat transfer 
properties of the Tokai hollow rod fuel element are 
similar to those of solid rod fuel elements with poly
zonal heat transfer surfaces, although because of the 
larger can diameter and the consequent smaller flow 
annulus for the coolant there are a number of detailed 
differences. Figure 2(a) shows the temperature distri
bution in the nominal channel and Fig. 2(b) the varia
tion of Stanton Number along an element. 

The core pressure drop associated with the highly 
rated Tokai reactor, as compared with current solid 
rod designs, gives rise to relatively high mass flows in 
the fuel element channels. These mass flows in turn 
produce higher gas forces on the fins and a higher up
thrust on the element as a whole, as against solid rod 
elements of lower ratings. An essential feature of the 
Tokai reactor design has therefore been the closed loop 
cooling circuit employed in the fuelling machine. This 
closed loop circuit ensures that, at all times during the 
refuelling cycle, a full channel of elements is effectively 
retained in the gas circuit so the full core pressure drop 
is never applied across a single element in a channel. 
If this last condition were to occur the very high mass 
flows developed would levitate the fuel element. 
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Figure 2(a). Idealised temperature distribution in the nominal 
channel 

1 3 b;a~'l:.: ~: 

12 

11 

10 

09 

08 

c;, 
071 

I 
I 

D"tc:IIOt'loiflow 

C~L Centrelu•e,of ''II'' b<oce 

Dtsloneeolonge]..,.enl-tn 
10 15 

c;, 
I 

i 
I 

10 " 
Figure 2(b). Distribution of Stanton Number along axis of fuel 
element for all tests at approximate value of WfiL of 20.0 X 104 

In view of the relatively high gas forces acting on the 
fins of the Tokai fuel element can, the effect of fin 
distortions on the heat-transfer performance has been 
examined experimentally. It appears that, for the Tokai 
can, the general effect of the types of fin distortions that 
are currently predicted during reactor operation [ 1] is to 
lower both the mean and minimum heat-transfer per
formance without significantly changing the over-all 
pattern of the axial and circumferential variations. 
The work has shown that severe deformations are 
necessary before there is a significant effect on per
formance, and the deformations predicted to occur 
during the fuel element life in the Tokai reactor are 
expected to have only a very small effect in raising can 
temperatures. 
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Creep collapse studies 

The use of a hollow rod design of fuel element with 
a coolant pressure greater than the gas pressure inside 
the hollow core raised the problem of whether signifi
cant deformations would occur by mechanisms of 
elastic or plastic flow. Two modes of deformation gave 
rise to concern-namely, symmetric collapse, which 
could conceivably induce a centre uranium tempera
ture rise of 200°C, and asymmetric collapse, which 
could lead to distortions of the heat-transfer surface. 

A combination of these two modes would lead to a 
reduction in the endurance of the element. 

Whilst elastic and yield deformations could be 
shown to be negligible, deformations due to uranium 
creep under the operating conditions required detailed 
attention. The assessment was complicated by the fact 
that the creep behaviour of alpha uranium under low 
applied stresses is critically affected by continuous and 
discrete thermal cycling [2] .. 

The experimental programme mounted to determine 
the parameters introduced into the theory involved 
almost 1 000000 cumulative hours of tensile creep 
testing. The assessment of the symmetric collapse 
behaviour was carried out in three main stages. 

The tensile creep data was used to predict the 
collapse behaviour of hollow rods under pressure in 
out-of-pile tests. Typical creep collapse results are given 
in Fig. 3, showing that theoretical and experimental 
points are in good agreement with predictions. Further 
work was carried out to establish that the collapse 
behaviour under discrete thermal cycling and a mix
ture of continuous and discrete thermal cycling could 
also be predicted. 

The thermal cycling behaviour of the reactor was 
then assessed and the continuous thermal cycling due 
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to load following, reactor noise, etc., and the discrete 
thermal cycling spectrum due to shutdown, fuel charg
ing, etc., were estimated. These estimates, together 
with the established methods of creep prediction, were 
then used in a computer programme to determine 
dimensional and temperature changes in the fuel. In 
this calculation, all known systematic variations 
(swelling, burn-up, etc.) were included, together with 
conventional allowances for random behaviour. From 
this programme, it was concluded that the worst sym
metric collapse behaviour of an element during the 
life of the reactor would be rather less than 5 % on the 
outside diameter, giving a maximum centre uranium 
temperature of 610 °C, and that statistically only about 
one element in a charge would show this extreme 
behaviour. 

The third stage of the problem was to see whether 
any irradiation mechanism could be isolated which 
would accelerate creep. It was, of course, known that 
irradiation creep was an important factor up to per
haps 500 oc, but experiment and theory suggested that 
irradiation creep was unimportant above 500 oc. 
Nevertheless, it was considered prudent to mount an 
irradiation experiment at the relevant temperatures 
(circa 550°C), and this experiment is outlined below. 

The development of asymmetry in the element was 
found to be determined by two main factors, the 
amount of symmetric collapse and the manufacturing 
asymmetries. Three asymmetric modes were considered 
corresponding to possible manufacturing routes: 

(a) eccentricity or offset of the bores; 
(b) ovalness of either the inner or the outer bore; 
(c) certain arrays of defects, e.g., regions of weak-

ness at opposite ends of a diameter. 
Extensive theoretical work was carried out to defi

nite manufacturing tolerances on these asymmetries 
corresponding to assumed symmetric collapses of 5 % 
on the outside diameter. The practical conclusions 
from this work are that: 

(a) eccentricity is not an important destabilising 
feature of the design; 

(b) slight ovalness can be tolerated on the inside 
bore but very tight tolerances must be kept on the out
side diameter; 

(c) particular arrays of defects must be avoided and 
to ensure this inspection methods have been laid down. 

The creep collapse of uranium hollow rods 
under neutron irradiation 

To determine the influence of irradiation on creep 
collapse, an accelerated experiment has been carried 
out at Harwell on small hollow rod specimens. Four 
specimens, 3.5 I in long, 0.450 in outside diameter and 
0.262 in bore, were sealed in soft zirconium cans and 
irradiated at a rating of 5-7 MW/t in pressurised 
sodium filled capsules in the DIDO reactor. During 
the 1 725 hour test, the specimens were continuously 
thermally cycled ± 15 °C. Several discrete thermal 
cycles were experienced accounting for an estimated 
20 % of the observed creep. 
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Figure 4. Comparison of collapse of irradiated specimens with 
prediction based on out-of-pile data 

Post-irradiation examination of the samples is not 
yet complete but sufficient data is available to show 
clearly that when compared with unirradiated test 
specimens, no effect of irradiation on creep collapse 
can be seen. These results are shown in Fig. 4. 

PROVING AND ENDURANCE TESTS 
General laboratory work 

A large amount of out-of-pile development and 
proving work has been completed on the fuel element 
over the past four years. As many features of the fuel 
element design are similar to those found on stacked 
solid rod elements, only limited specific test work has 
been done to check such features under conditions 
simulating the most onerous service conditions. The 
tests have included mechanical straining of end cap 
and splitter cage assemblies to confirm that these com
ponents will give satisfactory service should the maxi
mum predicted growth and swelling of the uranium 
fuel occur. Further mechanical tests have confirmed 
the failure sequence of the components connecting the 
cartridge and sleeve so that safe withdrawal of fuel 
elements from the reactor can be guaranteed under all 
credible fault conditions. Dropping and end load com
pression tests on sleeves have demonstrated the ability 
of the sleeve to withstand handling and operation in 
the reactor under the most abnormal conditions and a 
proof test has been devised for production sleeves to 
ensure that only those of adequate strength are passed 
for reactor use. 

Other tests have been concerned with the effects of 
fluctuating temperature and gas loads on the fuel 
element. Sections of fuel elements and complete 
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assemblies have been thermally cycled through various 
temperature ranges and at many different rates to 
ascertain the effect of severe thermal stressing on the 
element as a whole. Simultaneous creep, thermal 
cycling and vibrational testing of the zirconium alloy 
support beams has shown that the design of this com
ponent is satisfactory under the worst possible 
operating conditions. 

Fault condition studies have included a detailed 
examination of the mode of oxidation of the hollow 
rod element in the event of can failure. The high 
mechanical integrity of the end plug closure coupled 
with the oxidation resistance of the U-Zr weld pool 
indicates that under this particular fault condition the 
hollow rod will behave in the predictable manner of 
solid rods. Studies under more severe fault conditions 
have covered the effect on the fuel element of earth
quakes and complete loss of coolant due to main gas 
duct rupture. Results obtained show that the element 
is completely safe during the worst credible earthquake 
and that depressurisation due to a burst duct causes 
failure of any previously leaking can in a predictable 
and safe manner. 

Endurance loop testing 

Prolonged testing of the fuel element in hot flowing 
carbon dioxide in a specialised loop facility has 
demonstrated the over-all endurance of the heat trans
fer surface. This type of testing is carried out on all 
Magnox fuel elements and tests have been completed 
on the Tokai element for periods extending up to an 
estimated equivalent of 40000 hours' reactor opera
tion. The results obtained have indicated that fin, 
brace and splitter deformation will cause only minor 
changes in performance and no loss of fuel element 
integrity under the most extreme reactor conditions. 
Fig. 5 shows a Tokai element after operation in a 
hot loop for 3 600 hours at 480 oc. 

IRRADIATION PROVING TESTS 

To develop and prove the Tokai fuel element 
design an extensive series of irradiation tests have been 
undertaken in the U.K. Atomic Energy Authority's 
reactors at Calder Hall and Chapelcross. It is not 
possible in these reactors to replicate the conditions 
proposed for Tokai, but the effects of any fuel distor
tion and the over-all suitability of the element for 
irradiation can be examined. The effect of Tokai pres
sures and ratings on the fuel rod have been studied in 
reactor experiments at Harwell and in Australia. 

Figure 5. Tokai element after operation in a hot loop for 3601 
hours at 480°C 
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The HIFAR experiment 
To obtain advance information on the swelling 

behaviour of the hollow rods relative to solid rods at 
high fuel burn-up a comparative test was mounted in 
the Australian reactor HIFAR early in 1960. Seven 
pairs of miniature hollow and solid rods 0.8 in long 
were irradiated in sodium filled capsules at tempera
tures in the range of 390-500°C to a maximum burn
up of 0.36 % with a fuel rating of about 20 MW ft. 

Examination showed that the two geometric forms 
behaved similarly. Although temperature cycling due 
to shutdowns and other causes had little apparent 
effect, irradiation in certain temperature ranges pro
duced specific effects. Between 450 and 500°C, swelling 
was uniformly low (1.3 to 1.7% volume increase). 
Below about 430 °C, severe surface wrinkling and 
geometric distortion occurred. Maximum observed 
swelling (up to 8 %) occurred in this range. This 
maximum swelling effect at around 450°C in natural 
uranium has been observed elsewhere and is thought 
to be caused by the diffusion of fission gases into grain 
boundary cracks arising from growth stresses. How
ever, the fuel rating is significant since similar effects 
have not been seen in the Calder Hall and Chapelcross 
reactor experiments carried out at lower, i.e., normal 
reactor fuel ratings. 

Irradiation of simulated fuel rod ends 
It was possible that the ends of the hollow rod might 

have unusual growth characteristics leading to cavita
tion of the can wall or damage to the fuel rod end 
plugs. In advance of the irradiation of true hollow 
rod elements, therefore, it was thought advisable to 
mount small experiments in which possible fuel rod 
end designs could be simulated. This was done by 
drilling short holes in the ends of a standard Calder 
Hall rod, fitting end plugs, and assembling into an 
otherwise standard fuel element. The results of this 
work showed that no unusual growth effects occurred 
which might lead to severe distortion and stressing of 
the fuel rod end plugs. 

The background hollow rod experiments 
This experiment was intended to gain operating 

experience of hollow fuel rods covering such aspects as 
deformation of the tube ends, behaviour of the end 
plugs, and the consequences of irradiation damage on 
the hollow fuel design. The fuel elements used con
sisted essentially of a short cast uranium tube (17! in 
long, 1.115 in od, 0.55 in id) with a screwed and pinned 
zirconium alloy end plug, canned in a shortened 
Calder Hall can. The cartridges were supported in 
graphite sleeves which were spigoted into one another. 

The main 16 channel experiment was charged in 
May 1961 and one channel was immediately replaced 
following a pressure step signal. It was s.ubsequently 
concluded that the top end weld of the No. 10 element 
had a small leak. The experiment ran near to designed 
temperature ( 405 oq with scheduled discharges after 
164, 268 and 510 MWd/t and at the conclusion of the 
experiment at 735 MWd/t. 
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After examination of the channels discharged during 
the experiment and of two of the channels from the 
final discharge, it was concluded that: 

(a) The zirconium plugs in the uranium tubes were 
all secure and no evidence of cracking of the plugs or 
surrounding uranium was found. 

(b) Over-all length changes were in general similar 
to those obtained with Calder Hall fuel at comparable 
irradiation. However, in channel positions 3, 4 and 5, 
the maximum growths are in excess of those found on 
Calder Hall fuel. It was not thought that this difference 
is statistically significant. 

(c) Mean bar diameter changes were small and con
sistent with the data for solid fuel. 

(d) A limited number of bore measurements indicated 
that the bores were stiii within design tolerances. Oval
ness after irradiation was within the range found on 
bars before irradiation. 

Tokai prototype irradiation experiment 

The Tokai prototype experiment was planned early 
in 1961 as a trial under reactor conditions of a design 
as close as possible to the final Tokai fuel element 
design. At that time, the design had 64 straight fins 
and 4 helical swirlers. Sixteen channels of such a design 
were loaded in January 1962. 

Subsequently it was decided that the Tokai design 
would have helical fins and straight splitters and urgent 
arrangements were therefore made for 9 channels of 
the experiment to be replaced with helical prototypes 
in October 1962. Considerations connected with bore 
collapse led to two of these channels having rods with 
graphite cores and a further two having rods with some 
ellipticity deliberately introduced. Ten of the straight 
fin channels were discharged in October 1962. 

The latest discharges were made in September 1963, 
when three of the remaining six channels containing 
straight finned elements (channel average 1575 MWd/t) 
and 4 of the 9 channels containing elements with 
helical fins (795 MWd/t) were removed. 

Straight finned prototype experiment. During their 
respective periods in the reactor all fuel elements 
behaved completely satisfactory. Burst cartridge detec
tor monitoring of the channels revealed no suspects 
and the thermocouple coverage shows steady can 
temperatures with a peak of about 360°C. 

To date (February 1964), only one channel of 
straight fin elements from the last discharge has been 
examined. The general condition of the elements was 
good. All the elements were correctly positioned in the 
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sleeves. The swirler cages were intact although some 
of the support rings were slightly misaligned. Fin 
deformation was remarkably slight and was most pro
nounced in the end sections. The graphite sleeves were 
in good condition, the internal grooves being free 
from damage. Radiography showed some of the 
ceramic spacers to be very slightly out of alignment 
but this gives no cause for concern. Some surface 
roughness was noted on one of the lower channel 
elements. On decanning, all bars and cans were free 
from oxide. 

Measurement of the bars showed exactly the same 
behaviour as with one inch diameter solid rods, both 
in the general patterns and the actual results. In par
ticular over-all length changes all lay well within the 
scatter found in Calder Hall fuel elements irradiated 
in the corresponding channel position. 

Spiral finned production type element. Production 
type polyzonal elements have been left in the reactor 
for a long irradiation trial but four channels were dis
charged at 795 MWdft for examination. The perform
ance of the elements has been entirely satisfactory 
operating at a peak can temperature of 400 °C. The 
discharged elements will be examined in the post 
irradiation caves during 1964. 

CONCLUSION 

The design and development work associated with 
the Tokai fuel element has revealed no inherent weak
ness liable to cause systematic failure below the target 
fuel irradiation of 3000 MWdft channel average. 
Final statistical evidence of the ultimate endurance 
capabilities of the element must now await reactor 
operation at full power over the next few years. 
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ABSTRACT-RESUME-AHHOTAUV1JI-RESUMEN 

A/426 Japon 

Conception et mise au point des elements 
combustibles en barres creuses du reacteur 
de Tokai 

par R. Sagane et a/. 

Le reacteur de puissance de Tokai est le seul 
reacteur a Magnox COn9U au Royaume-Uni a utiliser 
des elements combustibles en tube creux d'uranium. 
Les elements combustibles ont ete mis au point, en 
collaboration etroite, par le fabricant de combustible 
(UKAEA), le constructeur du reacteur (UPC) et 
l'utilisateur (JAPC). Le memoire decrit divers aspects 
des travaux de mise au point. On analyse les a vantages 
economiques et techniques sur les combustibles 
Magnox en barres pleines. 

Les elements combustibles sont decrits en detail. On 
utilise un manchon en graphite qui permet le controle 
de la temperature du ralentisseur et empeche la con
tamination des canaux de combustible. On a mis au 
point un procede sur de chargement et de decharge
ment des elements de combustible. Un systeme a prise 
double reduit le risque de chute de !'element, et une 
broche incorporee a celui-ci empeche une mauvaise 
repartition des efforts lors de l'enU:vement d'un 
element defectueux. 

Les travaux de mise au point effectues par Ia 
UKAEA et l'UPC ont compris notamment des essais 
de transfert de chaleur et de chute de pression en com
paraison des types existants d'elements de combustible 
en barres pleines. On decrit les effets de la deformation 
des ailettes et de l'affaissement par fluage dus a !'irra
diation. Des essais d'irradiation prolongee des 
elements combustibles et de divers composants ont ete 
effectues en laboratoire ainsi que dans des reacteurs du 
Royaume-Uni et dans le reacteur HIFAR (Australie). 

A/426 flnoHHfl 

npoeKTHpOBaHHe H paspaOOTKa nOIIbiX 
CTep.JKH9BbiX Ten110Bb1A91tfii0Ll.\HX 3119-
MeHTOB Allfl peKropa e ToKaH-Mypa 

P. C araHe et al. 

8HepreTHqecKHii peaKTop B ToKaH-Mypa HB

JIHeTCH e]J;HHCTBeHHbiM MarHOKCOBbiM peaKTOpOM, 

B KOTOpOM HCIIOJib3YIOTCH IIOJihle ypaHOBhle Tpy6-

qaThle TOIIJIHBHble cTepiKHH. PeaKTop CKOHCTpyH

poaaH B AHrJIHH. TerrJIOBhiJJ;eJIHIOID;He ::meMeHTbi 

peaKTopa paapa6oTaHhl B TecHoM coTpyJJ;HHqecTBe 

MeiKJJ;Y IIOCTaBID;HKOM TOIIJIHBa (YrrpaBJieHlle ITO 

aToMHoii :meprHH CoeJJ;HHeHHoro HopoJieBCTBa), 

KOHCTPYKTopoM peaKTopa (~HpMa «RJHaii:TeJJ; rra-

yap>>) H noKyrraTeJieM ( ~HpMa «,ll;marraH aToMHn 

nayap>>). 
B JJ;ORJiaJJ;e H3JiaraiOTCH paaJIHqHhle acrreKTbi 

:>TOM paapa60TI\H H cpaBHIJBaiOTCJI 3KOHOMHqecKHC 

Jl TeXHHqeci\He rrpeHMYID;eCTBa IIOJibiX TOTIJIHBHbiX 

CTepmneii CO CIIJIOIIIHbiMH B MafHOKCOBOH o6o

JIOqJ\e. 

,ll;eTaJihHO onHChiBaeTCH KOHCTpyKn;na TenJioBw

il,eJIJIIOID;ero aJieMeHTa. B HeM ncnoJibayeTCJI rpa

<pHTOBaH o60JIOqKa, KOTOpaH ]J;aeT B03MOiKHOCTb 

J\OHTpOJIHpOBaTb TeMnepaTypy aaMe]J;JIHTeJIJI ){ 

HpeJJ;OXpaHJieT TOIIJIIIBHble KaHaJibl OT aarpJI3He

HHJI. Paapa6oTaH 6eaonacnblii MeTOJJ; aarpyaKH n 

nhirpyaRu TeHJIOBhiAeJIHIOli.J;HX ::meMeHTOB. CHcTe

Ma ]I;BOHHOfO aaxBaTa yMeHbiiiaeT B03MOiKHOCTh 

na1~eHHJI aJieMeHTa, a cpeaHbiH IIITH~T Ha aJieMeH

Te KOMIIeHCHpyeT ]J;eHCTBHe H36hiTQqHbiX CHJI IIpll 

H3BJ!eqeHHH IIOBpeiKJJ;eHHOfO TeiiJIOBbi]J;€JI11IOli.J;ero 

;+JJeMenTa. 

3HaqnTeJibHa.IJ 'IaCTb paapa60TOK, BhlliOJlHeH

HbiX YnpaaJieHneM no aTOMHOH aHeprnH CoeJJ;H

HenHoro 1\opoJieBcTBa H ~HpMoii <<RJnauTeJJ; rray

ap>> HacaeTCJI npo6JieM TerrJJoo6MeHa H rraJJ;eHHH 

]J;aBJieHHJI B cpaBHeHHH C cym;eCTBYIOli.J;HMH KOH

CTpyKD;HJIMH Te£IJIOBhl]J;CJIHIOli.J;HX 3JieMeHTOB CO 

cuJIOIIIHbiMH TOIIJIHBHbiMH cTepmHHMH. OrrHCbiBa

IOTCJI JIBJieHHJI ]J;e~OpMaiJ;HH IIJiaCTHH H paapyrne

IIHJI BCJie]J;CTBHe fl(}J[3yqeCTH IIO]J; 06JiyqeHHeM. 

JI;JIHTCJibHble HCTibiTaHHJI TeiiJIOBbl]J;eJI1JIOli.J;HX 3Jie

MeHTOB H OT]J;eJibHbiX yaJIOB npoBeJJ;eHbl B Jia6opa

TOpHH H B AHrJIHH, a TaKme Ha peaKTopax c Bbi

eoKoii IIJIOTHOCTbiO HeiiTpOHHoro IIOTOKa B AacT

paJIHH. 

A/426 Jap6n 

Diseno y desarrollo del elemento 
combustible en barra hueca de Tokai 

por R. Sagane et at. 

El reactor de potencia de Tokai es el unico reactor 
de Magnox disefi.ado en el Reino Unido en el que se 
usa como elemento combustible una barra hueca de 
uranio. Los elementos combustibles del reactor se han 
estudiado con la eficaz colaboraci6n del fabricante del 
combustible (UKAEA), el proyectista del reactor 
(UPC) y el comprador (JAPC), La memoria describe 
los diferentes aspectos de los trabajos de desarrollo. 
Se examinan las ventajas econ6micas y tecnicas en 
comparaci6n con los combustibles de Magnox de barra 
s6lida. 

Se dan los pormenores del disefi.o del elemento com
bustible. Se utilizan manguitos de grafito, lo que per
mite controlar Ia temperatura del moderador y suprime 
la contaminaci6n de los canales de combustible. Se 
ha estudiado un metodo seguro de carga y descarga 
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de los elementos combustibles. Un sistema de doble 
barra reduce Ia posibilidad de que se caiga el elemento, 
y un pasador de seguridad incorporado a este impide 
que se apliquen fuerzas indebidas cuando se quita un 
elemento defectuoso. 

Entre los principales trabajos de desarrollo realiza
dos porIa UKAEA y Ia UPC figuran los ensayos de 
transferencia del calor y de disminuci6n de Ia presion 
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en comparaci6n con los disefios actuales de elementos 
combustibles de barra s61ida. Se describen los efectos 
de deformaci6n de las aletas y de rotura del tubo por 
fluencia en condiciones identicas a las de funcio
namiento del reactor. Los ensayos prolongados del 
elemento combustible y de los distintos componentes 
se han efectuado en el laboratorio y en reactores del 
Rieno Unido asi como en el reactor HI FAR. 
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Review of progress of development, manufacture and 
performance of Magnox fuel elements in the United 
Kingdom 

By J. C. C. Stewart,* V. W. Eldred,** T. J. Heal,*** D. 0. Pickman,*** 
and H. Rogan*** 

Progress in the provision of Magnox fuel [1, 2] for 
the United Kingdom Nuclear Power Programme was 
reported to the Second Geneva Conference in a series 
of papers which dealt with development [3], with pro
vision of plant for the large-scale manufacture of fuel 
elements visualised by the programme [4], and with 
results of the irradiation trials [5]. The present paper 
reports progress since the Second Conference in 
respect of development, manufacture, and perform
ance: attention is necessarily confined to items of key 
importance, some of which are treated more fully in 
parallel papers to the present Conference. 

PRESENT POSITION 

Manufacture 

The Springfields Works of the UKAEA has in
creased output in line with the requirements of the 
accelerating power programme, as shown in Fig. l. 
Currently, finished fuel elements leave the production 
lines at a rate of approximately two per minute or 
rather more than one tonne per hour. 

Fuel has been supplied for the twin reactor stations 
of the Central Electricity Generating Board at Brad
well, Berkeley, Hinkley Point and Trawsfynydd, and 
for the South of Scotland Electricity Board station at 
Hunterston. The initial charges for the stations at 
Dungeness and Sizewell are currently being manu
factured. 

Concurrently, replacement fuel is being provided for 
the Atomic Energy Authority's eight reactors at Calder 
Hall and Chapelcross, while fuel has also been sup
plied to the Societa ltaliana Meridionale Energia 
Atomica for their station at Latina, and manufacture 
has recently been completed of the first charge for the 
Tokai Mura station of the Japan Atomic Power 
Company. 

Performance 

Since 1956 about 400000 elements of the original 

• Member for Production, UK Atomic Energy Authority, 
London. 

•• UK Atomic Energy Authority, Windscale, Cumberland. 
***UK Atomic Energy Authority, Springfields, Lancashire. 

Calder Hall design have been irradiated in the 
Authority's reactors to levels extending up to 5 500 
MWdft. These reactors have also been extensively 
used as test vehicles for the irradiation of experimental 
prototype and production line civil fuel elements 
(Fig. 2). The experience most directly related to civil 
designs is condensed in Table I. 

Additionally, satisfactory irradiation experience has 
been obtained in the two twin reactor stations of the 
Central Electricity Generating Board at Bradwell and 
Berkeley: core average irradiation levels in the range 
850-950 MWd/t have been attained, whilst some I 000 
elements have achieved irradiation levels of the order 
of I 800 MW d/t. 

All the irradiation experience of civil production 
elements has been very satisfactory. Calder Hall 
elements occasionally fail by grain boundary cavitation 
of the coarse-grained can wall: no such failures have 
developed in any civil production cans, which have a 
fine grain specification, and no new systematic failure 
mechanism has appeared. The number of fast failures 
in the civil stations has been in line with previous 
experience in the Calder Hall and Chapelcross 
reactors. 

Table 1. Irradiation levels attained at 31 August 1964 

Fuel element type 

Calder Hall: 
Coarse-grain can 
Fine-grain can . 

Prototype Bradwell 
Berkeley replica . 
Bradwell replica . 
Hunterston replica 
Tokai Mura replica 
Sizewell replica (herring-

bone can) 

Highest irradiation 
reached 

(MWd/t) 

Longest time 
in reactor 
(months) 

Complete Individual Complete Individual 
channels elements channels elements 

2500 5950 51 71 
2200 5100 33 59 
3440 5500 50 63 
5050 6750 59 59 
2940 4140 43 43 
2280 3270 24 24 
2340 4470 31 31 

1150 1450 16 16 
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Figure 1. Build-up of Magnox fuel element production and of installed Magnox generating capacity 

Figure 2. Fuel elements discharged from the Calder Hall and 
Chapelcross reactors 

(a) Calder Hall, 3685 MWd/t; (b) Berkeley, 4525 MWd/t; 
(c) Bradwell, 2800 MWd/t 

Development 

The development work supporting the design of fuel 
elements up to and including the integral lug herring
bone fuel elements [6] for Sizewell reactor 2 is sub
stantially complete. Work continues in support of the 
finalising of the design of the Wylfa herringbone 
element and on the development of improved creep
resistant magnesium alloys. Work is also proceeding 
in support of a flat bar design [7]. Elements are being 
discharged from the nuclear power stations at regular 
intervals for examination by the Authority or the 
Central Electricity Generating Board, and their con
dition compared with that predicted from out-of-pile 
tests and irradiation experience in the Authority's 
reactors; elements that have been irradiated to 
1000 MWd/t have already been examined. 

IMPORTANT DEVELOPMENTS IN THE 
PERIOD 1959-1964 

The development policy adopted has been that of 
parallel development of alternative solutions to critical 
items in the programme. Such key items were judged to 
be the cladding alloy, the structural alloy for the end 
fittings, and the fuel rod. 

Cladding alloy 

It appeared likely that the established coarse
grained (0.03 in) magnesium-0.8 % aluminium alloy, 
Magnox AL80, used since 1956 for Calder Hall, would 
have a limited life because of failures by linkage of 
grain boundary cavities at temperatures up to 300°C 
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[8]. Fine-grained AL80 cans (""0.01 in) were more 
ductile and could be expected to have a longer life. 
Fine-grained AL80 can be obtained only by the con
trolled application of cold work which might be 
expected to introduce considerable difficulties in bulk 
manufacturing operations and accordingly, as a 
principal alternative, the inherently fine-grained two
phase 0.55 % zirconium alloy, Magnox ZR55, was 
adopted. 

The helically finned cans of civil reactor design were 
made in quantity in both materials. Manufacture of 
fine-grained cans in ZR55 was carried out by hot 
impact extrusion followed by twisting of the straight 
finned extrusion on a mandrel: a fine grain size was 
achieved without difficulty. Cans in AL80 made by a 
similar method developed very coarse grains on subse
quent heating unless the residual cold work was con
trolled to avoid the critical strain region of about 
1-4%. 

Controlled cold work was introduced by twisting 
the cans at temperatures between 100 and 200°C and 
at selected speeds to get the correct balance between 
working and recovery. Effective strains in the range 
5-10% are probably optimum; higher strains lead to 
further recovery during pressurising and annealing, 
and critical grain growth may then be encountered 
during subsequent reactor operation. 

The sequence of design changes have tended con
tinuously to create fresh can manufacturing problems: 
for example, the continuing effort to increase fuel 
ratings has advanced the fin density from 40 to 60 
with a consequent increase in the difficulty of achieving 
an economic extrusion die life. With the co-operation 
of British industry, production routes have been 
developed for the manufacture of fine-grained cans for 
all fuel elements manufactured to date, i.e. Bradwell, 
Berkeley, Latina, Hunterston, Hinkley Point, Traws
fynydd, Dungeness, Tokai Mura, and Sizewell. As a 
consequence, and because of much greater manufac
turing experience of AL80 as compared with ZR55, 
the case for the switch to the latter alloy steadily 
diminished. This was fortunate, since the problem of 
high signals on the Burst Cartridge Detection Gear 
(BCDG) due to plutonium diffusion through ZR55 
was to emerge at irradiations above 1000 MWdjt in 
the course of the large-scale proving trials in the 
Authority's reactors. 

The performance of both AL80 and ZR55 clad fuel 
elements has been extensively studied both in hot 
endurance loops [6], where the carbon dioxide coolant, 
at reactor dynamic head and temperature, circulated 
over strings of elements, and also in large-scale irradia
tion trials in the Authority's reactors. In total, some 
1550 channels ( > 9 500 elements) of ZR55 clad 
elements have been irradiated, of which 74 channels 
have been taken to more than 2000 MWd/t despite the 
rising BCDG signals. The experience with AL80 is, of 
course, very much more extensive. Detailed predic
tions of the deformations to be expected on the Brad
well elements, based on the results of the hot loop 
tests, have been compared with the actual deformation 
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on irradiated Bradwell elements for burn-ups at a 
channel average irradiation level of 550 MWdft. 
Although the deformations are, of course, small at this 
relatively low burn-up, the degree of correlation 
endorses the high burn-up predictions. These predic
tions have been applied to fuel elements on which heat 
transfer tests have been carried out and it has been 
established that the likely deterioration of Stanton 
number is less than 5 %. Unacceptable deformations 
are unlikely to occur within the initial target mean fuel 
burn-up of 3000 MWd/t set for the civil stations. 

The heat transfer surface of the cladding will be 
deformed by the gas forces and by any thermally in
duced stresses from power or temperature cycles. 
Extensive out-of-pile studies have been followed by 
thermal cycling experiments in Calder reactors. In the 
most severe of these, Bradwell elements, some clad in 
AL80 and some in ZR55, had neither failed nor 
suffered any detectable deterioration after 105 cycles of 
450 ± 15 oc on the can over a period of two years. 
Magnox AL80 has proved to have marginally better 
resistance to creep deformation of the heat transfer 
surface than ZR55. 

The plastic strain range during the fatigue cycle has 
been used as the basis of an analysis of the extensive 
out-of-pile studies [13]. It is found that most of the 
results fall within a band connecting endurance with 
plastic strain range and that the in-pile studies are not 
inconsistent with the band. This endurance band is 
relatively insensitive to variations of frequency in the 
range 1-106 cycles per hour, and does not change 
significantly with temperatures between 300 and 
500°C: it holds for strain amplitudes ranging from the 
equivalent of ±1 oc cycles to ±30°C cycles. It is con
cluded from this analysis that fatigue cracks will not 
occur during irradiation of fuel clad in AL80 to 
3 000 MW d/t. A pessimistic interpretation of the data 
suggests that the cladding may approach its fatigue 
life at the end of this period as a result of the predicted 
very large numbers of small temperature fluctuations 
due to reactor noise; however, experience so far at 
Berkeley and Bradwell shows the noise effects to be 
negligible. These conclusions are supported by the 
results of in-pile cycling experiments mentioned above. 
The data on ZR55 is less extensive than that on AL80 
but under all conditions studied its fatigue endurance 
is superior to that of AL80. 

Signals with a doubling time comparable with 
cavitation failures were obtained on the BCDG from 
ZR55 clad elements after approximately 1000 MWd/t 
irradiation in large-scale proving trials in the Authori
ty's reactors. Extensive study has established that the 
source of the signals in the ZR55 clad elements was 
plutonium diffusion through the can wall. Plutonium 
diffusion through AL80 is very severely restricted by 
the formation of a stable compound with the alu
minium in the canning alloy. The diffusion coefficient 
of plutonium in ZR55 has been established as: 

D = 1.5 x 10-13 cm2 s-1 at 300°C 
= 1.2 x 10-11 cm2 s-1 at 400°C 
= 2.4 x 10-10 cm2 s-1 at 500°C 
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and it is now possible to calculate the quantity of 
plutonium that diffuses through a ZR55 can wall 
under given irradiation conditions. 

Structural component alloys 

Some of the structural components of fuel elements, 
particularly the end caps and end fittings which sup
port the axial loads acting on stacked elements, require 
high resistance to creep, but demand less ductility than 
cladding alloys. In 195S no one alloy had achieved the 
clear lead over the alternatives that ALSO had in the 
cladding field, and a number of alloys have therefore 
been investigated (Fig. 3). The 0.7% manganese alloy, 
Magnox MN70, has been the most widely used for end 
caps and fittings, and heat treated Magnox ZR55 for 
splitters and braces. Although rupture ductilities 
generally fall in the range 5-10 %, some of these alloys, 
notably coarse-grained MN70, form grain boundary 
cavities at much lower strains, and accordingly design 
strains are usually limited to much lower values. The 
splitter assembly, like the fins, is subjected to vibration. 
Fatigue properties have been assessed and on current 
designs there is a large margin on fatigue life. 
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Uranium fuel 

The accumulated experience on the Springfields 
uranium alloy [9] containing iron, aluminium, and 
carbon, was considerable by 195S and tended to favour 
the retention of that alloy or some variant upon it as 
the primary fuel choice. However, it had been estab
lished that fuel rods of this material could undergo a 
complex series of dimensional changes [10] which 
could cause cavitational failures in coarse-grained 
ALSO. At the time the first civil fuel elements were 
being designed, there was little information available 
to indicate how these changes would proceed at high 
irradiation levels, or how successful the fine-grained 
ALSO would prove. 

To ensure that cavitation of the can wall did not 
limit fuel life below the initial target burn-up of 
3000 MWd/t (channel mean), two targets were set; 
first to attain a more complete understanding of 
behaviour within the specification range of the standard 
Springfields uranium alloy, and second to develop 
alternative uranium alloys of greater dimensional 
stability. As an example of the former, analysis of fuel 
element performance has indicated that an iron con
tent towards the top of the specification range gave 
reduced failure rates with coarse-grained cans in a 
Calder Hall reactor. 

An important step was to confirm the mechanism of 
the dimensional changes observed in Springfields 
uranium and to determine whether sufficiently accur
ate predictions could be made from a knowledge of 
texture, temperature and axial load. Materials Testing 
Reactor irradiations have been carried out up to 
3000 MWd/t on small pencil specimens cut from 
different radial positions in production fuel rods. 
Texture measurements using thermal expansion, elec
trical resistivity and X-ray methods were made. This 
work has confirmed that the observed dimensional 
changes in fuel rods result from texture variations 
between rim and core, and has shown that reliable 
predictions can be made from the texture measure
ments. Observations on large numbers of elements 
show that, at temperatures in the range 390 to 500 oc 
under an end load of 60 lb, the rods grow in over-all 
length at a mean rate of 0.2 % per 1 000 MW d/t and in 
diameter at 0.4% per 1000 MWd/t. At temperatures in 
the range 150 to 350°C under an end load of 135 lb, 
the rods shrink in over-all length at a mean rate of 
0.5 % per 1000 MWd/t and grow in diameter at about 
0. 7 %per 1 000 MW dft. Near the ends of the rods these 
rates are increased locally. The linear contraction of 
the cooler rods is attributed to irradiation shrinkage 
due to texture and squashing by irradiation creep. 
These mechanisms are relatively unimportant at the 
higher irradiation temperatures, where the changes in 
dimensions are caused primarily by swelling due to the 
precipitation of inert fission-product gases in very 
small surface tension-controlled bubbles, apparently 
nucleated on fine precipitates of iron and aluminium 
compounds. The increase in volume with irradiation, 
at a rate of about 1 % per I 000 MWd/t, is much less 
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than was originally predicted and is not detectably 
dependent on irradiation temperature. 

The development of alternative alloys followed two 
lines: isothermally transformed alloys and continu
ously cooled alloys. The latter had compositions ensur
ing grain refinement at slow cooling rates and so 
eliminating steep temperature gradients which pro
mote texture. Of the fifty or so compositions examined, 
three alloys were selected for intensive irradiation 
proving; these were: 

(a) U-!%atomicMo-
! % atomic Cr isothermally transformed 

(b) U-i% atomic Mo isothermally transformed 
(c) U-3% atomic Mo continuously cooled 

There is no preferred orientation in the first two alloys 
as isothermally transformed, or in the U -3 at. % Mo 
alloy in the as-cast condition. Irradiation experience 
with alloy (c) and with a 0.5 at.% Cr alloy suggests 
that any benefit in dimensional stability due to the 
improved texture is unlikely to counterbalance the 
penalty of reduced reactivity due to the alloy additions. 
The creep resistance of the 0.5 at. % Cr alloy was 
inferior, whilst that of the 3.0 at. % Mo alloy was 
superior to the standard Springfields alloy, but the 
molybdenum alloy showed a temperature dependence 
of swelling such that the hotter rods swell appreciably 
more than the Springfields alloy. Irradiation of alloys 
(a) and (b) is proceeding, but results to date are in
conclusive. 

The impact of alloying additions on the economics 
of the processing of irradiated fuel rods has been 
examined and it has been established that molyb
denum in particular will adversely affect the ultimate 
concentration factor obtainable in the evaporation of 
highly active raffinates unless it is possible to accept 
the storage of highly active concentrate containing 
increased quantities of undissolved solids. 

As a result of the data provided by the development 
programme and by observations on irradiated rods, 
the manufacturing procedures and specifications have 
been and continue to be refined to improve dimension
al stability of the production rods. Unless the Spring
fields alloy has unsuspected deficiencies occurring only 
at the higher irradiation levels under civil reactor con
ditions, it is clear that none of the alloys now under
going irradiation testing is likely to show an over-all 
advantage as a fuel material. 

Fast failures 

Operating experience in the Authority's eight reac
tors at Calder Hall and Chapelcross has revealed a 
type of failure referred to as a fast failure, character
ised by the build-up of an oxide mound in a leaking 
fuel element without emission of short-lived gaseous 
fission products on a scale sufficient to yield a signal on 
the BCDG: ultimately a split develops in the can body 
adjacent to the oxide mound when large quantities of 
gaseous fission products are released and a massive 
signal is obtained. It is believed that this type of failure 
occurs because the initial leak path is so long that the 
short-lived fission products decay before they can 
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escape from the can to actuate the BCDG. Identified 
causes of fast failures have been weld leaks due to 
manufacturing defects or damage in handling subse
quent to manufacture. Only 20 fast failures have 
occurred in the 500000 elements irradiated to date, 
and all of them have been discharged without difficulty 
and without any contamination of the reactor. Subse
quent examination has, however, shown that in some 
cases the temperature of the uranium under the 
insulating oxide mound had increased substantially 
and in one case local melting had occurred. The occur
rence of such overheating and the possibility of 
channel contamination are clearly objectionable and 
considerable effort has therefore been devoted to pre
venting handling damage, to refining methods of pro
duction quality control and inspection to reduce still 
further the incidence of manufacturing defects, and to 
operational methods of detecting potential fast failures 
in the reactor. Trials are in progress of the addition of 
krypton-85 to act as a permanent index of the integrity 
of the elements. Prior to loading into the reactor fuel 
elements can then be checked with appropriate equip
ment to confirm that the specified quantity of krypton-
85 is still present and hence that no leak was present 
after manufacture or has developed during handling. 
During operation of the reactor periodical monitoring 
of the long-lived xenon-133 content of the coolant gas 
has been shown to provide an advance warning of the 
onset of a fast failure. 

Problems of component supply and inspection 

While the Authority have a declared target of reduc
ing the cost of fuel element production, this clearly 
must not be achieved by economies in component 
supply costs which lead to downtime of expensive 
capital plant. The policy pursued in respect of key 
components has been that of setting the highest stand
ards practicable at any given time, while continuing, 
where necessary in collaboration with our suppliers, 
to develop manufacturing routes capable of meeting 
even higher standards. End caps have provided a good 
illustration of this approach. To minimise the possi
bility of leak paths, the end caps should be substanti
ally free of inclusions or defects and the grain flow 
should be such that any inclusions or defects occurring 
are drawn out parallel to the external surfaces. Refine
ments in quality control have reduced the incidence of 
inclusions, while increasing sophistication of the 
sequence of manufacturing operations has brought the 
grain flow nearer to the ideal. Automated inspection 
by eddy current and ultrasonic methods has recently 
been introduced, both of the forged blanks prior to 
machining, and of the finished end cap. 

Where difficulty is experienced in written definitions 
of specifications and inspection standards, recourse is 
made to visual subjective standards. Examples of these 
standards are agreed and are then always available for 
reference purposes by the inspectors; examples of this 
class are minor surface blemishes. 

A fuel element design can contain some 20-30 
individual components, mainly bought in from outside 
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contractors; there is clearly the problem common to 
all such assembly operations of ensuring that shortfall 
of a single component does not hold up production. 
This problem is magnified when a succession of new 
designs is manufactured to very demanding specifica
tions. The general policy adopted has been to avoid 
reliance on a single supplier, where practicable, and in 
the case of particularly novel or difficult components 
to replicate manufacturing routes. For example, both 
forging and casting routes have been adopted for the 
supply of the more advanced designs of spring-arm 
spider. The methods of manufacture have included 
machining, forging and casting for end fittings; forging 
for end caps; forging, casting and stamping for braces; 
rolling and extrusion for splitters; and, of course, 
extrusion and machining for cans. Data processing 
methods are used to produce regular component 
supply schedules on which automatic signals of poten
tial shortages are given. 

Welding 

In view of the importance of argon arc end welds, 
particularly with reference to fast failures, continuing 
improvements have been made to increase the in
tegrity and the resistance to damage. The thickness of 
the end cap wall and of the can upstand has been 
steadily increased. Concurrently, by detailed refine
ments of such factors as the condition of the arc, the 
electrode setting, the shielding argon flow, and by 
modifications to the direction of welding and to the 
current stepping sequences and particularly by the 
replacement of double pass by single pass welds, the 
depth of weld penetration has been increased some 
30 % on the 0.060 in upstands with corresponding 
increases on the thicker upstands. Electron beam 
welding, which is currently under development, offers 
the possibility of welds with very deep penetration. 

The combination of the refinements in the produc
tion welding referred to above and the adoption of the 
single pass technique have significantly raised the 
general standard of welding with the result that the 
yield of acceptable welds has risen from 70 % to 80 % 
to better than 90 % [I]. 

Sticking of mating surface of stack-loaded elements 

Although Calder Hall fuel elements with mating 
surfaces comprising a graphited Magnox AL80 cup 
and 18/8 stainless steel cone have behaved satisfac
torily in this respect, the reactors are discharged off
load and so undergo a major thermal cycle prior to 
discharge. This permits differential contraction be
tween the stainless steel shim and the graphited AL80 
which will not normally occur with civil reactors dis
charged on-load. Simulated on-load discharge trials 
have been carried out and the relationships between 
the sticking forces and temperature, contact load, and 
time have been defined: these indicate a mechanism 
consistent with established friction theory. Forces 
increase sharply with temperature, are proportional to 
the supported load, and do not increase with time 
after a few hundred hours. 
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Estimates of the forces necessary to separate spent 
fuel elements in the civil reactors have been made, and 
on the basis of these it was considered prudent to 
develop improved anti-sticking devices for later 
stations with more stringent conditions. A carbon coat 
on the steel sheath and solid carbon in the place of the 
graphite coating have both been shown in long-term 
tests to be undamaged and to prevent sticking. 

There has been no evidence of sticking occurring in 
practice during on-load discharges from the Bradwell 
reactors. 

Changes in physical, microstructural and 
mechanical properties of the fuel rod and of the 
cladding during irradiations 

Fuel rods and cans have been examined after 
irradiation to 5000 MWdjt at can temperatures up to 
470°C and centre fuel temperatures up to 550°C. 

The SpringfieWs uranium fuel rods remain sound at 
5000 MWdjt. After irradiation at temperatures over 
450°C, and certainly up to 550°C the microstructure 
is apparently unaffected: there is no change in grain 
size, no excessive twinning, no detectable change in 
second phase distribution and no evidence of fission 
gas bubble aggregation. Below 450 oc the original 
structure becomes severely distorted after 1 000 to 
3000 MWd/t, depending on the temperature, but no 
porosity is detectable under the optical micro~>cope. 
Irradiation causes marked embrittlement of uranium, 
the tensile ductility at room temperature falling from 
approximately 10% for unirradiated material to less 
than 0.5% after a burn-up of 200 MWd/t. The tensile 
strength falls by a relatively small amount, i.e. from 
35 to 30 tsi. The cross breaking strength of bars under 
irradiation during the first 1000 MWd/t falls pro
gressively; beyond this irradiation level at or above 
300 oc no further decrease occurs. 

After irradiation at mean temperatures above 
300 oc the conductivity of fuel rods at 60 oc decreases 
by about 5% during the first 500 MWd/t and at a rate 
of I % per 1000 MWd/t subsequently. After irradia
tion at mean temperatures below 300°C the con
ductivitydecreases by 14% during the first 500 MWd/t. 
The general expression for the thermal conductivity 
subsequent to the first 500 MWd/t is: 

where: 

k = 6.09 X 10-2-2.27 B X 10-7 

+4.39(Tm-60)X I0-5 

k: thermal conductivity in cal cm-1 s-1oC-1; 

B: burn-up in MWd/t; 
T m: mean bar irradiation temperature in °C. 

The observed fall in thermal conductivity during 
irradiation is significantly less than that predicted and 
assumed for design purposes mainly because swelling 
has been considerably less than was predicted. 

The grain size of the originally fine-grained AL80 
cans increases in the early stages of irradiation at 
temperatures over 300°C and grains as long as 0.5 in 
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are not uncommon at temperatures over 350 °C. This 
grain growth appears to be without detriment to the 
operational life of the elements. Below 300 oc very 
little grain growth occurs. 

Creep tests on specimens prepared from the wall of 
coarse-grained cans have shown that the ductility at 
temperatures above 350 oc falls appreciably during 
irradiation from an initial value of approximately 90 % 
but reaches an acceptable limiting value in the range 
20-30% before 3000 MWd/t. The creep specimens 
fail by the formation of grain boundary cavities which 
are more numerous on that side of the specimen 
corresponding to the inner surface of the can, suggesting 
that the fission products ejected into the can wall are 
responsible. 

FUTURE TRENDS 

The development of the Magnox fuel element has 
now reached the end of a phase of progressive im
provement of the early designs typified by the Brad
well element: the fuel rod is a solid cylinder and the 
heat transfer surface polyzonal [11]. Ratings have 
increased from 3.8 to 5.0 MW/t, the number of fins has 
risen from 40 to 60 and there is likely to be a diminish
ing return for further design changes based upon this 
concept. However, it would be surprising if irradiation 
experience did not indicate some worthwhile improve
ments in detailed design features. The Magnox stations 
in operation and under construction utilising this 
basic design of fuel element are estimated to be able to 
achieve mean core irradiations of some 4000 MWd/t 
before the available reactivity becomes inadequate. 
Beyond such an irradiation level marginal enrichment 
of at least part of the charge is likely to be necessary 
[12]. Further design and development aimed at 
increasing the endurance of this class of fuel elements 
or at maintaining endurance to the present target 
irradiation of 3000 MWd/t under more arduous 
operating conditions will depend on the policy which 
the operators wish to adopt and on the results of 
irradiation experience to high burn-up. Already it has 
been established that the fuel rod has ample endurance 
for 5000 MWd/t while irradiation experience with the 
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civil cans has been very satisfactory to date. It can be 
expected that target irradiations could be advanced 
sequentially to 4000 and then 5000 MWd/t if the 
reactivity were available: minor can design changes 
might be necessary but present evidence does not indi
cate any specific limit on the endurance of the fuel 
other than reactivity. Increasing effort will be devoted 
to the monitoring of irradiated fuel from the civil 
stations over the next two years to ensure an early 
feed-back on design and manufacture of any signifi
cant deterioration in the fuel. 

Higher ratings than are possible with the Bradwell 
type elements can be achieved with two basic shapes 
of fuel; the tubular element and the flat bar, which 
should both function satisfactorily at ratings as high 
as 10 MW ft [7]. The flat bar element has been under 
active development for some time and irradiation 
trials are proceeding in the Authority's reactors. 

Herringbone can surfaces are marginally superior 
to polyzonal in respect of heat transfer and herring
bone cans have been selected for Sizewell reactor 2, for 
development for the Wylfa station, and for the experi
mental flat bar elements. The herringbone element 
does not require the gas splitters essentiai to the poly
zonal design and appears to possess an inherent aero
dynamic stability. It is possible, therefore, to visualise 
a robust but simple herringbone element free of 
splitters and with greatly simplified end fittings: such 
an element is a reversal of the earlier trend to more 
component parts and greater complication, forced on 
the designers when the development work on the 
earliest conceptual desig~s for the stacked civil fuel 
elements revealed the need for reinforcement and 
stabilisation. The robust streamlined designs visual
ised are expected to combine the virtues of good 
endurance and, in due course, reduced manufacturing 
costs. 

The gross cost of Magnox fuel should fall as existing 
development and plant overheads are written off, 
although the rate of reduction may be restricted if 
increases in fuel life significantly reduce plant through
put: it is possible that fuel cost in the early 1970's will 
drop to about 0.1 d per net kWh [14]. 
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ABSTRACT-RESUME-AHHOTAUIIIJI-RESUMEN 

A/560 Royaume-Uni 

Progres dans Ia mise au point, 
Ia fabrication et Ia performance des elements 
combustibles Magnox au Royaume-Uni 
par J. C. C. Stewart eta/. 

Le memoire passe en revue le progres dans Ia 
fourniture des elements combustibles Magnox pour le 
programme d'energie nucleaire du Royaume-Uni en ce 
qui concerne le perfectionnement, la fabrication et le 
rendement, au cours de Ia periode qui s'est ecoulee 
depuis Ia deuxieme Conference de Geneve (1958). On 
s'est concentre sur les questions que l'ont peut con
siderer comme etant d'une importance primordiale et 
celles-ci ont necessairement ete traitees brievement. 

On examine les differents aspects de l'acceleration 
de la production d'electricite nucleaire au Royaume
Uni, qui vise a atteindre le chiffre de 5000 MW(e) en 
1969: augmentation de Ia production d'elements com
bustibles a l'usine de Springfields de la UKAEA afin 
de satisfaire les besoins (Ia charge initiale de combus
tible de Sizewell est actuellement en cours de fabrica
tion); le comportement tres satisfaisant des centrales 
de Bradwell et de Berkeley du Central Electricity 
Generating Board; et la mise en service tres satis
faisante de Hunterston. 

On mentionne egalement la mise en service tres 
satisfaisante de la centrale de Latina de Ia Societa 
Italiana Meridionale Energia Atomica et la fabrication 
de Ia premiere charge de combustible de Tokai Mura 
pour la Japan Atomic Power Company. 

On donne des exemples des niveaux d'irradiation 
atteints avec les differents types d'elements com
bustibles Magnox. 

Le memoire mentionne la ligne de conduite adoptee, 
qui consiste dans le developpement parallele de solu
tions de remplacement pour certains organes cles. II 
s'agissait de l'alliage de gainage, de l'alliage de struc
ture a haute resistance pour les extremites des elements 
empiles et, enfin, de la barre combustible d'uranium. 

On enumere les solutions de remplacement mises au 
point dans les cas ci-dessus et les resultats obtenus a Ia 
suite d'experiences d'irradiation, d'experiences hors 
pile et d'essais d'irradiation a grande echelle. On 
discute brievement des procedes de fabrication se 
rapportant aux solutions de remplacement et on 
mentionne, lorsque cela est utile, !'influence des 
diverses solutions sur le fonctionnement du reacteur 
et sur le traitement ulterieur du combustible irradie. 

On examine les problemes poses par la cavitation 
aux joints de grains des alliages de gainage, la solution 
adoptee et les consequences pour la fabrication, ainsi 
que le probleme de la diffusion du plutonium avec 
l'alliage de gainage ZR55. On examine egalement les 
defaillances rapides qui ont ete parfois observees au 
cours du fonctionnement du reacteur, !'explication 
generalement acceptee de ces defaillances, le travail de 
mise au point effectue et en cours et les consequences 
qui en resultent pour la fabrication et les methodes 
d'exploitation des reacteurs. 

On examine les principales questions concernant les 
changements de dimension, de proprietes physiques et 
de microstructure des barres combustibles et des 
materiaux de gainage, changements provoques par 
irradiation, et les resultats des experiences de cyclage 
thermique en pile sur les gaines. 

On exprime }'opinion que Ia mise au point des 
elements combustibles Magnox a maintenant atteint Ia 
fin de Ia phase d'amelioration progressive de !'element 
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en tige cylindrique pleine et a surface de transfert de 
chaleur polyzonale; d'autres ameliorations seront 
apportees, principalement en ce qui concerne la 
fabrication, mais les changements de conception ont 
un rendement decroissant. On estime que tout nouveau 
progres exigera le recours a des surfaces en chevrons 
pour le transfert de chaleur et a des combustibles 
tubulaires ou en plaque. On envisage un element en 
chevrons robuste mais simple. Cela constitue un 
renversement de la tendance precedente, lorsque les 
etudes avaient revele la necessite de renforcer et de 
stabiliser les conceptions precedentes, ce qui avait eu 
pour effet d'augmenter le nombre de pieces constitutives 
etd'apporteruneplusgrandecomplication. Leselements 
robustes et simplifies que l'on envisage maintenant 
devraient combiner ulterieurement les avantages d'une 
reduction des frais de fabrication avec une resistance 
accrue au cours du fonctionnement du reacteur. 

Af~60 Coep,HHBHHOe KoponeecTeo 

06aop AOCTHmeHHH B 06JlaCTH paapa-
60TKH, H3rOTOBJ1eHHR H HCnOJ1b30BaHHR 
MarHOKCOBbiX renJlOBbiAellRIOW,HX 3Jle
MeHTOB s CoeAHHeHHOM Koponescrse 

)J.m. K. K. C11oapT et al. 

Ilpuuop,HTCH ooaop )l;OCTnmennii: IIOCJie BTopoii: 

Mem)l;yHapOP,HOH KOHif>epeH~HH 110 MHpHOMy HC

IIOJib30BaHHIO aTOMHoii: :mepnm B ooJiaCTH pa3pa-

6oTKH, H3rOTOBJieHHH H HCIIOJib30BaHHJI TeiiJIO

Bbl)l;eJIHIO~JIX ::meMeHTOB B 060JIO'IKe 113 MarHOK

COBOrO cnJiaBa B Coep,nHeHHOM RopoJieBCTBe. Ban

Manne y)l;eJIHeTCH BOIIpocaM, IIMeiO~HM llepBOCTe

HeHHOe 3Ha'leHHe, XOTJI OHII H paCCMaTpHBaiOTCH 

B OOI.l\eM unp,e. 

OnnChlBaiOTCH pa3JIH'IHhie aclleKTbl yBeJIH'Ie

HIIH 1IpOII3BOP,CTBa Ht~,epHOH :meKTpOaHeprliH B 

Coep,nnennoM RopoJieBCTBe )l;o 5000 M«r (:meK

Tpuqecimx) K 1969 r. AJIH aToro Heo6xop,IIMO yue

.:JH'IHTh HpOI13BOP,CTBO TeiiJIOBbiP,eJIHIOI.l\IIX aJieMeH

TOB ua 3aBo)l;e YllpaBJieHIIH no aToMnoii: aHeprnn 

Coep,IIHeHuoro RopoJieBTCBa B CllpnHrif>nJip,e B 

COOTBeTCTBHII C TeKyi~HMII IIOTpeoHOCTJIMII (B Ha

CTOH~ee BpeMH opraHH30BaHo IIOTO'IHOe 11pOH3-

BO)l;CTBO TOIIJIIIBa, IIOP,OOHOl'O nepBoHa'laJibHOH TOII

JJHBIIOH aarpyaKe peaKTopa B Caii:3yaJJJie) ; p,oon:Th

CH YAOBJieTBopHTeJibHoro lf>ynK~HOHHpoBaHHH 
H,UepHbiX ::JJieKTpOCTaHll;Hfi lJ,eHTpaJJbHOI'O ::JHepro

ynpaBJieHHJI B BepKJIH H Bpa)l;yaJIJie; o6ec11e1JHTb 

ycneiiiHOe BBeJJ,eHHe B CTpoii: HJJ,epHOK ::JJICKTpo

CTaH~Hll B XaHTepcToHe. 

Coooi~aeTCH o6 yc11elllHOM uuop,e B cTpoii: HJ.(ep

noii :.lJICKTpOCTaH~HII B JlaTHHa B lhaJIIIH II 0 3a

BeprueHHII lf3I'OTOBJieHHH nepBOH 3arpy3KH JIJ.(ep-

1101'0 TOIIJIIIBa )l;JI.fl aTOMHOii 3JieKTIJOCTaH~HH B 

ToKan-Mypa B HnoHHH. 

IlpHBOJJ,R.TCH JWHHhle 00 ypOBHe OOJJy'leHII.R, p,o

CTIIl'HYTOM B Mal'HOKCOBbiX TeiiJIOBbiP,eJIJIIOI.l\IIX 

aJieMeHTax pa3JIH'IHoii: KOHCTPYK~HH. 

J. C. C. STEWART et al. 

OllnChiBaroTCH )l;OCTIImeHIIH B OTHoruen:un op,Ho

HpeMeHHoii: paapa6oTKH HeCKOJibKHX BapllaHTOB 

TaKnx uamnhlx 11po6J1eM, KaK CIIJiaBhr )l;JIH oooJio

'J('I\, KOHCTpyK~HOHHhie CIIJiaBbl BbiCOKOH llp<l'I

HOCTH lJ,JIJI 1\0H~~BOH apMaTypbl COOpOI\ TeiiJIOBbi

JJ.e;riJIIOI~HX ::JJieMeHTOB H, HaKOHe~, ypaHOBbiC 

TE'IIJIOBbi)J;eJI.RIOI.l\lle ::JJieMeHTbl. 

Jlepe'IHCJIR.IOTC.fl pa3JIH'IHble pellleHHJI 110 yKa

aaHHbiM pa3paOOTKaM ll OIIHChlBaiOTCJI pe3yJibTa

Tbl OllbiTOB, IIOJiy'leHHble KaK BHe peaKTOpa, 11p11 

ai\CIIepHMeHTaJihHOM OOJiy'leHHH, TaK H 11pH OOJiy

'IeHHII H peaKTope. RpaTKo paccMaTpHBaroTc.R 

npo~eCCbl 113I'OTOBJieHHJI )l;eTaJieii: H CIIJiaBOB B 3a

BHCIIMOCTH OT TeX HJIII HHbiX 11pHHJITbiX perueHHH. 

a TaM, r)l;e ::JTO HeOOXO)l;HMO, yKa3biBaeTCJI, KaK TC 

mm IIHhle perueHIIH cKa3hlBaiOTCR. Ha paooTe pe

aKTopa n Ha IIOCJie)l;yiOI.l\eii nepepaooTI\e ooJiy'leH

noro TOIIJIHBa. 

OllnChiBaiOTCH 3a TPY)l;HeHHH, B03HHKaiOI.l\He n 

CHR.3:u c HBJieHneM KaBnTau;un na rpann~ax 3epcn 

cnJiaBoB, cJiymall\HX )l;JIH naroTOBJICHH.R o6oJIO'ICI>; 

yKa3hlBaeTCR. Ha TO, KaK npHH.RTble perueHH.fl CKa-

3biBaiOTCJI Ha npou;eccax uaroTOBJieHnH oooJio'lel\; 

OOCym)l;aeTCJI npOOJieMa )l;Hif>lf>yaHH nJiyTOHHJI B 

cJiy'lae oooJio'leK 113 CIIJiaBa ZR55. 06cym)l;aeTcH 

TaKme Ha6JIIO)l;aeMoe HHOr)l;a 6biCTpoe OOpaaoBa

HIIe p,eif>eKTOB 11pn paooTe peaKTopa 11 p,aroTcH 

o6hl'IHO npnHHThle oo'hHCHeHn.R aToro HBJiennH; 

OIIIICbiBaeTC.fl yme BbiiiOJIHeHHaR., a TaKme H 11pO

BO)l;HMaJI B nacToH~ee upeMa paooTa no )l;aJibHen

runM H3hlCKaHH.RM H yKa3hlBaeTCJI, RaK OHH MOryT 

IIOBJIIIJITb Ha 11pO~eCCbl H3rOTOBJieHH.fl II Ha paoo

TY peaKTopoB. 

IlpHBO)l;JITCJI 11p116JIII3HTeJibHble )l;aHHble no 113-

MCHeHH.fiM pa3MepoB, lf>uaH'IeCKIIX CBOHCTB II MH-

1\pOCTPYKTypbl B peayJihTaTe ooJiy'leHHH TenJioBhl

l~eJI.RIO~IIx aJieMeHTOB 11 MaTepllaJioB oooJio'leK, a 

TaKme pe3yJihTaTbl 3KC11epHMeHTOB IIO IIOBe)l;eHIIIO 

oooJio'lel\ 11pn MHoroKpaTHOM HCIIOJib3oBaHIIII Te

IIJlOBhlAeJI.RIO~IIX ::JJieMeHTOB B peaKTope. 

Jlpe)l;IIOJiaraeTCJI, 'ITO pa3paOOTKa MarHOKCOBbiX 

TeiiJIOBbl)l;eJIJIIOI~HX aJieMeHTOB P,OCTHrJia 1\0He'IHOH 

1pa3bl B OTHOllleHIIII ycoBeprueHCTBOBaHHR. TBep

~~biX ll;HJIIIH)l;pll'leCKHX CTepmHeii C MHOr030HaJih

HOH nouepxHOCThiO Teimorrepep,a~m; )IaJihHeifruHe 

ycouepruencTBOBaHHH, rJiaBHhiM o6pa3oM rrpo

~ecchr H3roTOBJieHIIH, OYAYT, no-BIIAHMOMy, npo

;~oJimaThCH, HO 113MeHeHHJI KOHCTpyK~JIH Bp.R)l; Jill 

cMoryT rrpHBeCTH K 3Ha'IHTeJibHhlM yJiyqrueHHHM. 

Bhlci<a3hlBaeTcH rrpe)InonomeHu:e, 'ITO Hoable ycne

xn MoryT 6b1Th JIOCTHfHYTbT OCYI.l\CCTBJieHnPM 

1\0JIOCOBII)l;HblX ( «B eJIO'II\Y>>) llOBt>pXHOCTeii TCJI

JH>ITCpe)Ia'IH, HJIH me Tpyo'laThlx HJIH unaCTHH

'IaTbiX TCUJIOBbl)l;eJI.RIOI.l\11X <lJICMeHTOB. Ilpe)IyCMa

TpHBaeTCJI H3l'OTOBJICHHC 11p0'1HbiX, HO npoCTblX 

KOJIOCOBHP,HhlX ::JJieMCHTOB. ()To- 03Ha'laCT HOBbiii 

HO)l;XOlJ, K perueHHIO IIpOOJICMbl yKpCUJICHUJI Jf CTa-

6HJIH3all;IIH KOHCTPYK~nii. MomHo omHlWTh, 'ITo 

npe,];yCl\taTpHBaeMhle B HaCTOR.I.l\eC BpeMH llpO'IHhll' 

H nerKo o6TeKaeMble KOHCTpyH~HH B KoHC'IHOM 

paC'fCTC HpHBe)Iy'l' K CIHI»\l'HHIO ce6eCTOIIMOCTII 

11p0~3BOlJ,CTHa 11 IIpOP,JICHIJIO HX CpOI\a CJJym6hl ll 

peaKTope. 
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A/560 Reino Unido 

Examen de los avances en el desarrollo, 
fabricaci6n y comportamiento 
de los elementos combustibles de Magnox 
en el Reino Unido 

por J. C. C. Stewart eta/. 

Se examinan los progresos alcanzados, desde Ia 
Segunda Conferencia de Ginebra (1958), en Ia provi
sion de elementos combustibles de Magnox para el 
Programa de Energia Nuclear del Reino Unido, en lo 
que respecta al desarrollo, fabricacion y comporta
miento. Se ha concentrado Ia atencion en los puntos 
considerados como de capital importancia, los cuales 
son, por necesidad, brevemente tratados. 

Se mencionan diversos aspectos del incremento, 
cada vez mayor, de la producci6n de energia nuclear 
en el Reino Unido, con vistas a alcanzar el objetivo de 
disponer, en 1969, de 5000 MW(e) con referenda al 
incremento en la produccion de elementos combus
tibles en Ia factoria de Springfields de la UKAEA en 
consonancia con las necesidades ( esta fabricandose 
actualmente Ia carga inicial de elementos com
bustibles para Sizewell); el comportamiento, muy 
satisfactorio, de las centrales de Bradwell y Berkeley de 
Ia Central Electricity Generating Board; y Ia entrada 
en servicio con exito de Hunterston. 

Se hace referenda, tam bien, a Ia entrada en servicio, 
con pleno exito, de la central de Latina, de la Societft 
Italiana Meridionale Energia Atomica y a la termina
cion de Ia fabricacion de la primera carga de elementos 
combustibles para la central de Tokai Mura de la 
Japan Atomic Power Company. 

Se muestran ejemplos de los niveles de irradiacion 
alcanzados en diversos tipos de elementos com
bustibles de Magnox. 

Se hace referenda a la politica adoptada de 
desarrollar paralelamente soluciones alternativas de 
ciertos puntos fundamentales. Estos puntos fueron: 
aleaciones para la vaina, aleaciones estructurales de 
alta resistencia para los accesorios de los extremos de 
los elementos combustibles apilados y finalmente las 
barras de uranio. 

Se citan en Ia memoria las alternativas desarrolladas 
en los casos mencionados anteriormente y se da cuenta 
de los resultados obtenidos tanto <<fuera de pila )) como 
en experimentos de irradiacion y en pruebas de irra-
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diacion a gran escala. Se discuten brevemente los 
procesos de fabricacion asociados a las soluciones 
alternativas y se hace referenda, en los casos en que se 
considera oportuno, a Ia repercusion de las soluciones 
alternativas en el funcionamiento del reactor y en el 
tratamiento posterior del combustible irradiado. 

Se presentan tambien los problemas que surgen 
como consecuencia de las cavitaciones en los hordes de 
grano en las aleaciones para vainas asi como las 
soluciones adoptadas y las complicaciones que llevan 
consigo en la fabricacion. Igualmente se hace refe
rencia al problema de la difusion del plutonio en la 
aleacion de vaina ZR55. Se mencionan tam bien: Ia 
aparicion fortuita de fallos rapidos durante el funcio
namiento del reactor; la explicacion, generalmente 
aceptada, de tales fallos; el trabajo de desarrollo 
llevado a cabo y el que se esta realizando; y Ia reper
cusi6n en los procedimientos de fabricaci6n y de 
funcionamiento del reactor. 

Se discuten los rasgos mas sobresalientes de los 
cambios dimensionales y de las variaciones en las 
propiedades fisicas y en la microestructura que tienen 
Iugar como consecuencia de la irradiacion de las 
barras de combustible y de los materiales de vaina y 
se da cuenta de los resultados de los experimentos de 
ciclado termico dentro del reactor. 

Se expresa Ia opinion de que el desarrollo de los 
elementos combustibles de Magnox ha alcanzado, en 
el momento actual, el final de una etapa de mejoras 
progresivas en lo que se refiere el elemento cilindrico 
macizo con superficie de transmision de calor poli
zonal; continuaran las mejoras, principalmente en lo 
referente a la naturaleza de Ia fabricacion, pero se 
restringiran los cambios de disefio. Se sugiere que los 
nuevos avances habran de lograrse con superficies de 
transmision de calor en forma de espina de pescado y 
elementos combustibles tipo placa o tubulares. Se ha 
considerado un elemento en forma de espina de 
pescado robusto a la vez que simple. Esto representa 
un cambio en la tendencia anterior, en la que el 
trabajo de desarrollo revelo Ia necesidad de reforzar y 
estabilizar los disefios conceptuales primitivos con la 
consiguiente implicacion de mayor numero de com
ponentes y mayor complicacion. Se espera que los 
proyectos de elementos aerodinamicos robustos que se 
han concebido, reunan, al fin, las ventajas de un coste 
de fabricacion reducido con una mayor duracion en el 
reactor. 
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Etudes et fabrications de combustibles au plutonium 

par P. Bussy, J.-P. Mustelier, et R. Pascard* 

On a groupe dans ce memoire certains aspects 
caracteristiques des etudes faites au CEA sur les com
bustibles au plutonium. L'effort principal a porte sur 
les combustibles de reacteurs a neutrons rapides et en 
premier lieu sur le combustible de RAPSODIE; 
cependant, les etudes du recyclage du plutonium dans 
les reacteurs a neutrons thermiques ont necessite la 
fabrication de plusieurs jeux de combustibles pour des 
experiences critiques. 

Les etudes de materiaux ne seront pas, faute de 
place, decrites en detail; nous nous bornerons a 
indiquer brievement leurs grandes lignes. 

Dans le domaine des alliages ternaires a base 
d'uranium et de plutonium, une etude comparative des 
elements d'addition tels que le molybdene, le zir
conium, le titane et le niobium a ete faite. Les resultats 
en sont resumes dans le tableau 1. I1 en ressort que le 
titane ameliore fortement les caracteristiques des 
alliages binaires U-Pu et se compare favorablement a 
ce titre au molybdene [1]. 

Dans le domaine des ceramiques, l'etude du frittage 
et des proprietes des carbures, oxycarbures, nitrures et 
carbonitrures, dont les resultats sont resumes dans le 
tableau 2, a revele l'interet comme combustible des 
carbonitrures du type UC-PuN [2]. 

FABRICATIONS 
Fabrication du combustible de RAPSODIE 

Les principales donnees concernant RAPSODIE 
sont indiquees ailleurs et nous ne traiterons dans ce 
chapitre que de la fabrication du combustible. 

La figure 1 montre le modele de l'aiguille combus
tible et ses elements constitutifs; le tableau 3 indique 
d'autre part les donnees de fabrication. 

Traitement des matieres premieres 
On a choisi au depart, comme mode de fabrication, 

le melange par broyage a sec des oxydes Pu02 et U02 
plutot que la coprecipitation, qui donne a coup sur un 
melange excellent mais fournit des produits aux pro
prietes moins constantes. Le schema de la fabrication 
est indique sur la figure 2. 

Le diuranate d'ammonium est calcine puis reduit 
pour donner U02; !'oxalate de plutonium precalcine 
est grille a 700 oc pour donner Pu02. Les oxydes sont 
melanges et broyes ensemble dans une jarre a boulets, 
le produit qui en resulte est une poudre extremement 

• Commissariat a l'energie atomique. 

fine qui doit etre granulee pour permettre !'alimenta
tion reguliere de presses automatiques. 

Mise en forme de l'oxyde 
Deux solutions ont ete essayees successivement: une 

methode de granulation par voie humide, et une 
methode de double pressage qui s'est revelee plus 
satisfaisante et qui a ete adoptee. 

Cette methode consiste a presser une premiere fois 
la poudre provenant du broyage sous forme de grosses 
pastilles ( diametre 25 mm) puis a les concasser dans 
un broyeur special et enfin a classer au tamis le produit 
broye de maniere a obtenir un agglomere fin (dimen
sions comprises entre 315 et 800 microns) qui est 
presse so us forme definitive a pres addition d'une faible 
quantite de lubrifiant (behenate de zinc). 

Le frittage se fait en atmosphere reductrice composee 
de 90 % d'argon et de 10 % d'hydrogene. 

Les pastilles obtenues presentent a l'interieur d'un 
meme lot une tres faible dispersion de diametre 
(environ ±0,01 mm); on pense pouvoir eviter la recti
fication en rattrapant les ecarts dus aux variations de 
proprietes d'un lot a l'autre par des modifications de la 
pression de pastillage et en jouant sur le diametre des 
matrices. 

Mise au point de Ia fabrication 
Elle a porte sur le reglage optimum des differents 

stades de la fabrication: a) determination des tempera
tures de calcination et de reduction du diuranate 
d'ammonium (870°C) de la temperature de calcination 
de l'oxyde de plutonium (850°C); b) reglage des 
operations de broyage-melange, de la granulation, du 
pressage et du frittage (cycle thermique de cuisson 
regie a un palier de 1650°C pendant 5 heures). 

Figure 1. Aiguille combustible de RAPSODIE 
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Tableau 1. Proprietes comparees d'alliages ternaires U-Pu-M 
(composition: U 70%, Pu 20%, M 10%, en poids) 

U-Pu U-Pu-Mo U-Pu-Nb U-Pu-Ti U-Pu-Zr 

Elaboration. Mise en forme Facile Facile Difficile Facile Facile 
Fragilite des alliages coules Fragile Peu fragile Fragile Peu fragile Fragile 
Tenue dans l'air Mauvaise Bonne Bonne Excellente Bonne 
Durete (unites Vickers) 300 320 360 355 415 
Presence de la phase U-Pu zeta Oui, beaucoup Oui Oui Tres faible Oui 

quantite 
Temperature de fusion . 940 960 1075 >1100 >1100 
Temperature de transformation 572 525 570 647 586 
Coefficient de dilatation entre 20 et 500°C, x 106 21 16 17,8 16 17,3 
Densite a 20 oc 18,8 17,15 16,5 14,57 15,64 
% atomique du 3e element . 0 21,66 22,17 35,60 22,50 
Tenue au cyclage thermique, nombre de cycles 

limite: 50 a 100, temperature 500 a 900°C 
environ Mauvaise Bonne Bonne Bonne Fluage des 

750°C 
Resistivite electrique (1-'Q/cm) a 23 oc 80 77 103 86 
Conductibilite thermique: 2JDC (W/cm)/(cm2/s) . 9,07 X 10-2 9,4 X 10-2 7,05 X 10-2 8,45 X 10-2 

Tableau 2. Carbures, nitrures, oxycarbures et carbonitrures mixtes d'uranium et de plutonium 
Preparation des poudres frittables 

Melange initial 

UHa+C 
PuH2,7 a a+C 
U + UHa+N2 
UN1, 75 (dissociation) 
(1-x)UHa+xPuH2,7+C 
(1-x)UHa+(1-x)C+PuN. 

Produit final 

uc 
PuC 
UN1,7s 
UN 
(U1..,,Pux)C 

(1 - 2x)UHa + (1 - 2x)C + xPu02 + PuH2, 7 
(1-x)UN1,75+xPuN . 

(U1..,,Pux) (Cl-xNx) 
(U1-2.,Pu2x) (C1-2x,02x) 
(U1-.,Pux)N 

Proprietes 

Nature et purete Stabilite thermique 

Oxycarbures . . . . . . } 
Carbures . . . . . . . Presence de carbures 
Carbonitrures pauvres en azote . superieurs 

types: M2Ca 

Dissociation a 1 600 oc pour 
des teneurs en UO > 15 % 

Stables jusqu'a 2000°C 
Stables jusqu'a 1800°C 

Carbonitrures riches en azote Monophases 

Nitrures Monophases Decomposition entre 1600 et 
1 800 oc suivant la teneur 
en plutonium 

Tableau 3. Donnees principales sur le combustible de 
RAPSODIE 

Diametre des pastilles . 
Hauteur des pastilles 
Nombre de pastilles par aiguille 
Hauteur de Ia colonne d'oxyde 
Masse moyenne de la colonne en oxyde 

mixte . 
Nombre d'aiguillesa 
Nombre de pastilles 
Masse d'oxyde mixte 
Masse de plutonium 

5,67 ± 0,05 mm 
10mm 
34 
340±3 mm 

90,5 g 
2701 
91834 
245 kg 
55,6 kg 

• La premiere fabrication comprend 73 assemblages de 37 aiguillos 
comprenant 20 assemblages de rechange et d'experimentation. 

Temperature ( 0 C) 

1000 a 1400 
1000 a 1400 

400 
800 a 1400 
1400 
1400 
1400 

Compatibilite avec l'acier 
inoxydable 

Transfert de carbone 
Diffusion rapide du Ni avec 

formation de composes 
intermetalliques du type 
MNis 

Attaque par le fer et le 
chrome a T> 1 ooooc 

Bonne 
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Oxalate de 
Calcination Reduction Calcination Oiuranate 

Pu - - 1-- -1- (air) (H2, N2) (air) d'ammonium 
precalcine 

Melange 

~ (argon) Broyage Separation galets-oxyde 
(argon) F= (argon) 

II 
Compactage 

(argon) 

ll 
Lubrifiant Concassage 1---

(behenate de Zn) (argon) 

ll I 

Conditionnement Pastil loge Enrobage Tamisage -
(argon) i= (argon) F= (argon) (argon) 

II 
Etuvage 

i= 
Frittage ~ Chargement 

~ 
Rectification cyl indrique 

(vide) (H 2, Ar) (air) (air) 

~ ll 

Gain age 1--::-:-
Etuvage 

~ 
Rin~age 

(vide) (helium) (air) 

Figure 2. Schema de fabrication des pastilles U02-Pu02 pour le premier coeur de RAPSODIE 

Securite 
Les regles habituelles de la prevention des risques de 

contamination, d'irradiation et de criticite ont ete 
observees. Il faut signaler: 

Les risques d'irradiation: Ils sont dus au rayonne
ment gamma du plutonium (380 et 150 keY de 239Pu 
et 40 et 17 keY de 240Pu) qui contient 10% de l'isotope 
240. La protection est obtenue par des ecrans de 
plomb disposes autour des recipients et sur le plancher 
des boites a gants et par des ecrans de verre au plomb 
situes entre les operateurs et le poste de travail. 

Les risques de criticitt?.· Pour chaque poste de travail 
la quantite maximale admissible et Ia division de Ia 
charge journaliere dependent des conditions locales a 
chaque stade. Les fours de calcination, par exemple, 

Tableau 4. Tableau des donnees principales sur Ia 
fabrication 

Capacite joumaliere de fabrica
tion 
Soit . . . 

Masse de U02 a 60% 2asu 
Masse de Pu02 . 
Masse d'oxyde mixte . 

Duree de fabrication du C<Eur . 

960 pastilles 
28 aiguilles environ 
1940 g soit 1020 g 235U 
640 g soit 540 g de Pu 

2580 g soit 1560 g matiere 
fissile 

Environ 5 mois de travail 
effectif 

qui sont refroidis a l'eau sont tels que leur volume reste 
sous-critique, queUe que soit la concentration en 
matiere fissile, meme en cas de remplissage accidentel 
par l'eau. 

Controle 
En cours de fabrication: On procede a Ia mesure des 

facteurs permettant de s'assurer de la nature des pro
duits et eventuellement d'ajuster les proprietes finales. 
Ce sont: 

a) Les surfaces specifiques des poudres (mesurees 
par Ia methode BET); 

b) Le rapport Pu/U a pres broyage; le taux d'impure
tes introduites; 

c) La densite a crft des pastilles permettant de 
prevoir le retrait (15 a 20 %); 

d) Le controle des atmospheres (frittage, reduction). 
En fin de fabrication: 
a) Mesure de la densite des pastilles frittees; 
b) Examen de !'aspect et elimination des pastilles 

defectueuses; 
c) Verification de Ia structure et de l'homogeneite de 

Ia solution solide(parrayons Xetmicrographie); 
d) Verification de Ia teneur finale (par analyse 

chimique); 
e) Mesure des dimensions et tri des pastilles avant 

gainage. 
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CHARGE DE PLUTONIUM INITIALE 

l 1ere dilution par !'uranium 

Alliage-mere N° 1 

portage en 3 parts 
chaque part 

l 2eme dilution par !'uranium 

Alliage-mere N°2 

portage en 3 parts 
chaque part 

l 3eme dilution par !'uranium 

All iage- mere final 

portage en autant de parts qu'il y a de lots de barreaux a couler 

--------r--------_ 
JEUX de SUBSTITUTION JEUX d'OSCILLATIONS 

Alliage-mere U-Pu 

l +U 
192 barreaux a Ia concentration finale : C 

l pregainage AI taraldite 

192 cartouches pregainees 

l 2eme gainage 

L'AIIiage-mere U-Pu 

est dilue 

pour obtenir 4 concentrations differentes, 

encadrant Ia concentration C du jeu de substitution: 

r 
Forme AQUILON-MARIUS 24 barres de 8 cartouches pour chaque concentration on a 5 billettes 

l regainoge 

Forme MINE RYE 24 barres de 3 cartouches 

fabrication de 40 barreaux 1 degainage complet 
supplementaires regainage Mg 

Forme CESAR 232 cartouches type G2 

l gainage AI (soudure) 

Forme AQUILON-MINERVE 

5 cartouches 

! degainage de 3 cartouches 

regainage Mg 

Forme MARIUS 

-~~-~-1 cartouche 

~- 300----~ 
Figure 3. Schema des operations de fabrication des jeux de substitution et d'oscillations 
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Resultats 

La mise en route de !'atelier a ete faite en plusieurs 
temps: 

a) Verification de Ia capacite de production: les 
essais, qui ont porte sur plusieurs milliers de pastilles, 
ont ete faits avec de l'uranium nature!. IIs ont permis 
de deceler les points delicats a ameliorer et de fixer 
l'effectif minimal necessaire pour travailler a Ia 
cadence prevue (12 agents); 

b) Reglage des parametres de fabrication: les essais 
ont ete faits avec de !'uranium naturel et egalement 
avec l'uranium enrichi prevu pour Ia fabrication du 
ca:ur. Ils ont permis de fixer definitivement les tem
peratures de calcination et de reduction, Ia duree du 
broyage en jarre et la pression de pastillage. La densite 
du produit fritte atteinte est de 10,7 soit 97,5% de la 
densite theorique; 

c) Mise en route de Ia fabrication d'oxyde mixte. Ce 
dernier stade etait subordonne a la reception du plu
tonium destine au premier ca:ur de RAPSODIE. II a 
necessite un nouvel ajustement de quelques para
metres de la fabrication et en particulier du temps de 
broyage. Le tableau 4 resume les donnees principales 
de la fabrication finale. 

Fabricatiol) de jeux de substitution et d'oscillation 
en alliage uranium-plutonium* 

Deux jeux de combustibles ont ete fabriques pour 
des experiences critiques, qui sont relatees ailleurs. 
Chaque jeu consistait en barreaux d'alliages uranium
plutonium coules, usines au tour et gaines d'alumi
nium, les dimensions des barreaux etaient Ies suivantes: 
diametre 29,2 mm; hauteur 292,5 mm. La teneur en 
plutonium, representative des teneurs existantes dans 
l'uranium irradie etait de 0,043 % et 0,3 %; la quantite 
totale de combustible a fabriquer etait de 700 kg pour 
chaquejeu. 

Principe de Ia fabrication 

II a ete guide par les considerations suivantes: 
a) Simplifier au maximum les operations, etant 

donne le grand nombre de barreaux a fabriquer et la 
necessite de travailler Ia plupart du temps en boites a 
gants; 

b) Diminuer au minimum les freintes. On disposait 
en effet d'une quantite limitee de plutonium de com
position isotopique determinee et il etait essentiel de 
conserver cette individualite isotopique pour tous les 
elements devant servir a une meme serie d'experiences; 

c) Disposer de series de barreaux ayant des carac
teristiques aussi homogenes que possible en ce qui 
concerne le titre de l'alliage, les dimensions et le poids 
des barreaux; 

d) A voir un mode de gainage aussi simple que 
possible, etant donne que le seul interet du gainage est 
de proteger les installations d'une contamination 
eventuelle. 

Dans ces conditions, le schema de la fabrication 

• Travail effectue sous contrat EURATOM dans le cadre de 
l'accord USA-EURATOM. 

P. BUSSY et at. 

etait le suivant (fig. 3): fabrication de trois alliages
meres successifs de teneurs decroissantes en Pu; coulee 
simultanee de six barreaux; usinage au tour; gainage 
dans des tubes d'aluminium dont les bouchons etaient 
colles a l'araldite. 

Controles 

a) Le titre des alliages-meres et de chaque coulee de 
six barreaux a ete mesure par analyse chimique; 

b) Les defauts de fonderie ont ete deceles par gam
magraphie avant l'usinage. Les barreaux defectueux 
ont ete refondus; 

c) Les barreaux usines ont ete compares a l'un 
d'entre eux choisi comme etalon par comptage des 
neutrons de fission spontanee emis principalement par 
240Pu. La precision de la comparaison peut atteindre 
±1 %. 

Bilan des fabrications effectuees 

Premier jeu de substitution pour les experiences 
AQUILON et MARIUS 

Le plutonium fourni par l'agence d'approvisionne
ment d'EURATOM contenait 5,7% de 240Pu. 
L'uranium etait de l'uranium fran~ais refondu sous 
vide. Le titre de l'alliage etait de 0,043 % de plutonium 
dans !'uranium. 

Le cahier des charges demandait que les caracteris
tiques des barreaux-poids, titre en Pu, masse de Pu
soient comprises dans un intervalle de ± 2,5 % par 
rapport a la valeur moyenne. 

L'examen des histogtammes montre que le but a ete 
atteint: a 100% pour les poids des barreaux; .a 90% 
pour les teneurs en Pu; a 95 % pour Ia masse de Pu 
contenue dans chaque barreau. 

Les rebuts en cours de fabrication ont ete pratique
ment limites aux seuls barreaux ayant des defauts de 
fonderie ou des erreurs de cotes a l'usinage. 

Deuxieme jeu de substitution pour les 
experiences AQUILON et MARIUS 

Le plutonium fourni par l'agence d'approvisionne
ment d'EURATOM contenait 7,7% de 240Pu. 
L'uranium etait de l'uranium appauvri a 0,22% en 
2asu egalement fourni par l'agence d'approvisionne
ment d'EURATOM. Le titre de l'alliage etait de 0,3% 
de plutonium dans !'uranium. 

Afin d'ameliorer la precision des mesures en pile, i1 
a ete necessaire de resserrer l'ecart admissible pour les 
masses de plutonium par barreau; l'intervalle est passe 
de ±2,5% par rapport au barreau etalon, a± 1,5 %. 
Or, l'analyse chimique des alliages-meres n'etant 
connu qu'a ± 2 %, il etait done necessaire d'introduire 
une operation de comparaison des barreaux par Ia 
methode de comptage des neutrons de fission spon
tanee avant le pregainage, de far;on a permettre un 
recyclage rapide des barreaux hors tolerance. II en est 
resulte un taux de rebut d'environ 35 % qui se repartit 
de Ia maniere suivante: 
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Defauts de fonderie 0 5,9 
Composition en dehors de l'intervalle ± 2,5 % 9,8 
Composition comprise entre ± 1,5 % et ± 2,5 % 0 19,3 

Total 35 % 

L'analyse de l'histogramme des caracteristiques de 
l'ensemble des barreaux fabriques permet de tracer les 
courbes (fig. 4) qui donnent, l'une Ia proportion de 
barreaux acceptes en fonction de l'ecart choisi pour Ia 
tolerance sur la masse de plutonium contenue dans 
chaque barreau, et l'autre le facteur multipliant le prix 
de revient de Ia fabrication en fonction de Ia severite 
du choix. 

On peut cons tater que, jusqu'a ± 3 % par rapport a 
Ia valeur moyenne, le rebut et par consequent le 
surprix represente par les exigences supplementaires 
croissent lentement. Par contre, a l'interieur de 
l'intervalle ± 2 %, cette croissance est tn!s rapide. La 
valeur importante du taux de rebut s'explique par Ia 
faible teneur en plutonium de l'alliage, qui necessite un 
grand nombre de dilutions successives. 

L'analyse des conditions de Ia fabrication du jeu 
pour !'experience AQUILON No 1 aboutit a des 
resultats semblables. 

Recyclage des dechets par refusion directe 
Les operations de tron<;onnage et d'usinage pour la 

mise a Ia cote des barreaux produisent des quantites 
importantes de copeaux (environ 60 kg par jeu, soit 
11,7 % de Ia masse fabriquee ). 

Ces copeaux posent des problemes de manutention 
et de stockage delicats en raison des risques d'incendie. 
Des essais de recuperation par refusion sous vide ont 
ete entrepris principalement afin de stocker ces residus 
sous une forme compacte et inerte. Les usinages ayant 
ete effectues sous atmosphere d'argon pur, les copeaux 
etaient tres peu oxydes et nous avons constate qu'il etait 
possible de recuperer ainsi une quantite notable 
d'alliage sain et d'en diminuer Ia quantite a recuperer 
par voie chimique. 

Les recuperations effectuees au cours de Ia fabrica-

tion pour !'experience AQUILON no 1 ont atteint 
65 % du poids des copeaux produits. Pour !'experience 
AQUILON no 2,ce tauxderecuperation a atteint 90% 
du poids des copeaux qui ont ete refondus sous forme 
de barreauxo 

ESSAIS D'IRRADIATION DES AIGUILLES 
COMBUSTIBLES DE << RAPSODIE )) 

Une serie d'irradiations d'aiguilles en oxyde mixte 
U02-Pu02 gainees d'acier inoxydable type 304L a ete 
entreprise des 1961 dans le reacteur EL3. De maniere 
a obtenir dans le flux de neutrons thermiques de cette 
pile une puissance specifique correspondant a celle de 
RAPSODIE tout en gardant les dimensions des 
aiguilles reelles, Ia composition de l'oxyde mixte etait 
de 11% de Pu02 et 89% d'oxyde d'uranium naturel. 
Dans ces conditions, Ia depression de flux dans le com
bustible ne depassait pas Ia valeur 0,75. 

Le tableau 5 resume les differents parametres, 
variables d'une aiguille a l'autre. Les plus importants 
d'entre eux sont: Ia densite de l'oxyde, qui varie de 84 
a 98 % de la densite theorique; le jeu diametral entre 
l'oxyde et la gaine. 

Differentes epaisseurs de gaine et differents modes de 
calage de Ia colonne d'oxyde ont ete experimentes: le 
blocage de l'oxyde etait en particulier obtenu soit par 
un tube entretoise, soit par un ressort. 

Le dispositif d'irradiation comportait une double 
paroi; les aiguilles etaient immergees dans un bain de 
sodium [3]. Les temperatures moyennes d'irradiation 
ont ete mesurees dans le sodium et correspondaient a 
Ia temperature de Ia gaine. La puissance specifique 
moyenne et le taux de combustion ont ete evalues au 
moyen du bilan thermique du dispositif et a I' aide de 
moniteurs d'aluminium-cobalt places le long des 
aiguilles. Les integrales de conductibilite ont ete 
corrigees en tenant compte de Ia depression de flux. 

Le comportement des aiguilles a ete juge satisfaisant. 
Leur longueur n'a pas subi de modifications sauf dans 
le cas de l'aiguille R 20-7, qui montre un allongement 
de 0,8 mm, soit 0,2 % de Ia longueur. La radiographie 
de cette aiguille a montre d'autre part que la colonne de 

Tableau 5. Donnees principales sur les essais d'irradiation des aiguilles combustibles de RAPSODIE 

Aiguille R20-l R20-2 R20-3 R20-4 R20-S R-20-6 R20-7 

Densite de l'oxyde (% theorique) 95 95 84 84 86 86 96-98 
Epaisseur de Ia gaine (mm) 0,3 0,3 0,3 0,3 0,3 0,3 0,45 
Jeu diametral moyen oxyde-gaine (mm) Non Non 

mesure mesure 0,06 0,06 0,27 0,27 0,20 
Calage longitudinal des pastilles Tube Tube Tube Tube Tube Tube Ressort 

entretoise entretoise entretoise entretoise entretoise entretoise 
Temperature moyenne du sodium (°C) 390 350 400 380 580 Moy.450 450 

Max.580 
Puissance specifique (W /cm8) 900 700 950 860 2300 Moy. 1300 1300 

Max.2300 
Integrate de conductibilite (W /em) 17 12,5 17,5 15,5 41 Moy.22 22 

Max.40 
Taux de combustion (MWj/t) o 2200 1700 3000 12000 1900 20000 3600 
Fraction des gaz de fission liberes ( %) 4,7 5 1,2 23,4 14,5 
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±4 ±5 ±6 Ecorts fixes 
sur les concentrations 

Figure 4. Analyse de l'histogramme de Ia fabrication des barreaux 

A gauche: Pourcentage des barreaux acceptes pour differents ecarts donnes par rapport a Ia valeur 
moyenne; a droite: Facteur multipliant le prix de revient de Ia fabrication en fonction d'un ecart 

determine a l'avance 

Figure 5. Coupe de l'aiguille R 20-4 Figure 6. Coupe de l'aiguille R 20-7 

lntegrale de conductibilite; 15,5 W /em; taux de combustion: 
12000 MWj/t 

Integrale de conductibilite: 22 W/cm; taux de combustion: 
3600 MWj/t 
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pastilles s'etait deplacee en comprimant le ressort de 
blocage. Ce deplacement est reparti assez uniforme
ment sur les differentes pastilles, creant entre elles des 
jeux de l'ordre de 0,1 mm. 

Le diametre exterieur des aiguilles dont le jeu entre 
pastilles et gaine est le plus grand a montre une ten
dance a diminuer legerement sans qu'on sache exacte
ment a quel mecanisme attribuer cette dimunition. Le 
jeu diametral entre pastilles et gaine est cependant 
presque entierement supprime par la fragmentation de 
l'oxyde, comme le montrent les examens micro
graphiques (fig. 6). Les mesures de pression des gaz de 
fission dans les gaines ont permis de calculer leur 
degagement sous irradiation (tableau 5). Seuls sont 
retenus comme significatifs les resultats correspondant 
aux aiguilles R 20-2, R 20-6 et R 20-7. Les pressions 
correspondantes sont raisonnables: a 500 oc, par 
exemple, la gaine de l'aiguille R 20-6 (20000 MWj/t) 
etait soumise a une pression de 16 kgjcm2, ce qui 
correspond a une contrainte maximale dans la gaine 
de 1,6 kg/mm2. 

Bien que les integrates de conductibilite soient 
faibles, on observe cependant dans tous les cas la 
formation d'un trou central, grand si l'oxyde est peu 
dense (fig. 5), de petites dimensions si l'oxyde est dense 
(fig. 6). La position excentree du trou, observee 
lorsque le jeu entre pastilles et gaine est eleve, indique 
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que les transferts de chaleur sont mauvais et irregu
liers; dans to us les cas, l'examen micrographique met 
en evidence une zone de grains basaltiques entourant 
la cavite centrale. Cette zone est entouree d'une region 
ou le grain est equiaxe. En peripherie, on retrouve les 
grains de l'oxyde initial. 

Ces observations indiquent que, malgre Ies faibles 
valeurs de l'integrale de conductibilite, l'oxyde atteint 
ou depasse des temperatures de l'ordre de 1600°C a 
cceur. Le coefficient de transfert de chaleur est done, 
dans tous les cas, assez mediocre, et l'ecart de tem
perature entre la gaine et l'oxyde est eleve. 

L'examen des coupes des aiguilles R 20-5 et R 20-6 
permettra de preciser la valeur des coefficients de 
transfert thermique entre l'oxyde et la gaine dans le cas 
d'integrales de conductibilite plus fortes. On sait 
cependant que, dans ce cas, le comportement sous 
irradiation de ces aiguilles est satisfaisant. 
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A/58 France 

Study and manufacture of plutonium fuel 

By P. Bussy eta/. 

The studies carried out at CEA on the properties of 
fast neutron reactor fuels, the manufacture of fuel 
elements and their behaviour under irradiation are 
broadly outlined. 

The metal fuels studied were the ternary alloys 
U-Pu-Mo, U-Pu-Nb, U-Pu-Ti and U-Pu-Zr. The 
ceramic fuels were mixed uranium and plutonium 
oxides, carbides and nitrides obtained by sintering. 

Results are given on the manufacture of uranium 
fuel elements containing a small proportion of plu
tonium, used in a critical experiment, and on the first 
experiments in the manufacture of fuel elements for the 
reactor RAPSODIE. 

Finally the results of irradiation tests carried out on 
the prototype fuel pins for RAPSODIE are described. 

A/~8 llJpaH4HR 

~ayYeHHe H H3f0TOBneHHe nnyTOHHe
BOrO TOnnHBa 
n. 510CCH ef a/. 

B o6ll.\HX qepTax paccMaTpHBaiOTCJI rrpoBe)l;eH

Hhie f\A8 <!>paHIJ;IIJI HCCJie)l;OBaHJIJI CBOiiCTB TOIIJIH

Ba )l;JIJI peaKTOpon Ha 6McTphlx HeiirpoHax, crroco

Ohi naroTOBJieHHH reiiJIOBhl)l;eJIHIOI.Il;HX :meMeHTOB 

Il JIX IIOBe)l;eHIIe IIO)l; 06Jiy'IeHHeM. 

HccJie)l;oBaHHJI MeTaJIJinqecKoro TOIIJIHBa Kaca

JTHCb rpoiiHhlX crrJianon: U- Pu- Mo, U
Pu - Nb, U - Pu - Ti, U - Pu - Zr. HccJie

:~onannhlMH THIIaMH KepaMH'IeCKOrO TOIIJIHBa JIB

JTHJIHCb 01\HCH, Kap6H)l;bl H HliTpH)l;bl, IIOJiy'IeHIIble 

lleTO)l;OM CJieKaHHH ypaHa Jl IIJIYTOHHH. 

IlpHBO)l;HTCH peayJihTaTbl H3rOTOBJieHJIH TeiiJIO

Bbi)l;eJISIIOI.l\IIX :meMeHTOB B BH)l;e CIIJiaBa ypaHa C 

ue60JibiJIHM CO)l;epmaHlieM IIJIYTOHHH, JICIIOJib3Ye

MbiX B KPHTH'IeCI\HX orrMTax, a TaKme peayJibTa

Thi rrepBhiX aKcrrepnMenron no naroTOBJieHHIO 

TeiiJIOBhl)l;eJIHIOI.l\IIX :lJieMeHTOB ;J;JIH peaKTOpa 

RAPSODIE. 
HaKoneq, onuchlnarorcH pt?3YJII>TaThl onhiTOB 

ITO o6Jiy•WHHIO HpOTOTJIJIHhiX TOITJIIIBHbiX CTep

iHHeii ;~JIJI peaJ(ropa RAPSODIE. 
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A/58 Francia 

Estudio y elaboraci6n de combustibles de 
plutonio 

por P. Bussy et a/. 

Se describen a grandes rasgos los estudios realizados 
en e1 CEA acerca de las propiedades de los combusti
bles para reactores de neutrones nipidos, de la 
elaboraci6n de elementos combustibles y del com
portamiento de estos durante la irradiaci6n. 

Los estudios de los combustibles metalicos han 
versado sobre las aleaciones temarias U-Pu-Mo 

P. BUSSY et a/. 

U-Pu-Nb, U-Pu-Ti y U-Pu-Zr. En cuanto a los 
combustibles ceramicos, se han estudiado los 6xidos, 
los carburos y los nitruros mixtos de uranio y de 
plutonio, obtenidos por sinterizaci6n. 

Se exponen los resultados de la elaboraci6n de 
elementos combustibles de aleaciones de uranio con 
bajo contenido de plutonio que han · constituido la 
carga del reactor durante un experimento critico, asi 
como los primeros experimentos de elaboraci6n de 
elementos combustibles para el reactor RAPSODIE. 

Por ultimo, se describen los resultados de los 
ensayos de irradiaci6n efectuados con los prototipos 
de elementos combustibles aciculares del reactor 
RAPSODIE. 
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Development and performance of Dounreay Fast Reactor 
metal fuel 

By S. A. Cottrell, E. Edmonds, P. Higginson and W. Oldfield* 

After periods of low power operation and at 30 MW 
the Dounreay Fast Reactor (DFR) has now operated 
at 60 MW since 5 July 1963 [1]. Selected fuel elements 
have been subjected to detailed examination after each 
period of irradiation, and as a result modifications 
have been introduced and tested until a design of fuel 
element has been evolved which is capable of at least 
1.2% burn-up (heavy atoms). This can be compared 
with the original target of 0.5 % [2]. It is considered 
that further developments with the metallic fuel are 
possible, which will increase the value of the reactor as 
a test facility for development of plutonium-based 
ceramic fuels for future fast reactors. 

DESIGN CONCEPT 
The high thermal ratings of the fuel (the peak is 

205 Wfg) require thin sections and a large surface to 
volume ratio in order to maintain maximum fuel and 
can temperatures within acceptable limits. A criterion 
was adopted to limit the amount of fissile material in 
each fuel element so that if it accidentally dropped into 
the core during charge or discharge, there would be no 
risk of the reactor going prompt critical. These con
siderations led to an annular type of fuel element with 
an outside diameter of approximately 0.75 in and an 
internal diameter of 0.25 in, and maximum fuel and 
can temperatures of 840°C and 680°C respectively. 

The fuel alloy chosen initially was a uranium-! at. % 
chromium alloy [2] which would be restrained by the 
can, and if necessary would extrude axially in the can 
to fill an expansion space provided above the fuel 
column. Axial ratchetting of fuel into this space was 
prevented by linking the fuel pieces together with 
tongue and groove joints and attaching the bottom of 
the fuel column to the lower end fitting for anchorage. 
The concept required a strong can with good mech
anical properties at high temperature for which 
niobium was developed and selected [3]. This material 
was shown to be compatible with the fuel and with the 
coolant provided the oxygen content of the sodium
potassium alloy was maintained below 10 ppm. 

Very little knowledge was available of the rate of 
fission proouct gas release from the fuel under the 
proposed irradiation conditions and so to avoid over-

* UKAEA, Dounreay Experimental Reactor Establishment, 
Thurso, Caithness. 

stressing the niobium can, the element was vented to 
allow gas to escape to the coolant. The annuli between 
the fuel and cans were filled with sodium to establish a 
good thermal bond and minimise the can-fuel tempera
ture difference. Lateral fuel movements within the 
cans were restricted by providing an outer fuel-can gap 
of0.006 in at room temperature, so that the gap tended 
to close at operating temperatures. Details of the 
standard Mk. 2 elements containing fuel enriched to 
46 % 235U used for the first charge are shown in Fig. 1. 

DEVELOPMENT 

To mtmmtze irradiation growth and dimensional 
changes due to thermal cycling the uranium-! at. % 
chromium alloy was used in the heat treated condition 
which ensured a fine equiaxed grain structute. How
ever, the results obtained during the early low power 
runs were disappointing as considerable surface 
wrinkling was revealed during examination. At that 
time, more detailed calculations indicated also that the 
mechanism of axial extrusion of the fuel could not be 
relied upon as this extrusion was opposed by frictional 
forces which, because of the length of the fuel element, 
would produce stresses in excess of the creep strength 
of the can at operating temperatures. It was evident 
that a metallic fuel having greater irradiation stability 
would be required and consideration was given to the 
alloys of uranium and molybdenum. Irradiation tests 
were performed in the Dounreay Materials Testing 
Reactor on alloys with molybdenum contents ranging 
from 18-28 at. %. The 20 at. % alloy was finally 
selected with the fuel slugs undergoing heat treatment 
to stabilise the gamma phase. 

The 20 at. % molybdenum alloy has a lower thermal 
conductivity than that of the! at.% chromium alloy, 
approximately 0.04 calfs em oc compared with approxi
mately 0.06 calfs em °C. This lower thermal con
ductivity would cause fuel temperatures to approach 
900 oc when the reactor attained its full power of 
60 MW if the dimensions of the Mk. 2 design were 
retained, and this would impair the resistance to 
swelling of the uranium-molybdenum alloy. The 
results of the DMTR irradiation tests had shown that 
fuel temperatures should not exceed 650 oc as other
wise rapid swelling would occur at or before 1.2% 
burn-up. Furthermore, published data [4] indicated 
the presence of a low temperature range 480-580 oc 
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where rapid swelling of uranium-molybdenum alloys 
occurred. At these temperatures, a transformation of 
the metastable gamma phase to alpha plus delta 
phases proceeds causing a loss in irradiation resistance. 
Irradiation of the fuel in high flux conditions, i.e., 
above 8 x 1013 fissionsjcm 3 s, has been shown to sup
press the transformation so that irradiation stability 
does not suffer. Ideally, therefore, the fuel alloy con
taining 20 at. % molybdenum should not exceed a 
temperature of 650 oc and only operate between 480 
and 580°C if the flux is above 8 x J013 fissionsjcm3 s. 

The development programme during the early runs 
was assisted by the irradiation of experimental highly 
enriched pilot elements, which operated at higher 
ratings and temperatures than the standard elements 
and so gave advanced information on performance. 
Examination of pilot elements showed that the corro
sion rate at the lower ends of the inner can was exces
sive, as described later. Experimental work indicated 
that to keep the corrosion rate within acceptable 
limits, the maximum nn temperature should be limited 
to 480°C. 

The Mk. 3 elements, using 20 at. % Mo/U fuel, 
were then designed to operate within the fuel tempera
ture and flux limitations mentioned above, and this 
design also allowed the can to operate within the 
maximum recommended temperature of 480 oc. There 
were two methods which could be used to restrict the 
temperatures within the fuel and at the same time 
increase the flux, namely: 

(a) By reducing the wall thickness of the fuel 
annulus, which would require an increase in enrich
ment of the fuel to maintain the fissile material content 
of the element; 

(b) By compensating for the radial gradient of the 
neutron flux which occurs across the reactor core. A 
two zone core could be provided in which the outer 
zone elements (Mk. 3A) had a thicker annulus, to 
maintain their heat output in the lower peripheral 
neutron flux, than the thinner inner zone elements 
(Mk. 3B). 

A combination of these methods was adopted so 
that the fuel temperature was limited below 650 a c. 
The fuel enrichment was increased to 75% of 235U 
which is higher than required for normal reactor 
operation and has enabled some channels to be made 
available for irradiation experiments. 

The Mk. 3 designs give considerably increased 
clearance between the fuel and outer cans, shown in 
Fig. I. This clearance, 0.028 in radial, was chosen to 
allow for swelling characteristic of at least 1-2 % burn
up. It was realised that the large fuel-free spaces 
within the can could give rise to· lateral fuel move
ments, so this eventuality was catered for in the designs. 
The fuel is supported on the inner can, and niobium 
washers placed between fuel pieces to keep the inner 
can concentric within the outer can. After assembly, 
the element is filled with sodium and also vented 
directly to the reactor coolant. Post-irradiation 
examination results, described later, led to the abandon
ing of the interlocked fuel system. The Mk. 3 designs 
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contain such large radial fuel-can gaps that the fuel 
pieces are much less susceptible to ratcheting phe
nomena. However, a simple device has been incorpor
ated so that axial fuel movements can be measured 
during post-irradiation examination. In essence, it is a 
niobium foil which is crushed if any movement does 
occur and this is detected by X-radiography. Another 
minor change to the element designs was the replace
ment of the axial breeder pieces with stainless steel 
reflectors in order to gain core reactivity and so make 
more channels available for the experimental pro
gramme. Finally, the new designs enabled an improved 
coolant flow to be obtained with more coolant passing 
through the bore of the elements to reduce the inner 
can temperature. 

EXAMINATION PROCEDURE 

External dimensions are measured to detect any 
change in outer can diameter. Internal conditions such 
as fuel-can clearances, junctions between fuel pieces 
and lateral fuel movements are assessed from radio
graphs. Specially developed radiographic techniques 
to reduce gamma blackening are used [5]. After 
separation of the fuel pieces from the end fittings and 
cans they are cleaned of liquid metal and examined by 
means of a periscope (up to 5 x magnification). 
Major and interesting defects are photographed and 
each fuel piece is measured for dimensional changes. 
Samples are taken for metallographic examination, 
density measurement and burn-up determination. The 
wall thickness of the cans is measured and ring 
samples are taken for ductility tests and vacuum fusion 
analysis. 

FUEL ELEMENT PERFORMANCE 

Low power runs 

Some twenty Mk. 2 fuel elements, including some 
with U/Mo fuel, from the second charge of the DFR 
were examined after periods of 3-15 months in the 
reactor. During this time the reactor had operated 
mainly at low power but one run had taken place at 
11 MW. The elements appeared to be externally un
damaged and showed no signs of surface defects, 
distortion or corrosion. 

Radiography revealed irregular fuel-can gaps and a 
slight amount of bow in the uranium-! at. % chro
mium fuel, but the surfaces of the uranium-20 at. % 
molybdenum fuel pieces were uniformly smooth and 
regular. Surface wrinkling was general in U/Cr fuel 
and increases of diameter of up to 0.009 in were 
measured. Hardness values in the range 400-480 VPN 
for the U/Cr fuel and 300-360 VPN for the U/Mo fuel 
showed an increase of up to 100 points compared with 
unirradiated material. Little evidence of surface 
corrosion was found on either fuel. Up to 30% 
decomposition of the metastable gamma phase was 
observed in the U/Mo fuel but no correlation between 
the extent of this and the calculated flux or tempera
ture could be established. 
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Table 1. Irradiation conditions of elements examined 

Number Maximum Fission rate Maximum Maximum Reactor 
Element type exanuned burn-up at centre fuel can operating 

%heavy atoms (f/cm• s x J013) temp. "C temp. "C power 

Standard 2B . 27 0.10-0.57 2.7-3.7 460-540 420 30MW 
Reduced gap fuel outer can 3 0.27-0.57 3.7 460--540 420 30MW 
Increased gap fuel outer can 6 0.31-0.52 3.0-3.5 480-510 420 30MW 
High enrichment and 25 at.% Mo fuel 6 0.24-0.81 5.4-6.0 680 520 30MW 
Standard 3A . 11 0.3-1.16 7-8.9 595-675 444-496 60MW 
Standard 3B . 13 0. 33-1.16 9.4-11.5 585-637 430-470 60MW 
3B with reduced molybdenum (fOntent 5 0. 29-l. 05 10.5-11.4 600-630 441-467 60MW 
Experimental* 5 0.25-0.82 7.2-11.5 625-640 464-485 60MW 

* These elements were intended to investigate some effects of fuel geometry and heat treatment and increa~ed bond flow rate. 
Note: Fission rates and burn-up at the ends of the element were about 0.6 of the value given for the centre. Peak fuel temperatures at the top 

(coolant inlet) end of the fuel elements ranged from 390 to 430°C. 

30 MW operation 

The third charge in DFR consisted of a driver 
charge of standard Mk. 2 elements and a number of 
experimental pilot elements. The reactor was operated 
with this charge at a power of about 30 MW for a 
number of periods each of one to three weeks' dura
tion. During operation, reactor power and coolant 
flow were adjusted to keep fuel temperatures reason
ably constant. Calculated maximum fuel temperatures 
for elements at various positions m the core ranged 
from 300 to 540°C for standard elements and 400 to 
675 oc for experimental elements. After each period of 
operation, selected elements were discharged for 
d~tailed examination. The aim was to provide infor
mation, within the shut-down period between runs, to 
enable an assessment of the condition of the remainder 
of the charge to be made before the start of the next 
period of operation. 

A total of 42 elements was examined and their 
irradiation conditions are summarized in Table 1. The 
experimental elements contained variations on the 
standard design to permit investigation of the follow
ing: 

(a) Vertical movement of non-interlocked fuel slugs 
during operation, as revealed by buckling of the 
niobium foil detector unit located inside the element in 
the free space above the fuel. 

(b) The effects of fuel swelling on the element can. 
Fuel pieces with increased outside diameters, to reduce 
the fuel-can gap, were used to give an early indication 
of this effect. The dimensions used in this type of fuel 
element are shown as Mk. 2B in Fig. 1. 

(c) The value of an increased fuel-can gap to 
accommodate swelling, shown in Fig. 1. 

(d) Behaviour of highly rated fuel elements. These 
elements contained higher enrichment fuel (75% 235U 
compared to 46% 235U for standard elements) and 
also contained alternative fuel pieces of 20 at. % U /Mo 
and 25 at.% U/Mo to compare the performance of the 
two fuel alloys under similar conditions. 

(e) The effect of increased molybdenum content in 
otherwise standard Mk. 2 fuel elements. 

Cracking was observed in many of the fuel pieces 
and increased progressively above about 0.3 % burn-

up, typical cracks being illustrated in Fig. 2. They were 
pronounced in the lower half of the elements, i.e., the 
hotter region. Major cracks ran longitudinally along 
most of the length of fuel pieces, often starting from 
interlock corners. Fine irregular networks on the sur
face were thought to be associated with an oxide skin 
on the fuel. Above 0.45 % burn-up occasional trans
verse cracks were found, sometimes leading to com
plete fracture of the fuel. Many interlocks were seen to 
be loose during dismantling, having fractured trans
versely. Elements which were dismantled in an inert 
atmosphere were found to be in similar condition to 
those dismantled in air. 

Diameter increases tended to be non uniform and 
there was a large amount of scatter in the results of the 
measurements. In uncracked fuel pieces, the maximum 
diameter increase of 0.007 in at 0.4 % burn-up lay 
within the expected increase due to density change. 
However, above 0.25 % burn-up, a large part of the 
observed diameter increase was due to cracking and at 
about 0.3 % burn-up, fuel came into contact with the 
outer can. The can therefore successfully restrained 
the tendency of fuel pieces to increase in diameter, as a 
result of cracking, from 0.3 % burn-up to the maxi
mum burn-up then achieved, i.e., 0.57 % in the stan
dard elements. Similar effects were observed in the high 
enrichment fuel pieces which were irradiated to 
0.8 % burn-up. 

The maximum observed density change was of the 
order of 9 % per 1 % burn-up for elements enriched 
with 46% of 235U at peak fuel temperatures of 540°C. 
For 75% enriched elements at peak fuel temperatures 
of 680 oc the change was about 11 % per 1 % burn-up 
for 20 at. % Mo fuel and 9.2 % per I % burn-up for 
25 at. % Mo fuel. 

The effect of increasing the molybdenum content 
from 20 to 25 at. % was to reduce swelling slightly but 
to increase susceptibility to cracking and over-all 
diameter changes. For this reason the 25 at. % alloy 
was discarded. 

The effect of reducing the outer fuel-can gap was to 
restrain outward expansion and cause fuel to swell 
inwards and grip the inner can. No evidence of 
ratcheting was found in the non-interlocked elements. 
Metallo graphic examination revealed: 
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Figure 2. Cracking in fuel irradiated at 30 MW 

Burn-up: 0.44% heavy atoms. Maximum fuel temperature: 
510°C 

Figure 4. Surface crazing and fine cracks in fuel irradiated at 
60MW 

Burn-up: 0.77% heavy atoms. Maximum fuel temperature: 
670°C 

Figure 6. Surface globules on fuel irradiated at 60 MW 

Burn-up: 0.71 ~~ heavy atoms. Maximum fuel temperature: 
590°C 
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Figure 3. Fuel in good condition after irradiation at 60 MW 

Burn-up: 0.82% heavy atoms. Maximum fuel temperature: 
640°C 

Figure 5. Cracks in fuel irradiated at 60 MW 

Burn-up: 1.06% heavy atoms. Maximum fuel temperature: 
530°C 

Figure 7. Section through a surface globule 

Magnification: 200 
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(a) The presence of oxide films of the order 0.001-
0.002 in thick both on the fuel surface and on the 
surfaces of cracks in the fuel. 

(b) The formation of intercrystalline cracks propa
gating mainly from the outer surface of the fuel. 

(c) Breakdown of the metastable gamma phase. 
(d) Gas bubble formation in high temperature 

regions of fuel pieces with more than about 0.45 % 
burn-up. 

(e) Micro-porosity arising from the casting process 
during manufacture. 

60 MW operation 

In the first 60 MW run using Mk. 3 elements, some 
elements in the centre of the reactor achieved a maxi
mum burn-up of 1.06 %, and during the second run a 
maximum burn-up of 1.16 %- Twenty-three elements 
from the first run and eleven from the second run have 
now been examined. The irradiation conditions are 
summarized in Table 1. General inspection of the 
elements revealed that they were in good condition. 

Radiographs indicated cracking, surface distortion 
and swelling of the fuel. Visual examination of the fuel 
pieces after removal of the can showed considerable 
variation in the condition of the fuel. No major defects 
were seen at burn-ups of 0.33 % or less but at th~ 
higher burn-ups the following defects were seen: 

(a) Large amounts of fine cracking; 
(b) Gross cracking, both longitudinal and trans

verse; 
(c) Surface crazing together with flaking or a thin 

oxide skin; 
(d) Variable amounts of surface distortion; 
(e) Solid globules of the order of 0.02 in diameter 

on the fuel surface. 
The main difference relative to the elements exam

ined after operation at 30 MW has been the appear
ance of evidence of localised melting of the fuel. This 
is an indication of faulty heat transfer due to the 
formation and trapping of gas bubbles in the liquid 
metal bond. Metallographic examination indicates 
regions of gross swelling which tend to be localised 
and associated with surface globules. These globules 
take the form of hollow spheres suggesting that molten 
metal had been forced through cracks in the oxide skin 
by internal gas pressure. Surface oxidation with films 
up to 0.003 in thick on the fuel surface and 0.010 in 
thick in cracks, and breakdown of the gamma phase 
have been seen. These features can be seen in Figs. 3-9. 

Diameter measurements indicate that the fuel has 
expanded to touch the cans in several cases, largely as 
a result of cracking, but no difficulty was experienced 
in pushing the fuel out of the outer cans. 

Density measurements on uncracked fuel pieces 
indicate that three temperature ranges of swelling 
exist. At 1 % burn-up when the fuel centre temperature 
is approximately 600-650 oc the volume change was 
6 %; at temperatures below 500 oc the change was 
2.5 %for 1 %burn-up; whilst at intermediate tempera
tures the changes were about 10 % for 1 % burn-up. 
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EXAMINATION OF THE FUEL ELEMENT CANS 

In the DFR fuel element, the main function of the 
cans is to support the fuel and maintain its configura
tion. Possible causes of can failure are: 

(a) Stress due to swelling or distortion of the fuel. 
(b) Corrosion by the reactor coolant. 
(c) Embrittlement by impurities in the reactor 

coolant. 
Measurements that have been made to assess their 
effects are respectively: 

(a) Visual inspection followed by a ring gauge test 
and, if this sticks, measurement of the outer diameters 
of elements. 

(b) Measurement of the wall thickness of the hottest 
region of the cans. 

(c) Hot and cold crushing tests on ring samples cut 
from the cans followed by metallographic examination 
and vacuum fusion analysis to determine the gaseous 
impurity content. 
The results of these measurements will be considered 
in sequence. 

Inspection and outside diameter measurements 

Visual inspection showed the outer can of every fuel 
element to be in good condition with no obvious signs 
of deformation or failure. Blackening of the outer can 
was observed towards the bottom end of all elements 
examined from the 30 to 60 MW runs. 

A high proportion of elements examined failed to 
pass through the ring gauge; outside diameter mea
surements indicated that in all cases the reason was 
distortion of the can to an oval section. No significant 

·increases in the mean outside diameter were observed. 

Corrosion by the reactor coolant 

Measurements of the wall thickness have been made 
on the bottom end of inner cans of all Mk. 2 elements 
examined after the 30 MW runs, and on the bottom 
ends of both inner and outer cans of all Mk. 3 elements 
examined after the 60 MW runs. The only Mk. 2 
elements having reductions in wall thickness in the 
inner cans were those from the high enrichment 
experimental elements. The calculated maximum inner 
can temperature in these elements was approximately 
520°C and reductions in wall thickness were observed 
up to 12 in from the bottom end (see Fig. 10). Corro
sion rates calculated from these results indicate 
negligible corrosion at temperatures below 460°C but 
a rapid increase above this temperature to give rates in 
the range 0.003-0.023 in/100 d at 500°C and 0.024-
0.042 in/100 d at 520°C. 

Wall thickness measurements on cans from Mk. 3 
elements irradiated in the 60 MW runs have shown no 
evidence of outer can corrosion but in a number of 
elements small reductions have been observed in the 
wall thickness of the inner cans. In two Mk. 3A 
elements with calculated maximum can temperatures 
of approximately 500 oc, corrosion rates of 0.003-
0.008 in/100 d were observed, in good agreement with 
the results from Mk. 2 elements. In all other cases 
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Figure 8. Gamma breakdown across the fuel section 

Magnification: 30. Burn-up: 0.41% heavy atoms. Maximum 
fuel temperature: 450 oc 
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.. 

Figure 9. Gamma phase breakdown at higher magnification 
(x1 000) 

where appreciable corrosion had occurred, calculated 
maximum can temperatures were 450 oc or less. A 
possible explanation for these anomalous results is 
that loss of the outer fuel-can thermal bond, which 
appears to have occurred locally in a number of 
elements, has caused an increase in the inner can 
tern perature. 

Embrittlement by impurities in the reactor coolant 

Embrittlement has been observed at room tempera
ture of the cans from all elements examined. However, 
although the fuel element cans are unavoidably 
handled roughly during examination and breakdown, 
very few failures have occurred when the fuel is inside 
the can. Due to decay heating, the presence of the fuel 
raises the can temperature to 100-200°C. After 
removal of the fuel, when the niobium returns to room 
temperature, embrittlement is more obvious and a 
large number of cans have fractured during handling. 

The results of vacuum fusion analyses showed a 
large scatter but indicated the presence of sufficient 
hydrogen to cause embrittlement at room temperature. 

DISCUSSION 
The irradiation performance of fuel elements con

taining metallic fuel is usually governed by dimensional 
changes of that fuel. The assessment of such changes, 
measured in the DFR fuel pieces after irradiation, was 
complicated by the occurrence of cracking. 

This cracking which occurred at quite an early stage 

Figure 10. Corrosion of the niobium can after exposure to reactor 
NaK at 520°C for 58 days 

was not expected from the results of irradiating this 
type of alloy in a materials testing reactor. There are 
many factors which could cause or contribute to 
cracking, such as thermal stresses, notch brittleness, 
swelling stresses, transformation stresses. It is believed, 
however, that cracking may be a consequence of the 
fast fission flux environment. In a thermal materials 
testing reactor, the self-shielding effect in fissile speci
mens greatly reduces the fission flux, and hence the 
burn-up, in the interior of the fuel beneath the surface. 
The higher burn-up at the surface leads to swelling 
which could produce compression stresses. In a fast 
reactor, the intensity of the fission flux through the 
fuel cross section is virtually unaltered. The central 
fuel achieves the same burn-up as that at the surface 
but is operating at a considerably higher temperature. 
Under these conditions, interior fuel swelling imposes 
tensile stresses on the outermost fuel. These stresses, 
together with thermal stresses, will lead to cracking. 

Initially, fuel cracking suggested two problems that 
might arise: axial fuel movement by fragments enter
ing the bond, and stress concentrations on the can due 
to edges of cracks pressing into it. No evidence of such 
events has been detected. Although cracking has been 
extensive in many elements, it has not directly affected 
the performance of the fuel elements or led to any 
failure. A possible secondary effect of cracking, due to 
the release of fission gas, is discussed below. 

In some higher burn-up elements examined, evi
dence of bond failure has been observed. The local 
extensive swelling and occasional surface melting are 
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undoubtedly due to gas bubbles held between the fuel 
and the outer can. A source of gas for these bubbles 
could be the fission product gases krypton and xenon. 
Most of the evidence for overheating has been found 
near the top of the fuel column. It is possible that 
fission gases are released during cracking and accumu
late in the bond. The area beneath a bubble rises in 
temperature and local breakaway swelling occurs, 
releasing further fission products. The sequence of 
events is arrested when normal operating temperatures 
are restored by the fuel approaching the can and in 
this way the failure is self healing. Several possible 
causes of, and remedies for, this condition are being 
investigated. A minor modification to the fuel element 
increases the flow of coolant through the bond past the 
fuel, carrying away the bubbles. Preliminary tests of 
such elements have given encouraging results. A 
second approach is to reduce, or eliminate, cracking in 
the fuel and methods for doing this are being in
vestigated. 

The use of niobium as a canning material has given 
rise to two problems. Hydrogen is taken into solution 
from the reactor coolant by the niobium and it has 
been shown that severe embrittlement of niobium 
by hydrogen occurs at room temperature. It has been 
shown also, however, that a brittle-ductile transfor
mation occurs in Nb/H alloys at 150-200°C. Thus the 
properties of the niobium in the reactor are not im
paired as the coolant enters the reactor at 225 °C. 

During the reactor operating periods the NaK 
coolant has contained about 10 ppm of oxygen. The 
corrosion detected in the experimental high tempera
ture pilot elements, resulting finally in the loss of the 
bottom end of an inner can, is believed to be due 
mainly to oxygen. Inactive tests in sodium rigs give 
lower corrosion rates than those experienced in the 
reactor, so some other factor, possibly carbon, may be 
accelerating the corrosion. To avoid this corrosion, a 
can temperature limit of 480 oc is at present imposed in 
the reactor. 

CONCLUSIONS 
The examination of irradiated fuel elements from 

the Dounreay Fast Reactor has shown that the 
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development of the metallic fuel element has been 
successful, and that they can safely achieve 1.2 % burn
up at a peak rating of205 W/g. All elements examined 
have been free from major defects, and it would 
appear that the limit of burn-up has by no means yet 
been reached. During further operation of the reactor, 
some elements will be irradiated to higher burn-ups to 
determine this limit and its nature. 

The incentive to further development of the fuel 
element is to improve the utilisation of the reactor in 
its role as an irradiation test facility. In addition to 
achieving a higher burn-up and hence greater load 
factor, it is desirable to provide as many experimental 
channels in the core as possible. These requirements 
are conflicting and hence judgement will need to be 
exercised, e.g., the number of experimental channels 
may be increased by reducing the molybdenum content 
of the standard elements and substituting enriched 
uranium fuel. This increases the heat output of indi
vidual elements and reduces their residence time in the 
reactor. Such modifications are restricted by the 
limitations imposed on maximum can and fuel 
temperatures. 

The main limitations restricting the development of 
metallic fuel for future fast reactors, operating with 
higher coolant temperatures than DFR, are due to 
canning material incompatibility with the fuel when 
steels or nickel alloys are proposed, or with sodium 
coolant when niobium is considered. 
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A/150 Royaume-Uni 

Mise au point et performance 
du combustible metallique pour le reacteur 
rapide de Dounreay 

par S. A. Cottrell et al. 

L'objectifinitial fixe pour les elements combustibles 
du reacteur rapide de Dounreay etait de permettre le 
fonctionnement a 60 MW, et un taux de combustion 
de 1,2% (atomes lourds). A Ia suite des modifications 

apportees a la conception de !'element, cet objectif a 
ete atteint. 

Le combustible metallique utilise est un alliage 
d'uranium enrichi avec 20% de molybdene. II est de 
forme annulaire, gaine de niobium. L'espace entre le 
combustible et Ia gaine est iempli de sodium et 
deliberement ouvert au refrigerant du reacteur, NaK. 

La veritable experience d'irradiation du combustible 
a ete acquise en effectuant une serie d'essais dans le 
reacteur fonctionnant a environ 30 MW ainsi qu'a 
60 MW. Le premier modele d'element combustible a 
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permis d'atteindre un taux de combustion de 0,6 %. 
Une fissuration progressive du combustible s'est pro
duite a partir de 0,3 %. Cependant le gonflement en 
volume du combustible etait conforme aux previsions 
basees sur les resultats obtenus dans le reacteur d'essais 
des materiaux. 

La conception modifiee de !'element a permis un 
gonflement en diametre de 8 % a l'interieur de Ia gaine. 
Ces elements ont permis d'obtenir un taux de com
bustion de 1,2% et, en depit de Ia fissuration du com
bustible, sont restes exterieurement sans changement. 

On a etudie Ia corrosion de Ia gaine de niobium, 
provoquee par l'oxygene contenu dans le refrigerant 
du reacteur. Les resultats ont indique que Ia tempera
ture de Ia gaine doit etre limitee a 480 oc pour eviter Ia 
corrosion. 

Quelques elements ont presente un mauvais ecoule
ment aux joints et une accumulation de gaz de fission. 
Cela a provoque des surchauffages locaux sur Ia sur
face exterieure de certains elements de combustible, et 
dans quelques cas on a releve des signes de fusion 
superficielle. Ce phenomene n'a pas affecte les gaines 
des elements. 

La mise au point se poursuit sur Ia base de ces 
resultats, et on pense pouvoir obtenir des taux de 
combustion plus eleves. 

A/150 CoeAHHeHHoe KoponeecTBo 

Paapa6oTKa H xapaKrepHCTHKH Me
rannHYeCKoro ronnHsa AflH peaKTopa 
Ha 6~crp~x He~rpoHax s AayHpH 

C. A. Konpenn et al. 

llepBOHaqaJihHhlM Tpe60B3HHeM K TeiiJIOBhlP,e-

JIJIIO~HM aJieMeHTaM ,IJ,ayupeiicKoro peaKTopa ua 

OhiCTpLix ueii.Tpouax 6LIJio o6ecrreqeuue Mo~uocTn 
peaKTopa 60 Mer H JJ;OCTHmeuue BLiropaHHH HJJ;ep

uoro TOIIJIHBa 1,2% ( THmeJibiX aTOMOB). llocJie 

MOJJ;HlPHKar(HH KOHCTPYKI(HH ,TeiiJIOBhiJJ;OJIHIO~Hx 
<JJieMeHTOB <ITa aap,aqa 6LIJia BhiiiOJIHOHa. 

MeTaJIJIHqecKHe TeiiJIOBhip,eJIHIO~He aJieMeHThi 

IWJibr(eBOH «ffopMLI H3rOTOBJIOHLI 113 CIIJiaBa o6o

ra~OHHOrO ypaHa H 20% MOJIH6p,eHa H 3aKJIIOqe

HLI B o60JIOqKy H3 HH06HH. llpOCTpaHCTBO Mem

:.\Y JIJ];OpHLIM TOIIJIHBOM H o60JIOqKoif. 3aiiOJIHHOTCH 

HaTpHeM, KOTOpbiH IIOIIap,aeT 33TOM B HaTpHii:-Ka

JIHOBhiH TeiiJIOHOCHTOJih peaKTopa. 

Heo6xoJJ;HMhie p,aHHhie no o6JiyqeHHIO TOIIJIHBa 

OhiJIH rroJiyqeHhi no npeMH cepHH oiiLITOB npH pa

ooTe peai\Topa Ha MOIIJ;HOCTH IIOpHp,Ka 30 II 

()() Mer. TiepnonaqaJihHaH KOHCTPYKI(HH TeiiJIOBhi

;H'JIHIO~ero 3JieMeHTa 6hiJia paCCT.f:O:TaHa Ha MaKCII

MaJibHOe Bhii'OpaHHe 0,6%. llocJie P,OCTH)ROHIIH 

0,3% -noro ypoBHH nwropaHHH H Bhiine na6JIIOp,a

Jroch IIOCTOUPHHOO paCTpOCKHB3HHe TOIIJIHBa. 

Ou'heMuoe pacnyxanHe TOIIJIHBa 6hiJio, op,HaKo, 

TaKHM, KaK npeJJ;CK33hlB3JIH peayJihTaTbl HCCJIOP,O

IJ<IHHH, npoBeJJ;eHHhlx na peaKTope MTR. 
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Mop,H<fJHKar(HH KoucTpyKI(HH TerrJIOBhl,ll,eJIHIO~e
ro aJieMeHTa o6ecrreqHJia 8% -Hoe ,ll,HaMeTpaJihHOe 

pacrryxaHHe Hl.l;epnoro TOIIJIHBa BHYTPH o6oJioqKH. 

aTH TeiiJIOBhiP,eJIHIO~He <IJieMeHTbl )J;OCTIIraJIH 

1,2% -HOfO BhiropaHHH H, HeCMOTpH Ha paCTpeCKII

B3HHe TOIIJIHBa, OCTaBaJIHCh BHeiDHe HeH3MeH

HhiMH. 

lf3yqaJiach npo6JieMa KoppoaHH HH06Henoii o6o

JioqKH H3-3a HaJIHqHH KHCJIOpO,ll,a B TeiiJIOHOCHTeJie 

peaKTopa. Pe3yJihTaThl <ITHX HCCJiep,onaHHH noKa-

3aJIH, qTo BO H36emaHHe KOpp03HH TeMrrepaTypa 

oooJioqKH ,ll,OJimna 6h1Th orpauHqeua 480° C. 
Y HeCKOJihKHX TeiiJIOBhiP,eJIHIO~HX <IJieMeHTOB 

na6JIIOP,aJiaCb CJia6aH I(HpKyJIHI(HH AHlPlPY3HOHHO

ro CJIOH H arJIOMepar(HH ra3006pa3HhiX npop,yKTOB 

JJ;eJieHHH, qTo Bhl3b1B3JIO MeCTHhiH rreperpen BHem

HeH IIOBOpXHOCTH Hp,epHOI'O TOIIJIHBa, H B pnp,e 

cJiyqaen 6hiJIO o6uapymeuo pacrrJianJieHHe rronepx

HOCTH TOIIJIHBa. aTOT IIpOI(eCC He OKa3hiBaJI BJIHH

HHH Ha 060JIOqKy TeiiJIOBhi)J;OJIHIO~ero <JJieMeHTa. 

B uacToH~ee npeMH rrpo)J;oJimaiOTCH onhiTHO

KOHCTpyKTopcKHe pa60Thl, OCHOBaHHhle Ha <ITHX 

' peayJihTaTaX, H IIOJiaraiOT, liTO B03MO)RH0 )J;OCTH

iJ\OHIIe 6oJiee BhiCOKOH CTOIIOHH BLirOpaHHH HJ];ep

HOrO TOIIJIHBa. 

A/150 Reino Unido 

Perfeccionamiento y comportamiento 
del combustible metalico del reactor rapido 
de Dounreay 

por S. A. Cottrell eta/. 

Los elementos combustibles del reactor nipido de 
Dounreay se proyectaron con miras a alcanzar una 
potencia de regimen de 60 MW y lograr un grado de 
combustion de 1,2% (!itomos pesados). Este proposito 
se cumplio despues de introducir ciertas modifica
ciones en el diseiio de los elementos. 

El combustible metalico utilizado consiste en una 
aleacion de uranio enriquecido con 20 % de molibdeno, 
de forma anular. El revestimiento es de niobio. El 
espacio entre el combustible y el revestimiento esta 
relleno de sodio y comunica con el circuito de refrige
raci6n del reactor, de NaK. 

La experiencia efectiva en irradiaci6n del com
bustible se adquiri6 merced a una serie de ensayos del 
reactor a unos 30 MW y otra serie a 60 MW. Con el 
diseii.o primitivo de los elementos combustibles se 
llego a un grado de combustion maximo de 0,6 %. 
A partir de un grado de combustion de 0,3 % se observo 
un agrietamiento progresivo de los elementos com
bustibles. Sin embargo, Ia hinchaz6n volumetrica del 
combustible coincidi6 con los pronosticos basados en 
los resultados obtenidos con el reactor de ensayo de 
materiales. 

La modificacion del diseii.o de los elementos preveia 
una hinchaz6n diametral del 8 % dentro del revesti
miento. Con los elementos modificados, se alcanz6 un 
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grado de combustion de 1,2% y, a pesar del agrieta
miento, nose observo ninguna alteracion externa. 

Se estudio la corrosion del revestimiento de niobio 
provocada por el oxigeno presente en el refrigerante 
del reactor. Los resultados indican que es preciso 
limi.tar la temperatura del revestimiento a 480 oc para 
evitar la corrosion. 

En algunos elementos, se observo una deficiente 
circulacion en las juntas y una acumulacion de gases 

S. A. COTTRELL et a/. 

de fision. Esto provoco recalentamientos localizados 
en la superficie externa de algunos elementos com
bustibles y, en contados casos, se descubrieron indicios 
de una fusion superficial. Este fenomeno no afecto al 
revestimiento de los elementos. 

Sobre la base de estos resultados, prosiguen los 
estudios con fines de perfeccionamiento y se estima 
posible alcanzar grados de combustion mas ele
vados. 
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Development of a large-scale manufacturing process 
and plant for plutonium fast reactor fuel 

By S. E. Smith,* J. S. Broadley,** F. Brown,* and W. C. L. Kent*** 

The UKAEA plutonium-burning fast reactor pro
gramme is expected to lead in due course to the build
ing of a series of power producing fast reactors, and in 
order to provide the necessary fuel charges for these, 
large-scale plutonium fuel element manufacturing 
plants will be required. 

Initially the need will be for a fuel element plant, 
capable of making a variety of fuels. For instance, 
bulk mixed plutonium-uranium oxide will be used at 
first and this is likely to be followed by mixed carbide: 
the form of the fuel, e.g., pelleted or vibro-compacted, 
may also change. Therefore at this stage a variety of 
different charges, each of approximately 5 tonne, will 
be called for. Eventually when the fast reactor pro
gramme expands, a fuel element plant capacity in the 
order of 50 tjyr will be required to support a pro
gramme of about 5000 MW level. Plutonium fuel 
element fabrication and handling will therefore be 
necessary on a far larger scale than ha& hitherto been 
envisaged, and the extension in the technology which 
this implies must be established well in advance.' 

For some time development work has been proceed
ing on the fuel elements to be used in the fast reactor, 
both on the nature of the fuel, and the form that the 
clad elements will take. 

Arising from this fuel element development, and the 
need for large-scale manufacturing plants, work is also 
going on to develop the fuel element manufacturing 
processes and plant, and the purpose of this paper is 
to describe some of this work. The end point of this 
development will be the building and commissioning of 
a demonstration or prototype fuel element plant, from 
which, after operating experience is gained, detailed 
specifications can be prepared for the design of the 
first true production plants. 

General considerations in plant development 

The development of the processe-s and plant begins 
with the outline of an acceptable fuel product speci
fication, and basic information on the process route 

* UKAEA, Atomic Weapons Research Establishment, 
Aldermaston, Berkshire. 

** UKAEA, Dounreay Experimental Reactor Establish
ment, Thurso, Scotland. 

*** UKAEA, Engineering Group, Risley, Lancashire. 

derived from the results oflaboratory feasibility studies. 
From this point, the approach to plant development 
has been the experimental evaluation of equipment for 
each part of the processes, starting with a preliminary 
form of the equipment and a simulant material, usually 
uranium in the appropriate form. The evaluation has 
been completed, after further modifications with plu
tonium bearing material. In this way, either the actual 
equipment materializes in its final form, or sufficient 
valid information accrues to enable the equipment to 
be redesigned. As the last step in the evolution of the 
design, each part of the process is being demonstrated 
with fully developed production-type equipment, using 
plutonium, so that the method of operation can be 
optimized. The different stages are integrated with 
each other and the limits of conditions and the varia
tions in product explored on the plant scale. This 
development is being carried out on a scale, 1-2 kgjh, 
equivalent to 5-10 fuel element pins per hour, such that 
nosignificantscale-updifficulties will remain as far as the 
size of plant required to produce the early charges is 
concerned. In many areas, scale-up well .beyond this 
will be possible towards the 50 tjyr scale, i.e., 10 kg, or 
50 fuel element pins, per hour. 

The main sections of the plant can be classified as: 
(a) the production of the fuel feed material, e.g., 

oxide powder; 
(b) the manufacture of the fuel in the required form, 

e.g., pellets; 
(c) the fabrication of the fuel element pins contain

ing the fuel, including their assembly into clusters. 
The first section is mainly a wet chemical plant 

where the handling and controlling of liquid processes 
are involved. The fuel preparation section is concerned 
with processing of dry solids in powder or compacted 
form, which in turn requires its own approach to 
material movement, cleanliness, etc., and poses more 
severe problems of alpha-activity containment. Pin 
fabrication needs particular emphasis upon manipula
tion of the components through the various canning 
operations in such a way as to avoid damage to the pin. 
Building of sub-assemblies requires precision engineer
ing carried out at production scale. 

Since the precise nature of the fuel, and the final 
design of the fuel element, will be unknown for some 
time to come, the plant development must proceed 
along lines which as far as possible are common to 
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Figure 1. Bulk fuel plant concept 

alternative products. Thus, if a mixed Pu-U oxide is 
first made, this can then be used either as bulk oxide 
or dispersed, e.g., in a cermet, or converted to carbide 
by the oxide-carbon reduction process. Again, a pro
cess for producing granules can be made use of either 
as a pellet feed stage, or as a route to a vibro-com
pacted product. Other examples of this approach will 
be seen later. 

Special requirements 

In arriving at a design for a larger plant handling 
plutonium, it is necessary to consider carefully the 
containment, criticality, shielding, active maintenance, 
and cleanliness requirements of such plants and these 
influence the development aims. In particular, the need 
to modify processes wherever possible in order to 
simplify the plant required becomes especially im
portant. 

The design of the equipment and containment for 
the plant deserves closer study than has hitherto been 
necessary in plutonium operations because of the need 
to reach a satisfactory compromise between economic 
fabrication costs and safe and reliable operation of the 
plant and ease of maintenance, which may call for 
elaborate equipment to reduce operative skill. 

There are few criticality data of interest on the 
mixed Pu-U systems, and so far safe parameters have 
been arrived at by calculation rather than by experi
ment which leads to conservatively safe dimensions. 
For instance, the maximum eversafe diameter calcu
lated for equipment containing 85 %U- 15 %Pu 

HORIZONTAL 

FACES 

natural in the dry state, e.g., powder, is 10 in, and 
for damp material in the worst condition, approx. 
20 % hydrogenous content, the maximum diameter 
allowable is 5 in. Some fresh experiments may well be 
justified to allow some of these limits to be relaxed. 

Plutonium initially available for fast reactors will 
come from the UK Magnox nuclear stations, where 
the fuel will have been irradiated on average to at least 
3 500 MWd/t; ultimately equilibrium recycled fast 
reactor plutonium may be used. Account must be 
taken, therefore, at both these levels of they hazard, the 
spontaneous fission neutrons from 240Pu and 242Pu 
and also the (a,n) neutrons; appropriate calculation 
and experimental verification of dose rates leading to 
shielding requirements and permissible exposure times 
have been made. These considerations also entail 
examination of the specification of the raw material to 
see what effect modification of this might have on the 
shielding problems. It has been concluded that for 
material containing not more than 6 mcjkg of fission 
products, and equilibrium content of higher isotopes, 
the shielding required for continuous exposure for the 
type of equipment envisaged could be 1 in lead and 3 in 
polythene, or equivalent. 

Finally, the plant design must ensure that the 
reactivity of the fuel pins produced can be closely 
controlled, irrespective of the varying plutonium iso
topic composition of the fuel, the limitations of the 
process control and the accuracy of the analytical and 
inspection techniques. Variations in the fuel distribu
tion must also be controlled sufficiently closely during 
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Figure 2. Fuel element fabrication and handling plant concept 
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manufacture, to limits set by reactor safety require
ments. These considerations lead to the conclusion 
that the homogeneity of the fuel with respect to the 
plutonium dispersion, should be better than that given 
by a dispersion of spheres of plutonium no larger than 
50 p,, throughout the matrix. 

From all these considerations, the conception of the 
plant that has arisen is that, for the stages of the pro
cess handling bulk fuel material in solution or powder 
or granular form, the plant is best operated on a con
tinuous flow basis employing safe by shape equipment, 
which will be small and have a low material hold up in 
relation to its output capacity (Fig. 1). At some stage 
the character of the plant changes to one of intermittent 
or semi-continuous operation, e.g., fuel pellet produc
tion; and when handling of fuel rods which are long 
and thin and mechanically fragile is involved, the plant 
conception is appreciably influenced by the problems 
of fuel pin movement (Fig. 2). 

RAW OXIDE PREPARATION 

As a route for the preparation of mixed Pu-U oxide 
powder, coprecipitation from mixed nitrate solution 
with ammonia, followed by calcination and reduction 
of the product was chosen as a basis for the develop
ment work. 

If ammonia is slowly added to a mixed nitrate solu
tion, plutonium hydroxide and ammonium diuranate 
will be deposited at separate pH values and some 
heterogeneity may therefore be expected. In the con
verse situation of the nitrates being added to ammonia 
the very rapid rate of nucleation ensures homogeneity 
but the product is difficult to filter. Continuous pre
cipitation was considered to offer a means of achieving 
homogeneity under conditions which would also lead 
to an acceptable ease of filtration. 

Laboratory work on mixtures containing 15-30 %Pu 
was first based on simple stirred vessel continuous pre
cipitators and provided with pH electrodes which, in 
the later version, were used to regulate the flow of 
gaseous ammonia through an automatic controller. 
Several features came to light during this phase of 
development. 

(a) The efficiency of precipitation of the plutonium 
was seriously affected by the presence of Pu VI unless 

::::::::: 
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high pH values were employed. It was therefore neces
sary to reduce the plutonium to the tetravalent state 
prior to precipitation. Hydrogen peroxide was a suit
able reagent for this purpose. 

(b) The filtration resistance was found to rise with 
pH and an optimum value was observed in the region 
of pH 4-5. At lower pH values (e.g., ~pH 3), the 
efficiency of precipitation fell off rapidly. It was also 
found that the ease of pH control varied with the slope 
of the titration curve, and for practical purposes pH 6 
was found to provide the best compromise for the 
above three factors. 

(c) High temperatures were found to facilitate the 
production of a readily filterable precipitate as well as 
favouring the filtration rate in its own right. 

(d) Little significant difference in the results with 
aqueous and gaseous ammonia was detected. 

(e) In almost every case the precipitate, after cal
cination in air at 250°C and reduction at 700°C in 
hydrogen, yielded a single phase solid solution oxide. 

On examining the single stage continuous precipita
tion process from the viewpoint of a routine produc
tion plant, the following points emerged: 

(a) The high filtration resistance of the precipitate 
would necessitate a relatively large filtering unit, which 
would limit the maximum scale of operation which 
could be envisaged. 

(b) Although very precise pH control (±0.1 pH 
units) could be maintained for short periods, slow 
deposition of precipitate on the electrodes, particularly 
at low pH values limited the length of operation of the 
unit. It was considered advisable to develop methods 
of operation which did not rely on pH measurement as 
a means of primary control. 

In order to overcome these difficulties, the multi
stage precipitation principle was introduced. It was 
shown that a precipitate prepared at pH 4, for example, 
filtered readily but contained an appreciable residue of 
unprecipitated material, could be treated with further 
ammonia to raise the pH and remove such residues, 
without the filtration resistance being significantly 
affected. Concurrently a new technique of continuous 
precipitation was developed. Known as multi-stage 
feedback precipitation, this technique requires a series 
of well-stirred stages to be connected by both forward 
and return flows (Fig. 3). The feed solution enters at 
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Figure 3. Principle of multi-stage feedback precipitation 
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one end of the series while the precipitant enters at the 
other end, from which the product is also delivered. 
The forward and reverse flow can conveniently be im
pressed by a pulse pump at the feed end. It can be 
shown that, at equilibrium, the concentration of pre
cipitant in any stage is less than that in the following 
stage by the ratio of the reverse to forward flow rates 
between these stages. If this ratio, r, is constant along 
the series; then the concentration of precipitant in any 
stage is related to that in the last stage CT by the 
relationship. Cn = CTrn where n =the number of 
stages back from the end of the series (Fig. 3). 

The first stage may be operated at the optimum pH 
to obtain a filterable precipitate, and the later stages 
used to "polish" the mother liquor. However, if 
additional stages are added so that the pH for a 
readily filterable precipitate, and the pH limit for 
adequate efficiency of precipitation, are both covered 
with an adequate margin, a very easily controlled pre
cipitator is obtained. As long as these two pH values 
are present somewhere within the unit, the precise 
position is unimportant, and very accurate control of 
the liquor flow-rates is unnecessary. 

A practical form of multi-stage feedback precipitator 
is the rotary column design shown in Fig. 3. The 
product from such a unit has been found to settle 
rapidly to a bulk density of approx. 1.5 gjml compared 
with a value of 0.2 gjml for a single stage unit operat
ing at pH 6. The filtration resistance has a very low 
value. 

After precipitation, it is necessary to separate the 
solid precipitate from the ammonium nitrate mother 
liquors and to remove effectively residual ammonium 
nitrate from the filter cake by washing, since ammon
ium nitrate was considered hazardous if present in 
appreciable quantities when the precipitate is dried. 
Whereas the product from single stage precipitation at 
pH 6 was found to retain some 10-15% ammonium 
nitrate even after prolonged washing, that obtained by 
multi-stage precipitation retained less than 1 %. As 
washing agent, dilute ammonia was found to be more 
efficient than water alone. 

Continuous rotary vacuum filtration was adopted 
for separating and washing the product. The filter 
which has been developed is of a special design and 
uses sintered stainless steel filter segments with a knife 
discharge. An essential feature of the design is the use 
of a compressed air blowback applied to each segment, 
after discharge of the cake. Prolonged operation is 
possible by this means,. without blinding the filter ele
ments. Another essential feature is agitation of the 
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slurry in the trough, provided by a reciprocating grid. 
The centre of the filter drum is made solid so as to 
ensure criticality safety by shape considerations. 

It has been found unnecessary to employ elaborate 
recovery processes for the filtrate, since the plutonium 
left in the mother liquor is below 1 mg/1 and only a 
simple polishing filter in the effluent line is necessary to 
guard against accidental leakage past the rotary 
vacuum filter. 

Conversion of the filter cake to an acceptable oxide 
for subsequent fabrication involves four distinct 
stages, namely drying, calcination, surface area adjust
ment and reduction. Two routes were successful in 
achieving single phase material with the required sur
face area, namely drying and calcination in air at 
250°C followed by reduction at 1 000-2000°C in 
hydrogen or dilute hydrogen, or drying and calcination 
in carbon dioxide at 700-950°C followed by reduction 
in dilute hydrogen in a similar temperature range. 
Calcination in air at 700-800°C as carried out for the 
production of ceramic Grade U02, causes undesirable 
nucleation of U30s as a separate phase. 

For drying in air, a continuous tubular drier is being 
developed, with a special design of rotating axial 
paddle which enables it to accept the wet cake direct 
from the rotary vacuum filter. Calcination, surface 
area adjustment and reduction can be combined into a 
second, single continuous tubular furnace, if a solid 
screw flight conveyor is employed; this produces a 
piston flow of powder with residence time closely con
trolled by the screw pitch and speed. The solid flight 
provides good gas contacting conditions and only a 
very small excess of the reducing gas is required. Car
bon dioxide is fed concurrently from the feed end and 
dilute hydrogen countercurrently from the discharge 
end, both discharging from a central gas outlet. Dilute 
hydrogen, 5 % in nitrogen or 4 % in argon, has been 
employed satisfactorily for reducing purposes to 
eliminate the formation of explosive mixtures. 

In the raw oxide production plant assembled from 
the above units, each unit discharges direct to the 
following one, and the flow-rate throughout is deter
mined by the metering pumps on the feed solution 
(Fig. 4). 

The product from this process comprises a single 
phase solid solution of (Pu-U)02 of oxygen metal ratio 
1.97-2.03. Some heterogeneity is detectable if 25 1-'g 
samples are analysed, the heterogeneity at this stage 
corresponding to that which would be expected of a 
perfect random mix of 30 1-' spheres. However, since 
> 99 % of the oxide is soluble in 8N nitric acid, which 

PRODUCT 

Figure 4. Wet chemical equipment flow diagram 
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will dissolve mixed oxide of less than 40 % plutonium 
content, it is concluded that the heterogeneity detected 
is in fact due to a slight local variation in the Pu-U 
ratio. Sintered pellets or granules prepared from such 
coprecipitated oxide are perfectly homogeneous to 
within the limits attainable either by small sample 
analysis ( < 1 % coefficient of variation on a 20 p.g 
sample), i.e., equivalent to a perfect random mix of 3 p. 
spheres, or by electron microprobe analysis of sections 
(30 % ± 2 %Pu-U ratio on 1 p. linear scale of scrutiny). 

The material is produced to have a surface area of 
the order of 5m2jg, since such material, produced by 
the above process, has been found to be most 
satisfactory for granulation or pelleting, followed by 
sintering to a high density. A variation of surface area 
with Pu-U ratio is observed but this can be counter
acted by adjustment of the furnace conditions. 

FUEL MANUFACTURE 

The possible fuel forms include pelleted oxide, 
vibro-compacted oxide, a cermet based on spherical 
oxide granules, and pelleted or vibro-compacted car
bide. At first, a continuous method of preparing and 
spheroidizing oxide granules was developed. This pro
vided an ideal method for preparing constant size fuel 
particles for dispersion in a cermet, and also for pro
ducing the two or three different size fractions required 
for vibro-compacted fuels, since close size cuts could 
be produced within the range 150-2000 p. without 
producing reject material of unwanted particle sizes. 
For a pelleted fuel, a simplified form of the plant is 
required to produce a granular pr-ess feed, since 
spheroidization is unnecessary in this case; the remain
der of the equipment could, however, remain common 
to all these processes. 

The basic process for the production of spherical 
granules involves milling the oxide powder, and mixing 
with a suitable binding agent followed by primary 
granulation through a screen of appropriate size. The 
granules are sieved to remove the undersize fraction 
which is returned direct to the mixer and recycled. The 
primary granules are then rounded in a special mach
ine to form compact spheres. For the highest size frac
tion of a vibro-compacted fuel, large granules (over 
1000 p.) may be prepared by adding ungranulated 
powder binder mixture to the initial spherical granules, 
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whereupon a snowballing type of growth occurs, and 
by sieving and recycling the undersize fractions to the 
spheroidizer continuously, a close cut of the required 
size range is obtained with high yield. 

Although such a process is relatively simple to 
operate on a laboratory batch basis, a number of prob
lems must be solved in developing it into a continuous 
plant comprising the individual items of equipment 
linked together by powder feeding and transfer 
mechanisms, with recycle lines where required. Figure 
5 shows the flow diagram involved. 

One particular problem met with in this work, is the 
tendency for powder to stick or cake on equipment, 
although this is less severe with mixed oxide than with 
uo2 prepared from ammonium diuranate. 

Milling. Conventional ball mills must be operated 
well below the critical speed to avoid caking of the 
powder. It has been found that a rod mill incorporat
ing full length rods is very much less prone to this 
trouble, and moreover has a higher rate of milling. 
The powder hold up is less for a given throughput, and 
the rod charge creates less end to end mixing so that 
there is less by-passing when operated as a continuous 
mill. The design which has proved satisfactory for con
tinuous operation is a simple rotating tube with feed 
and discharge ports. 

Binder mixing. For a number of process reasons, mix
ing in of binders containing excess solvent, followed 
by solvent removal was not favoured, and it was 
therefore necessary to develop a machine for handling 
a powder binder mixture without solvent present, of a 
damp crumbly consistency. A continuous machine was 
developed with a twin shaft mixer with inclined 
paddles fitted to the shafts to provide a forward and 
return conveying action, and which intermeshed to 
provide a self-cleaning action, and avoided the mixture 
building up on the shafts. 

Granulation. The crumbly powder binder mixture is 
readily granulated by extrusion through a screen 
assisted by a suitable beater. 

Classification. Rotating trommels were found to 
provide an efficient and flexible means of size separa
tion. These had a large capacity although designed to 
be within the diameter set by criticality limitations. 

Spheroidization. This was first carried out in batches, 
in an eccentrically oscillating pot. A continuous tubular 

PRODUCT 
SINTERED 
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FigureS. Spherical granulation flow diagram 
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unit has subsequently been developed with a similar 
motion in a horizontal plane, which has been found to 
operate very satisfactorily. 

Small vibro-screw feeders providing volumetric 
metering of the powder have proved satisfactory 
although the accuracy of feeding with self-agglomerat
ing powder is only ± 10 %. Transfer of material 
between units is, wherever possible, by gravity, with 
minimum of mechanical devices. Both belt and vibro
spiral elevators have been developed to lift powder for 
recycling purposes. 

All the equipment is essentially tubular and arranged 
on the axis of two horizontal infinite cylinders, verti
cally disposed. 

The diameter of each item is limited by criticality 
considerations to a maximum of 5 in and the spacing 
between the two axes is 6 criticality diameters. This con
figuration can be scaled up by increasing either the 
diameter up to the criticality limit, or beyond this by 
extending the equipment lengthwise. The equipment 
has been designed to contain as completely as possible 
the powder, so as to avoid the dispersion of plutonium 
aerosols. 

The complete equipment will produce green spheri
cal granules without manual handling. The precise 
capacity is a function of the width of the size range 
allowed, which in turn affects the recycle fraction and 
the load upon certain of the items. For the preparation 
of granular press feeds, the spheroidizer cycle is not 
required. 

Green granules and pellets are -de bonded in carbon 
dioxide at up to 700°C to remove residual carbon, 
without causing excessive oxidation. Lower tempera
tures are adequate with pure uranic fuels, but the 
presence of plutonium appears to cause radiation 
cross-linking of the binder by a-bombardment and 
after a day or so more rigorous treatment is necessary. 
A compact vertical bed furnace with a heated gas 
stream can be used for granules, which are sufficiently 
strong not to suffer appreciable damage. They are fed 
in continuously at the top and discharged at the 
bottom via a rotary valve. A more conventional boat
type furnace is required for pellet debonding 

Continuous sintering furnaces of a monolithic 
hearth design have been developed to enable either 
granules or pellets to be fired in boats at 1500-1600°C 
in dilute hydrogen. A gas lock system provides a seal 
at each end of the furnace. 

The granule process is capable of yielding good 
spheres of at least 95 % theoretical density after sinter
ing in any size range between 150 and 2000 p,. Smaller 
granules may be prepared by a modified route but the 
shape is inferior; nevertheless the effective yield from 
the line is close to 100 %. Similar sintered densities are 
obtained with pellets. 

FUEL CLADDING AND 
FUEL ELEMENT FABRICATION 

The fuel for use in a fast reactor must be contained 
in a metal sheath, and this is most likely to be tubular, 
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except in the case of cermet fuel elements which could 
be made either in the form of rods or thin plates. 

The fabrication of the fuel element may typically 
require: 

(a) Pre-inspection and preparation of the empty can. 
(b) Filling the can with fuel. The main alternatives 

here are a pelleted fuel or a vibro-compacted granular 
fuel. This stage may also include the sealing in of inert 
spacers. 

(c) Closing the fuel can, including cleaning of the 
end to be closed. This would be by welding or brazing 
in an end cap, or by forming the end of the can by 
swaging or rolling and making the final closure by a 
local fusion weld. 

(d) Charging the space within the can with the 
required gas (e.g., helium) or other heat transfer 
medium, and sealing. 

(e) Cleaning and decontaminating the sealed pin to 
levels acceptable to the reactor. 

(f) Carrying out straightening and heat treatment 
of the can if required. 

(g) Inspecting the finished pin for fuel distribution, 
leakage, physical dimensions, contamination, etc. 

(h) Incorporating the finished pins into a sub
assembly suitable for insertion in the reactor. 

It is not the intention of the present paper to des
cribe the development of special equipment for any 
particular operations involved in fuel pin manufacture 
since in many instances the precise form of the equip
ment required is dependent on the particular fuel 
element design which is selected. The aim at this stage 
of development is simply to outline the general prin
ciples which are being evolved for plutonium fuel pin 
manufacture on a production scale. 

During the processes (b) to (e) above, there is the 
possibility of escape of plutonium and normal pre
cautions for operating with plutonium are required. 
For later operations on the sealed pins, providing 
these can be carried out carefully without breakage, 
working in the open is possible. 

The handling of any considerable number of fuel 
elements made from plutonium containing higher 
isotopes will pose a shielding problem, although 
shielding requirements are minimal with single pins 
and light for five or six pins. Taking account of this in 
a manufacturing plant, therefore, leads to a concept 
where plutonium containing pins are either handled 
individually through processes or in small numbers. 
This cannot apply to the assembly of pins into clusters, 
where heavy shielding will inevitably be required. 

Cylindrical fuel elements for use in large power 
producing fast reactors are likely to be long and thin, 
because of the high heat fluxes required. Likely 
diameters are in the region of 0.5 em and lengths 
between 1.5 m and 3.5 m. Such slender items, which 
may be made from such materials as a fully annealed 
stainless steel oflow yield strength, require very careful 
handling between work positions, which implies 
mechanical assistance throughout (although not at this 
stage automatic operation). The handling problems 
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during the active stages of the process are also accentu
ated by the need for plutonium containment. When 
considering the requirements of these processes '(b) to 
(e) above, it is seen that certain of them are more 
readily carried out with the pin horizontal and certain 
others require the pin to be vertical. Where there is 
free flowing powder within the pin, e.g., vibro-com
paction, the vertical attitude will probably be neces
sary. Horizontal processes will probably include pellet 
filling, and swaging. Some operations may be per
formed quite satisfactorily in either attitude if the 
necessary development work is undertaken. The 
design of the fabrication plant must therefore take into 
account the required pin attitude and the layout of the 
plant will be strongly influenced by the means chosen 
for handling pins between work stations. Since at this 
stage both horizontal and vertical processes are re
quired for different pin designs, development work has 
included the need to handle both horizontally and 
vertically. The occasions when the attitude of the pin 
is changed must be minimized since this adds compli
cation to the handling gear. In general, the problems of 
obtaining a satisfactory system are not significantly 
different for either a horizontal or vertical orientation. 
A typical solution is shown in Fig. 2 in diagrammatic 
form which illustrates the alternative systems in a 
pilot plant. Various types of pin carriers and other 
means of pin transfer have been designed and evalu
ated and systems capable of locating the pins accu
rately at the work station have been evolved. 

A demonstration plant is being designed to give 
experience in carrying out fabrication operations and 
plant maintenance under active conditions for such 
typical pin manufacturing processes. When the fuel 
pin is sealed, it is most conveniently passed out of the 
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containment horizontally and axially, via a decon
tamination procedure, to the straightening or heat 
treatment stages, or direct to inspection. The need for 
straightening depends to some extent upon the success 
of the pin handling throughout the process. 

Most of the inspection stages involve examination 
of the whole length of the pin, as distinct from the 
active stage where, in general, operation is confined to 
one end of the pin. Two approaches are possible to the 
design of this section; (a) the pin is made to move past 
the inspecting equipment or (b) the pin is held station
ary whilst the instrument moves across its surface. The 
latter method has considerable advantages particularly 
in space utilization. 

Some development work has gone into the assembly 
of pins into clusters by mechanically assisted processes 
adaptable to shielded operation but the actual equip
ment required will again depend very much upon the 
design of the fuel cluster. 

CONCLUSION 

This paper has outlined the current state of some of 
the development work in the UK directed towards 
defining the plant required for fabricating plutonium 
fuel elements for fast reactors on a manufacturing 
scale. 

For many parts of such a plant, novel solutions for 
the equipment design have already been arrived at, and 
fairly clear ideas are emerging about the form that a 
large-scale production plant might take. A demonstra
tion plant covering all stages of the process will be 
completed in the near future and will provide the basic 
design information for future plutonium fuel element 
production plants. 

ABSTRACT -RESUME-AHHOTAL4~JI-RESUMEN 

A/151 Royaume-Uni 

Mise au point d'une installation et d'un 
procede de fabrication a grande echelle de 
combustible au plutonium pour reacteurs 
rap ides 

par S. E. Smith et of. 

Le memoire decrit les travaux de mise au point en 
cours, sur la base desquels seront etudiees de grandes 
installations pour la production d'elements combusti
bles au plutonium pour reacteurs rapides au Royaume
Uni. 

Les travaux en vue de choisir le combustible, et de 
specifier la forme des elements combustibles se 
poursuivent actuellement et, quoique a ce stade on ne 
puisse pas encore les arreter definitivement, ces travaux 
constitueront le point de depart pour la mise au point 

des materiels et des traitements pour Ia fabrication des 
elements combustibles. 

Les fonctions de !'installation requise peuvent se 
classer en trois categories: a) production des matieres 
premieres pour le combustible, b) fabrication du com
bustible so us forme compactee, et c) fabrication des 
elements combustibles. L'etude des imperatifs speciaux 
concernant la criticite, le blindage, le confinenjent et 
l'entretien actif, dans Ia mesure oil ils s'appliquent a Ia 
possibilite de fabrication a grande echelle, mene a Ia 
conception d'un fonctionnement continuellement sur, 
grace a un materiel dont la geometrie garantit Ia 
sfirete pour le combustible en vrac, en ce qui concerne 
les sections a) et b), et d'une chaine de production 
influencee, en majeure partie, par des considerations 
relatives a Ia manutention des aiguilles pour Ia sec
tion c). 

Les travaux de mise au point pour chacune de ces 
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sections se poursuivent sous forme d'etudes de 
materiels inactifs eta base d'uranium en premier lieu, 
menant a des versions initiates de materiel se pretant a 
l'usage avec le plutonium, et enfin a Ia demonstration 
complete de !'installation et du confinement, cela a 
une echelle donnant approximativement Ia capacite de 
production requise pour alimenter le reacteur rapide 
prototype. 

La premiere section de !'installation se fonde sur Ia 
preparation d'oxydes melanges Pu-U par coprecipita
tion continue avec de l'ammoniaque a partir d'une 
solution, cela au moyen d'une nouvelle technique de 
precipitation en plusieurs etapes, dont on expose Ia 
chimie et Ia theorie. Le produit est filtre, lave et seche 
de maniere continue, puis il fait !'objet de calcination, 
de reduction et de reglage d'aire superficielle en une 
seule etape. La poudre d'oxydes resultante, qui possede 
l'homogeneite requise, est ensuite compactee dans une 
installation de granulation en continu, qui comporte 
un nouveau procede de sphero!disation. On obtient 
ainsi le materiau pour fabriquer un combustible soit en 
pastilles, soit vibro-compacte. Si l'on veut du carbure, 
il est possible d'adjoindre ace systeme une installation 
pour le procede de reduction oxyde--carbone; on voit 
done que !'installation de production de combustible 
est de mise au point tres souple. 

Apres le frittage jusqu'a une densite elevee, le com
bustible est mis en gaines, et Ia mise au point de 
!'installation dans ce cas concerne principalement 
l'agencement d'un systeme assurant Ia manutention 
des aiguilles de combustible de forme peu maniable le 
long d'une serie d'operations consecutives de charge
ment, scellement, soudage, etc., a un rythme de 
production raisonnable. 

Une installation de demonstration, comprenant 
toutes ces sections, est en cours de montage a Alder
maston. 

An51 CoeAHHeHHoe KoponeecTeo 

Paapa60TKa H OCHOBHafl XHMHfl npo
MbiWneHHOrO npo(.4eCCa H ycTaHOBKH 
Anfl nonyLJeHHfl nnyroHHeeoro ronnHBa 
Am:t peaKropoe Ha 6biCTpbiX He~rpo
Hax 
C. 3. CMHT et at. 

B ,II;O:KJia,ll;e onHcaHM npoBO,II;HMhle B uacToHm;ee 

BpeMH OnhiTHO-KOHCTpy:KTOpCKHe pa60Thl, Ha OC

HOBe :KOTOphiX ,II;OJilliHhl npoe:KTHpoBaTbCH 6y,~~;ym;He 
npOMhllllJICHHhle ycTaHOB:KH no npOH3BO,II;CTBY nJiy

TOHHCBLlX TCnJIOBhi,II;CJIHIOID;HX 3JICMCHTOB ,!J;JIH pe

aKTOpOB Ha 6hiCTpMx ueii.Tpouax B BeJIH:Ko6pH

TaHHH. 

Pa6oTa no BM6opy TOnJIHBa H onpep;eJieHHIO 

IWHCTPY:KQHH TenJIOBhlp;eJIHIOID;HX aJieMeHTOB em;e 

TOJILKO npOBO,II;HTCH H Ha 3TOH CTa,II;HH He MOateT 

S. E. SMITH et al. 

6LITb aaBepmeHa, o,u;Ha:Ko :>Ta pa6oTa 6y,~~;eT cJiy

>KHTh OTIIpaBHhiM IIYH:KTOM IIpH paapa60T:Ke rrpo

QCCCa H ycTaHOB:KH ,II;JIH H3f0TOBJICHIIH TCIIJIOBhi

,II;eJIHIOm;HX 3JICMCHTOB. 

3a,ll;a'IH C03,11;aHHH Ta:KOH ycTaHOBl\H MOlliHO pa3-

,II;CJIHTL Ha TpH :Ka TeropHH: a) IIOJIY'ICHHC Chlpbe

BhiX TOnJIHBHLIX MaTepHaJioB; b) IIOJIY'ICHHC 

TOIIJIHBa B :KOMIIa:KTHOH «f>opMe; c) U3f0TOBJICHHC 

TCIIJIOBLI,II;eJIHIOID;HX aJieMeHToB. Heo6xo,II;HMOCTh 

Y'IHTLIBaTL CIICQHaJILHLie Tpe6oBaHHH B OTHOillC

HHH KpHTH'IHOCTH, 3aiD;HTLI, y,~~;epmaHHe a:KTHBHO

CTH, o6CJiylliHBaHHe a:KTHBHOfO o6opy,ll;oBaHHH 

rrpHMeHHTeJILHO K rrpoMhlrnJieHuoii ycTaHoB:Ke rrpH

BO,II;HT :K H,II;CC HerrpepbiBHOH 31\CnJiyaTaQHH C HC

IIOJib30BaHHCM 6eaonacuoro no «f>opMe cBHaauuoro 

o6opy,!J;OBaHHH ,II;JIH CCKQHH a H b CO CIIJIOillHOii 

MaCCOH TOIIJIHBa JI C03,11;aHHCM Ilp0113BO,II;CTBCIIH0ll 

JIHHHH, 1IpHCIIOC06JieHHOH ,II;JIH IIepeMeiD;CHHH TO

IIJIHBHLIX rrpyT:KOB, ,II;JIH CCKQHH C. 

Paapa6oTKa Kam,~~;oii H3 aTHX ceKQH:ii npoii3BO,II;HT

cH rryTeM H3Y'ICHHH Ha rrepBhiX nopax Hea:KTHB

HOfO o6opy,~~;oBaHHH H o6opy,~~;oBaHHH, rrpHcrroco6-

Jieuuoro ,II;JIH ypaua. iho ,II;OJimHo npHBeCTH K co

a,~~;aHHIO nepBoHa'laJibHhlX BapHaHTOB ycTaHOB:KH, 

npHrO,II;HOH ,II;JIH HCnOJib30BaHHH C nJiyTOHHeM, a 

aaTeM B KOHQC KOHQOB :K IIOJIHOH ,II;CMOHCTpaQHH 

yCTaHOBKH II 3aiD;HTHhlX npHCIIOC06JICHHH ,II;JIH 

y,~~;epataHHH a:KTHBHOCTH B MaCrnTa6e, CnOC06HOM 

y,II;OBJICTBOpHTL rroTpe6uoCTH npoTOTHIIHoro peaK

Topa Ha 6LICTphlX HCHTpOHaX. 

llepBaH CCKQHB ycTaHOB:KH OCHOBhiBaCTCH Ha 

IIOJIY'ICHHH CMCillaHHhlX 01\HCCH IIJIYTOHHH H ypa

Ha nyTeM uenpephiBHoro coocam,~~;eHHH Ha pac

TBopa IIpH noMOID;H aMMHa:Ka C HCnOJIL30BaHHCM 

HOBhlX MCTO,II;OB MHOrOCTyneH'IaTOrO OCaat,II;CHHH, 

XHMHH H TeOpHH :KOTOpOrO OnHCaHhl. lloJiy'laCMhlli 

IIpO,!J;Y:KT HenpepMBHO WHJILTpyeTCH, npOMbiBaCT

CH H BhiCYill:HBaeTCH, a aaTeM nO,II;BCpraeTCH o6-

lliHry, BOCCTaHOBJICHHIO H COKpam;eHHIO IIJIOID;a,II;H 

IIOBepXHOCTH aa O,IJ;HY CTa,II;HIO. 3aTCM IIOJiyqaeMyro 

uopornKOo6paauyro oKHCL, HMerom;yro ueo6xo,~~;:H
Myro O,II;HOpO,II;HOCTL, npeBpam;aiOT B KOMna:KTHYJO 

«f>opMy B HerrpepLlBHO ,!J;CHCTBYIOID;CH ycTaHOB:KC 

,II;JIH rpaHyJI:HpOBaHHH, B KOTOpo:if. HCIIOJib30BaH HO

BhlH npoQeCC IIOJIY'ICHHH mapHKOB. lloJiyqaeMMe 

rpaHyJihi 3aTeM rrpeBpam;aiOT B TOnJIHBHhiC Ta6-

JICT:KH JIH6o B BH6poynJioTHeuuoe TOIIJIHBO. EcJIH 

He06XO,!J;HMO nOJIY'IHTb Kap6H,IJ;, K 3TOH C:HCTCMe 

Momuo ,~~;o6aB:HTL o6opy,~~;oBaH:He ,II;JIH npoQecca Boc

cTaHOBJieHHH OJ{HCL/yrJiepo,ll;, 'ITO CBH,II;.CTCJILCTBYCT 

0 6oJiblllOH tH6KOCTH paapa6aTMBaeMOH ycTa

HOB:KH. 

lloCJIC cne:KaHHH ,11;0 BhlCOKOH nJIOTHOCTH TOIIJIH

BO aarpymaeTCH B o60JIO'IKH, II03TOMY paapa6oTKa 

ycTaHOB:KH CBH3hlBaCTCH rJiaBHhiM o6pa30M CO CXe

MOH CHCTCM!>J rrpeBpam;eHHH TOnJIHBHhlX rrpyT:KOB 

HCY,II;06HOH «f>opMhl B pH,!J; IIOCJIC,II;OBaTeJILHhiX aa

rpyao:K, repMeTHaa;Q:Heii, cBapKoii H ,~~;pyr:HMH one

paQHHMH npH paayMHOH C:KOpOCTH npOH3BO,II;CTBa. 

B OJI,~~;epMacToue ceii'lac cTpo:HTCH ,u;eMoHcTpa

I~HOHHaH YCTaHOB:Ka, B KOTOpo:if. BOIIJIOID;CHhl BCe 

;}TH CC:KQHH. 
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A/151 Reino Unido 

Estudio de un procedimiento y planta para 
Ia producci6n en gran escala de 
combustibles de plutonio para reactores 
rapidos 
por S. E. Smith et a/. 

En Ia memoria se describen los trabajos prepara
torios que se estan realizando, sobre Ia base de los 
cuales se construinin en el Reino Unido instalaciones 
para Ia produccion en gran escala de elementos com
bustibles de plutonio para reactores rapidos. 

En Ia actualidad se procede a ejecutar los trabajos 
de seleccion del combustible y de especificacion de Ia 
forma de los elementos combustibles. Una vez ulti
mados, esos trabajos serviran de punto de partida para 
Ia preparacion del procedimiento y planta de elabora
cion de los elementos combustibles. 

Las funciones de Ia planta senin las siguientes: 
a) produccion de las materias primas para el com
bustible, b) tratamiento para darles forma y compaci
dad, c) elaboracion de elementos combustibles. El 
estudio de los requisitos especiales en materia de criti
cidad, blindaje, confinamiento y conservacion, en Ia 
medida en que se aplican a Ia produccion en gran 
escala, ha conducido a Ia concepcion de una pro
duccion continua y segura gracias a un equipo a) y b), 
cuya configuracion geometrica garantiza Ia seguridad 
para el combustible a granel, mencionado en a) y b) y 
a Ia concepcion de una linea de produccion especial
mente adaptada a Ia manipulation de agujas para los 
elementos combustibles mencionados en c.) 

El estudio de cada una de esas secciones se efectua 
con ayuda de equipo que trabaja inicialmente con 
materiales inactivos o con uranio. Sobre Ia base de 
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dichos estudios, se construiran los primeros modelos 
de dispositivos adecuados para su empleo con plu
tonio, y se procedera finalmente a una demostracion 
completa de Ia planta y del confinamiento en una 
escala que proporcione, aproximadamente, Ia cantidad 
de productos necesaria para alimentar el prototipo de 
reactor rapido. 

La primera seccion de Ia instalacion se basa en Ia 
preparacion de una mezcla de oxidos de Pu-U por 
coprecipitacion continua mediante amoniaco, utilizan
do una nueva tecnica de precipitacion en varias etapas, 
cuyos aspectos quimicos y principios etoricos se 
explican. El producto se filtra, lava y seca en forma 
continua y seguidamente se somete a calcinacion, 
reduccion y ajuste del area superficial en una sola 
etapa. AI polvo de oxido resultante, que posee Ia 
homogeneidad requerida, se le da forma y compacidad 
en una planta de granulacion continua, que aplica un 
nuevo procedimiento de esferificacion. Constituye Ia 
materia prima para Ia produccion de combustible en 
pastillas o compactado por vibracion. Si se necesitase 
material en forma de carburo, es posible incorporar al 
sistema una instalacion para el proceso de reduccion 
oxido-carbono. La planta de fabricacion de com
bustible se esta proyectando por tanto con gran 
flexibilidad. 

Despues de sinterizarlo a densidad elevada, el com
bustible se introduce en el revestimiento, por lo que el 
estudio de la planta comprende en particular Ia pre
paracion de un sistema de transporte de las agujas de 
combustible, de forma dificil de manejar, a lo largo de 
una serie de operaciones consecutivas de cagra, cierre, 
soldadura, etc., a un ritmo de produccion razonable. 

Actualmente se construye en Aldermasto.n una 
planta de demostracion que comprende todas estas 
secciones. 
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Fabrication and irradiation studies of U02-stainless steel 
and (U,Pu)02-stainless steel cermets 

By B. R. T. Frost,* L. H. Cope,* J. D. B. Lambert,* H. Lloyd,* W. Long,** 
J. E. Manson*** and P. G. Mardon* 

During the past three years, work in the UKAEA on 
cermet fuels has been directed primarily towards the 
development of a fast reactor fuel element, although 
some of the work, particularly that carried out at 
Harwell, also has potential application to thermal 
reactor systems. For a fast reactor, the ceramic phase 
is a plutonium-uranium dioxide solid solution at the 
maximum concentration consistent with maintaining 
some structural strength in the matrix; out-of-pile 
mechanical property tests placed this limit at about 
50 vol %. The probable maximum temperatures are 
600-650°C at the surface and 900°C in the centre of 
practical sized fuel elements. These are considerably in 
excess of the corresponding temperatures in pres
surized water reactors, where the bulk of the ex
perience on cermet fuels has hitherto been gained [1 ]. 
This experience has also been confined to ceramic 
contents below 30 vol %. It has been necessary, there
fore, to develop methods of fabricating cermet pins 
and plates containing between 30 and 50 vol ~~ 
oxide, and to examine their irradiation behaviour over 
the burn-up range 2-10 %heavy atoms. 

Theories of dispersion fuels [2, 3] indicate the types 
of fuel structure which are most likely to ensure the 
optimum performance under irradiation. These theo
ries are based on the concept that each oxide granule 
is surrounded by a small steel pressure vessel and the 
aim is to provide a uniform ceramic distribution so 
that weakening of the matrix structure by recoiling 
fission fragments is minimized. 

CHOICE OF FABRICATION METHOD 

Cold-pressing and sintering techniques, which 
suffice to densify metals and ceramics alone, are not 
practical in the case of 30-50 vol % cermets****. 
Oxide-stainless steel mixtures may be compacted at 
78kg/mm2 to give strong, green pellets having a bulk 
density of about 80 % of the theoretical. Subsequent 
sintering may increase the density to 85 % theoretical, 

* UKAEA, Atomic Energy Research Establishment, 
Harwell, Berkshire. 

** UKAEA, Atomic Weapons Research Establishment, 
Aldermaston, Berkshire. 

* * * UKAEA, Dounreay Experimental Reactor Establish
ment, Thurso, Scotland. 

but no more. Consequently further mechanical work
ing of a compressive nature is necessary, both to 
densify the cermet and to bond it to the cladding. 
Compressive stresses may be applied in extrusion, 
rolling, hot pressing and swaging processes. It was 
decided that swaging***** was the most appropriate 
method for the preparation of pins and rolling for the 
preparation of plates. 

Swaging 

The essential steps in the swaging process were: 
mixing the oxide and steel particles, cold pressing into 
pellets and sintering at 1100-1300°C, sealing the 
pellets into a steel tube and finally, swaging at 
1 000-1300 °C. Fabrication developments were aimed 
at producing near-ideal structures. 

A technique for producing spherical ceramic 
particles was developed [4]; ceramic grade uo2 
powder was milled to - 300 mesh to break up 
agglomerates, mixed with 0.1 wt % aluminium stear
ate and compacted at 19kg/mm2 in pellets typically 
1.0 em diameter. The green pellets were then broken 
down to granules and sized. Spheroidizing was 
carried out in a sombrero shaped aluminium dish 
coated with silicon carbide powder which abraded the 
rough granules into spheres as they gyrated around 
the spinning track. Approximately 90 % true spheres 
of the required. size were produced in 9 hours milling. 
The spheroids were loaded into molybdenum trays 
and passed through a sintering furnace with a peak 
temperature of 1600 oc in an atmosphere of cracked 
ammonia to yield spheroids with a typical density of 
10.55 gfcma. 

Some difficulty was found in translating the U02 
experience to (U,Pu)02 possibly due to different pow
der characteristics. In the latter case sintering was 
carried out at 1 500 oc in hydrogen (giving densities 
95% theoretical) after a careful debonding operation 
at a lower temperature. The mixed oxide particles 
contained the metals in the ratio 1 Pu atom to 2 U 

**** 30 vol% cermet means a dispersion of 30 vol% oxide 
in 70 vol % stainless steel matrix. 

* ** * * Swaging consists of applying numerous, repeated blows 
by two or more small hammers to the work as it moves 
past at a constant rate. 
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Figure 1 a. Section through a swaged 30 vol% cermet made by the 
particle-coating technique (x 6) 
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Figure 1b. Section made by a random plane through an ideal 
hexagonal array of spheres at the same concentration as in Fig. 1a 

atoms and were generally produced from a co
precipitated feed material although physical mixing 
was used with success. 

Even with spherical particles uniform distribution 
in the oxide-steel mixture was not readily obtained; 
eventually it was found that a marked improvement 
could be made by coating the sintered oxide spheroids 
with an organic binder which made them sufficiently 
sticky to cause a layer of stainless steel powder to 
adhere to each particle [5]. Yields were around 90 % 
and rejected material was recovered by washing in a 
solvent and sieving. The proportion of steel to granules 
could be controlled to within ± 2 % by controlling the 
amount of binder added initially to the ceramic. 

The uniformity of distribution is shown in Fig. Ia 
obtained with a 30 vol % cermet using the best particle 
coating technique. As an aid to judgement of its 
quality, Fig. lb shows a section made by a random 
plane of an ideal three-dimensional hexagonal array 
of spheres. This array was made up of spheres of 
three diameters in the ratio 3 :4:5, typical of the size 
range used in practice. 
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The matrix 
In the pressure-vessel model of the cermet the 

matrix must be dense and impermeable to prevent gas 
release. It must also possess adequate strength and 
ductility to resist the pressures developed within the 
fuel particles due to fission product accumulation, 
even after a high fast-neutron dose and after prolonged 
heating in the range 600-800°C. Of the materials 
which are commercially available, the austenitic 
stainless steels offer the best combination of com
patability with sodium {the fast reactor coolant), 
adequate creep ductility and strength, and reasonably 
good thermal conductivity. Of this family the AISI 
types 316 and 316L steels were judged to be likely to 
provide the best combination of mechanical proper
ties. To minimize carbide precipitation in service the 
low carbon 316L was selected and to minimize sigma 
phase formation, both these precipitates impair the 
properties, a high nickel and low chromium content 
within the type 316 composition range were specified. 
More strict control was exercised of molybdenum, 
silicon and the several impurities than is normal 
practice, also to prevent sigma phase precipitation. 

Defects in the core of the cermet pins encountered 
in the original process were eliminated by modifica
tions to the swaging technique. Cracking was avoided 
by applying more uniform compressive forces to the 
work, i.e., by the use of a multi-die swage. Densifica
tion to produce an impermeable matrix was achieved 
by reducing the number of passes to obtain the total 
reduction in cross section. Experiment showed that a . 
reduction by 30 %gave the greatest increase in density. 

Bonding 

It was found that if two conditions were achieved 
satisfactory bonding could be obtained quite repro
ducibly. The cermet pellet sintering atmosphere should 
be pure; the presence of gases capable of undergoing 
surface reactions with the steel tended to prevent 
effective sintering and bonding. After a number of 
experiments, sintering in a good vacuum at 1200°C 
for one hour was found to give t.he most satisfactory 
product. During this process quantities of carbon 
monoxide, nitrogen and hydrogen were evolved from 
the steel and their effective removal appears to be an 
essential step in the formation of a dense, bonded 
element. Pellets which were discoloured due to surface 
reactions generally failed to bond to the cladding. 

It is essential to allow grain growth to occur across 
the matrix-cladding interface. During the process of 
heating to the swaging temperature, grain growth 
could not promote bonding due to the lack of intimate 
contact. The swaging process is very rapid, the work 
being in the die for about two seconds, during which 
time it is quickly chilled, although good core-clad 
contact is achieved; a further prolonged heat treatment 
is required to allow grain growth to occur across the 
interface. 

Rolling 

Considerable experience of the fabrication of plate
type dispersion fuel elements has been obtained in the 
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development of materials test reactor and package 
reactor fuel elements in the USA [6] and in the UK. 
Cermet plates made by the picture-frame rolling 
technique* have generally been well bonded but have 
contained cracked granules and excessive stringering. 
Work was undertaken, concurrent with the swaging 
studies described above, to develop plate elements 
with near-ideal structures. 

Cermet core preparation 

In the initial stages of the investigation spheroids 
250-3501-' diameter, prepared by the method described 
above were mixed in the dry condition with 50-150 1-' 
18% Cr-12% NiNb stabilized steel powder and com
pacted at 78kg/mm2 before sintering. This produced a 
very non-uniform distribution of particles and a 
marked improvement was achieved by using the 
sticky binder technique to coat individual spheroids 
with a layer of steel powder. Debonding of the green 
cores was carried out during the heating stage of the 
hydrogen sintering cycle using a heating rate of 
100°Cjh. The cores were raised to 1350°C in four 
hours and sintered at this temperature for a further 
four hours. The sintered density was approximately 
85 % theoretical irrespective of uo2 content in the 
range 30-50 vol %. 

Fuel pack assembly 

The components of the assembly were carefully 
cleaned, the cores were placed in the picture frames 
and the cover plates clamped in position for argon-arc 
welding. The effect of evacuating the assembly on 
bond efficiency was explored; it was found to be 
unnecessary to evacuate to obtain a good bond. 

Hot rolling 

To establish the optimum rolling conditions, 
50 vol % cermets were used. The packs were heated for 
30 minutes in a conventional muffie furnace and rolled 
at 1100, 1200 and 1300°C in a 25cm diameter two
high rolling mill to provide specimens with total 
reductions of 50, 60, 70, 80 and 90 %. Bonding, as 
indicated by the extent of grain growth across the 
interface, increased as the rolling temperature in
creased, but at 1 300 ac gross oxidation of the pack 
occurred and intergranular cracking in the uo2 
particles became increasingly severe with increasing 
temperature. These investigations showed that 70 % 
reduction at 1200°C were the best conditions for 
producing high • density cermets with minimum 
particle cracking and good bonding. 

Mechanical properties 

Tensile tests at temperatures in the range 20-700 ac 
were carried out on samples cut from plates in the 
direction of rolling and transverse to this direction. 

* A rectangular section of sintered oxide-steel plate is placed 
inside a steel frame, plates are welded over the fiat faces and 
the composite pack is hot rolled to produce bonding and 
densification [7]. 
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30, 40 and 50 vol % U02-type 316L steel cermets 
containing 250-500 1-' uo2 particles were produced 
by rolling at 1200 ac to 70 % total reduction. The 
results indicate the following trends: 

(a) There is a decrease in ultimate tensile stress with 
increasing ceramic content and increasing tempera
ture. 

(b) The ductility decreased with temperature up to 
200 °C, remained reasonably constant or decreased 
slightly up to 600 ac and then increased at 700 °C. The 
higher the uo2 content, the lower the elongation 
value. 

(c) Annealing at 1 050°C for 20 minutes after rolling 
gave a slight improvement in ultimate tensile stress and 
elongation values. 

(d) Consistency in properties depended on the 
uniformity of size, shape and dispersion of the uo2 
spheres in the steel matrix. 

Thermal cycling 

40 and 50 vol % cermets withstood 1 000 cycles of 
50--+800-+50°C at heating rates of 50°Cjs and cooling 
rates of 200°Cjs with no changes in structure, di
mensions or bonding. 

Bond testing 

Two different ultrasonic techniques were used to 
test the degree of core-cladding bonding. A through 
transmission method at 6 Mcjs, capable of detecting 
unbonded areas of0.3cm diameter was applied to full 
areas of plates up to 30 em long 7.6 em wide. A 
facsimile record showed no evidence of unbonded 
areas. A resonance technique was used which was 
capable of detecting unbonded areas of 1 mm diameter; 
this confirmed that no unbonded areas were present. 

Variations in U02 content 

Random sampling of plates by analysing discs 
between 0.8cm and 0.33cm diameter showed that the 
variations can be kept within the limits of ±2.5 vol % 
in a nominally 50 vol % cermet. 

Plutonium-uranium oxide cermets 

A start has been made in translating the rolling 
technique to mixed oxide cermets. In addition, some 
modifications have been introduced in order to 
produce some samples for irradiation experiments. 
For this purpose, enrichment of the uranium was 
necessary and this led to the production of the 
granules from physically mixed Pu02 and U02. After 
milling these oxides, they were pressed at 47kg/mm2 
and sintered for 12h at 1500°C in an atmosphere of 
10 volumes C02: 1 volume CO. This was followed by 
heating for 4 hours in undried hydrogen at 850 ac to 
produce material with an oxygen/metal ratio of 2.0. 
The sintered pellets were crushed and sieved to pro
vide fractions in the ranges 100-125~.t and 300-350~.t. 
The initial irradiation samples used these angular 
granules which were mixed with steel, pressed at 
125kg/mm2 and sintered in a vacuum furnace for four 
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Figure 2a. (U, Pu)02 particles in an irradiated cermet which had 
been fabricated at an early stage of the development programme 

Bum-up 6 % heavy atoms ( x 370) 

hours at 1350°C. The resulting structure had a dense 
matrix but the oxide particles were cracked and non
uniformly distributed. A marked improvement was 
obtained using the spheroidizing and coating methods 
described above and the second series of Harwell 
irradiation samples were made by hot pressing pellets 
at 15kg/mm2 for 5 min at 1125°C in graphite dies 
with tungsten plungers. This produced dense, well
distributed cermets although a hydrogen treatment 
was required to remove the carbon picked up from 
the dies. 

IRRADIATION 
The aims of the cermet irradiation experiments in 

both the Harwell and Dounreay reactors were to 
determine the burn-up limitations on 30, 40 and 
50 vol % ceramic pin and plate specimens with a 
surface temperature of 600-650°C. Keller [I] has 
shown that the burn-up to failure in cermets of lower 
ceramic contents (20-25 vol %) falls sharply as the 
irradiation temperature increases. 

Swaged pin irradiation experiments 
A large number of cermet fuel pin specimens was 

irradiated in capsules in the Dounreay Materials 
Testing Reactor (DMTR), i.e., in a predominantly 
thermal neutron flux, to investigate primarily the 
swelling and cracking behaviour of medium vol % 
cermets. All the specimens measured approximately 
5cm long and 0.6cm diameter and were fabricated by 
the hot swaging technique as it existed in its early 
stages of development, i.e., the ceramic particles were 
far from spherical, were unevenly distributed and the 
core was not bonded to the cladding, except for some 
later specimens in the series which were copper
bonded. The cermet surface temperature was measured 
at three points along its length and at a position in 
one of the end caps. 

After irradiation, the capsules were removed to a 
concrete-shielded remote-examination facility where 
they were radiographed, pierced for sampling of 
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Figure 2b. U02 particles in an irradiated cermet fabricated by the 
particle-coating technique 

Bum-up 4. 7 % heavy atoms ( x 425) 

fission gases, and the fuel specimens removed. These 
were then subjected to detailed mensuration and 
sectioning for macro- and micro-examination on an 
optical microscope. Samples were removed for radio
chemical analysis to determine the burn-up levels. 

Details of the irradiation conditions and post
irradiation examination results are summarized in 
Table I. Capsules I to 9 contained copper-coated 
specimens which were clad in 18 Cr/8 Ni/Ti stabilized 
steel since supplies of Type 316L steel were not then 
available. Capsules 10 to 14 were irradiated in sodium 
and were clad in Type 316L steel. 

Two features were noted in the examination of these 
specimens which had not been observed in earlier 
irradiation studies of cermets; the (U,Pu)02 particles 
had swelled to a considerable extent in many cases 
(see Fig. 2a) and a large percentage of the fission 
gases had been released from the fuel. 

By the time this programme had been completed, 
improvements had been made in the swaging process. 
Accordingly several samples of U02-steel cermets were 
made by this process for irradiation in DMTR in 
sodium filled capsules. These samples contained 
roughly spherical particles of U02 at the 50 vol % 
concentration fairly evenly distributed throughout the 
matrix, with good core-clad bonding. 

The only sample of this material so far taken to high 
burn-up (No. 14 in Table I) showed no rupture of the 
cladding and no apparent gas releaf;e, and no changes 
in external dimensions. The oxide particles contain 
small bubbles, are not cracked and exhibit the white 
second phase (Fig. 2b ). Compared with earlier 
(U,Pu)02-steel samples irradiated to a similar burn-up 
( 4. 7 %) this represents a considerable improvement in 
performance. 

Roll-bonded plate and unbonded pin experiments 
Two series of experiments were planned in the 

Harwell high flux material testing reactors to study the 
material produced in the rolling development pro
gramme: 



Table 1. Irradiation history of swaged (U,Pu)02-stainless steel pins 

Minimum fission 
Capsule Capsule type, Burn·up Calculated centre gas release 

reference No. and Cermet type irradiation position, (a) Calculated temperature and rig Pre·irradiation condition (a) calculated burn-up Post·irradiation examination 
design rating (b) Chemical history of cermet (b) chemical burn-up 

1. 50 vol % (Pu U)02 in Restrained: 4V4: 82W/g. 0.4 690°C Uneven distribution with 3.4% (1) Similar to pre-irradiation; 
316L steel canned in 0.25 Leaks in container. some cracking and 5.4% (2) Free from gross cracks. V) 

18/8/Ti, 0.020 in wall. porosity of pellets: Can Precipitate at grain boundary; m 
V) 

thickness variable. (3) Can/cermet bond reasonable. V) 

0 
2. As above. Restrained: 7 V 1 : 0.6 Ran at 500°C, As above. 5.7% (1) Oxide fragmented, some z 

212W/g. 0.5 calculated. 6.7% porosity; (2) Matrix shows ...., 
fabrication cracks; (3) Damage (:., 

halo round oxide; (4) No 
dimensional changes. , -3. As above. Restrained: 7 V2: 0.04 Ran hot. As above. Some cracking of matrix due to ..... 

l.n 

115W/g. fabrication. (,) 

4. As above. Restrained: 7V2: 0.55 Ran hot. Voids and cracks in 4.4% (1) Matrix cracked; (2) Bubbles 
115W/g. 0.65 particles. Cracks in 3.7% in oxide; (3) No dimensional !" 

matrix. changes. ?' 
5. As above. Restrained: A3 1.6 897°C Oxide fragmented: Can (1) Matrix cracked during :-f 

420W/g. thickness variable. fabrication; (2) Bubbles in "T1 

oxide, some healing of cracks; :::0 
0 (3) No dimensional changes. V) 

-1 
6. As above. Restrained: Core 10.0 700-800°C. Outer Uneven distribution with 23% (1) Porous oxide: bubbles ., ..... 

D6:420W/g. 8.0 and inner con- cracking of oxide and 29% occupying 20 %oxide volume, 
~ tainers good. general porosity. Variable cracks healing. (2) Sigma and 

can thickness. carbide precipitate: 
(3) Metallic particles in oxide: 
( 4) Good can-cermet contact. 

7. As above. Restrained: 4 V3 : 0.4 480°C Small cracks present in (1) Oxide similar to 
82W/g. 0.15 matrix. Oxide cracked. pre-irradiation: 

(2) No dimensional changes. 



Minimum fission 
Capsule Capsule type, Bum-up Calculated centre gas release 

reference No. and Cermet type irradiation position, (a) Calculated temperature and rig Pre-irradiation condition (a) calculated burn-up Post-irradiation examination 
design rating (b) Chemical history of cermet (b) chemical burn-up 

8. 40 vol % (Pu U)02 in Restrained: 7V2: 2.7 540-700 oc. Outer Uneven oxide distribution 3.2% (1) Partial healing of cracks, 
316Lsteelcan 18/8/Ti 103W/g. and inner con- oxide cracked. Variable uniform distribution of bubbles 
steel; wall 0.020 in tainers good. Latter can wall thickness. in oxide: (2) 2nd phase 
nominal. pierced for gas precipitated at matrix grain 

sampling. boundaries: (3) No dimensional VI 
m 

changes: ( 4) good matrix/oxide VI 
VI 

content. 0 
9. As above. As above. 0.4 605°C Even distribution of oxide, Very similar to pre-irradiation. z 

0.43 particles cracked. Wall N 

thickness variable. 
(.., 

10. 40 vol % (Pu U)02 in Restrained: Core B6. 6.5 700°C, withdrawn As above but oxide more 2.5% (1) Gas bubbles in oxide healed; 
316Lsteelcan 316L 375W/g. due to high cracked; wall thickness (2) 2nd phase precipitated at -o -...... steel; nominal wall temperature. Inner uniform. matrix grain boundaries; V1 

thickness 0. 020 in. container leaked. (3) Good contact of ceramic with 
(,.) 

matrix. 

11. 50 vol % (Pu U)02 in Unrestrained: 4 V 3 : 2.4 250-400°C, all Uneven oxide distribution No significant changes in ~ 
316L steel canned in SOW/g. containers with oxide fragmentation. dimensions. ?' 
18/10/Ti, wall satisfactory. Matrix free from cracking. :-1 thickness 0.010 in. Mechanical bonding only. 

"T1 

12. 40 vol % (PuU)02 in Unrestrained: Core E1: 10 600-800°C. Inner As in C15 but fragmenta- 100% No melting occurred. Detailed 
:;:10 

0 
316L steel other details 230W/g. (Estimate) container leaked, tion of oxide not so severe. metallography incomplete. ~ as C21. fission gas in inner Matrix contained only 

l'1> 
container. fine cracks. Fine axial .... 

cracks in can. ~ 
13. As above. As above. 10 740-840°C. AsinC22. No melting occurred. Detailed 

(Estimate) Fission gases in metallography incomplete. 
inner container. 

14. 50vol %U02(49% Unrestrained: 4.7 670°C Results not available. Not (I) No dimensional changes: 
enriched) in 316L. 187W/g. available. (2) Oxide porous, good ceramic-
316L can not swaged on matrix contact: (3) 2nd phases 
to pellet: 30 % reduction. precipitated in matrix. 
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Table 2. Irradiation history of roll-bonded cermet plates and unbonded cermet pins 

uo.-stainless steel plates (Pu, U)Oa-stainlcss steel pins 

Capsule reference No. 15 16 17 18 19 20 21 22 23 24 25 26 27 

Ceramic volume fraction 0.5 0.4 0.3 0.5 0.4 0.5 0.5 0.3 0.4 0.4 0.3 0.3 0.4 

" Maximum rating (W /g) 320 300 220 220 120 270 250 225 285 105 85 85 110 

b c Calculated % bum-up 10.3 11.9 11.2 7.4 5.1 8.8 8.1 11.4 9.2 4.1 4.2 4.2 4.3 
of heavy atoms 

Clad temperature ( oq 645 650 655 620 635 585-595 635-645----+ -655 -660 -665 -630 -645 

Over-allvolumechange(%) +6.27 +5.91 +2.0 +4.29 +0.46 +---- Negligible dimensional changes on sheaths ---+ 

Maximum gas release on 
+-- Not measured 3.9 Sample 3.9 2.4 3.6 8.6 5.3 5.2 calculated burn-up ( %) lost 

• From measured capsule heat output during irradiation; accuracy ± 10 %. 
• Based on cermet rating. 
'Irradiation times: 39.72 days at 10 MW power level; 7.38 days at 14 MW power level; 127.41 days at 15 MW power level. 

(a) Irradiation, to burn-ups in the range 5-10 % 
heavy atoms at 650°C surface temperature, of early 
examples from the fabrication programme. This has 
been completed. 

(b) Irradiation of material with improved structures 
to similar burn-up levels. 

The first experiment contained five U02-steel plate 
specimens and eight (U, Pu)02-steel pins (Specimens 15 
to 19 and 20 to 27 respectively in Table 2). The plates 
were made by the rolling technique described above 
using uo2 spheres hand-mixed with the steel powder 
prior to compaction (i.e., randomly distributed). 
Their dimensions were: external, 6.56x 1.5x0.21cm; 
core, 5 x0.92x0.12cm; granules, 250-700p. diameter, 
U02 content, 2 samples at 50, 2 at 40 and 1 at 30 vol %. 
The pins containing (U,Pu)02 were made by cold 
pressing and vacuum sintering 0.25 em diameter 
pellets containing 100-350p. diameter 84-88 % 
theoretical density, non-spheroidized granules, there 
being 2 at 50, 3 at 40 and 3 at 30 vol %. The sintered 
pellets were subjected to density and dimensional 
checks before loading cold into 0.5mm thick stainless 
steel cans. The fuel-can gaps, which measured on the 
average 0.05-0.075mm in width were filled with 
helium before welding the end caps. 

The specimens were irradiated in sodium filled 
capsules in the PLUTO reactor for 174 days under the 
conditions detailed in Table 2. After irradiation, the 
specimens were removed from the capsules and 
subjected to detailed post-irradiation examination in 
a{3y shielded cells. 

Plates 
In all but the lowest burn-up specimen (No. 19), a 

distinct bulge was formed on the flat faces of the plates 
towards one end, the thickness increases varying 
between 20 and 45 % at their maxima. Plates 15 and 
19 have been sectioned perpendicular to their length 
and Fig. 3 shows unetched cross sections at positions 
along each plate. In No. 15, a central crack has 

opened up along the full width of the core, causing the 
outer cladding to rupture at the corners and at the 
point of maximum swelling. The matrix is seen to 
contain many fine cracks which follow the network of 
carbides which were present before irradiation 
(Fig. 3c). 

Pins 
None of the eight pins showed significant changes in 

external dimensions after irradiation and no rupture 
of cladding had occurred. Gas release measurements, 
carried out by puncturing the sheathes under vacuum 
and analysing the collected gas by mass spectro
metry, showed an average fission gas release of about 
4 % of that produced in the fuel in contrast with the 
swaged (U,Pu)02-316L pin results. 

After gas sampling, individual pellets were removed 
from the pins by carefully milling away the sur
rounding sheath. Examination of polished sections of 
the pellets shows no evidence of matrix cracking. 
Gas bubbles and the white second phase are present in 
the ceramic particles. 

DISCUSSION OF THE IRRADIATION RESULTS 
The material with improved structures has been 

irradiated to burn-ups in the range 5.8 to 16.2% 
heavy atoms at surface temperatures between 605 and 
630°C. One plate containing 30 vol % U02 reached 
16.2% burn-up without failure and one plate con
taining 50 vol % uo2 showed the characteristic bulge 
type of failure at 13.5 % burn-up although to a lesser 
degree than specimen 15 in the first series. 

The two main factors contributing to failure in these 
experiments were fission gas release and oxide 
swelling. Evidence from high burn-up studies of bulk 
oxide fuel [8, 9, 10] shows that solid fission products 
contribute a volume increase of about 1 % per 1 % 
burn-up and beyond a certain burn-up level the rate of 
fission gas release increases considerably. 

In the swaged (U, Pu)02-steel specimens, the 
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SURFACE EXAMINED a 

Figure 3o. Method of sectioning cermet plates for examination 

Figure 3b. Sections through plate No. 15 showing the mode of 
failure 

Figure 3c. Cracks in the matrix of plate No. 15 

-

L-----------------------------~d 
Figure 3d. Sections through plate No. 19 
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granules have swollen, the matrix appears to have 
been porous and, where the cladding has ruptured, 
high gas release values have been recorded. These gas 
release levels are considerably in excess of that 
predicted by recoil and the microstructures suggest 
that this may have been caused by the gas bubbles 
linking up in the oxide to form an easy. path for the 
escape of the gases to the matrix. In the U02-steel 
plate specimens, the matrix was almost certainly im
permeable but the swelling of the initially dense uo2 
granules beyond a certain burn-up could no longer be 
accommodated by the porosity and the matrix was 
strained to a point where it cracked in a brittle manner. 
This burn-up limit depended on the initial distribution 
of ceramic granules. 

The unbonded, sintered (U, Pu)02-steel cermet pins 
did not swell to any measurable extent and released 
medium quantities of fission gases which could have 
been due to diffusion from porous granules exposed 
on the outer surfaces of the pellets. The granules had 
low initial densities, the 15 % porosity being mainly of 
the open type. This appears to have been adequate to 
accommodate the swelling. The U02-steel swaged 
pins have not yet been irradiated to sufficiently high 
burn-ups to determine the effect of granule initial 
density; these experiments are still in progress. 

The experiments described in this paper have shown, 
in agreement with Keller's analysis, that a high 
ceramic content and a high surface temperature lead to 
an appreciable fall in the burn-up limit to failure. They 
show, in addition, that the cermets with more perfect 
structures survive to considerably higher burn-up 
levels than those with irregularly shaped, poorly 
distributed granules; in the experiments on plates the 
difference is almost a factor of two. The results suggest 
that the fabrication technology developed by the 
UKAEA is capable of producing cermet plates and 
pins with 30 to 50 vol % ceramic which will achieve a 
burn-up of at least 10 % heavy atoms without failure 
when the surface temperature is about 625 °C. This 
work provides an excellent example of the interplay 
between fabrication development and irradiation 
studies leading to significant advances in fuel per
formance. 
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A/153 Royaume-Uni 

Fabrication et etudes d'irradiation 
des cermets U02-Inox et (U, Pu)02-Inox 

par B. R. T. Frost et a/. 

Les etudes sur les combustibles en cermets, qui ont 
ete effectuees par la UKAEA au cours des trois 
dernieres annees, ont ete consacrees principalement au 
developpement des elements combustibles en tige ou 
en plaque en vue de leur application possible dans un 
reacteur rapide. Pour cette application, l'oxyde doit 
etre present dans une concentration variant de 30 a 
50 % en volum~s et distribue de fa~on a reduire au 
minimum l'affaiblissement structural de la matrice par 
deg~lts dus aux fragments qe fission. 

Les materiaux de matrice et de gainage selectionnes 
pour la plus grande partie du travail etaient des aciers 
AISI type 316L dont les compositions etaient etroite
ment contr6lees pour obtenir le maximum de stabilite 
microstructurale combinee avec une bonne resistance 
au ftuage et une bonne ductilite. 

Les methodes d'emboutissage achaud furent choisies 
pour la preparation des tiges car elles permettent une 
compression uniforme d'une maniere relativement 
simple. Les efforts initiaux permirent d'eliminer la frag
mentation des particules d'oxyde que l'on rencontre 
normalement avec les cermets, mais des ameliorations 
furent necessaires pour ce qui est de l'augmentation 
de la densite de la matrice, de la distribution de la 
ceramique et de la liaison matrice - gaine. On a 
pu mettre au point une technique pour corriger ces 
defauts; les granules spheriques d'oxyde furent 
enduits de poudre d'acier, tasses et frittes, et finale
ment densities et lies a haute temperature dans une 
emboutisseuse a impressions multiples. 

Le laminage a chaud, constituant une modification 
de la technique normale utilisee pour faire les cermets 
en plaques, a conduit a la preparation de plaques 
denses, liees, avec des distributions ceramiques assez 
uniformes. Ces plaques furent soumises a des essais 
intensifs mecaniques, thermiques et non destructifs. 

Des specimens de tiges et de plaques prepares au 
cours des premieres etapes de la mise au point de la 
fabrication ont ete irradies en flux thermiques dans le 
reacteur PLUTO a Harwell et dans le reacteur d'essai 
des materiaux de Dounreay, et soumis a un examen 
apres irradiation. Des specimens ayant des structures 
ameliorees sont encore en cours d'irradiation. Des 
comportements encourageants ont ete obtenus avec 
des tiges ayant de meilleures structures initiates. 

Des specimens de plaques ayant des distributions de 
particules ceramiques non uniformes sont arrives a un 
taux de consommation de 5 % pour une temperature 
superficielle de 650 oc sans defaillance, mais un 
gonftement s'est revele au-dela de 7 %deconsommation. 

Les resultats suggerent que le comportement 

optimal sous irradiation peut etre obtenu par un 
controle strict de la composition et de la densite des 
granules, et de la densite et de la permeabilite de la 
matrice. 

A/1~3 CoeAHHeHHOe KoponeacTBO 

V1ccneAOBaHHe cnoco6oa Haroroane-
HHft H 06JlyLfeHHft KepMeTOB U02 
HepmaaeiOI.ll.aft CTaJlb H (U, Pu)Oz -
Hepmaaei01.1J.aft cranb 

5. P. T. ctJpocT et al. 

11cCJie)J;OB3HHH KepMeTOBOrO TOIIJIHBR, IIpOBOfl,IJ
Mhle "YrrpaBJieHneM no aTOMHOH :meprHH Coep;n
HeHHoro RopoJieacTBa B Teqemm rrocJie)J;HHX Tpex 
JieT, KRCRJIHCb rJIRB1fhlM o6pa30M paapa60TKI:l 
CTepmlteBbiX H IIJIRCTHHl(RThlX TeiiJIOBhl)J;eJIHIOill,HX 
:JJieMeHTOB C IleJibiO HX B03MOffiHOrO IIpHMeHeHHH B 
peaKTope Ha 6hlCTphlx HeiiTpoHax. B aToM cJiyqae 
KOHI!CHTpRIIHH OKHCH ypaHa pacrrpep;eJieHHOH Ta
KHM o6pa30M, l(T06bl CTpyKTypHOe OCJia6JICHHe Ma
TPHIIhl OCKOJIKRMH p;eJiellHH 6hlJIO MHHHMRJibHblM, 
l\OJiffiHR COCTRBJIHTb 30-50 06.%. 

AJIH nccJiep;oBaHHH B Ka•IeCTBe MaTepnaJia MaT
PHIIhi H o60JIOl(KH B OCHOBHOM HCIIOJib30BRJIHCh 
CT3Jll:l THIIR 316 L, COCTRB KOTOpbiX Tlll,RTeJihHO 
KOHTpOJIHpyeTCH, C TeM l(T06bl )J;06HTbCH MRKCH
MRJibHOH MHKpOCTpyKTYPHOH CT36HJibHOCTH, XO
pornero COIIpOTHBJieHHH IIOJI3yqeCTH H IIJIRCTH'f
HOCTH. 

TomiHBHhle CTepmHH naroTOBJIHJIHCb MeTO;.\OM 
ropaqeu IIlTRMIIOBKH, IIOCKOJibKY OH o6ecrreqnBaJI 
paBHOMepHoe o6maTne BeCbMa npocTbiM cnoco6oM. 
JlepBOH3l(3JibHhle IIOIIbiTKH IIO ycTpaHeHHIO o6pa
HOB3HI:IH BOJIOCOBHH ( stringering), o6bi'IHO Ha-
6JIIO)laeMOrO B KepMeTOBOM TOIIJIHBe, 6hlJIH ycnem
HbJMH, O)J;H3KO B OTHOIUeHHH YIIJIOTHeHHH MaTpH
l(bi, pacnpep;eJieHHH KepaMHKI:l H CI!eiiJICHHH 
MRTPHI!bl C o60JI0l(I\0H IIOTpe6oBRJIHCh )J;RJlhHeii
JUHe ycoaeprneHCTBOBaHHH. AJIH ycTpaHeHHH aTnx 
~eWeKTOB 6hlJIR pa3pa6oTaHa COOTBeTCTBYIOill,RH 
MeTO;LJ,HKa: clf>epnqecKHe rpaHyJihl OKHCH IIOKphiBa
JJHCb IIOpOIIlKOM CTRJIH, lf>opMHpOBRJIHCh, CIIeKa
.TJHCb H, HRKOHeii, YIIJIOTHHJIHCJ, II CBH3biBRJII:ICh 
HpH BhiCOKOH TeMnepaType B MHOl'OMaTpHl(HOIII 
nrTaMne. 

06bll(H0 )J;JIH H3l'OTOBJieHHH KepMeTOBbiX IIJIRCTII-
1101\ HCIIOJih30BRJI3Cb ropHqaJI IIpOKRTKa B ee MO
fJ.Hif>UKRI!HH, HR3biBaeMOH <<KRpTHHa-paMa» (pictu
re-frame), B peayJihTaTe KoTopoi1: noJiyqaJIUCh 
IIJIOTHhlC, XOpOlliO CBH33HIIhle IIJI3CTIIHKH C Ol(eHh 
paBHOMepHhlM pacrrpep;eJieHJieM KepaMIIKH. aTH 
HJIRCTHHKH IIO)J;BepraJIHCb BCeCTOpOHHHM MeXaHII-
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'teCJ<HM, TepMH'JCCJHIM If CTJlYfiTypHhiM IICOhiT3HJI

HM OP:J Jl33flYIIIl'IIHH ofipaaJ~a. 
Oopaau,hl cTepamen u HJJacTnHol\, IIOJry•reHuJ.re 

B Ha'laJihHI>IX cTa)J,HJIX paapa6oTlUf enocofion ux 

waroTOBJieHHJI, o6JiyqaJIHCb n IIoToKe TenJIORhiX 

HeiiTpoHOB peaKTopa PLUTO B XapyaJrJw u B pe

aKTope )J,JIJI HCllhiTaHUH MaTPpHaJJOB B ,[l;ayHpU 

H 33Te.M IIO)J,BepraJIUCb HCCJie)J,OB3HlHO, TOr)J,a KIU\ 

o6pa3U,hl C YJIY'IIDeHHOH CTpyKTypoft )1,0 CUX nop 

uaxo)J,HTCJI IIOA o6JI~'leHueM. 06Ha)J,emunaiOill,He 

peayJII>TaThi OhiJIH noJiy'leHhl Ha CTepmHHX, o6Jia

l~aBmnx nepBoHa'la.JihHO Jiyqmeft CTPYKTypoii. 

IlJiacTUH'IaThie o6paau,hl c HepaBHoMepHhiM 

pacnpe)J,eJieHUeM 'laCTHll, KepaMHKH )J,OCTHI'aJIH 

5%-Horo BhiropaHnH npu TeMnepaType noBepx

HOCTH 650° C 6ea paapymeHnJI, O)J,HaiW noc.Jie 

7% -Horo BbiropaHUJI HaoJIIO)J,aJIOCh aaMeTHoe pac

HyxaHne. 

lloJiy'leHHhie peayJihT3Thl )J,aiOT OCHOBaHHe no

JiaraTh, 'ITO MomeT OhiTh )J,OCTnrHyTa onTHMaJih

HaH pa)J,Hall,HOHHO-TepMH'IeCKaH CTOHKOCTL TaK0-

1'0 TOIIJIHBa nyTeM Tlll,aTeJILHOI'O KOHTpOJIH COCTaBa 

If IIJIOTHOCTH rpaHyJI, a T3Kil\e HJJOTHOCTII II npO

HHU,aeMOCTH MaTpHll,hl. 

A/153 Reino Unido 

Estudios sobre Ia fabricaci6n e irradiaci6n 
de cermets de U02-acero inoxidable y de 
(U, Pu)02-acero inoxidable 

por B. R. T. Frost et a/. 

Los estudios sabre combustibles de cermet, efec
tuados por Ia UKAEA en el curso de los tres ultimos 
afios, han tratado principalmente del perfecciona
miento de elementos aciculares y en forma de placas 
para su posible empleo en un reactor rapido. Para esta 
aplicacion, el oxido debe hallarse en una concentra
cion del orden de 30 a 50 % en volumen, y distribuido 
de tal modo que Ia estructura de Ia matriz sufra lo 
menos posible por efecto de los productos de fision. 
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En Ia mayor parte de los trabajos se han empleado, 
como materiales para Ia matriz y el revestimiento, 
aceros AISI tipo 316L, cuya composicion se vigilo 
estrechamente para obtener Ia maxima estabilidad 
microestructural junto con unas caracteristicas de 
fluencia y ductilidad satisfactorias. 

Para Ia preparacion de agujas se ha recurrido a 
tecnicas de estampacion en caliente que proporcionan 
una compresion uniforme por un procedimiento bas
tante sencillo. Los trabajos iniciales permitieron 
eliminar el agrupamiento longitudinal del oxido 
(stringering) que suelen presentar los combustibles 
cermet, pero hubo que perfeccionar aspectos tales 
como el aumento de densidad de Ia matriz, Ia distribu
cion del material ceramico y Ia union matriz - revesti
miento. Para ello se consiguio preparar una tecnica 
adecuada: los granulos esfericos de oxido se revestie
ron con polvo de acero, se consolidaron y sinterizaron, 
y finalmente se densificaron y aglutinaron a elevada 
temperatura en una estampadora de matrices 
multiples. ' 

Por laminacion en caliente, segun una modificacion 
de Ia tecnica del marco normalmente utilizada para 
fabricar cermets en placas, se consiguio obtener placas 
densas, aglutinadas y con una distribucion bastante 
uniforme del material ceramico que se sometieron a 
numerosos ensayos mecanicos, termicos y no des
tructivos. 

En los flujos termicos del reactor PLUTO (Harwell) 
y del reactor de ensayo de materiales de Dounreay se 
han irradiado y despues examinado probetas de agujas 
y placas preparadas en las fases iniciales del estudio de 
Ia fabricacion, y continuan irradiandose aun otras 
probetas de estructuras perfeccionadas. Se han obte
nido ya resultados alentadores con agujas de estructura 
inicial mas perfecta. 

Con probetas de places de ceramicas heterogeneas 
se consiguio un grado de combustion sin fallos del 5 % 
a 650 oc de temperatura en Ia superficie, pero aparecio 
hinchazon para un grado de combustion superior 
a17 %. 

Los resultados indican que es posible obtener 
caracteristicas 6ptimas de irradiaci6n mediante el 
control minucioso de Ia composici6n y densidad de los 
gninulos y de Ia densidad y permeabilidad de Ia matriz. 
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Fabrication of solid fuels for fast reactors 

By R. E. Macherey,* H. W. Alter** and A. A. Shoudy*** 

The performance and economics of fast reactors 
intended for commercial power are largely dependent 
upon the fuels available. Beyond development and 
selection of these fuel materials, fabrication occupies an 
important position in the fulfilment of the objectives of 
economic power and breeding. Fast reactor fuels and 
fuel elements are characterized by high concentrations 
of fissionable and fertile isotopes and by small cross
sectional areas that are capable of high power density 
operation. In addition, fast reactor fuels can, through 
internal breeding, be subjected to very high burn-up 
of the fissionable isotopes, and through the use of 
liquid metal coolants can be subjected to relatively high 
surface temperatures. These demands for high heat 
flux, high temperature and high burn-up operation 

* Argonne National Laboratory, Argonne, Illinois. 
**General Electric Company, San Jose, California. 

*** Atomic Power Development Associates, Inc., Detroit, 
Michigan. 

coupled with the need for stable geometry in the fuel 
requires excellence of fabrication of fast reactor fuel. 

The fuel systems attractive for fast breeder reactors 
are [1]: 2asu-Pu, 23BU_2aau, 233Th-U, and Th-Pu. 
The other major fissionable isotope 235U is not in
cluded as a long range fuel because of the relatively 
limited supply. These fuels can be in the form of 
metallic alloys, ceramics, or cermets. The 23BU-Pu fuel 
system is the most important for fast breeder reactors 
because of the availability of both 2asu and Pu, the 
high breeding capability, and the self-generating nature 
ofthe cycle. The other closed fuel cycle, 233Th-U, is of 
lesser interest as are the other open cycles, 2asu_2aau 
and Th-Pu. In general, this paper covers work carried 
out since the Second Geneva Conference. 

URANIUM-PLUTONIUM FUELS 
Uranium-plutonium-fizzium alloy 

Metallic fuels based on U-Pu have many proper-

PIN 
ENDS 

SLAGS 
CiiUCiiLES 
FISSION PRODUCTS 
RESIDUES 

CRUCIBLES 
RESIDUES 

Figure 1. EBR-11 fuel cycle 
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Figure 2. Principle of injection casting of fast reactor fuel pins 

ties that make them very attractive as fast reactor 
fuels. Among these properties are high density, high 
thermal conductivity; and in addition, these fuels are 
amenable to rapid, simple refining cycles, termed pyro
refining, which coupled with refabrication can keep 
inventory costs low. The product of the pyrorefining 
cycle is an alloy of uranium and plutonium containing 
fission products not removed by the refining cycle 
[2, 3]. This metallic fuel alloy is called uranium
plutonium-fizzium * (U-Pu-Fz). Unlike its predeces
sor, uranium-fizzium (U-Fs) this alloy suffers from 
irradiation swelling at relatively low temperatures and 
requires the application of restraint by a strong com
patible jacket. Refractory alloys and duplex tubing are 
being explored for this restraint. Experimental irradia
tions designed to prove the principle of restraint have 
been successful to 3.0 at.% burn-up or 30000 MWdjt. 

The fabrication of metallic U-Pu will be discussed 
using the EBR-11 fuel element design as a model [4]. 
The significant feature is the small diameter fuel rod. 
The fuel rod is composed of an injection cast fuel pin 
(0.144 in diam X 14.22 in long) contained and bonded 
in a refractory metal jacket (0.009 to O.oi5 in wall). 
Appropriate end fittings are used to close the jacket by 
welding. Sodium is used to fill the 0.006 to 0.015 in 
annular space between fuel pin and jacket. 

The flow diagram indicating the processing sequence 
used in fabrication of fuel elements of this type is given 
in Fig. 1. The refabrication sequence receives the pyro
refined and cast ingot from the refining cycle and con
verts this ingot into a large number of fuel pins 0.144 in 
diam X 18 in long by an injection casting process 
shown schematically in Fig. 2 [5]. The metal to be cast 
is melted in a zirconia-lined, graphite crucible in an 
induction furnace capable of both evacuation and 
pressurization. Melting is done under a slight pressure 
of helium. When the temperature of both molds and 
melt are proper for casting the furnace and molds are 
evacuated and the open ends of the molds are sub
merged to near the bottom of the crucible. After sub
mersion, the furnace is -pressurized rapidly with 
helium to two atmospheres pressure which drives the 
molten metal into the Vycor molds. Pins in groups of 
160 have been cast successfully from 10 kg melts. 

• For example, a 10 wt% Fz alloy contains 2.80 wt% Zr, 
2.75 wt% Mo, 2.95 wt% Ru, l.OOwt% Pd and 0.50wt% Rh, 
collectively referred to as fizzium. 
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The casting process was developed for this operation 
because of simplicity and the brittle nature ofthe alloy. 
By this casting method the fuel alloy can be taken from 
the pyrorefined product to semi-finished fuel pins in a 
single operation, simplicity being a dominant feature 
in adapting the process to full remote operation. 

The Vycor molds are mechanically removed from 
the cast pins [6]; and acceptable pins are fabricated 
into fuel rods by a sequence of sodium fiiJing, settling, 
welding,' bonding and inspection operations carried 
out on equipment designed for remote operation. A 
condenser discharge welding operation seals the top 
end plug to the jacket. A pressurization method which 
is much more sensitive than the mass spectrometer 
leak detection method is used to check tightness of the 
closures [7]. 

The completed fuel rods, in groups of 91, are 
assembled into fuel elements along with upper and 
lower blanket rods. Remote assembly of the fuel ele
ment is a sophisticated task when done remotely 
because of the great number of components that require 
proper orientation, tight tolerances, and interference 
fits of some components. 

The fabrication processes which will be utilized in 
the hot remote fabrication of fuel in EBR-11 on a pilot 
scale were developed and extensively tested in the 
fabrication of the first loading for this reactor. Fabri
cation methoas for this U-Pu-Fz fuel have been 
adapted to remote operation. Equipment has been 
designed and installed in the fuel cycle facility which 
will be used to demonstrate the remote reprocessing of 
irradiated fuel. 

The significant features of this metallic fuel alloy 
beyond its adaptability to remote refining and re
fabrication is its high density and relatively high ther
mal conductivity. Its conductivity, as shown in Fig. 3, 
increases with temperature and is considerably above 
UO:rPu02 and somewhat above UC-PuC. The 
U-Pu-Fz alloy, however, suffers from irradiation 
swelling at low temperatures [8] and attacks com
mercially available jacket materials, stainless steels and 
nickel base alloys. 

The first requirement of a jacket material is the 
absence of formation of low melting eutectics in the 
fuel-jacket system, a problem with stainless steel and 
nickel base alloys. Those metals less susceptible to 
eutectic formation are W, Ta, Mo, Nb, V, Zr, and Ti; 
however, only Vis attractive as an alloy base because 
of its nuclear properties [1], its compatibility with the 
fuel [9], and its indication of corrosion resistance [10]. 
V-20 wt% Ti alloy appears very promising at this 
time. The short time tensile strength of this alloy is 
above 60 kgfmm2 at 650°C. 

High quality, thin walled, small diameter tubing is 
difficult to fabricate from V and other materials of 
interest to the fast reactor program. One method which 
has been used with some success is the disposable 
mandrel technique in which a tubular product is ex
truded over a powder core [11]. In this process, a 
hollow billet is filled with powder, usually AhOa, and 
extruded. The powder core can be removed rather 
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Figure 3. Thermal conductivity of U-Pu-Fz alloys, U-SFs and 
uranium 

easily after extrusion. A modification of the method 
uses a metallic core surrounded with powder to sepa
rate core from billet. 

A method for secondary or finish fabrication of 
small diameter tubing is ductile core drawing in which 
a metallic core is inserted and reduced at the same time 
as the tubing [12]. By the proper selection of the 
mandrel material, the tube wall can be reduced, remain 
constant, or increased [13]. Hydraulic core drawing is 
also being explored [14]. 

Experimental fabrication of metallic fuel for EBR-II 
has yielded cost data which, at $643/kg of fuel, are 
very high in terms of power reactor requirements. 
These costs are high because of the small-scale experi
mental nature of the fabrication. Projected fabrication 
and pyroprocessing costs at $230/kg for core and 
$180/kg for radial blanket brings power costs to 1.28 
mill/kWh when normalized to 4 at.% burn-up. Details 
of fuel costs are contained elsewhere [15]. 

Uranium-plutonium dioxide fuel 

The demonstrated ability of mixed oxide (U,Pu)Oz 
fuel to withstand exposures of 100000 MWd/t has 
stimulated widespread interest in this material [16]. 
The ceramic fuel also provides a predicted negative 
Doppler coefficient in fast reactor operation, an im
portant safety fea:ture [17]. 

Powder loading processes using either vibratory 
compaction or swaging, and methods based on high 
density pellets are available for this fuel. Although 
powder processes may eventually be preferable for 
economic fuel fabrication, the pellet process is a work
ing reference at this time. 

A typical design for a mixed oxide fuel rod is that 
proposed for the fast ceramic reactor [18]. The fuel in 
this rod is referenced as solid solution 80 wt % U02-20 
wt % Pu02 in the form of pellets 0.220 in diaiP fired 
to 95% of theoretical density (TD). These pellets are 
contained in AISI 347 stainless steel tubing 0.250 in 
od, 0.015 in wall thickness. Integral axial blanket is 
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Figure 4. Present mixed-oxide fuel fabrication flowsheet 

U02 pellets, 95 %TD. The fuel length is 2 to 4 ft 
depending upon the specific reactor design. 

The current fabrication flow sheet for this fuel 
[19, 20] is given in Fig. 4. Solutions of U02(NOa)2 and 
Pu(NOa)4 are mixed to give the indicated feed con
centration in 1M HNOa, typical of aqueous fuel repro
cessing plants. These solutions are coprecipitated with 
ammonia to yield an intimate slurry of ammonium 
diuranate and plutonium hydroxide with possible 
uranium-plutonium compound formation. Coprecipi
tation may be conducted in continuous equipment for 
criticality hazard control [20]. The dried coprecipitate 
is reduced with hydrogen at 750 oc for two hours to yield 
the solid solution of the oxides. The ability to form 
the solid solution in this simple step is of key import
ance to the process. The mixed oxide is milled. and 
screened to produce ceramic grade powder with an 
oxygen/metal ratio of about 2.1. 

The powder is pressed without binder in a double 
acting die at 40000 psi to produce a green pellet of 
~50 % TD. Green pellets of this composition have 
relatively high strength and are easily handled without 
the need for binder. Sintering is carried out in molyb
denum boats at 1600 oc for four hours to produce 
pellets 95 % TD. The 6 % H2-94 % He furnace atmo
sphere when saturated with water vapor at room 
temperature yields pellets at the stoichiometric com
position. A dried gas produces hypostoichiometric 
material with an oxygen/metal ratio of 1.97 to 1.98. 
Hyperstoichiometric pellets can be made by controlled 
air oxidation at 400°C with subsequent homogeniza
tion in argon at 700 °C. Sintered pellets meet the 
dimensional specifications without the need for center
less grinding. Finished pellets are loaded into a stain
less steel tube and the end cap welded. Conventional 
precautions are taken during loading and welding to 
avoid external alpha contamination. 

The (U,Pu)02 fuel at this composition has a melting 
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point of ~ 2 700 oc [21] and a theoretical density of 
11.06 gjcc. The solid solution can be either hypo- or 
hyperstoichiometric with respect to oxygen. Reference 
stoichiometry is presently unspecified pending results 
of irradiation tests. A homogeneous solid solution is 
desirable to achieve a high negative Doppler coeffi
cient of reactivity. 

Theoretical studies on neutron and gamma ray dose 
rates from recycled fast reactor plutonium suggest that 
fuel fabrication may be performed in gloveboxes with 
localized shielding [18]. Operations can be designed for 
minimum direct hand contact. These conclusions have 
been confirmed by operating experience at HAPO on 
multikilogram quantities of 17-30 % 240Pu used in 
plutonium oxide fuel fabrication. 

Preliminary estimates show [18] that for a product
ion rate corresponding to 3000 MW(e) of generating 
capacity, core fuel fabrication costs are $211/kg of 
uranium and plutonium in the core. If the integral 
axial blanket is included, the combined average is 
$134/kg. With a radial blanket fabrication cost of 
$49/kg, the over-all average of all fuel and blankets is 
$84/kg of uranium and plutonium. For a core fuel life 
of 100000 MWd/t, the estimated fuel fabrication cost 
is 0.29 mill/kWh at the 3000 MW(e) generating capa
city. 

Uranium-plutonium monocarbide 

Uranium-plutonium monocarbide has potential as 
a fast reactor fuel. Fuel compositions near 80 wt % 
UC-20 wt % PuC in solid solution are of primary 
interest. Fuel rods of (U,Pu)C pellets or compacted 
powder jacketed in stainless steel or a refractory alloy 
are considered with and without liquid metal bond. 
Fuel diameter of 0.250 in or slightly larger can be used. 

Several methods are available for the synthesis of 
(U,Pu)C. One method reacts U02-Pu02 with carbon 
brought into intimate contact by mixing and pressing 
[22,23,24]. Reaction occurs upon heating between 
1450 and 1850°C to produce (U,Pu)C in clinker form. 
Another method reacts metallic uranium and pluton
ium with carbon, normally by arc melting. Skull melt
ing developed for UC [25] is applicable; however, 
differences in vapor pressure make compositional con
trol difficult. The reaction of decomposed hydrides 
with methane or propane, so popular for producing 
UC, has not been exploited for (U,Pu)C. Reactions 
are possible, but the difficulties associated with the 
decomposition of plutonium-hydride may be the 
reason it has not been pursued. 

Molten plutonium contained in a graphite crucible 
reacts with the crucible at a rapid rate. By holding at 
temperatures below 1 650 oc [26], the peritectic tem
perature of PuC, solid PuC is formed. On 300 g 
batches, reaction at 1600 oc for 45 minutes yields a 
product that consistently analyses 4.3 ±0.2 wt% C. 
Larger 1 kg batches have been produced. A product 
containing 4.8 wt % C is yielded by reacting 90 
minutes at 1600°C and 4.4 wt %C at 1575°C. These 
larger batches have a tendency to form a carbon rich 
core. Attempts to react 80 wt % U-20 wt % Pu alloy 
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in graphite crucibles have not been successful. Reaction 
temperatures as high as 2000°C have achieved car
burization to only 3.8 wt % C. 

Fabrication of these raw materials into fuel element 
geometries can be done by pressing and sintering of 
pellets, melting and casting of pellets or rods, and 
vibratory compaction of powder into tubular jackets. 
Sinter experiments using (Uo.sPuo.2)Co.95 powder (pre
pared by oxide-carbon reaction method) cold pressed 
with ! % Carbowax binder at 30000 psi, fired one hour 
at 1950°C have yielded pellets with an average density 
of 12.54 gfcma, 92.4% TD. The addition of 0.1 wt% 
Ni as a sintering aid to this material significantly im
proved density even when fired at a lower temperature, 
1550°C [27,28]. Densities averaging 13.15 gjcma were 
obtained. 

Vibratory compaction has potential as a low cost 
fabrication method readily adaptable to remote pro
cessing. Early experimentation on small diameter 
(0.166 to 0.260 in) has yielded a compacted density of 
80% TD [26]. These results were obtained on mixed 
UC, and PuC powders of high density. Both 304 
stainless steel and Nb-1 wt % Zr alloy tubing were used 
in these experiments. 

Uranium carbide-plutonium carbide has a theoreti
cal density and thermal conductivity that are higher 
than the npxed oxide but lower than metallic U-Pu 
alloys. Its theoretical density calculated from lattice 
constant data is 13.65 gfcm3 and varies little with Pu 
content. The thermal conductivity of (U,Pu)C solid 
solutions decreases with increasing Pu content [29]. 
Recent measurements at elevated temperatures [30] 
have shown the conductivity of (U, Pu)C to be 
temperature dependent to a much greater degree than 
UC as shown in Fig. 5, the difference being much less 
at elevated temperature than at low temperature. 

As with UC, compatibility of (U,Pu)C with jacket 
materials is a concern. The interaction of PuC in 
hypostoichiometric compositions with stainless steel 
has been indicated by diffusion studies [31]. The low 
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melting eutectic between plutonium metal and stain
less steel contributes to the incompatibility of this 
couple. Compatibility experiments have been con
ducted on couples of (U, Pu)C versus various cladding 
materials [32]. The (U, Pu)C fuel used in these experi
ments contained 4.7 wt% C, 0.3 wt% 0. Fuels con
taining 5 and 20 wt % Pu some with 0.1 wt % Ni were 
used. Tests reported were run from 1000 and 4000 
hours at two temperatures, 816 and 593 °C. Metallo
graphic examination indicated no reaction between 
fuel and AISI 316 stainless steel, 2! Cr-1 Mo steel, 
Nb, Nb-1 wt% Zr, V, and Inconel-X at the lower 
temperature. One sample of the six, fuel versus AISI 
316 stainless steel and one of the two, fuel versus V 
samples showed some possible reaction. Reactions 
were observed in the Zircaloy-2 couples at both 
temperature and in the lnconel-X couple at 820°C. 

Cost data on (U,Pu)C fuel elements are not highly 
developed. The ceramic character of this fuel leads to 
its comparison with mixed oxide fuel. Assuming 
equivalent development, one would expect increased 
costs because of the greater reactivity of the car
bide with atmospheric constituents requires a high 
quality inert atmosphere for protection of exposed 
material. 

Uranium-plutonium cermet fuels 

The term cermet fuels is often used to cover all fuels 
in which the fissile isotope, in the form of a ceramic, is 
dispersed in a metallic matrix, irrespective of the ratio 
of the ceramic to the metallic. However, for this paper, 
this type of fuel is separated into two basic types. 
Those having a low fraction of the ceramic component 
are referred to as dispersions; and those having a high 
fraction of the ceramic component are referred to as 
cermets. 

In a fast reactor core design parameter study [33], it 
was found that U02-stainless steel and PuC-U-10 
wt % Mo dispersions appeared favorable when com
pared with other potential fast reactor fuel systems, 
based on present day fabrication cost estimates. In 
another study [34], the Pu02-stainless steel dispersion 
compared favorably with the Pu02-U02 fuel on the 
basis of projected fuel fabrication costs. In the latter 
study, the major difference in the estimated fuel cycle 
costs was the loss of revenue because of the lack of in
core breeding. The use of a fertile metal matrix, 
uranium or thorium or their alloys, could overcome 
this deficiency. In these studies, concentrations of the 
fissile isotope compound of about 25 wt% were re
quired and burn-ups of the order of 15 % of fissile 
atoms assumed for the cermet fuels. 

Fabrication experience is based on the use of 235U 
as the fissile isotope in the form of the oxide. The use of 
other compounds may be desirable because of greater 
fissile atom concentration and quite probably could be 
used after some consideration of material compati
bility. Further, plutonium or 233U will be the long 
range fuel for fast reactors. Present day experience on 
U02 is, of course, directly applicable to the 233U 
system. However, the Pu compounds will, in all 
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probability, require some modification in the fabri
cation procedures. 

Dispersions containing concentrations of the fissile 
ceramic phase in the range of 10 to 28 vol% have in 
general been fabricated by pressing and sintering the 
powders followed by rolling or swaging to further 
consolidate the compacts and to provide a bonded 
clad [35]. Early fabrication produced stringered 
structures having many mechanically weak spots. 
Theoretical considerations indicate that the radiation 
stability of this type fuel could be improved by mini
mizing stringering of the cermet [36]. On this basis, the 
use of spherical ceramic particles and the minimizing 
of stringering of these particles during fabrication has 
been investigated [37]. It was found that 94% TD 
particles were required to produce the desirable micro
structure and that a direct correlation existed between 
the total cold reduction and stringering of the uo2 
particles. For comparable fabrication procedures, the 
degree of stringering was strongly dependent on the 
particle densities, low density particles being more 
prone to fracturing. In the higher density oxide, 
fracturing of the particles occurred after 5 % cold 
reduction and extensive fracturing and stringering of 
the particles occurred after 30% cold reduction. Hot 
working had little effect on the integrity of the oxide 
particles. 

A more recent development in the fabrication of 
cermet fuels is that of pneumatic impaction [38]. Here, 
Pu02-stainless steel cermets, among other combina
tions, have been impacted at l200°C and 250000 psi 
impaction pressure and found to have a very uniform 
distribution of the particles and no stringering. Evalua
tion of this procedure is in progress but presently 
appears very promising. 

Work more directly related to fast reactor applica
tion was performed on UOz dispersed in U-3.5 wt% 
Mo and U-10 wt % Mo alloys [39]. The fabrication 
procedures used included the conventional pressing, 
sintering and rolling of the mixed powders as well as 
hot rolling of loose powders. The radiation tests of 
these cermets to burn-ups of the order of 10 x 1020 
fissions/cm3 demonstrated the potential promise of 
these fuels. 

Various techniques have been studied for fabrication 
of cermets having ceramic concentrations in the range 
of 50 to 80 vol% [40, 41]. Sintering, hot press forging 
and pressure bonding have been considered. In the 
sintering studies, cermets of up to 80 vol % in Cr, Nb 
and Mo were sintered in vacuum. Density of only 70 to 
75% TD, however, was achieved. Hot press forging 
was found to result in cermet densities of up to 90 % 
TD. Green powder compacts of 80 vol% U02 and Nb 
were heated to 1 040 and 1 200 oc and forged to re
ductions of 20 to 40 %. It was found that considerably 
improved distribution of the uo2 particles could be 
achieved by the use of spherical particles. 

The most promising procedure studied involved the 
use of gas pressure bonding and was, therefore, studied 
in considerably more detail than the other two 
methods. In this procedure, gas pressure at elevated 
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temperatures is used to densify green compacts and, 
at the same time, to bond the cladding to the cermet 
fuel. Densification and clad bonding were achieved at 
temperatures ranging from 1150 to 1310aC for Cr, 
Nb and Mo matrices. 

Compression tests indicated some ductility in all of 
the cermets studied. This degree of ductility, small as 
it may be, could prove to be quite valuable in mini
mizing cracking of the cermet fuels. Thermal con
ductivity measurements to temperatures up to 810°C, 
show an improvement of a factor 3 to 8 over the con
ductivity of UOz. This increase in thermal conducti
vity was greater than would be predicted by theoretical 
considerations and should prove quite valuable in 
providing high heat flux capabilities. 

Fabrication of plutonium bearing cermet fuel must 
emphasize the minimization of the stringering of the 
ceramic fuels and simplicity of operations. The pro
cedures like pressing and sintering and hot isostatic 
pressing are best able to produce the predicted desir
able structure and are simplest to adapt to glovebox 
and remote operation. On the other hand, rolling and 
swaging are superior for bonding of cladding to cermet 
fuel. These methods, however, are more complicated 
to adapt to glove and remote operation and are prone 
to stringering of the cermet fuel. 

THORIUM-URANIUM ALLOY FUELS 
The good irradiation stability of Th-U alloys con

taining up to 25 wt% U indicated experimentally [42] 
makes this alloy a potential fast reactor fuel, if 233U is 
the fissile component. Although these experiments 
were performed on alloys containing 235U little differ
ence is anticipated by substitution of 233U. 

The Th-U alloys can be readily produced by melting 
operations carried out in ceramic crucibles, ThOz, BeO, 
or in graphite crucibles coated with ThOz, BeO or 
Mg0-Zr02. Careful control of the melting process is 
required to control the carbon content in melts made 
in washed graphite crucibles. The Th-U alloys have 
a two phase structure. Because of the large density 
difference between the uranium rich and thorium rich 
phases, great care must be exercised in casting of these 
alloys. Chill casting is used to reduce segregation and 
to develop fine uranium distribution [42,43]. 

Th-U alloys can be fabricated by a variety of 
methods. Hot working methods such as swaging, 
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rolling and extrusion can be done on these alloys. 
Cold working of unclad alloys is limited however. 

The amenability of Th-U alloys to fabrication 
makes integrally bonded clad fuel rod attractive. 
Recent work done at Nuclear Metals, Inc. [44], has 
shown coextrusion to be a successful method for inte
grally bonding a Zircaloy-2 jacket to Th-28 wt % U 
alloy rod. These extrusions were made on cast and 
machined billets assembled with appropriate zircon
ium cladding and copper jacket components. These 
2 in diam billets were preheated to 650°C and extruded 
at 26 : 1 reduction to 0.397 in rod. The bonds between 
clad and core on these extruded rods were judged to be 
excellent on the basis of notch-fracture. The cladding 
thickness on the as-extruded rod was 0.0055 to 0.006 
in. Cold swaging was done on the extruded rod after 
removal of the copper. Reductions up to 64 % in 
area were made without apparent difficulty. Cladding 
thickness of the swaged rod was 0.0045 to 0.005 in 
thick. 

Beta, gamma and neutron radiations associated with 
recycled Th-233U fuel have been studied [45,46]. 
Activity is associated with both the 233U and Th of 
this cycle. The decay products of zazu that follow 233U 
are the principal source of radioactivity in 233U. Both 
gamma radiation and neutrons are produced in this 
decay chain. The quantity of 232U in 233U increases 
proportionately with both neutron flux and time [46]. 
The radioactivity of the thorium is associated mainly 
with the decay of 228Th in which beta and gamma 
activity are produced. The 228Th results from the decay 
of parasitically produced 232U both during and after 
irradiation. Although the 228Th produced after irradia
tion can be controlled by rapid processing which 
separates U from Th, the fraction which is produced 
during irradiation builds up with recycling. 

Unless complete decontamination is practised, 
Th-233U in production quantities will require semi
remote or fully remote fabrication. The practice used 
will depend upon the amount of 232U and 228Th pre
sent [46]. 

Where remote or shielded operation is required for 
this type of fuel, simplification must be striven for. 
Although working methods such as extrusion can be 
adapted to remote operation, one step processes for 
fuel fabrication such as casting have decided advant
ages. 
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ABSTRACT -RESUME-AHHOTA{4111JI-RESUMEN 

A/238 Etats-Unis d'Amerique 

Fabrication des combustibles solides 
pour reacteurs rapides 

par R. E. Macherey et a/. 

La fabrication des combustibles et des elements 
combustibles des reacteurs rapides a une grande 
importance au point de vue du fonctionnement ainsi 
qu'au point de vue economique. Les systemes de 
combustibles interessants pour les reacteurs rapides, 
pour lesquels Ia surgeneration et l'approvisionnement 
en combustible a long terme sont des considerations 
essentielles, sont: a) 238U-Pu; b) 238U_233U; c) Th-
233U,etd)Th-Pu. Le plus important de ces systemes de 
combustibles est 238U-Pu; mais !'autre systeme 
cyclique, Th- 233U, presente aussi un interet. Ces 
systemes combustibles peuvent se presenter sous Ia 
forme d'alliages metalliques, de ceramiques et de 

cermets avec ou sans produits de fission. Les princi
paux types de combustibles etudies sont: a) metallique, 
alliage 2asu -Pu, b) ceramique (U,Pu)02, c) ceramique 
(U, Pu)C, d) cermet, U, Thou acier inoxydablejU02, et 
e) metallique, alliageTh- U. Les systemes combustibles 
a base de 235U ne presentent qu'un interet a court 
terme en raison des ressources limitees en cet isotope 
fissile nature!. 

La fabrication a distance est essentielle avec le com
bustible metallique U-Pu purifie par pyrometallurgie a 
cause des produits de fission residuels que laisse cette 
methode rapide de traitement. II faut une protection 
pour des quantites de l'ordre de quelques kilogrammes 
de combustible, meme si ce combustible est tres bien 
decontamine, quand la teneur en 24°Pu atteint un 
niveau eleve apres recyclage. La fabrication de 2aau 
exige soit un traitement tres rapide apres purification, 
soit une protection contre !'accumulation dans le com
bustible de produits de decroissance. 
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La fabrication des alliages combustibles a base 
d'uranium, a plutonium et contenant des produits de 
fission qui ne sont pas elimines par les procedes de 
pyrometallurgie est tres developpee. Les methodes de 
coulee par injection, qui produisent un grand nombre 
d'aiguilles de combustible en une seule coulee, donnent 
des aiguilles acceptables. Le traitement et Ia verifica
tion des aiguilles moulees ont ete mis au point et 
adaptes au traitement a distance de cet alliage com
bustible metallique. Les gaines utilisees avec ce com
bustible doivent etre compatibles avec le plutonium, 
resister a Ia corrosion par le sodium, etre assez resis
tantes pour supporter le gonflement du combustible, 
resister aux effets de !'irradiation et etre dotees de 
proprietes nucleaires interessantes. On prefere pour cet 
usage les alliages a base de vanadium, bien que les 
alliages a base de niobium et les tubes duplex soient 
egalement interessants. La fabrication de tubes de 
petit diametre de haute qualite avec ces materiaux 
exotiques de gainage a ete difficile. On a etudie des 
techniques d'extrusion a creur en poudre perdue et de 
filage a creur ductile, ainsi que les proprietes meca
niques, Ia compatibilite et Ia resistance a Ia corrosion de 
ces alliages. 

On dispose de plusieurs methodes de fabrication 
pour le combustible (U,Pu)02. On peut produire des 
elements combustibles du type barreau en oxydes 
mixtes par compression et frittage de pastilles a haute 
densite, par remplissage en poudre et martelage de 
cylindres de haute densite, par compactage par vibra
tion de poudres de granulometrie choisie. On a etudie 
en detail ces methodes, ainsi que Ia possibilite de les 
utiliser pour des fabrications a distance en vue de 
!'utilisation de concentrations elevees de 240Pu. Les 
proprietes physiques du combustible (U,Pu)02 sont 
importantes. Les aciers inoxydables constituent des 
materiaux de gainage interessants pour (U,Pu)02; 
d'autres alliages a haute resistance, pour retenir les gaz 
de fission, pourraient cependant presenter aussi de 
I' interet. 

Le combustible (U,Pu)C peut se preter aux memes 
methodes de fabrication ceramique que l'oxyde. La 
reactivite chimique de ce materiau, plus importante 
que celle de l'oxyde, necessite un controle soigneux de 
!'atmosphere. Les methodes de synthese du carbure 
comprennent !'action directe du plutonium fondu sur 
le graphite. Le compactage par vibration des poudres 
est une importante methode de fabrication, particu
lierement quand on envisage une fabrication a dis
tance; cependant, Ia compression et le frittage sont 
importants pour produire des materiaux de haute 
densite. L'utilisation de l'acier inoxydable comme 
materiau de gainage pour (U, Pu)C est desirable a 
beaucoup de points de vue. Ce materiau peut, cepen
dant, ne pas satisfaire aux exigences de compatibilite. 
D'autres materiaux de gainage, tels que les alliages de 
vanadium et le tube duplex utilises pour les com
bustibles metalliques, sont utilisables dans ce cas. 

Les combustibles cermets, utilisant U02 ou Pu02 
comme phase combustible dispersee, peuvent convenir 
pour des reacteurs rapides. Si on desire un taux eleve 
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de surgeneration, on peut utiliser un alliage d'uranium 
ou de thorium comme materiau de matrice fertile; 
sinon, on peut utiliser l'acier inoxydable comme 
matrice non fertile. On a etudie les methodes de 
fabrication d'aiguilles et de plaques. 

Les alliages a base de thorium contenant de !'ura
nium peuvent etre interessants comme combustible. Ce 
combustible peut etre fabrique par coulee en barreaux 
de petit diametre et par des methodes d'usinage telles 
que !'extrusion, le martelage et le laminage. Les 
alliages thorium-plutonium et Th-U-Pu peuvent aussi 
constituer des combustibles pour reacteurs rapides. 

Dans tous les cas, les proprietes physiques et meca
niques du combustible et de Ia gaine sont importantes 
pour les procedes de fabrication et pour les aspects 
economiques. 

A/238 CWA 

l--1sroTosneHHe TsepAoro rop10Yero AJJH 
peaKTOpOB Ha 6~CTp~X HeATpOHaX 
p. a. MaK3peH et a[. 

ltarOTOB.'H'HllC ropi<PICfO H TB::IJIOB ;IJ;JIJI peaKTO
poB na 6LrcTpLrx uei-i:Tponax oqenL uamno c ToqNI£ 
apeHJIJI NaK pa60'fHX xapaNTCpHCTHK, TaK H ::IJ\0-
HOMIIKJI. J\ CHCTCMaM ropiOqero, rrpe;IJ;CTaBJUIIO
ll\HM nnTepec AJIH upnMenenun B peaKTopax na 
OhiCTpLIX HeiiTponax, B KOTOphiX OCHOBHhiM COOU
pameHHlll\1 HBJIHCTCH BOCJJpOH3BO;IJ;CTBO JI;IJ;CpHOl'O 
ropiO'Iero, oTHOCHTCH: a) U 238/Pu; b) U23BfU233; 

c) Th/U233 u d) ThiPu. Hau6oJiee uamHoii cnc
TeMoii HBJIHCTCH U 238/Pu, HO II ;n;pyraH CHCTCMa 
Th/U233 Tal\)lte nepcrreKTHBHa. 3TH CHCTeMhl ro
piO'Iero 1\lOl'YT 6h1Th B BH;IJ;C CJIJlaBOB MCTaJIJIOB, JW
paMHK II KCpMCTOB C :meMCHTaMJI llpO;IJ;YKTOB ;IJ;P
.TTCHIIH H 6ea HHX. K OCHOBHhlM THIIaM ropiO'lero 
OTHOCHTCH: a) MeTaJIJIH'!eCKIIH crmau U 238/Pu; 
b) HepaMuKa (U, Pu)02; c) KepaMnNa (U, Pu)C; 
d) KepMeT U, Th HJIH uepmaaeiO~aa CTaJIL/U02; 
e) 1\feTaJIJIH'feCNH~i cnJiaB Th/U. CncTeMLI ropiO
'rero na ocnoue U 235 rrpe;n;cTaBJIHIOT TOJILIW orpa
JIII'tennhlii nnTepec na-aa Toro, tfTO aanachl aToro 
RCTpe•taiOll\Cl'OCJI R HpHpOJ];C ;IJ;CJIJI~Cl'OCJI li30TOJJa 
JWBCJIHKH. 

Cyif\f'CTBCHHLIM JIBJIJieTca ;n;ncTaHJ\IlOHHaH nou
TopHaH ucpepaooTHa B cJiy•rae nupopaqumupouau
uoro U-Pu rop1011ero na-aa upo;n;yKToB ;(eJINIHH, 
OCTaBIIIJfXCH HOCJIC oopaOOTKJI :JTJIM 6biCTphiM MC
TO[{OM. ,l.\JJH 1ll'pepa60TKH 1\HJIOrpaMMOBLIX KOJill
'ICCTB ;wmc B 3Ha'IHTCJILHOH CTCDCHH O'llfii\CHH0-
1'0 rop1011ero Tpe6yeTca 6nonoruqecKaH aauvtTa, 
erJJu Co,i.wpmanue Pu240 B HeM ;n;ocTHraeT BLJcmw
ro ypoBHH uocne noaTopuoro J\IINJia. Pa6oTa c 
U 233 Tpe6ye-r Jm6o o'fCHh oLicTpoii o6pa6oTKH no
eJic O'fHCTI\11, JIJIOO C03J(aHUJI 33~HThl BCJIC[{CTBUC 
llaJiOII:JeHJIH B ropiO'I('M HpOAYKTOB pacna;n;a. 

}" COBCplliCHCTBOBaHO 113fOTOBJICHHC ropiOqero 
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Ha crrJianon Ha ocHone ypaHa, cop;epmarrwx npo

AYKThl p;eJieHHH, KOTOphle He OhiJIH yp;a.rreHhl B rrpo

~ecce rrHpopa«J>HHHponaHHH. MeTOJJ;hl nHmeKTop

Horo JIHThH, KOTOphle II03BOJIHIOT IIOJiylfaTh OOJII>

moe KOJIH'IeCTBO TOHKHX CTepmHeii: ropiO'Iero H3 

OJJ;HOH llJiaBKH, C ycneXOM HCllOJih3YIOTCH JJ;JIH OT

JIHBKH llpO'IHhlX TOHKHX CTepmHeii:. 06paOOTRa 

H ocMoTp JIHThlx TOHKHX cTepmHeii: ohlJIH paapa6o

TaHhl If npHCIIOCOOJieHhl JJ;JIH JJ;HCTaHQHOHHhlX OIIC

paQHH C 3THM MeTaJIJIHlfCCKHM TOIIJIHBHhiM CIIJia

BOM. 060JIO'IKH, HCIIOJih3YCMhle JJ;JIH 3TOro ropiO

qero, p;oJimHhl 6hlTh conMeCTHMhl c nJiyToHHenhiM 

ropiOlfHM, Kopp03HOHHOCTOHKHM IIO OTHOIDCHHIO K 

HaTpHeBOMy TellJIOHOCHTeJIIO, JJ;OJia\Hhl OOJI8JJ;an, 

BhlCOKOH IIpO'IHOCThiO, 'ITOOhl Bhlp;epatHB8Th pac

rryxaHHe roproqero, CTOHKOCThiO K pap;HaQHOHHhiM 

llOBpe:mp;eHHHM IIOJJ; p;eii:CTBHCM OOJiylfeHHH H yp;o

BJieTBOpHTeJihHhiMH Hp;epHhlMH cnoucTnaMH. B 
T8KHX CJiylfaHX npe]J;IIO'ITHTeJihHO HCIIOJih30B8TJ. 

CIIJI8Bhl Ha OCHOBC BaHaJJ;HH, XOTH HHTepec npel~

CT8BJIHIOT CIIJiaBhl Ha OCHOBe HHOOHH H JJ;BYCJIOii

HhJe Tpy6LI. Tpyp;HhlM 6hlJIO HaroTonJieHHe BhiCo

KoKa'leCTBeHHhiX Tpy6 MaJIOrO JJ;IIaMeTpa H3 3THX: 

ooJJee 3K30TH'IeCKHX MaTepHaJIOB JJ;JIH o6oJiolfeJ>. 

HapHJJ;Y c MexaHH'IeCKHMH cnoii:CTBaMn, conMecTn

MOCThiO II 1Wpp03HOHHOH CTOUKOCThiO 3THX CJIJJa

BOB 113YlfCHhl MCTOJJ;hl BhlJJ;aBJIHBaHHH cepp;e'IHU

IWB lf3 IIOpOIIIKOB H MCTOJJ;hl BOJIO'lCHlHl IIJJaCTII'I

llhiX cep;J;C'IHHKOB. 

foproqce na (U, Pu) 02 MomHo HaroTaBJIHBaTb 

Hl'CKOJihKIIMII MCTO]J;aMH. flpeCCOBaHHC H CIH'I\U

HHC TaOJJCTOI\ BhiCOlWif JTJIOTHOCTH, 1180HBKa If po

TU~JWHHUH KOBKa CTepmHei( BbiCOKOii IIJIOTHOCTH 

n nu6ponpecconaHHe copTI1ponaHHhiX uopomKoB -

:lTU MPTOJJ;hl UpOU3BO)-\CTBa CTepatHCBhlX TB3JJOB 113 

CMCIIIaHHbiX OKHCJJOB, a TaKme JIX npHMCHJfMOCTh 

AJIH AIICTan~uonnoii pa6oTLI c TO'IKU apennH o6-

paiQennH c n~:.rcoKJtMH KoH~PHTpa~nHMH Pu240 

OhiJIH no,n:po6no IIayqenhi. Bamuoc anaqenHe nMe

IOT <flH3HlfecKne cnoiicTna (U, Pu)02. 3aManqn

nhlM MaTepnaJJOM ]J;JIH JtaroTonJJeHHH oooJIOlJKH 

)];JIH (U, Pu)02 HBJIHCTCH nepmaneiOIQaH CTaJlh. 

MoryT rrpe,n:cTanJIHTh HHTept>c TaT<me n p;pyruc 

BblCOKOIIpO'lHhle CIIJiaBhl, KOTOphiC CliOCOOHhl yp;ep

iKHBaTh BhliWJIHIOlQHCCH raaoo6pa3HhiC IT}lO!J,YI-lTI,I 

fl.t'JICHHH. 

R roproqeMy na (U, Pu)C npHMCHHMhi Te me 

MeTOJJ;hl H3rOTOBJieHHH, 'ITO H ]l;JIH KepaMH'IeCKHX 

MaTepHaJioB OKHCH. BoJiee BhlCOKaH XHMH'ICCR81I 

aKTHBHOCTh 3TOrO MaTepHaJia B CpaBHCHHH C OKH

ChiO Tpe6yeT TI~aTeJihHOrO KOHTpOJIH cpeJJ;hi. J{ 
MeTOJJ;aM CHHTeaa Kap6np;a OTHOCHTCH nenocpep;

CTBeHHaH peaKQHH pacnJiaBJieHHOrO ITJIYTOHHH C 

rpa«J>nTOM. BamHhiM MeTOJJ;OM naroTOBJieHnH JIB

JIHCTCH nn6porrpecconanne rroponmon, oco6eHno 

KOrp;a HeOOXOJJ;HMhl ]J;HCTaHQHOHHhle OIIepaQHH, 

XOTH ]l;JIH IIpOH3BO]l;CTBa H3]l;CJIHH BhlCOKOM IIJIOT

HOCTH He TepHIOT aHa'leHHH TaKme npecconanue 

n crreRaHHe. Co MHOrHx TO'IeK a penna meJia TeJihHo 

HCIIOJih30BaTh HepmaneiOIQYIO CTa.llh B Ka'ICCTBC 

MaTepnaJia o6oJIO'IeK JJ;JIH (U, Pu)C. (hoT MaTP

pHaJI MOiKeT, OJJ;HaRO, He YAOBJICTBOpHTh TpeooBa

HHHM COBMCCTHMOCTH. 3ACCh MOryT ObiTh HCIIOJih-

R. E. MACHERY eta/. 

aoBaHhl n p;pyrne MaTepnaJihl o6oJio'leK, TaKne, KaR 

CIIJI8Bhl nanap;HH H JJ;BYCJIOUHhie Tpy6h1, HCIIOJih3Y

eMhle JJ;JIH MeTaJIJinqecKoro roproqero. 

HepMeTnoe roproqee, n KOTopoM n RaqecTne ,n:H

crreprnpyeMoii «J>aahl npHMCHHIOTCH U02 HJIU 

Pu02, nepcneKTHBHo JJ;JIH ncnoJihaonaHnH n peaR

Topax na 6hiCTphix neiiTponax. TaM, r,n:e Tpe6yeT

CH BhiCOKHH Koa<fl«J>HQHCHT BOCITpOH3BO]l;CTBa, BRa

lfeCTBe MaTepnaJia aonhl nocnponano,n:cTna Momno 

llCIIOJih30BaTh CIIJiaB ypana HJIH TOpliH, a rp;e 3TO

ro He Tpe6yeTCH, B Ka'leCTBC BClQCCTBa MaTpU~hl 
Momno ncnoJihaoBaTh HepmaneiOIQYIO CTaJih. BLI

JIH HCCJICAOB8Hhl MCTOAhl H3rOTOBJICHl11I IIJiaCTHH

'laThiX If TOHKHX CTepatHCBhiX TB3JIOB. 

flepciieRTHBHhl TaRme CIIJiaBhl Ha OCHOBC TOpHH, 

eo,n:epmaiQne ypan. Ma noro roproqero c noMo

ll(hlO JlHThH, a TaKme C llOMOI_QhiO Bhi]l;aBJIHBaHHH, 

poTa~HOHHOii: KOBRII H IIpORaTKH MOa\HO H3I'OTaB

JIHBaTb cTepmnn MaJioro AHaMeTpa. CrrJiaBhi 

Th - Pu H Th - U - Pu TaRme o6Jiap,aroT nep

CIIeKTHBHhiMH CBOHCTBaMH ]l;JIH HCIIOJih30BaHHH B 

Ka'leCTBe roprotiero B peaRTopax na OhiCTphlx neii

Tponax. 

Bo ncex cJiy4aHx <fln3H'lecKHe n MexaHJ1'IeCKnc 

CBOHCTBa roproqero H OOO.liO'IRU BalliHhl KaR ,U,JIH 

npOQCCCOB H3rOTOBJJCHHJI, TaK U C TO'IRJI 3pCHHH 

3KOHOMliKH. 

A/238 Estados Unidos de America 

Fabricaci6n de combustibles s61idos 
para reactores rapidos 

por R. E. Macherey et a/. 

La fabricaci6n de combustibles y elementos com
bustibles para reactores nipidos es muy importante 
tanto desde el punto de vista del funcionamiento como 
del de la economia. Los sistemas combustibles de 
inten!s en reactores nipidos, donde la reproducci6n y 
suministro de combustible a largo plazo son las con
sideraciones mas importantes, son: a) 2asu-Pu; 
b) 2asu _2aau; c) Th-233U, y d) Th-Pu. Entre ellos, el 
mas importante es el 2asu-Pu, pero entre los restantes 
citados, es promisorio el Th-233U. Estos sistemas com
bustibles pueden presentarse en forma de aleaciones 
metalicas, ceramicas y 6xidos metalicos sinterizados, 
con y sin productos de fisi6n. Entre estos sistemas, los 
mas importantes son: a) aleaci6n·2asu-Pu, b) ceramica 
(U, Pu)02, c) ceramica (U,Pu)C, d) 6xidos sinterizados 
de uranio y torio, o acero inoxidable/U02, y e) aleaci6n 
Th metal- U. Los sistemas combustibles basados en 
235U son de interes solo a corto plazo a causa de las 
limitadas existencias de este is6topo natural fisible. 

La manipulaci6n distante es esencial en el caso del 
sistema U metal- Pu piroafinado, debido ala presencia 
de restos de productos de fisi6n que no se eliminan en 
este reprocesamiento rapido. Si el contenido en 
240Pu alcanza una concentraci6n elevada despues del 
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reciclado, se necesita blindaje para manejar cantidades 
del orden del kg, aun en el caso de productos muy des
contaminados. La produccion de 233U exige un pro
ceso muy nipido despues del refinado, o blindaje 
contra los productos de desintegracion que se forman 
en el combustible. 

Se encuentra muy desarrollada la fabricacion de 
aleaciones combustibles de uranio como soporte, 
portadoras de plutonio, y que contienen productos de 
fision no eliminados por el proceso de piroafinacion. 
Las tecnicas de moldeo por inyeccion permiten Ia 
fabricacion multiple de buenos combustibles de tipo 
acicular, en una sola hornada. Se ha desarrollado y 
adaptado para operacion distante, el proceso e 
inspeccion de estas piezas aciculares. Las vianas 
utilizadas en este caso deben ser compatibles con el 
combustible de plutonio, resistentes a la corrosion del 
refrigerante de sodio, a los efectos de aumento de 
volumen del combustible y la radiacion y de pro
piedades nucleares convenientes. Se prefieren en esta 
aplicacion las aleaciones de vanadio, aunque son igual
mente interesantes las de niobio, asi como el tubo 
doble. La fabricacion de tubos de diametro pequefio y 
alta calidad presenta dificultades con estos metales 
poco usuales. Se han estudiado tecnicas de preparacion 
de barras por extrusion de polvos y desmoldeado 
ductil, asi como Ia compatibilidad de propiedades 
mecanicas y Ia resistencia a la corrosion de estas 
aleaciones. 

El combustible (U,Pu)02 se puede preparar por 
tecnicas diferentes. Entre los metodos de produccion 
de elementos combustibles de oxido mixto se pueden 
citar Ia compresion y sinterizacion de pequefias esferas 
de alta densidad, el llenado en forma de polvo y 
embuticion de barras de gran densidad, y Ia com
pactacion por vibracion de polvos clasificados. Estos 
metodos se han estudiado detalladamente desde el 
punto de vista de su adaptabilidad a operacion a 
distancia, para el caso de manipulacion con productos 
altamente concentrados en 24°Pu. Las propiedades 
fisicas del combustible (U,Pu)02 son importantes. El 
acero inoxidable es un material muy interesante para 
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el envainado de este tipo de combustible. Sin embargo, 
podrian ser tambien de interes otras aleaciones de 
resistencia elevada que no permitan el escape de los 
gases de fision liberados. 

El combustible (U,Pu)C es adaptable a las mismas 
tecnicas de fabricacion de elementos ceramicos que el 
oxido. La mayor actividad quimica del carburo res
pecto al oxido hace necesario un control atmosferico 
cuidadoso. Entre los metodos de sintesis de~ carburo, 
se encuentra Ia reaccion directa del plutonio fundido 
con el grafito. La compactacion de polvos por vibra
cion constituye un metodo importante de produccion, 
particularmente desde el punto de vista de operacion 
a distancia. No obstante, en Ia preparacion de ele
mentos de alta densidad, es imprescindible el proceso 
de prensado y sinterizacion. La utilizacion del acero 
inoxidable como vaina para el (U,Pu)C es deseable 
por varias razones: desgraciadamente presenta el 
inconveniente de no satisfacer las condiciones de com
patibilidad. Se pueden utilizar en este caso otros com
ponentes, tales como el tubo doble o Ia aleacion de 
vanadio, que se emplean para el envainado de com
bustibles metalicos. 

Los combustibles de polvo metalico sinterizado con 
U02 o Pu02 como fase dispersa tienen una posible 
aplicacion en reactores rapidos. Si se desea que la 
razon de reproduccion sea elevada, puede usarse 
uranio o torio como soporte fertil pero, en el caso 
contrario, se puede utilizar acero inoxidable como 
soporte no fertil. Se han investigado metodos de 
fabricacion de placas y agujas de combustible. 

Las aleaciones de torio que contienen uranio son 
potencialmente interesantes como combustibles: se 
pueden fabricar por moldeo en barras de pequeiio 
diametro, y poniendo a punto metodos de extrusion, 
embutido o arrollamiento. Tambien son promisorias 
como combustibles rapidos las aleaciones Th-Pu y 
Th-U-Pu. 

En todos los casos, las propiedades fisicas y mecani
cas del combustible y de la vaina son importantes, 
tanto en los procesos de fabricacion como desde el 
punto de vista economico. 
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Fuel element fabrication and experience 

Chairman: S. Lawroski (United States of America) 

Pool-type reactors 

Papers P/485 and P/486 (presented jointly by 
C. T. de Freitas) 

There was no discussion of these papers. 

Light and heavy water-cooled reactors 

Paper P/442 (presented by M. Huberlant) 

There was no discussion of this paper. 

Paper P/443 

DISCUSSION 

E. A. EvANS (United States of America): Safe 
fabrication of approximately 14 tonnes of U-Pu 
ceramic fuel elements similar to those described by 
Mr. Leblanc has been demonstrated in the United 
States. The increase in fabrication costs due to the use 
of plutonium is less than 10%. Water-tube and other 
novel U-Pu thermal fuel element concepts now being 
explored promise even lower fabrication costs and 
unique fuel performance advantages. 

The large (power reactor size) swaged or vibration
ally compacted U-Pu oxide fuel elements have been 
operated successfully to more than 2 x 1020 fissions/ 
cm3. Tests of deliberately defected and in-service 
failed elements have revealed no catastrophic washout 
or water-logging problems. 

Preliminary irradiation tests of capsules containing 
oxides and alternate fuel materials in powder or pellet 
form to more than 50 x 1020 fissions/ems have revealed 
no fundamental limitations unique to Pu-containing 
ceramic fuels. 

J. M. LEBLANC (Belgium): We agree, in principle, 
with the figure of 10% increase in fabrication costs as 
the result of using plutonium, but only in the case of 
large-scale production (over 10 tons) of uranium or 
plutonium oxide fuels. 

W. P. CHERNOCK (United States of America): What 
was the ratio of thermocouple diameter to fuel element 
radius in the measurement of out-of-pile thermal con
ductivity? Could the heat flux have been significantly 
perturbed by the introduction of thermocouples at 
radial positions within the fuel? 

J. M. LEBLANC (Belgium): The diameter of the 
thermocouple head was 1 mm, that of the rods was 
20mm. 

The heat flux was slightly perturbed, as heat losses 

through the thermocouples were estimated to be 
3-4%. 

Figure 1. Flat-bar fuel element 
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Paper P/608 (presented by H. Mogard) 

DISCUSSION 

W. P. CHERNOCK (United States of America): 
Regarding the spacer arrangement shown in Figure 3 
for the Marviken fuel assemblies, what is the estimated 
cladding temperature beneath the spacer and what is 
your estimate of the cladding temperature above the 
pellet, immediately downstream from the spacer, at the 
point where steam-bubble anchoring is believed to 
have occurred? 

H. MoGARD (Sweden): We have no reliable tem
perature estimates for this new spacer arrangement, at 
present under experimental investigation, which was 
designed to minimize the tendency for steam bubbles to 
anchor on the spacer device. However, we estimated 
the temperature rise in the can wall to be approxi
mately 50°C on the downstream side of an older 
spacer arrangement tested earlier. 

R. BoussARD (France): How is the spacer grid of the 
Marviken reactors made? As this device must call for 
close tolerances, I should like to know if it is cast or 
machined. 

H. MOGARD (Sweden): The spacer grid is fabricated 
from Zircaloy-2 rings, joined by argon-arc welding. 
The method is simple and the fabrication cost low. 
Close tolerances are not required, as the 3-pointed 
spring inserts adjust themselves elastically to accom
modate the individual fuel rods. 

S. NAYMARK (United States of America): I would 
mention that we have not seen any excess corrosion 
under any fuel spacers in our reactors, so this may 
allay some of your fears. 

You claim a fuel fabrication advantage by using 
wide spacing between fuel elements, but the advantage 
might be offset by the resulting low volumetric pow~r 
density in the reactor and the consequent penalty m 
capital costs. Your spacing concept seems to be com
pletely opposite to that of the Canadian D20(CANDU) 
reactors. 

H. MoGARD (Sweden): Your second remark is not, 
I think, valid for a heavy-water reactor of the pressure
vessel type, which has an inherently larger moderato~
to-fuel area ratio than a light-water reactor. There IS 

also a large moderator-to-fuel area ratio in the heavy
water pressure-tube reactor, but this fact cannot be 
used to advantage in an open fuel assembly because 
the pressure-tube wall thickness increases prohibitively 
with increasing fuel assembly diameter. 

Paper PJ18 (presented by A. J. Mooradian) 

DISCUSSION 

S. NAYMARK (United States of America): In the 
CANDU reactor, the demands for neutron economy 
on the fuel clad appear to require a non-freestanding 
Zr clad .. Performance testing in the United States has 
shown a circumferential ridging of the clad at the 
pellet interfaces after irradiation and thermal cycling 
of the fuel. (Plastic strains of0.0005 in to 0.002 in have 
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been determined by specially designed profilometers. 
The normal micrometer-gauging method did not show 
up these local ridges.) Are you not concerned that the 
forces producing plastic strain might cause clad failures, 
especially when the Zr is embrittled by radiation? 

A. J. MOORADIAN (Canada): This ridging was noted 
and discussed in Reference 8 of the paper. Literally 
thousands of irradiated elements show this phenom
enon. Circumferential ridges form at the first cycle to 
power and remain thereafter. However, this type of 
ridging is of no concern because no rachetting mechan
ism is in operation. The irradiated elements have sur
vived to burn-ups in excess of 10000 MWd/t U and 
thro.ugh hundreds of power cycles, without failure by 
fatigue or any other mechanism. 

M. HuBERLANT (Belgium): When resistance-welding 
Zircaloy wire on to the clad, in what sequency do you 
carry out welding, pickling and autoclaving, and when 
brazing spacers between the rods what braze do you 
use? 

A. J. MOORADIAN (Canada): The sequence is 
pickling (both wire and cladding), resistance-welding 
and autoclaving. The braze is made by alloying 
beryllium with Zircaloy. 

J. STOHR (France): Why did you change the spacer 
design, replacing the original wires by small brazed 
spacers in a grid pattern? 

A. J. MooRADIAN (Canada): The development pro
gramme for "C" and "D" type fuels were launched 
simultaneously. The principal merit of "D" and "E" 
types is that there is no possibility of inter-element 
fretting, whilst fabrication cost can be reduce~ a~d 
neutron economy improved by a small reductiOn m 
Zircaloy content. However, our experience with type 
"C" fuel has been excellent and it is doubtful whether 
types "D" and "E" will in fact be needed because of 
inter-element fretting. A full initial charge of type "C" 
fuel has been produced for CANDU. If statistics 
obtained from the reactor indicate a problem, type "C" 
can be replaced by type "E" or a modification of it. 

G. PACKMAN (United Kingdom): Would you please 
say something about the flow and thermal problems 
arising at bundle-to-bundle joints, and is it necessary 
to align the bundles rotationally relative to each other? 

A. J. MooRADIAN (Canada): The thermal and 
hydraulic design allows fuel bundles to be fed into the 
reactor in random radial orientation. 

With regard to fuel termination, the end plug can be 
protected from the hot centre of the last pellet either 
by a ceramic insulator disc or by design of the end 
plug for cooling. Both will work. In our case we chose 
the cooling approach, because it gave us the lowest 
over-all fuelling costs. 

R. BoussARD (France):* Is it possible to say how 
much of the total fuel cost of the CANDU reactor is 
for the production of the rod assemblies, by compari
son with the fuel, U02, itself? 

* This question was not read out at the meeting. 
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A. J. MooRADIAN (Canada): Since the fuel for 
CANDU was fabricated under a fixed-price contract, 
a detailed cost breakdown is not available to me. How
ever, I would guess that the U02 pellets, including the 
cost of uranium, would make up about half the total 
cost of the completely fabricated assembly. 

S. NAYMARK (United States of America):* Is any 
plenum provided for fission gases in the CANDU fuel 
elements? 

A. J. MooRADIAN (Canada): No special plenum is 
foreseen in the fuel element to accommodate fission 
gas release. However, sufficient internal space is avail
able in the form of loading clearances, dishing of 
pellets and porosity to lower the fission gas pressure 
significantly without distension of the cladding. 

N. I. BULEEV (USSR):* The paper mentions a 
critical temperature of 150°C for Zircaloy. Have you 
studied hydrogen distribution and the kinetics of 
diffusion processes at this temperature? 

A. J. MoORADIAN (Canada): Yes, numerous studies 
of hydrogen diffusion have been made by Sawatsky. ** 
These indicate that hydrogen in solution will diffuse 
during prolonged exposure with a temperature gradi
ent. In the case of fuel, it is found that the hydrogen 
concentration is higher in the cooler components of the 
Zircaloy, such as the wire-wrap and the cool shoulders 
of the end caps. 

Gas-cooled reactors 

Paper P/60 (presented by M. Salesse) 

DISCUSSION 

J. W. HUGHES (United Kingdom): In view of United 
Kingdom experience using cans with herringbone 
tinning, I was interested to read in this paper that cans 
with tall thin fins deformed under thermal cycling. Is 
the deformation which occurred similar in nature to 
that described in paper P/147, where the fins touched 
in the centre of the quadrant? 

I assume that the deep groove machined axially 
along the can at the mid-quadrant position shown in 
Fig. I relieves the strain at this point and keeps the 
fins relatively undeformed. However, I would be inter
ested to know whether or not the unsupported fin in 
this region bends under the action of gas forces and, 
if so, to what extent? 

Concerning the annular element, from the work we 
have done I would agree that at reactor operation 
temperature and pressure conditions there is little 
danger of the cans becoming unstuck from the uran
ium. This being so, the interface heat transfer, which is 
largely metal-to-metal conduction, should not depend 
too critically on temperature level and, on this account 
anyway, the problem of thermal equilibrium should 
not be too important. Would not a greater problem 
arise from relative movement of the inner and outer 

* These questions were not read out at the meeting. 
** Sawatsky, A., AECL-1323 and J. Nucl. Mater., 2, 321 (1960) 

Sawatsky, A., and Vogt, E., AECL-1411. 

cans during temperature cycling, with consequent 
deformation of the end caps and element support? 

G. JEANPIERRE (France): If I may answer this, the 
fin deformations during thermal cycling are indeed 
similar to those described in paper P/147, at any rate 
with a certain type of fin design known as flat-sided 
(straight fins). 

We have had no trouble with fin deformation un
accompanied by the hot gas flow effect. It must be 
added that the fins were designed for strength and are 
relatively short. 

The problem of a reaction between the cans and the 
end caps during thermal cycling is still under study. As 
a result of the fixing grooves in the uranium, we have 
run into no difficulties during this investigation. 

P. MuRRAY (United Kingdom): Can you give more 
details of your irradiation experience with tubular fuel 
elements? Can you also comment on the changes in 
gas flow that might occur over the full life of such a 
fuel element and the implications in respect of stressing 
and endurance of the cladding? 

M. SALESSE (France): We are just starting to 
irradiate internally and externally cooled tubular 
elements in PEGASE and EDF2 and therefore have 
not yet acquired any experience. However, all the 
materials of which these elements are composed have 
been extensively irradiated and found to be satis
factory. Our uranium alloys, in particular, have been 
irradiated in the form of closed tubes in EL3, G2 and 
G3. 

J. L. GILLAMS (United Kingdom): You explained 
that the cost of fabricating wide diameter tubular fuel 
elements was expected to be less, per kilogram of con
tained uranium, than that of the narrower diameter 
EDF2 fuel. Would you agree that the fabrication cost 
of such tubular elements is likely to vary inversely with 
the cross-section area, as shown for example in 
paper P/124 ?* 

M. SALESSE (France): All that can be said at the 
present stage in our investigations is that fabrication 
costs drop as the cross-section increases. 

Paper P/147 (presented by T. J. Heal) 

There was no discussion of this paper. 

Paper P/560 (presented by T. J. Heal) 

DISCUSSION 

J. W. HuGHEs(UnitedKingdom):** You mentioned 
the irradiation experiment which is being carried out 
on the flat bar-fuel element. This element has been 
under development by The Nuclear Power Group 
(NPG) since about the beginning of 1961 and consists 
of a bar of natural uranium 1.4 em thick, 9.6 em wide 
and 122 em long, clad in Magnox Al2 alloy, see 
Fig. 1. It is designed so that elements can be stacked 

*Vol. 5, these proceedings. 
**This comment was not read out at the meeting. 
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one upon the other in a channel; it has a herringbone 
heat transfer surface and is continuously supported at 
its edges in slots machined in the graphite channel. Its 
performance was described in paper P/124. * 

Elements of this type, developed joint1y by the 
UKAEA and NPG, are now being irradiated in a 
Chapelcross reactor. Because of the relatively small 
diameter of the available channels, a reduced-width, 
though still representative, element has been used. The 
uranium bar is 1.4 em thick, 7.4 em wide, and 91 em 
long. 

Eight channels, each containing six elements with 
natural uranium, and three channels, each with a 
single element enriched to give a rating of about 
7.25 MW/t, were loaded into the reactor. They are 
operating with a maximum assessed can temperature 
of 460°C and are performing very satisfactorily after 
nearly a year in pile. The highly rated elements are 
now approaching 2000 MWd/t and the natural chan
nels have a mean irradiation of 600 MWd/t with a 
maximum element irradiation of 800 MWd/t. 

Elements have been discharged periodically for 
inspection. A detailed examination has not yet been 
made, but visual inspection of one element shows it to 
be in good condition, although bowed. Bowing of the 
element was expected, since doubling times are of the 
order of 300 hours. No difficulty was experienced in 
removing the element from the channel, neither was 
any deterioration of performance observed. 

We hope to obtain further useful information from 
the experiment, even when irradiations are continued 
beyond 4500 MWd/t. 

Paper P/148 

There was no discussion of this paper. 

Paper P/149 (presented by H. K. Hardy) 

DISCUSSION 

T. J. PASHOS (United States of America): First, the 
use of the word standardization seems premature at the 
present state of development of the AGR system. 
Would the author care to elaborate on the feasibility 
of standardization at this stage? 

H. K. HARDY (United Kingdom): I think that our 
interpretation of the word standardization is covered in 
the written paper. We aim to make the best selection 
of fuel element designs and operating conditions and 
to investigate a limited number of designs over a 
limited range of operating conditions, which we 
believe to be the best. 

T. J. PAsHos (United States of America): In the 
section entitled "Fuel temperatures and fission product 
gas release", it is stated that "fuel rating itself can vary 
over a wide range without much effect on generating 
costs". This is in contrast to the advantages offered by 
water-cooled reactors, in which high fuel ratings have 

*Vol. 5, these proceedings. 
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resulted in significant reductions in plant capital costs 
and in power generating costs. Will the AGR not be 
able to take advantage of the higher fuel ratings avail
able with uo2 fuels? 

H. K. HARDY (United Kingdom): This question 
really calls for a very involved answer, because it's 
almost necessary to go into the results of parametric 
surveys of economic costs of power from AGRs, but 
briefly, as the rating is increased the economic cost 
falls slowly. We think that the rating of the WAGR is 
too low; with a higher rating we would get ·a more 
economic power station, but there is a limit which it 
is not worth exceeding. As you go to higher and higher 
ratings, you introduce features that militate against the 
economic value of the high ratings per se. 

M. HUBERLANT (Belgium): Under what conditions 
does the nitrogen react with the steel of the can? Is 
temperature significant and has the reaction been 
reported for water-cooled reactors? 

H. K. HARDY (United Kingdom): The phenomenon 
is temperature-dependent: the higher the temperature, 
the greater the rate of reaction. We know this from 
out-of-pile work which we have done in order to 
explore and to explain the phenomenon which we find 
in-pile. We have not seen the nitrogen reaction on 
elements arranged in water reactors, neither have we 
seen it in elements which have been steam-cooled at 
higher temperatures than occur in water reactors. The 
reason for this is very simple. In those cases where we 
have not seen the reaction, the fuel elements were good 
and the cans of good fuel elements contain no nitro
gen. We saw the reaction on only a small number of 
cans, which were less than perfect because they con
tained a small amount of nitrogen that should not have 
been present. 

Fast reactors 

Paper P/238 (presented by R. E. Macherey) 

DISCUSSION 

B. R. T. FROST (United Kingdom): Referring to the 
discussion on cermet fuels in this paper, it may be of 
interest to note that work at Harwell, described in 
paper P/153, has shown that the techniques for the 
fabrication of U02-stainless steel cermet plates and 
rods has been extended to Pu-containing cermets with 
few changes in the method. Such fuels have been 
irradiated in a sodium environment at a surface tem
perature of 650 oc to burn-ups in excess of 10 % heavy 
atoms, without failure. 

Have you carried out any work on the fabrication 
and evaluation of Pu-containing cermets at composi
tions of interest in fast reactor application? 

R. E. MACHEREY (United States of America): I am 
aware of no Pu-cermet fuel development designed 
specifically for fast reactor fuels. However, Reference 
38 of the paper contains information on some current 
work. 
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B. R. T. FROST (United Kingdom): Bearing in mind 
the need to achieve high burn-up in fast reactor fuels, 
would you say what you consider to be the ideal 
chemical composition and density for UC-PuC fuel? 

R. E. MACHEREY (United States of America): An 
ideal chemical composition for such fuel cannot be 
specified with any degree of certainty at present. How
ever, the limits of single-phase structure can be used as 
guide lines, since free plutonium and higher carbides 
can lead to irradiation instability (free metal) and 
cladding or jacket incompatibility. We are naturally 
assuming that free carbon produced by fission com
bines with metallic fission products. 

As regards density, one close to 90% of theoretical, 
or a little lower for the accommodation of solid fission 
products produced, would be desirable. However, the 
optimum density must be established experimentally. 
Considerations of safety and breeding efficiency argue, 
of course, in favour of a high density. 

J. M. LEBLANC (Belgium): You say in you paper 
that to obtain a high negative Doppler coefficient, you 
need a homogeneous solid solution of U02-Pu02. In 
view of the fact that vibration and shaping techniques 
are particularly suited to the fabrication of mixed 
oxide fuels for fast reactors, what would you consider 
to be the maximum permissible particle size of the 
Pu02 if the powders used consisted of a physical 
mixture of U02 and Pu02? 

R. E. MACHEREY (United States of America): With 
further reference to vibrating compaction techniques, 
I suggest you refer to the section on carbides in the 
paper. Mixed carbides were used only for fabrication 
development purposes and are not proposed as a fast 
reactor fuel. Apart from the question of the inherent 
safety provided by a negative Doppler effect, the solid 
solution (U, Pu)C could be adopted for improving the 
properties of the PuC component through dilution in 
UC. I cannot specifically answer the question as to 
what maximum particle size could be tolerated, either 
for the mixed oxides or the mixed carbides, though I 
know some calculations have been made. 

F. S. MARTIN (United Kingdom):* You state that 
(U, Pu)02-sintered pellets meet specifications without 
grinding. What is the specification tolerance as a per
centage of diameter? Since your green density is only 

* This question was not read out at the meeting. 

50/~, shrinkage must be great and diameter control 
must be difficult. Would you please comment on this? 

R. E. MACHEREY (United States of America): You 
will find complete details of the mixed oxide fuel in 
Reference 18 of the paper. As I recall, however, the 
tolerance is ±0.001 in. This can be achieved by careful 
processing and is not particularly small ( ~ 2% in the 
0.250 in diam pellet). 

Paper P/58 (presented by P. Bussy) 

DISCUSSION 

J. H. KITTEL (United States of America):* You 
point out in your paper that the U-Pu-Ti alloy com
pares favourably with the U-Pu-Mo alloy. 

It has been reported, however, that U-Pu-Mo alloy 
is subject to severe damage by high temperature 
swelling when irradiated at temperatures of interest for 
fast reactors. Have you any information regarding the 
irradiation behaviour of U-Pu-Ti alloy, and if not, do 
you plan to conduct irradiation experiments on this 
alloy? 

P. Bussv (France): A series of U-Pu-Nb, U-Pu-Ti 
and U-Pu-Zr alloys is being irradiated in the EL3 at 
present, to enable us to evaluate the swelling and com
pare it with the results obtained during the first irradia
tions of unclad U-Pu-Mo alloys. The main features of 
the samples used in these tests are as follows: 

(a) As-cast alloys from the arc-furnace; 
(b) Composition: 75% U, 15% Pu and 10% M 

(M =Ti, Nb or Zr); 
(c) Irradiation temperatures: 450, 500, 550 and 

600°C. 

J. F. W. BISHOP (United Kingdom):* In your paper, 
you report an observation of axial pellet ratchetting in 
pin R 20-7. Was an expansion gap provided between 
the pellets and the end spring when the element was 
fabricated? 

P. Bussv (France): No, this is in fact an irradiation 
effect. When the element is new, the spring is in con
tact with the last pellet of the column, on which it 
exerts a light pressure, thus keeping all the pellets in 
close contact. 

* These questions were not read out at the meeting. 
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Reacteurs piscines 

Memoires P/485 et P/486 (presentes par 
C. T. de Freitas) 

Ces memoires n'ont pas fait !'objet d'une discussion. 

Reacteurs refroidis par eau Iegere ou eau lourde 

Memoire P/442 (presente par M. Huberlant) 

Ce memoire n'a pas fait l'objet d'une discussion. 

Memoire P/443 

DISCUSSION 

E. A. EvANS (Etats-Unis d'Amerique): La fabrica
tion d'environ 14 t d'elements combustibles ceramiques 
U-Pu, analogues a ceux decrits par M. Leblanc a ete 
realisee sans incident aux Etats-Unis. L'augmentation 
du cofit de fabrication due a !'utilisation du plutonium 
est inferieure a 10 %. Les tubes a eau et les autres types 
nouveaux d'elements combustibles uranium-pluto
nium pour reacteurs thermiques en cours d'etude 
laissent esperer des couts de fabrication encore plus 
faibles et des ameliorations importantes dans les per
formances du combustible. 

Les elements combustibles de grande taille (la taille 
de ceux des reacteurs de puissance) a oxyde U-Pu, 
obtenus par martelage ou par compactage par vibra
tion ont reussi a depasser 2 X 1020 fissionsjcm3. Les 
essais avec des elements combustibles volontairement 
deteriores, ou deteriores en cours d'irradiation, n'ont 
pas revele de probleme catastrophique de perte d'oxyde 
ou d'absorption d'eau. 

Les essais preliminaires d'irradiation de capsules 
contenant des oxydes et d'autres materiaux combusti
bles sous forme de poudre ou de pastilles n'ont revele, 
jusqu'a des irradiations superieures a 50 X 1020 
fissionsjcm3, aucune limitation fondamentale particu
liere aux combustibles ceramiques contenant du plu
tonium. 

J. M. LEBLANC (Belgique): Nous sommes d'accord, 
en principe, sur le chiffre de 10 %pour !'augmentation 
de prix que !'utilisation de plutonium entraine, mais 
seulement pour des productions a grande echelle (plus 
de 10 t) de combustibles en oxyde d'uranium ou de 
plutonium. 

W. CHERNOCK (Etats-Unis d'Amerique): Quel etait 
le rapport du diametre du thermocouple au rayon de 
!'element combustible pour la mesure de la conducti-

bilite thermique hors pile? Le flux thermique pouvait
il etre perturbe de fa~on significative par !'introduction 

Figure 1. Element combustible en barre plate 
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des thermocouples en position radiale dans le com
bustible? 

J. M. LEBLANC (Belgique): Le diametre de l'extre
mite du thermocouple etait de 1 mm, celui des ele
ments de 20 mm. Le flux thermique etait legerement 
perturbe; les pertes thermiques par les thermocouples 
ont ete estimees entre 3 et 4 %. 

Memoire P/608 (presente par H. Mogard) 

DISCUSSION 

W. CHERNOCK (Etats-Unis d'Amerique): A propos 
du dispositif d'ecartement qui apparait a Ia figure 3 
pour les elements combustibles de Marviken, queUe 
est Ia temperature de gaine estimee sous le dispositif 
d'ecartement, et queUe est votre estimation de Ia 
temperature de gaine au-dessus de Ia pastille, im
mediatement en aval du dispositif d'ecartement, a 
l'endroit oil vous pensez que les bulles de vapeur se 
fixent? 

H. MoGARD (Suede): Nous n'a'<ons pas d'estima
tion sure de la temperature pour ce nouveau dispositif, 
en COUTS d'etude experimentaJe, qui a ete COn(,(U pour 
diminuer la tendance qu'avaient les bulles de vapeur a 
se fixer sur le dispositif d'ecartement. Cependant, nous 
avions estime que l'elevation de temperature dans la 
paroi de la gaine etait voisine de 50°C du cote aval 
d'un ancien dispositif d'ecartement essaye precedem
ment. 

R. BoussARD (France): Comment Ia grille d'ecarte
ment des reacteurs de Marviken est-elle faite? Cette 
piece exigeant des tolerances tres serrees, je voudrais 
savoir si elle est moulee ou usinee. 

H. MoGARD (Suede): La grille est faite avec des 
anneaux de Zircaloy-2, soudes a l'arc sous argon. 
C'est une methode simple qui donne de faibles cou.ts de 
fabrication. On n'a pas besoin de tolerances serrees, 
parce que les fixations elastiques a trois points s'ajus
tent elastiquement aux barreaux de combustible. 

S. NAYMARK (Etats-Unis d'Amerique): Je voudrais 
indiquer que nous n'avons observe de corrosion exces
sive sous aucun des dispositifs d'ecartement des ele
ments combustibles de nos reacteurs, et cela pourra 
peut etre dissiper certaines de vos craintes. 

Vous estimez que l'ecartement important entre les 
elements combustibles facilite la fabrication du com
bustible, mais cet avantage peut etre annule par Ia 
faible puissance volumique que en resulte, et !'inci
dence correspondante sur l'investissement. Votre 
methode d'ecartement semble a )'oppose de celle qui a 
ete utilisee pour les reacteurs canadiens a eau lourde 
(CANDU). 

H. MoGARD (Suede): Votre seconde remarque ne 
s'applique pas, a mon avis, a un reacteur a eau lourde 
du type a caisson, que a de fa~;on inherente un rapport 
de surfaces moderateur-combustible plus eleve qu'un 
reacteur a eau Iegere. II y a aussi un rapport de sur
faces moderateur(combustible eleve pour le reacteur a 
eau lourde a tubes de force, mais on ne peut pas tirer 

parti de ce fait dans un assemblage combustible ouvert 
parce que l'epaisseur de Ia paroi du tube de force aug
mente de fa~;on prohibitive quand on augmente le 
diametre de !'assemblage combustible. 

Memoire P/18 (presente par A. J. Mooradian) 

DISCUSSION 

S. NAYMARK (Etats-Unis d'Amerique): Dans le 
reacteur CANDU, les exigences de l'economie de 
neutrons pour Ia gaine semblent imposer une gaine en 
zirconium qui ne soit pas auto porteuse. Les essais que 
nous avons faits aux Etats-Unis ont fait apparaitre un 
bourrelet circulaire de Ia gaine aux interfaces des 
pastilles a pres irradiation et cyclage thermique du com
bustible (on a mesure avec des profilometres speciale
ment con~;us des deformations plastiques de 0,0005 a 
0,002 in, (0,0125 a 0,05 mm). La methode normale de 
mesure par jauge micrometrique ne faisait pas ap
'paraitre ces bourrelets locaux). Ne craignez-vous pas 
que les forces qui produisent les deformations plas
tiques puissent provoquer des ruptures de gaine, 
specialement quand le zirconium est fragilise par 
irradiation? 

A. J. MOORADIAN (Canada): Ces bourrelets ont ete 
remarques et sont discutes dans la reference [8] du 
memoire. Des milliers d'elements irradies presentent 
ce phenomene. Les bourrelets circonferentiels se for
ment au premier cycle de montee en puissance et per
sistent ensuite. Cependant, ce type de deformation 
n'est pas inquietant parce qu'il n'y a pas de mecanisme 
de rochetage. Les elements irradies ont supporte des 
irradiations depassant 10000 MWj/t et des centaines de 
cyclages de puissance, sans rupture par fatigue ou par 
d'autres mecanismes. 

M. HuBERLANT (Belgique): Lorsque vous soudez 
par resistance des fils de Zircaloy sur la gaine, queUe 
est Ia sequence de travail pour les operations de sou
dage, decapage et autoclavage, et lorsque vous brasez 
les dispositifs d'ecartement entre les barreaux, quelle 
brasure utilisez-vous? 

A. J. MOORADIAN (Canada): La sequence est: 
decapage (du filet de Ia gaine), soudage par resistance 
et autoclavage. La brasure est preparee en alliant du 
beryllium au Zircaloy. 

J. A. STOHR (France): Pourquoi avez-vous change le 
dispositif d'ecartement, en rempla~;ant les fils utilises 
initialement par de petites pieces brasees donnant une 
forme de grille? 

A. J. MooRADIAN (Canada): Les programmes 
d'etude des combustibles de type <<C >> et <<D >> ont ete 
lances en meme temps. Les types <<D>> et <<E>> ont pour 
principal avantage d'interdire les frottements entre 
crayons, avec un cout de fabrication reduit et une 
amelioration de l'economie de neutrons par Iegere 
reduction de Ia teneur en Zircaloy. Cependant, nous 
sommes tres satisfaits des resultats obtenus avec le 
combustible de type <<C>> et nous n'aurons probable
ment pas besoin des types <<D>> et <<E>> a cause du 
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frottement entre des crayons. On a fabrique pour 
CANDU la totalite de la premiere charge en com
bustible de type <(C >>. Si les resultats statistiques obte
nus en pile indiquent qu'il y a un probleme, on pourra 
rem placer le type <( C >> par le type <( E >> ou une modi
fication de ce type. 

G. PACKMAN (Royaume-Uni): Pourriez-vous dire 
quelques mots des problemes hydrauliques et ther
miques que se posent aux jonctions entre les grappes? 
Est-il necessaire que les grappes soient alignees par 
rotation relative? 

A. J. MooRADIAN (Canada): La conception ther
mique et hydraulique des grappes de combustible 
permet de les placer dans le reacteur avec une orienta
tion radiale quelconque. 

Pour l'extremite de !'element, on peut proteger le 
bouchon contre Ia chaleur de Ia derniere pastille soit 
par un disque isolant ceramique soit par refroidisse
ment du bouchon, C009U a cet effet. Les deux methodes 
sont utilisables. Nous avons choisi Ia methode par 
refroidissement, parce qu'elle nous donnait le plus 
faible cofit global pour le combustible. 

R. BoussARD (France)*: Pourriez-vous indiquer 
quelle fraction du cofit total du combustible du 
reacteur CANDU represente Ia fabrication des assem
blages de crayons, par comparaison avec le combus
tible (U02) lui-meme? 

A. J. MooRADIAN (Canada)*: Le combustible de 
CANDU a ete fabrique dans le cadre d'un contrat 
global, etje ne dispose pas d'elements de prix detailles. 
Je pense que les pastilles de UOz (y compris le prix de 
!'uranium) representent environ la moitie du cofit 
total de !'assemblage fini. 

S. NAYMARK (Etats-Unis d'Amerique)*: Y a-t-il une 
chambre d'expansion pour les gaz de fission dans les 
elements combustibles de CANDU? 

A. J. MooRADIAN (Canada): Nous ne prevoyons pas 
de chambre speciale dans !'element combustible pour 
les gaz de fission degages. Toutefois, il y a suffisam
ment d'espace disponible represente par le jeu prevu au 
chargement, !'incurvation des pastilles et Ia porosite 
pour abaisser de fa9on nette la pression des gaz de 
fission sans qu'il y ait deformation de Ia gaine. 

N. I. BULEEV (URSS)*: Votre communication fait 
mention d'une temperature critique de 150°C pour le 
Zircaloy. Avez-vous etudie Ia distribution de !'hydro
gene et Ia cinetique des phenomenes de diffusion a 
cette temperature? 

A. J. MooRADIAN (Canada): Oui, Sawatsky a fait 
de nombreuses etudes sur Ia diffusion de l'hydrogene * *. 
Elles indiquent que l'hydrogene en solution diffusera 
au cours d'une exposition de longue duree avec un 
gradient de temperature. Dans le cas du combustible, 
on trouve que la teneur en hydrogene est plus elevee 
dans les parties froides du Zircaloy, telles que les fils 

* Ces questions n'ont pas ete posees en seance. 
** Sawatsky, A., AECL-1323 et J. Nucl. Mater., 2, 321 (1960). 

Sawatsky, A., et Vogt. E., AECL-1411. 
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entourant les crayons et les extremites froides des 
bouchons. 

Reacteurs refroidis par gaz 

Memoire P/60 (presente par M. Salesse) 

DISCUSSION 

J. W. HUGHES (Royaume-Uni): En raison de !'expe
rience acquise au Royaume-Uni sur les gaines a 
ailettes en chevrons j'ai lu avec interet dans ce memoire 
que des gaines comportant de grandes ailettes minces 
se deformaient au cyclage thermique. Cette deforma
tion est-elle de nature voisine de celle qui est decrite 
dans le memoire P/147 oil les ailettes se touchaient au 
centre du quadrant? 

Je suppose que Ia saignee profonde usinee parallele
ment a l'axe de Ia gaine, a Ia moitie du quadrant, que 
I' on voit sur la figure 1 elimine les tensions en ce point 
et permet de conserver des ailettes peu deformees. 
Cependant, je serais heureux de savoir si l'ailette, qui 
n'est pas soutenue dans cette region, se courbe sous 
!'action du courant gazeux, et queUe est !'importance 
de cette courbure. 

A propos de !'element annulaire, je pense aussi, 
d'apres les resultats que nous avons obtenus, qu'il y a 
peu de risques de voir Ia gaine se detacher de !'ura
nium a Ia temperature de fonctionnement et dans les 
conditions de pression du reacteur. Dans ce cas, le 
transfert de chaleur a !'interface, qui a lieu en grande 
partie par conduction metal-metal, ne devrait pas 
dependre de fa9on critique de la temperature et, sur ce 
plan tout au moins, le probleme de l'equilibre ther
mique ne devrait pas etre tres important. Est-ce que les 
mouvements relatifs des gaines internes et externes 
pendant le cyclage thermique, entrainant Ia deforma
tion des bouchons et des supports d'elements, ne 
risquent pas de poser un probleme plus serieux? 

G. JEANPIERRE (France): Les deformations des 
ailettes pendant le cyclage thermique sont effective
ment analogues a celles qui sont decrites dans le 
memoire P/147, tout au moins avec un certain type 
d'ailette appele a.flancs plans (ailettes rectilignes). 

Nous n'avons pas eu de difficultes provenant de Ia 
deformation des ailettes en !'absence de l'effet du gaz 
chaud en mouvement. II faut ajouter que les ailettes 
sont con9ues pour avoir une bonne resistance et sont 
relativement courtes. 

Le probleme de Ia reaction entre les gaines et les 
bouchons au cours du cyclage thermique est toujours 
en cours d'etude. Grace aux rainures de fixation dans 
!'uranium, nous n'avons pas rencontre de difficultes au 
COUTS de cette etude. 

P. MURRAY (Royaume-Uni): Pouvez-vous donner 
quelques details sur !'experience d'irradiation obtenue 
avec les elements combustibles tubulaires? Pouvez
vous aussi parler des changements du debit gazeux qui 
peuvent se produire durant la vie d'un tel element com
bustible, et de leurs consequences sur les efforts sup
partes par Ia gaine et son endurance? 
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M. SALESSE (France): Nous commenr;ons seulement 
a irradier des elements tubulaires refroidis interieure
ment et exterieurement dans PEGASE et EDF2 et 
n'avons done pas encore acquis d'experience ace sujet. 
Mais tous les materiaux qui composent ces elements 
ont subi des essais d'irradiation nombreux et se sont 
reveles satisfaisants. Nos alliages d'uranium, en par
ticulier, ont ete irradies sous forme de tubes fermes 
dans EL3, G2 et G3. 

J. L. GILLAMS (Royaume-Uni): Vous avez explique 
que le cout de fabrication des elements combustibles 
tubulaires de grand diametre devrait etre inferieur, par 
kilogramme d'uranium contenu, a celui du combusti
ble EDF2 de plus faible diametre. Pensez-vous aussi 
que Ia cout de fabrication de tels elements tubulaires 
sera sans doute inversement proportionnel a la section, 
comme l'indique pat exemple le memoire P/124. * 

M. SALESSE (France): Tout ce que l'on peut dire au 
stade actuel de nos etudes, c'est que le cout de fabrica
tion diminue quand la section croit. 

Memoire P/147 (presente parT. J. Heal) 

Ce memoire n'a pas fait I' objet d'une discussion. 

Memoire P/560 (presente parT. J. Heal) 

DISCUSSION 

J. W. HuGHES (Royaume-Uni)*: Vous avez parle de 
!'experience d'irradiation en cours sur !'element com
bustible en barreau plat. Cet element est etudie par le 
Nuclear Power Group (NPG) depuis le debut de 1961 
et consiste en une plaque d'uranium nature! de 1,4 em 
d'epaisseur, 9,6 em de largeur et 122 em de longueur, 
gainee en alliage Magnox Al2 (voir figure 1). 11 est 
conr;u de far;on que les elements puissent etre empiles 
dans un canal; il a une surface de transfert de chaleur 
a chevrons; il est soutenu de far;on continue sur les· 
bords par des rainures usinees dans le canal de gra
phite. Ses performances sont decrites dans le memoire 
P/124**. 

Des elements de ce type, mis au point conjointement 
par la UKAEA et le NPG, sont en cours d'irradiation 
dans un reacteur de Chapelcross. En raison du dia
metre relativement faible des canaux disponibles, on 
utilise un element de longueur reduite, mais encore 
representatif. La plaque d'uranium a 1,4 em d'epais
seur, 7,4 em de large et 91 em de long. 

Huit canaux, contenant chacun six elements en 
uranium nature!, et trois canaux, contenant chacun un 
seul element enrichi de far;on a obtenir une puissance 
specifique d'environ 7,25 MW/t, ont ete charges dans 
le reacteur. lis fonctionnent avec une temperature de 
gaine maximale de 460°C et se comportent de far;on 
tres satisfaisante apn!s a voir passe pres d'un an en pile. 
Les elements a forte puissance specifique approchent 
maintenant 2000 MWj/t, et les canaux a uranium 
nature! ont une irradiation moyenne de 600 MWjft, 

*Voir les presents Actes, vol. 5. 
** Ces observations n'ont pas ete faites en seance. 

avec une irradiation pour !'element le plus irradie de 
800 MWjft. 

On a decharge des elements periodiquement en vue 
de les inspecter. L'examen detaille n'a pas encore eu 
lieu, mais !'inspection visuelle d'un element a montre 
qu'il etait en bon etat, bien que courbe. On s'attendait 
a une courbure de !'element, car les temps de double
ment sont de l'ordre de 300 heures. On n'a eu aucune 
difficulte a extraire !'element du canal, et on n'a 
observe aucune diminution de ses performances. 

Nous esperons que cette experience nous fournira 
d'autres renseignements utiles, meme quand les 
irradiations depasseront 4 500 MWjft. 

Memoire P/148 

Ce memoire n'a pas fait I' objet d'une discussion. 

Memoire P/149 (presente par H. K. Hardy) 

DISCUSSION 

T. J. PAsHos (Etats-Unis d'Amerique): L'utilisation 
de terme normalisation me semble prematuree au stade 
actuel de developpement du systeme AGR, L'auteur 
pourrait-il preciser les possibilites de normalisation a 
ce stade? 

H. K. HARDY (Royaume-Uni): Je crois que !'inter
pretation que nous donnons au terme normalisation 
est precisee dans le texte du memoire. Notre but est de 
choisir les meilleurs types d'elements combustibles et 
les meilleures conditions de fonctionnement, et 
d'etudier un nombre limite de projets concernant un 
domaine limite de conditions de fonctionnement, qui 
nous semblent les meilleures. 

T. J. PAsHos (Etats-Unis d'Amerique): Dans la 
section traitant de la temperature du combustible et 
degagement des produits de fission gazeux il est dit que 
la puissance specifique du combustible peut varier dans 
de grandes limites sans affecter serieusement les couts 
de production d'energie. Ceci est en contraste avec les 
avantages presentes par les reacteurs a eau, pour 
lesquels des puissances specifiques elevees du com
bustible ont conduit a des reductions importantes des 
investissements et des couts de production d'energie. 
L'AGR ne pourra-t-il pas tirer parti des puissances 
specifiques elevees permises par les combustibles en 
UOz? 

H. K. HARDY (Royaume-Uni): Cette question 
demande en fait une reponse tres detaillee, car il serait 
necessaire d'exposer les resultats des etudes para
metriques sur le cout de l'energie des AGR; on peut 
dire brievement que le cout decroit lentement quand 
on augmente Ia puissance specifique. Nous pensons 
que la puissance specifique de l'AGR est trop faible; 
une puissance specifique plus elevee donnerait une 
centrale plus economique, mais il y a une limite qu'il 
est sans interet de depasser. Quand on augmente les 
puissances specifiques, on introduit des facteurs qui 
limitent l'avantage economique que presente la puis
sance specifique elevee consideree isolement. 
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M. HUBERLANT (Belgique): Dans quelles conditions 
!'azote reagit-il avec I'acier de Ia gaine? L'influence de 
la temperature est-elle importante, et a-t-on signale 
cette reaction pour des reacteurs a eau? 

H. K. HARDY (Royaume-Uni): Le phenomtme 
depend de la temperature: Ia vitesse de reaction croit 
avec Ia temperature. Ceci ressort d'etudes hors pile 
que nous avons faites pour explorer et expliquer le 
phenomtme observe en pile. Nous n'avons pas de 
reaction avec !'azote sur des elements places dans des 
reacteurs a eau, ni sur des elements refroidis par de Ia 
vapeur a des temperatures superieures a celles des 
reacteurs a eau. La raison en est tres simple. Dans Ies 
cas ou nous n'avons pas observe de reaction, les 
elements combustibles etaient tres bons, et les gaines 
des bons elements combustibles ne contiennent pas 
d'azote. Nous n'avons observe de reaction que sur un 
petit nombre de gaines qui etaient loin d'etre parfaites 
car elles contenaient une petite quantite d'azote qui 
n'aurait pas de etre presentfr. 

Reacteurs a neutrons rapides 

Memoire P/238 (presente par R. E. Macherey) 

DISCUSSION 

B. R. T. FROST (Royaume-Uni): A propos de la dis
cussion sur les combustibles cermets contenue dans ce 
memoire, il peut etre interessant d'indiquer que les 
travaux effectues a Harwell, qui sont decrits dans le 
memoire P/153 ont montre que les techniques de 
fabrication des plaques et des barres cermet U02-
acier inoxydable ont pu etre utilisees avec de faibles 
modifications pour les cermets contenant du pluto
nium. De tels combustibles ont ete irradies dans du 
sodium a une temperature de surface de 650°C et ont 
atteint sans incident des taux de combustion depassant 
10% des atomes Iourds. 

Avez-vous etudie Ia fabrication et !'evaluation des 
cermets contenant du plutonium avec des composition 
interessantes pour les reacteurs rapides? 

R. E. MACHEREY (Etats-Unis d'Amerique): Je ne 
suis pas au courant d'etudes sur Ies combustibles cer
mets a plutonium specifiquement con9us comme com
bustibles pour reacteurs rapides. Cependant, Ia refe
rence 38 du memoire contient des renseignements sur 
certaines etudes en cours. 

B. R. T. FROST (Royaume-Uni): Compte tenu de Ia 
necessite d'arriver a des taux de combustion eleves 
dans les combustibles des reacteurs rapides, queUes 
seraient a votre avis la composition chimique et Ia 
densite ideales pour Ie combustible UC-PuC? 

R. E. MACHEREY (Etats-Unis d'Amerique): II est 
impossible de definir actuellement avec certitude une 
composition chimique ideale pour un tel combustible. 
Cependant, on peut etre guide par les limites de la 
structure a une seule phase, car du plutonium libre et 
des carbures superieurs peuvent entrainer une in
stabilite sous irradiation (metal Iibre) et une incom
patibilite avec Ia gaine. Nous supposons naturelle-
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ment que Ie carbone Iibre produit par Ia fission se com
bine aux produits de fission metalliques. 

Pour Ia densite, une densite voisine de 90 % de Ia 
densite theorique, ou legerement inferieure pour per
mettre la repartition des produits de fission solides, 
semble souhaitable. Cependant Ia densite optimale 
doit etre etablie experimentalement. Les considerations 
de securite et d'efficacite de surgeneration viennent a 
I'appui d'une densite elevee. 

J. M. LEBLANC (Belgique): Vous dites dans votre 
memoire que pour avoir une valeur elevee du coeffi
cient Doppler negatif, il faut une solution sol ide homo
gene U02-Pu02. Les methodes de vibration et de mise 
en forme etant particulierement bien adaptees a Ia 
fabrication des combustibles a oxyde mixte (U02 et 
Pu02) pour Ies reacteurs rapides, queUe serait a votre 
avis Ia taille maximale admissible des particules de 
Pu02 si les poudres utilisees sont des melanges phy
siques de U02 et Pu02? 

R. E. MACHEREY (Etats-Unis d'Amerique): Pour les 
techniques de compactage par vibration, je vous 
suggere de vous referer a la section du memoire qui 
traite des carbures. Les carbures mixtes n'ont ete 
utilises que pour mettre au point la fabrication et ne 
sont pas envisages comme combustibles de reacteurs 
rapides. En dehors de Ia question de Ia securite intrin
seque que donne un effet Doppler negatif, la solution 
solide (U,Pu)C pourrait servir a ameliorer Ies pro
prietes de PuC par dilution dans UC. Je ne peux pas 
repondre specifiquement a Ia question sur la taille 
maximale admissible pour les particules, qu'il s'agisse 
d'oxydes mixtes ou de carbures mixtes, maisje sais que 
I' on a fait quelques calculs. 

F. S. MARTIN (Royaume-Uni)*: Vous dites que Ies 
pastilles frittees de (U, Pu)02 satisfont aux specifica
tions sans polissage. Quelle est la tolerance de specifi
cation en fonction du diametre? Comme Ia densite 
avant frittage est seulement de 50 %, Ie retrecissement 
doit etre important et le controle du diametre doit etre 
difficile. Pourriez-vous faire quelques commentaires a 
ce sujet? 

R. E. MACHEREY (Etats-Unis d'Amerique): Vous 
trouverez des details complets sur le combustible en 
oxyde mixte dans Ia reference [18] du memoire. Autant 
que je m'en souvienne, Ia tolerance est de 0,001 in 
(0,025 mm). On peut l'obtenir par un traitement 
soigneux et cette tolerance n'est pas specialement 
petite (environ 2 % pour les pastilles de 0,250 in 
(6,25 mm) de diametre). 

Memoire P/58 presente (par P. Bussy) 

DISCUSSION 

J. H. KITTEL (Etats-Unis d'Amerique): Vous 
indiquez dans votre communication que l'alliage 
U-Pu-Ti se compare favorablement a I'alliage U
Pu-Mo. 

• Cette questibn n'a pas ete posee en seance. 
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On a pourtant signale que l'alliage U-Pu-Mo subit 
des degats importants par gonflement a haute tempera
ture quand on l'irradie aux temperatures interessantes 
pour les reacteurs rapides. A vez-vous des renseigne
ments sur le comportement a !'irradiation de l'alliage 
U-Pu-Ti, sinon, envisagez-vous des experiences 
d'irradiation sur cet alliage? 

P. Bussv (France): Une serie d'alliages U-Pu-Nb, 
U-Pu-Ti et U-Pu-Zr est en cours d'irradiation dans 
EL3, pour nous permettre d'evaluer le gonflement et 
de le comparer aux resultats obtenus au cours des 
premieres irradiations d'alliages non gaines U-Pu
Mo. Les caracteristiques principales des echantillons 
utilises dans ces essais sont les suivantes: 

a) Alliages au four a arc bruts de coulee; 

b) Composition: 75% U, 15% Pu et 10% M 
(M=Ti, Nb ou Zr); 

c) Temperatures d'irradiation: 450, 500, 550 et 
600°C. 

J. F. W. BISHOP (Royaume-Uni)*: Dans votre 
memoire, vous dites avoir observe un rochetage axial 
des pastilles dans l'aiguille R 20-7. Y avait-il un 
volume libre entre les pastilles et le ressort d'extremite 
au moment de Ia fabrication de l'element? 

P. Bussv (France): Non, il s'agit d'un effet de 
l'irradiation. Quand I' element est neuf, le ressort est au 
contact de Ia derniere pastille de Ia colonne, sur 
laquelle il exerce une pression Iegere, assurant ainsi un 
contact etroit de toutes les pastilles. 

• Cette question n'a pas ete posee en seance. 

M3roToaneHMe Tennoaw.qenJIIOII.\MX 3neMeHTOB 

M OMbiT MX 3KCnnyaTO"'MM 

flpeiJceiJameAb: C. JlaepoCKHH (CWA) 

PeaKTOpbl norpy>KHoro THna 

,lJ.oKnaAbl P/485 H P/486 (npeACTaBHn K. T. Ae 
ttJpyaTa) 

PeaKTOpbl, oxna>KAaeMble o6bi~HOH 
H Tfi>KenOH BOAOH 

,lJ.oKnaA P/442 (npeAcTaBHn M. Xy6epnaHT) 

,lJ.oKnaA P/443 

,lJ.~CKYCC~R 

8. A. 8BAHC (CiliA): BoaMomnocTh 6eaOime

uoro naroToBJieHHJI oKoJio 14 r TB3JIOB c U- Pu 

J\epaMH'IeCKHM ropiO'IHM, llOlJ;OOHbJX OUHCaHIILIM 

r-HOM Jie6JiaHoM, 6Lma noKaaaHa B CiliA. Ynemf

•IeHHe CTOHMOCTH H3l'OTOBJICHHJI npH nepeXO~C li 

11pOH3BO)J;CTBY TB<lJIOB C IIJIYTOHIICBhiM rop10•111M 

COCTaBJIHCT MeHee 1()%. l1.ayqaeMblC B HUCTOHJ~l'e 
npeMH Tpy6'1aThle TB3Jihl )J;JIJI BOll;HHhlX peaKTOpoB 

H p;pyrne HOBble KOHCTpyKIWH U - Pu TB3Jion, 

110-BHl.J;HMOMy, ll03BOJIJIT e~e 6oJiee CHH3HTh CTOH

MOCTh H3l'OTOBJICHHJI H aaMeTHO YJIY'IIIIHTh pa6o

•me xapaKTepHCTHKH ropiOTiero. 

BoJihiiiHe p;JIJI aHepreTH'IeCKoro peaKTopa TB3Jihi 

c U - Pu oKHCHhiM ropiO'IHM, HaroToBJieHHhle po

Tan;HOHHOH KOBKOH HJIH C rrpHMCHeHHeM BH6po

YllJIOTHeHHJI, ycrremHo npopa6oraJIH p;o Bhiropa

HHH 6oJiee 2 • 1020 aeJ£enuii/cM3. lfcnhiTaHHJI TB3-

~0B C HaMepeHHO C03lJ;aHHhlMH p;eclleKTaMH UJIJI 

TB3JIOB, TIOBpemp;eHHhlX BO BpeMJI pa60Thl, He IlpH

BeJIH K B03HHKHOBeHHIO ~aKHX-JIH60 Ilp06JieM, CBH-

3aHHhlX C HelJ;OIIYCTHMhiM BhlMhiBaHHeM ropiO•Iero 
IIJIH llpOCa'IHBaHHCM BOll;hl. 

OnhiThl no npep;napHTeJII>HOMY o6Jiy'leHHIO Kan

cyJI, cop;epma~Hx oKHCHoe u p;pyroe ropiO'Iee n 
BHp;e rropomKoB HJIH Ta6JieTOK p;oaoii 6oJiee 

50 •1020 aeJ£enuii/cM3, He BhlHBHJIH KaKHX-JIH60 cy

IUeCTBeHHhlX Hell;OCTaTKOB, KOTOphle OTJIH'IaJIH 6hi 

HJIYTOHHenoe KepaMH'IecKoe ropiOqee. 

m. M. JIEBJIAH (BeJihl'HJI): B npHH~Hrre Mhl 

corJiaCHhl c n;Hcllpoii 10%, xapaKTepnayiO~eii: 
yBeJIH'IeHHe CTOHMOCTH H3l'OTOBJieHHJI BCJICll;CTBHC 

nepexop;a K npuMeneHHIO llJIYTOJIHenoro rop10qero, 

no aTo cnpanep;JIHBO JIHillh p;JIH Kpynnoro npo

MhiiiiJienuoro npOH3BO)J;CTBa ypaHOBOl'O HJIH IIJiy

TOHHeBOI'O OKHCHOI'O ropiO'ICl'O ( CBhiii!e 10 T) • 

Y. 11. qEPHOR (CillA): HaKOBo OTnomeHlH' 

;'I,UaMeTpa TepMonapbi K pap;Hycy TB3Jla HpH H3MP

peHHH TeHJIOIIpOBOl.J;HOCTH BHe peaKTopa? 0TMl'

•IaJIOCh JIH 3HU'IHTCJihHOe HCKaiKeHHC TeHJIOBOfO 
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PHc. 1. TennOBbl,o.enAIOll.\HH sneMeHT 
C nnOCKHM CTepH<H9BbiM cep,0.9L.JHHKOM 

IJOTOKa BCJI8ACTBHe BBeAeHHJI B ropiOqee TepMo
uap, pacnoJiaraiOiqHXCJI B paAHaJILHhlX I!anpaBJil'
HHJix? 

11\. M. JIEBJIAH (BeJihi'HJI): ,[(HaMeTp HaKo
He'IHHKa TepMonapbi COCTaBJIJIJI 1 MM, l~HaMeTp 
cTepmueii: 20 .lut. 

lfcKaiReHHe TeiJJJOBOI'O JlOTOKa 6hiJIO Hf'Bl'JUIJW, 
TaK KaK noTepu TenJia aa ctJeT yTetJtnr no Tep
MonapaM 110 paClJeTaM lV>JiiRHbi 6biJJH COCTaBJJJITb 
:~-4%. 

,lJ.oKnaA P/608 (npeACTaBHn X. MorapA) 

,lJ.HCKYCCHfl 

Y. II. qEPHOR (ClliA): Bonpoc oTHOCHTCJI K 
paaMe~eHHIO noKaaaHHhiX ua pHc. 3 paaAeJIHTeJih
HhiX npoKJiaAoK AJIJI TellJIOBhiAeJIJIIO~HX c6opoK 
MapBHKeHcKoro peaKTopa. RaKoBa pac'leTHaJI TeM
rrepaTypa o60JJOlJKH B yqacTKaX ITOA rrpoKJiaAKOH 
II HaA Ta6JieTKOH, paCITOJIOiR8HHOH HerrocpeACTBeH
HO IIOCJie pa3AeJIHT8JlhHOH rrpOimaAKH, TO eCTh II 
MecTe, rAe rrpeAnoJiaraeTcJI rrpHJIHrrauHe uyaLipLKa 
napa? 

X, MOr AP,[( (llineqHJI): Y uac neT naAemnhlx 
pacqeToB TeMrrepaTyphl AJIJI 3TOH nonoif cxeMhi 
paaMe~eHHJI pa3A8JIHTeJihHhiX ITpOKJiaAOK rrpu 
AaHHOM 3KCITepHMeHTaJibHOM HCCJieAOBaHHH, KOTO
poe rrpOBOAHJIOCh C qeJibiO MaKCHMaJihHOI'O CHH
il\eHHJI CKJIOHHOCTH ITY3blpbKOB napa K rrpHJIHITa
HHIO K AeTaJIJIM pa3AeJIHTeJibHOI'O ycTpOHCTBa. 
0AHaKo Mhl BhiC'IHTaJIH, 'ITO rrpH HCIThiTbiBaBmeii
CJI panee cTapoif cxeMe paaMe~eHHJI paaAeJIH
TeJILHhiX rrpoKJiaAOK ITOBblill8HHe TeMrrepaTypr,r 
CTeHKH o60JIO'IKH TB3Jla B yqacTKe ITOA rrpOKJiaA
KOH AOJiiRHO cocTaBJIJITb rrpH:6JIH3HTeJILHO 50° C. 

P. BYCCAP (<I>panqHJI): RaK HaroTOBJIJieTcJI 
paaAeJIHTeJibHaJI pemeTKa AJIJI MapBHKeHcKHX pe
aKTopon? IIocKOJILKY paaMephl AOJiiRHbl 6h1Tb Bhi
Aepmanhl C O'leHb BblCOKOH TO'IHOCThiO, XOTeJIOCh 
6bl 3HaTh, rrpHMeHJieTCJI JIH OTJIHBKa HJIH MeXaHH
qecKaJI o6pa6oTKa. 

X. MOr AP,IJ; (lliae~HJI): PaaAeJIHTeJILHaJI pe

meTKa H31'0TOBJIJieTCJI H3 KOJie~ H3 ~HpKaJIOJI-2, 
CKperrJieHHhiX aprOHO-AYI'OBOH CBapKOH. 8TOT CllO
COO rrpoCT, H CTOHMOCTh H31'0TOBJieHHJI HeBeJIHKa. 
Toquoro co6JIIOAeHHJI paaMepon ne Tpe6yeTcJI, 
TaR KaK TpH rrpyiRHHJI~HX KOJlb~a CaMH 06Jia
AaiOT AOCTaTO'IHOH yrrpyroCTbiO H BCerAa ITJIOTHO 
OXBaThiBaiOT OTAeJihHhle CTepiRHeBhle 3JieMeHTJ.I, 
o6ecue•IHBaJI HX rrpaBHJlbHYIO qeHTpOBKy. 

C. HE:AMAPR (ClliA): ,lJ;JIJI Toro 'IT06hl pac
ceJITb HeKOTOphle H3 BhiCKa3aHHhiX orraceHHH, II 
AOJJil\eH 3aMeTHTb, 'ITO B HaillHX peaKTOpax HU 
OAHa H3 paaAeJIHTeJibHhiX rrpOimall,OK He ITOABep
raJiaCb qpeaMepnoii: KoppoaHH. 

Bhl aaJIBHJIH o rrpeuMy~ecTnax HaroToBJieuM II 

TeiTJIOBhiAeJIJIIO~eH c6opKH C illHpOKHMH rrpoMe
iRYTKaMH MeiRAY TB3JiaMH, 110 3TO rrpeHMy~eCTBO 
MOil\eT 6b1Th aHIIYJIHpOBaHo 6Jiarop,apJI B03HHKa
IO~eii: HH31\0H YAeJibHoii MO~HOCTH H,a eAHHHqy 
o6'beMa aKTHBHOH 30Hhl peaRTOpa H yBeJIH'IeHIHi 
B peayJILTaTe aToro RarrHTaJILHhlx aaTpaT. Banm 
npeACTaBJieHHJI 0 Bbi6ope npoMeil\yTKOB MeiRAY 
TB3JiaMH, ITO-BHAHMOMY, COBepmeHHO npOTHBOJIO
JIOiRHbl HCIIOJJb30BaHHhiM B RaHaACKliX TJiiReJJo

BOAHbiX peaRTopax (CANDU). 

X: MOrAP,IJ; (llineqHJI): ITo MoeMy MneuuiO, 
Bame BTopoe aaMe'laHHe JIBJIJieTCJI uenpaBHJih
HhiM rrpHMeHHTeJibHO K TJiil\eJIOBOAHOMY peaKTopy 
c KnpuycoM rroA AaBJienHeM. TaKoii peaKTop xa
paKTepHayeTcJI 6oJiee BhiCOKHM OTHOilleHUPM 
o6'heMa aaMeAJIHTeJJJI K o6'beMy ropJOqero, 'll'M 
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peaKTop Ha o6Ll'IHOH BO)J.e. Bom.moe OTHOUieHHC 

o6'beMa aaMe)J.JIHTeJHI H o6'beMy ropJOqpro TaKme. 

xapaKTepHO H )J.JIH THiKeJIOBOi'J,HOrO peaKTOpa C 

Tpy6aMH llOJ~ )J.a'BJieHHeM, O)J.HaKO 3TO 6JiaronpHHT

HOe 06cTOHTeJibCTBO B CJiyqac OTKpbiTOH TellJIOBbi

iJ,eJIHIO~eH c6opKH HCUOJJb30BaTJ, He Yl~aeTCH, lfOO 

110 Mepe yBeJJH1JeH'HH )J.HaMeTpa TeJIJIOBbl)J.CJJJIIO

U.\eif: coopKH TOJI~HHa CTeHKH y TPYObl IIO)J. )J.aBJJ('

IIHl'M B03pacTaeT )1.0 Hei'J,OllYCTHMbJX 3Ha'ICHlf~i:. 

,ll.oKnaA P /18 (npeACTaeHn A. ,D.m. MypaAHaH) 

,li.HCKYCCHfi 

C. HEltMAPR (CillA): B cJiy'lae peaKTopa 

CANDU Heo6xo)J.HMOCTL i'J.OCTHmeHHH aKoHOMHH 

HeHTpOHOB 3a C'IeT MaTepHaJia o60JIO'IKH TB3JIOB 

llpHBeJia K OTKaay OT HCllOJib30BaHHH HeCy~HX 

~pKOHHeBbiX o6oJio'leK. IlpoBe)J.eHHble B CillA 

HCllbiTaHHH B pa60'IHX YCJIOBHHX IIOKa3aJJH, 'ITO B 

peayJILTaTe o6JJy'leHHH H TepMH'IeCKHX ~HKJIOB y 

IIOBepXHOCTH paa)J.eJia MeiK)J.Y COCe)J.HHMH Ta6JJeT

KaMH o6paayroTCH KpyroBhle CKJJa)J.KH. IIJJaCTH'Ie

c.Kne )J.~<fJopMa~HH OT 0,0127 )1.0 0,0508 MM 6biJIJt 

OIIpei'l,eJieHbl C llOMO~.biO CIIC~HaJI.bHO CKOHCTpyH

poBaHH.biX IIP.O<fJHJIOMeTpOB. 06bllJHbiH MHKpoMeTp 

He o6HapymnnaJI 3TH JioKaJJLHble CKJia)J.KH. He 

6ecrroKoHT JJH Bac To o6cTOHTCJJ.bCTBo, 'ITO CHJJLI, 

B.bl3biBaiO~He IIJJaCTH'IeCKYIO )J.e<fJopMaiJ;HIO, MOryT 

rrpnBeCTH K rronpem)J.eHHIO o6oJio'IKH, oco6eHHo 

HpH OXpyiT'IHBaHHH ~HpKOHHH ITO)J. BJIHJIHHeM OO

JIY'ICHHH. 

A. ,D;m. MYPA,D;llAH (KaHa)J.a): 3To o6paao

BaHne CKJJa)J.oK 6hiJIO OTMe'leHo n o6cym)J.eHo B 

OT)J.eJI.bHOH pa6oTe 8, ynoMHHaBIDeHCH B HaiDeM 

)J.OKJJa)J.e. IIO)J.06Ho,e HBJJCHHC HaOJIIO)J.aJIOCb 6yK

BaJI.bHO Ha TbiCH'IaX o6JJy'IeHHbiX TB3JIOB. 06pa30-

BaHHe KpyroBbiX CKJia)J.OK HpOHCXO)J.HT HpH nep

BOM ~HKJJC B.biBe)J.eHHH Ha paClJeTHYIO MO~OCTh, 

H aTH CKJJa)J.KH COXpaHRIOTCH B )J.aJJ.bHCHIDeM. 0)1.

HaKO TaKHC CKJia)J.KH He Bbl3biBaiOT onaceHHH, ITO

TOMY 'ITO Bo npeMH pa6oTbl oTCYTCTBYIOT HBJieHHH, 

o6yCJJOBJICHHble MCXaHH3MOM TepMH'IeCKOrO xpa

IIOBHKa. 06JJy'ICHHbiC TB:}Jibl Bbl)J.CplliHBaJIH 

BblropaHne CBblme 10 000 Mer· cyr1£u/r U, no)J.

nepraJIHC.b B03)J.eHCTBHIO COTeH TepMH'IeCKHX ~H
KJIOB H UpH 3TOM H,e HaOJIIO)J.aJIOC.b BbiXO)J.OB H3 

CTpOH HH BCJie)J.CTBHe ycTaJIOCTHbiX HBJieHHH, HH 

KaKHX-JIH60 )J.pyrHX MeXaHH3MOB. 

M. XYBEPJIAHT (BeJILrnH): Ilpn: KOHTaKT-

HOH cBapKe ~n:pKaJioeBoa npoBOJIOKH c o6oJio'IKoii: 

B KaKOH IIOCJie)J.OBaTeJibHOCTH OCy~eCTBJIHJIHCh 
onepan;n:n: CBapKH, TpaBJICHHH, aBTOKJiaBHpOBaHHH 

H KaKOH npn:noa HCITOJIL3yeTCH npn: rrpn:nan:BaHHH 

paa)J.eJIHTCJibHbiX npoKJia)J.OK MCiKiJ.Y CTepmHHMH? 

A. ,D;m. MYPA,lJ;llAH (KaHa)J.a): IlocJie)J.oBa

TeJILHocTL onepa~HH TaKaH: TpaBJICHHe (npOBO

JIOKH n: o6oJIO'IKH), KOHTaKTHaH CBapKa n: aBTO

KJiaBn:poBaHn:e. B Ka'IeCTBe npn:non ncnoJIL30BaJin: 

cnJiaB 6epHJIJIHH c ~n:pKaJioeM. 

,D;m. A. CTOP (<l>pan~n:H): IloqeMy Bbi naMe-

HHJIH KOHCTpyK~HIO pa3i'J,eJIHTeJI.bHbiX npOI\Jia)J.OK, 

aaMeHHB nepBOHa'IaJI.bHO UpHMCHHBIIIHCCH npOBO

JIOKH HC60JI.biiiHMH rrpOKJiai'J,KaMH1 BllaHBaeMLIMH 

B peiiieTKy? 

A. ,D;m. MYPA,D;l1AH (Kanai'J,a): IlporpaMl\ta 

paapa6oTKH TBaJioB THrroB «C& n: «D& 6hiJia Ha'Ia

Ta OiJ.HOBpeMeHHO. OcnoBHbiM npenMy~eCTBOM 
TB()JIOB THUOB «0& H «E& HBJIHeTCH OTCYTCTBHe 

B03MOiKHOCTH MexaHH'IeCKOrO 3a)J.HpaHHH IIOBepx

HOCTH 3JieMeHTOB rrpH O)J.HOBpeMeHHOM COKpa~e

HHH CTOHMOCTll H3rOTOBJICHHH H YJIY'IIDeHHH <IKO

HOMHH HCHTpOHOB 3a C'IeT He60JibiiiOrO yMeH.biiiC

HH$1: KOJIH'IeCTBa ~npKHJIOH. 0AHaKo npaKTHKa 

31\CIIJiyaTa~JtH TB3JIOB THIIa «C& )J.aJia npeBOCXO)J.

Hble peayJI.bTaTbl, H B03HHKJIO COMHeHn:e B Heo6-

XO)J.HMOCTH HCUOJI.b30BaHHH TB3JIOB THllOB <<0& II 

«E>> c ~eJILIO ycTpaHeHHH Mexann:lJecKoro aa)J.n:pa

HHH IIOBepxHOCTH. IIOJIHaH Ha'IaJI.bHaH aarpyaKa 

TB<IJIOB THUa «C& 6biJia Jl3rOTOBJieHa )J.JIH peaKTOpa 

CANDU. EcJin: aHaJin:a peayJILTaTOB pa6oTbl peaK

Topa IIOKameT HaJIH'IHe nepeMeHHbiX IIp06JieM, TO 

TB<IJibl THrra <<C>> MOiKHO 6y,IJ;eT aaMeHHTb Ha TB<I

Jibl THIIa «E>> HJIH i'J,pyroii MO)J.epHH3HpOBaHHOii 

1\0HCTpyK~HH. 

r. II3RMEH (Coe)J.HHCHHOe KopoJieBCTBO): He 

MOrJin: 6hl Bhl 'ITO-Jin:6o cKaaaTL o npo6JieMax 

npOXOiK)J.eHIIH rH)J.paBJIII'IeCKIIX H TeiiJIOBbiX ITOTO

KOB B MeCTaX COe)J.HHeHHH nyqKOB CTepmHeii, II 

HymHo JIH onpe)J.eJieHHLIM o6paaoM opn:eHTHpoBaTh 

IIY'IKII, llOBOpa'IHBaH HX OTHOCIITCJibHO )J.pyr 

;:~;pyra? 

A. ,D;m. MYPA,D;llAH (KaHa)J.a): CxeMa TenJio

OTBo)J.a II rH)J.paBJIII'IeCKIIe napaMeTpbi KOHCTpyK

I~HH ll03BOJIHIOT aarpymaTb rry'IKH CTepmHeii B 

peaKTOp ITOBepHyTLIMII Ha npOH3BOJibHbiH yroJI 

BOKpyr npO)J.OJibHOH OCII. 

Top~enan aarJiymKa Ha KOH~e TBaJia IIJIH MomeT 

ohiTL aa~n~ena oT ropnqero ~eHTpa nocJie)J.Heii: 

Ta6JieTKH ropiO'lero KepaMH'IeCKHM H30JIIIpyiO~HM 
iJ.HCKOM, HJIR MomeT 6LITL C)J.eJiaHa oxJiam)J.aeMoif. 

BoaMOiKHhl o6a napnaHTa. B )J.aHHOM cJiyqae Mhl 

UCIIOJib30BaJIH OXJialli)J.aeMyiO KOHCTpyKIJ;HIO, ITO

CKOJILKY <ITO OOCCITC'IHJIO HaiiMeHbiDHe OO~IIe 3a·

TpaTbl Ha aarpyaKy roproqero. 

P. BYCCAP (<DpaHn;un)*: HeJIL3H JIH yaHaTL, 

HaKaH 'IaCTb H3 OO~HX 3aTpaT Ha H3rOTOBJieHHll 

TOITJIHBHOH aarpyaKn: )J.JIH peaKTopa CANDU npn

XO)J.IITCH Ha Hp01I3BO)J.CTBO TCITJIOBbi)J.CJIHIO~HX 

c6opoK, eCJIII cpaBHHTb CO CTOHMOCTbiO H3rOTOBJie

IIHH caMoro roproqero (U02)? 

A. ,D;m. MYPA,D;llAH (KaHa)J.a) : IlocKOJILKY 

aarpyaKa )J.JIH peaKTopa CANDU n:raoTOBJIHJiacb 

no KOHTpaKTY c aapanee oroBopeHHoii cyMMapno» 

CTOIIMOCTbiO, TO H He paciTOJiaraiO )J.aHHbiMH 0 paa

Mepax oT)J.eJILHLIX cTaTea pacxo)J.oB. Ho n Mory 

npe)J.UOJIOiKHTb, 'ITO CTOHMOCTb TaOJieTOK H3 U02 

(BKJIIO'IaH CTOIIMOCTb ypaHa) ;:J;OJiiKHa COCTaBJIHTb 

ITO'ITII ITOJIOBIIHY OO~eH CTOIIMOCTU llOJIHOCTbiO H3-

rOTOBJieHHOH c6opKH. 

C. HEltMAPK (CillA) *: llMeeTCH JIH B TenJio-

* :3ror Bonpoc ne 6hiJI nocraBJICH Ha aacefl,aHBH. 
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IlhJ)J;eJUIIO~Hx :lJH'MeHTax )J;JJH peaKTopa CANDU 

1\aKoe-HHOY)J;L npocTpaHCTBO 1\JJH c6opa raaoo6paa

HLJX IIpOAY:KTOB )J;eJJCHHH? 

A. ~m. MYPA~IIAH ( Kaaa)J;a) : HHKaKoro 

crre~HaJILHoro npocTpaHCTBa )J;JIH c6opa raaoo6-
paauMx rrpo)J;yKTOB )J;eJJ.eHHH B TBanax He npe)J;yc

MOTpeao. 

0)J;HaKo BHYTPH TBana HMeeTCH )J;OCTaToqaoe 

rrpocTpaHCTBO B BH)J;e aaaopOB, HeOOXO)J;HMhlX )J;JIH 

aarpyaKH, yrJJ.y6JJ.eHHii aa TOp~eBMX nonepxao

CTHX TaOJieTOK H IIOpHCTOCTH, qTOOhl B )J;OCTaToq

HOH Mepe CHH3HTb )J;aBJJ.eHHe raaooopa3HhlX rrpo

~YKTOB )J;eJieHHH H TeM CaMbiM BOCIIpeiiHTCTBOBaTh 

pacTHmeHHIO o6onoqKH. 

H. II. EYJIEEB (CCCP) *: B cTaTLe ynoMHHa

eTCH KpHT.Jiqec:KaH TeMIIepaTypa )J;JI.H ~HpKaJIOH, 

panuaa 150° C. 11ayqaJIH JJ.H BM pacnpe)J;eJJ.eHHe 

BOAOPOAa H KHHeTHKY AHWWY3HOHHLIX rrpo~eccon 
rrpn aToii TeMrrepaType? 

A. Am. MYPA)J;l1AH (KaHaAa): ~a, MHoroqnc

JieHHLie HCCJie)J;oBaHHH )J;HWWY3HH BOAOPO)J;a oLIJIU 

IIpOBe)J;eHbl 3aBaTCKHM **. 0HH IIOKa3aJJ.H, qTO pac

TBOpeHHLIH BO)J;OpO)J; rrpH rrpO)J;OJI)KHT()JILHhlX Bhl

p;epmKaX )J;HWWYH)J;HpyeT B HarrpaBJieHHH TeMIIe

paTYpHoro rpa)J;HeHTa. ~m1 TBaJJ.oB oLmo ycTaHoB

JIHHo, 'ITO B OOJiee XOJIO)l.HbiX )l.eTaJIHX H3 ~HpKaJIOH, 
TaKHX, KaK HaMOTaHHaH )J;HCTaH~HOHHpyiO~aH 

IIpOBOJIO:Ka H OXJJ.amp;aeMLie OOpTHKH TOp~eBLIX 
KOJI.IIa'lKOB, KOH~eHTpa~HH BO)J;OpO)J;a OKa3hlBaeTCH 

nMme. 

PeaKTOpbl c ra30BbiM oxna>KAeHHeM 

,lJ.oKnaA P/60 (npeACTaBH11 M. Canec) 

,lJ.~CKYCC~H 

~m. Y. Xbl03 (Coe)J;HHeauoe KoponencTno): 

JIMeH n nH)J;Y aHrJJHRCJ\HH OIILIT n HCIIOJIL308aHHH 
oooJio'leK c menpoHHLIMH peopaMH, H c HHTepecoM 

npo'lHTaJI B )J;OKJiap;e o p;ecf>opMnposaHHH o6oJio'leK 

C BLICOKHMH TOHKHMH peopaMH IIO)J; )J;eHCTnHeM 

TepMH'l()CKHX ~HKJIOn. 0)J;HHaKona JIH IIpHpo)J;a 

npoHcxo,n;a~eii )J;e<PopMarrnn H ,n;ecf>opMa~HH, orrn

caauoii B )J;OKJiap;e P /14 7 )l.JIH Toro cnyqan, zoqa 

peopa CXO)J;HTCH B ~eHTpe rpaHH? 

H rronara10, 'ITO rnyooKaH KauanKa, nLipeaau
HaH Dil.OJIL oooJio'lKH rrocepe)J;HHe Memp;y cocep;uu

MII IIJIOCKIIMII rpaHHMH, paCJIOJiaraiO~IIMilCH D 

aToM me KBap;pauTe, KaK rroKaaauo ua pHc. 1, 
JIHKBH)J;HpyeT . HanpameHHH Ha aTOM yqacTI\e Jl 

peopa OCTaiOTCH OTHOCHT()JlbHO He)l.e<l>opMHpOBaH

HLIMH. 0)J;HaKo HHTepecuo 6Mno oLI yaHaTL, H3-

rHoaeTCH JIH Ha aTOM y'laCTKe JIHlii()HHOe )J;OllOJIHH

TeJILHOH onophl pe6po rro)J; aarropoM raaonoro no
ToKa, H ecJIH )J;a, TO B KaKOH CT()II()HH? 

qTo RacaeTCJI KOJJ.L~enoro aneMeHTa, TO Ha oc-

* 8TOT BOIIpOC He 6LIJI TIOCTaBJICH Ha 3aCe}:(aHHU. 

** A. Saw at sky AECL-1323; J. Nucl. Mater. 2, 
321 (1960); A. Saw at sky and E. V o g t. AECL 14ft. 
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HOB() npoBe)J;eHHOH HaMH pa6oTLI MOlliHO COrJia

eJITLCH, 'ITO rrpH pa6oqeii TeMrrepaType H J(aBJie

HHH B peaKTOpe yrp033 OTCTaBaHHH OOOJIO'lRJI OT 
ypaHa HeBeJIHKa. lloCKOJILKY aTO TaR, TO TeiiJJ.O

nepe)J;a'la qepea rroBepxaoCTL paa)J;eJJ.a, ocy~ecTB· 

•11HIO~aHCH B OCHOBHOM 3a C'leT TeiTJIOllpOBO)J;HOCTJl 

OT MCTaJIJia K MeTaJIJiy, He Oy)J;eT CJIJlliiKOM CHJIL

HO 3aBHCeTL OT aoCOJIIOTHOfO 3HaqeHJIH TeMnepa

TY,PLI, H B CBJI3H C aTHM npooJieMa ycTaHOBJieHHH 

T()llJIOBOfO paBHOBeCHH He )J;OJI.)KHa paCCMaTpH

BaTLCH KaK 3a)J;a'la rrepBOCTeneHHOH Ba)KHOCTU. 

He B03HHKaeT JJ.H B J(aHHOM cnyqae oonee TPYA

aaa llpOOJieMa, CBH3aHHaH C OTHOCHT()JlLHhlMH ITC

peMen~eHHHMU BHyTpeaaeii H naemaeii o6onoqer• 

no npeMH TeMnepaTypHbiX ~HKJIOn H C OOYCJIOH

JieHHOH aTHM J(e<l>opMa~Heii TOp~eBLIX KOJIIIa'lKOII 

u onopLr aJJ.eMeHTa? 

r. JKAHTibEP (<l>paH~HH): ECJIH H He OIIlHOa

IOCL, ,I(ewopMa~HH peoep IIpH TepMH'leCKHX ~HR
JJ.aX )J;eHCTnHT()JI.LHO HaiiOMHHaiOT OIIHCaHHLie 8 )J;0-

1\Jia)J;e P/147; no ncaKoM cnyqae aTo cnpane)J;JIHno 

)J;JIH oooJJ.o'leK c peopaMH onpe)J;eneaaoii KOHCTpyK

~HH, H3neCTHLIX ITO)]; HaanaHHeM CeKTOpHLIX 000-

JI.O'leK C IIpO)J;OJILHbiMH rreperopO)J;:KaMH H IIpHMLI

MH pe6paMH. 

Y aac He 6LIJio HHKaKHX aaTpy)J;HeHHii H3-3a 
)J;ewopMa~HH peoep, eCJIH TOJI.LKO ORa H() OKaaLina

Jia BJIHHHHH aa rroTOK ropH'lHX raaon. Cne)J;yeT 

AooaBHTL, 'ITO peopa OLIJI.H pacc'lHTaHM ua cooT

BeTCTBYIO~YIO Harpy3KY H HMeJJ.H OTHOCIITeJILHO 

HeOOJI.LlliYIO )J;JIHHy. 
TipooneMa B03HHKHOBeHHH ycHJJ.nii Mem)J;y ooo

JIO'lKaMH H TOp~eBLIMH KOJI.IIa'lKaMH BO BpeMH Tep

MH'l()CKHX ~HKJJ.on nee e~e HayqaeTcH. B peayJih

TaTe nne)J;eHHH lf>HKCHpyiO~HX KaHaBOK n ypane 

Mbl He nCTpeTHJIII HHKaKHX 3aTpy)J;HeHHH BO npe

MH aTorO HCCJie)J;onaHHH. 

n. MEPPEll (Coe)J;IIHeHHoe KopoJieBCTBO): He 
MorJJ.H OM BLr rrpHnecTH ooJiee rro)J;pooHLre )J;aHHLie 

OTHOCHTeJILHO 06Jiy'leHHH KOJIL~enLIX Tn3JJ.On, a 
TaKme paCCRa3aTL o6 H3MeHeHHHX fa30BOfO IIOTO

Ka, KOTOpble MOfYT no3HHKaTL 3a npeMH BCero 

cpoKa cnymohl TaKoro TnaJJ.a, H oo ocJJ.omHeHHHX, 

CBH3aHHbiX C B03HHKHOneHH()M HanpHmeHHii n 

ooonoqKe H c BLIHOCJIHBOCTLIO oooJJ.o'lKH? 

M. CAJIEC (.<f>paH~HH): MM TOJJ.LKo na'lHHaeM 

oony'laTb oxJJ.am)J;aeMMe H3HYTPH H cnapymu 
ROJJ.L~enLre TnaJJ.M n peaKTopax PE:GASE u 

EDF-2 H :rroaToMy e~e ne pacnoJJ.araeM HHKaKnM 
OIIhlTOM. 0)J;HaKO nee MaTepHaJJ.LI, H3 KOTOpbiX H3-

fOTOnJieHbl aTH aJieMeHThl, IIO)J;nepraJIHCL HHTeH

CHnHOMY OOJJ.y'leHHIO H OKa3aJIHCL niiOJI.He Y)J;OB
JieTBOpHTeJI.LHLIMH. B qacTHOCTH, aamH ypaaonLie 

cnnanLI B nH)J;e aaKyrropeHHhlX Tpyo o6Jiy'laJJ.HCL n 

peaKTopax EL-3, G-2 H G-3. 

~m. JI. ,IJ;JKI1JI8MC (Coe)J;HHeHHoe Koponen

CTBO) : Bhl o6'LHCHHJIH, qTo, corJJ.acHo rrpe~rroJJ.ome
HHHM, CTOHMOCTL H3fOTOBJI.eHHH KOJI.L~eBLIX TB<l

JIOB 6oJJ.Lmoro )J;HaMeTpa 6y)J;eT Hnme n pacqeTe 

Ha KHJIOrpaMM CO)J;epma~erOCH B HHX ypaaa, qeM 
CTOHMOCTb H3fOTOnJieHHH TnaJIOB C MeHLillHM )J;Ha

MeTpOM, rrpe)J;Ha3Ha'leHHLIX )J;JIH peaKTopa EDF-2. 
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CorJiaCHLI JIH BLI c TeM noJiomeKHeM, 'ITO CTOH
MOCTL H3fOTOBJieHHH KOJIL~eBLIX TB3JIOB CKopee 
BCero ~OJilRHa H3MeHHTLCH o6paTHO nponop~HO
uaJILHO nJIO~a~H nonepe'IHOfO Ce'leHHH, KaK 3TO 
noKaaaJio, HanpuMep, B ~oKJia~e P/124?'~ 

M. CAJIEC (<l>paH~HH): Bee, 'ITO MomHo cKa
aaTL Ha HacTo~eii CTa~HH Hamero uccJie~oaa
HHH, CBO~HTCH K TOMy, 'ITO CTOHMOCTL H3fOTOBJie
HHH CHHmaeTCH no Mepe yaeJIH'IeHHH nJio~a~lJ 
nonepe'IHOro ce'leHHH, 

Jl.oKnaA P/147 (npeACTaBHn T. Jl.)f{. XHn) 

Ilo 3TOMY ~OKJia~y o6cym~eHHH He 6LIJIO. 

,lJ.oKnaA P/560 (npeACTaBHn T. ,lJ.)f{. XHn) 

,D.~CKYCC~R 

,D;m. Y. Xbl03 (Coe~HHeHHoe KopoJieBCTBO) **: 
Bhl ynoMHHaJIH o npoao~HMLIX aKcnepuMeHTax no 
o6Jiy'leHHIO TB3JIOB C nJIOCKHM CTepmHeBLIM cep
,rJ;e'IHHKOM. 3TOT TB3JI paapa6aTLIBaeTCH nO'ITH C 
Ha'laJia 1961 r. n npe~cTaBJIHeT co6oii cTepmeHL 
na npupo~Horo ypaHa TOJI~HHOii 1,4 eM, mupn
uoii 9,6 CM H ~JIHHOH 122 CM, aaKJIIO'IeHHLIH B o6o
JIO'IKY ua cnJiaaa MarHoKc-A12 (eM. puc. 1). Taa
JILI CKOHCTpyHpOBaHbl TaKHM OOpaaoM, 'ITO HX 
MOlRHO YCTaHaBJIHBaTL B KaHaJie O~HH Ha,!l; p;py
fHM; TB3JI HMeeT noBepXHOCTL TenJionepep;a'IH, 
CHaOlReHHyiO meBpOHHLIMH peopaMH, H CBOHMH 
KpaHMH BCTaBJIHeTCH B naaLI, npH,!J;eJiaHHLie B 
rpa«flHTOBOM KaHaJie. Pa6oque xapaKTepHCTHKH 
TaKoro TBaJia 6LIJIH onucaHLI B p;oKJiap;e P/124 *. 

TBaJILI aToro Tuna, paapa6oTaHHhle coBMeCTHo 
YnpaaJieHueM no aTOMHoii aHepruu n rpynnoi'r 
np;epHoii aHepreTHKH, ceiiqac ooJiy'laiOTCH B lJa
rreJIKpocCKOM peaKTope. IIa-aa OTHOCHTeJILHO He
ooJILmoro ~HaMeTpa HMeiO~HXCH KaHaJIOB OLIJIII 
MCnOJIL30BaHLI TB3JILI COKpa~eHHOH, XOTH H ~0-
BOJILHO aHa'IHTeJILHoii mupHHLI. YpaHOBhlii CTep
a\eHL HMeeT TOJI~HHY 1,4 CM, IIIHpHHY 7,4 CM H 

)J;JIHHY 91 CM. 

B peaKTop 6hiJio aarpymeno soceML Kana;uHJ, 
l\U)K;J,LIH 113 KOTOpbiX cop;epmaJI meCTb TB3JIOB C 

IIpHpOJ];HLIM ypaHOM, a B TpH KaHaJia peaKTOpa 
6LIJIO aarpymeHo no o~HOMY TB3JIY c o6ora~eHH
eM, o6ecne'IHBaiO~HM :meproBLIJJ;eJieHue oKoJio 
7,25 Mer/r. TBaJILI aKcnJiyaTupyiOTCH npn MaKcH
MaJILHo p;onycTHMOH TeMnepaType o6oJIO'IKH 
460° C H npop;oJimaiOT pa6oTy snoJine yp;osJieTBo
puTeJILHo no'ITH nOCJie rop;a npeOLIBaHHH B 
peaKTope. TsaJILI c BLICOKHM aHeproBLip;eJie
HHeM B HaCTOH~ee BpeMH IIO'ITH J];OCTHI'JBI 
RhlropaHHH 2000 Mer· cyr1£u/r, a p;JIH TB3JIOB c 
upupop;HLIM ypanoM cpep;uee Bhlropauue co
cTaBJIHeT 600 Mer· cyr1£u/r, MaKCHMaJILHoe-
800 Mer· cyr1£u/r. 

* HacTOH~ee Ha)l.aHHe. T. 5. 
** 3TO BhiCTYUJICHHe HC 3R1liiThiBRJIOCL Ha aaCC)J;RHDH. 

TBaJILI nepuop;u'leCKH BLirpymaiOTCH ~JIK oc
MoTpa. 1Io~po6Hoe uayqeHHe e~e He npoaop;u
JIOCL, HO BHayaJILHLIH OCMOTp O~HOfO 3JieMeHTa 
IIOKaaaJI, 'ITO OH HaXOJ];HTCH B xopomeM COCTOH
HHH, XOTH H H30fHYJICH. BoaHHKHOBeHHe H3fHOa 
ne 6LIJIO ueomu~aHHOCTLIO, nocKOJILKY apeMH 
yp;BoeHHH COCTUBJIHJIO OKOJIO 300 'l. fipH H3BJie-
1JeHHH TB3Jia H3 KaHaJia He HaOJIIOp;aJIOCL HIIKU
KHX TPYAHOCTeii, a TaKme He o6uapymeuo H Ka
Koro-JIH6o yxyp;meHHH paOO'IHX xapaKTepHCTHK. 

C noMO~LIO 3TOfO :mcnepHMeHTa MLI Ha)J;eeM
CH IIOJIY1J:HTh )J;aJILHe:iimHe noJie3HLie )J;aHHLie, OCO
ueHHO eCJIH o6JiyqeHHe 6yp;eT npop;oJimeHO )1;0 Bhi
ropaHHH CBLime 4500 Mer· cyr1£ulr. 

,lJ.oKnaA P/148 

ITo aToMy )J;OKJia)J;y o6cym,IJ;eHHH He ObiJIO. 

,D.HCKYCC~R 

T. ,D;m. narnoc (CIIIA): Ilpem)J;e Bcero, HC
noJIL30BaHne CJIOBa «CTaH,D;apTH3a~HH», nO-BH~li

MOMy, npem)J;eBpeMeHHO Ha COBpeMeHHOH CTa)J;IIll 
paapaOOTKH ycoBepmeHCTBOBaHHOfO peaKTopa C 
raaoBLIM oxJiam;J,eHHeM. He MomeT Jill aBTop no
)J;po6Hee paCCKa3aTh 0 B03MO)KHOCTII CTaHp;apTii
aaqHH Ha p;aHHoii CTa)J;HH? 

r. It XAP,D;li (Coe)J;HHeHnoe KopOJH'BCTBO): H 
HOJiaraiO, 'ITO Halla HHTepnpeTa~HH CJIOBa «CTaH
p,apTH3a~HH)) OTpameHa 8 npep;CTaBJieHHOM P,OKJia
;J,C. MLr naMepeHLI BLI6paTL nauJiyqmyiO KOIICT
PYK~HIO 11 pa6o'IHe pe1KHMLI TerrJioBLip;eJIHIOrqux 
3JieMeiiTOB, a TaKme HCCJie)J;OBaTL HeKOTOpOe KO
JTH'IeCTBO KOHCTpyK~HH B orpaHJI'ICHHOM HHTepBa
Jie paOO'IHX pemnMOB, KOTOpLie, ITO HarneMy MHC
HHIO, HBJIHIOTCH HaUJIYlJIIIJIMH. 

T. ,D;m. IISIIIOC (CIIIA): B paa)J;eJie o TeMIIe
paTypax rop1011ero n BLI)J;eJieHHH raaoo6paaHLIX 
npo)J;yKTOB )J;eJieHHH yTBepm)J;aeTcH, 'ITO «y~eJIL

noe 3HeprOBLip;eJieHHe MOmeT H3MeHHTLCH B IIIH
pOKllX npe)J;eJiaX, He OKa3LIBaH 3Ha'IHTeJILHOfO 
BJIHHHHH Ha CTOHMOCTL noJiy'leHHOH 3HeprHH)). 3To 
npOTHBOpe'IHT npeHM~eCTBaM, J];OCTHraeMLIM B 
CJiyqae BO)J;OOXJialR)J;aeMLIX peaKTOpOB, KOf)J;a 
BLICoKoe yp;eJILHoe aHeproBLI~eJieHne p;aeT aHa'ln
TeJILHoe CHHmeHHe KaiiHTaJILHLIX aaTpaT H CTOII
MOCTH BLipa6oTKH aHeprHH. IIoaBoJIHT JIH ycoBep
IIIeHCTBOBaHHLiii peaKTOp C raaOBLIM OXJiamp;eHH
eM HCnOJIL30BaTh npeHMy~eCTBa paOOTLI C OOJiee 
BLICOKHM y)J;eJILHLIM 3HeprOBLI)J;eJieHHeM, KOTOpoe 
MomeT OLITL )J;OCTHrHyTo c ropiO'IHM Ha U02? 

r. K. XAP,D;li (Coep;HHeHHOe KopoJieBCTBO): 
3TOT Bonpoc «flaRTH'IeCKH Tpe6yeT O'leHL nop;po6-
HOfO OTBeTa, TaR KaK HeOOXO)J;HMO o6paTHTLCH Ji 

peayJILTaTaM HCCJiep;oBaHHH rrapaMeTpH'IeCKHX aa
BHCHMOCTe:ii J];JIH CTOHMOCTH 3HeprHH, BLipa6aTLI
BaeMOH ycoBepmeHCTBOBaHHLIMH peaKTOpaMH C 
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raaoBLIM oxJia>KAeHHeM. Ho KparKo MO>KHO cKa
aaTL, 'ITO no Mepe yBeJIB'IeHBH YAeJILHoro aHepro
BLIAeJieHBH CTOBMOCTL aHeprBH CHH>KaeTCJI MeA
JieHHO. MLI C'IBTaeM, 'ITO YAeJILHoe aHeproBLIAeJie
HBe BBHACKeiiJicKoro ycoBeprneHCTBOBaHHoro 
peaKTOpa C raaOBLIM OXJia>KAeHHeM CJIHlliKOM MaJio; 
npu 6oJiee BLICOKOM YAeJILHOM aHeproBLIAeJieHHH 
MLI CMOI'JIH OLI C03AaTL OOJiee 3KOHOMH'IHYIO aJieK
TpOCTaHqHIO, HO cym;eCTByeT HeKOTOpLIH npeAeJI, 
aa KOTOpLIH He CTOHT nepeXOABTL. Ilo Mepe nepe
XOAa KO Bee 6oJiee BLICOKHM YAeJILHLIM aHepro
BLIAeJieHHJIM B03HHKaiOT noOO'IHLie o6CTOJITeJILCT
Ba, KOTOpLie no cym;eCTBY AeJiaiOT <lKOHOMH'IeCKU 
HeqeJiecoo6pa3HOH pa6oTy npB CTOJIL BLICOKBX 
JHeproBLIAeJieHHJIX. 

M. XYBE'PJIAHT (BeJILrHH): Ilpu KaKHX yc
JIOBHHX aaor pearupyer co craJILIO o6oJIO'IKB? 
11rpaer JIB reMneparypa cym;ecrneHHYIO poJJL n 
coo6m;aJiocL JIB o raKoii peaKqBB B cJiyqae peaK
ropoB C BOAJIHLIM OXJia>KAeHBeM? 

r. It XAP~l1 (CoeABHeHHOe RopoJieBCTBO): 
iho JIBJieHBe OTHOCBTCJI K 'IBCJIY aaBBCJilll;BX OT 
TeMneparypLI: qeM BLirne reMnepaTypa, TeM 6oJIL
rne cKopocTL peaKqBII. HaM 113BeCTHo o6 aToM Ha 
OCHOBaHBB BCCJieAOBaHBH BHe peaKTopa, KOTOpLie 
OLIJIII npoBeAeHLI c qeJILIO BayqeHIIJI B o6'LHCHe
HIIH JIBJieHBJI, Ha6JIIOAaBrnerOCJI B YCJIOBBJIX peaK
TOpa. MLI He o6Hapy>KBBaJIB peaKqBII c aaoroM y 
TB<lJIOB, aarpy>KeHHLIX B BOAJIHLie peaKTOpLI, a 
TaK>Ke B y TB<lJIOB, OXJia>KAaeMLIX napOM C OOJiee 
BLICOKOH TeMneparypoii, 'leM AOCTBraeMaJI B BOAJI
HLIX peaxropax. IlpBIJ:BHa a:roro o'leHL npocra. 
B rex cJiy'laJix, KOrAa MLI He o6Hapy>KBBaJIB peaK
qBB C a30TOM, TenJIOBLIAeJIJIIOID;IIe :lJieMeHTLI OT
JIB'IaJIBCb xopornBM Ka'leCTBOM, a o6oJIO'IKB TaKnx 
aJieMeHTOB He COAepmaJIB aaora. PeaKqBJI c aao
TOM 6LIJia o6HapymeHa JIIIlliL y He6oJILrnoro 'IIICJia 
o6oJio'leK, Ka'leCTBO KOTopLix HeJIL3H OLIJIO npB
aHaTL HAeaJILHLIM, TaK KaK OHB BonpeKII npeA'LJIB
JIJieMLIM Tpe6oBaHBJIM COAep>KaJIB HeOOJiblliOe KO
JJB'IeCTBO aaora. 

PeaKTOP~ Ha 6~cTp~x He~TPOHax 

,lJ,oKnaA P/238 (npeACTaBMn P. a. MawepM) 

,ll,HCKYCCHfl 

B. P. T. <I>POCT (CoeA1fHeHHoe RopoJieBCTBo): 
B CB.H311 c o6cymAeHBeM B AaHHOM AOKJiaAe MeTaJI
JIOKepaMII'IecKoro roproqero, B03MO>KHo, 6I>mo 6hr 
JIHTepecHo ynoMHHYTb, 'ITO pa6ora, npoBeAeHHaJI 
B XapyaJIJie 11 onBcaHHaJI B ~oKJiaAe P/153, noKa
aaJia, 'ITO TeXHOJIOI'IIJI 113l'OTOBJieHIIJI MeTaJIJIO
KepaMII'leCKIIX JIJiaCTIIH II CTepmHeH 113 U02 
n nepmanerom;eii cTaJIII 6LIJla c He6oJILlliBMB B3Me
nemuJl\m pacnpocrpaHeHa Ha nJiyTOH'lJeBoe Me
TaJTJio-KepaMU'leCKoe roproqee. TaKoe roproqee 
o6Jiy'laJIOCh B narpBII np11 TeMneparype rroBepx
HOCTH 650° C ~0 BhlropaHIIJI CBhiille 10% TJI>KCJibiX 
aTOMOB B llOKaaaJIO OTCYTCTBBe nonpe>KAeHIIH. 
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IIpoBOAIIJIII JIM BLI KaKyiO-HHOYAL pa6ory no 
Jf3l'OTOBJICHHIO B oqeHKe xapaKTepiiCTBK nJiyTo
HHCBOI'O MeTaJIJioKepaMH'IecKoro roproqero B o6-
JiaCTH COCTaBOB, npeACTaBJIJIIOlll;HX HHTepec AJIH 
npiiMeHeHHH B peaKropax Ha 6LicTpLix Heiirpo
nax? 

P. 3. M3IliEPH (CiliA): H He ocBeAOMJieH o 
KaKHX-JIIIOO paapaOOTKaX nJiyTOHHeBoro MeTaJIJIO
KepaMH'IeCKOI'O roproqero, npeAHaaHa'leHHoro cnP
:quaJILHO AJIH peaKropoB Ha 6LICTpLix HeiirpoHax. 
0AHaKo B pa6ore 38, npuBeAeHHoii B narneM AO
KJiaAe, COAep>KaTCJI CBeAeHHJI 0 HeKOTOpbiX TeKy
ID;IIX pa6orax. 

B. P. T. <I>POCT (CoeAHHeHHoe RopoJieBCTBo): 
11MeJI B BII;:J.Y HeoOXOAIIMOCTb AOCTH>KeHHJI BLICO
KIIX BLiropaHHii ropro11ero AJIH 6LicTpLix peaKro
poB, ne MOrJIH 6LI BLI cKaaaTL, KaKIIM, no Barne
MY MHeHHIO, AOJI>KeH 6LITL HAeaJILHLiii XHMB'le
CKHH cocraB H nJioTHOCTL rop1011ero UC- PuC? 

P. 3. M3IliEPH (CiliA): B HacToJim;ee BpeMH 
HeJib3JI C KaKOH-JIHOO CTeiieHLIO onpeAeJieHHOCTJI 
HaaBaTL HAeaJILHLIH XlfMH'IeCKHH COCTaB TaKoro 
roproqero. O~naKo B Ka'leCTBe opBeHTIIpoB Momno 
liCllOJIL30BaTL rpaHBqbl O;J,HOtPa3HOH o6JiaCTB, llO
CKOJILKY IIpHCYTCTBIIe CBOOOAHOI'O nJiyTOHHJI H 6o
Jiee 6oraTLIX yrJiepOAOM Kap6HAOB MO>KeT IIpiiBe
CTII K paA'HaqHOHHOH HeCTa611JihHOCTH ( CB060AHLiii 
MeTaJIJI) II HeCOBMeCTHMOCTH C noKpLITHJIMII IIJIJI 
o6oJio'IKoii. MLI, ecrecrBenno, npeAnoJiaraeM, 'ITO 
o6paayrom;uiicH npu AeJieHIIH CBOOOAHLIH yrJiepo~ 
coeAHHHercH c MeraJIJiaMH ua 'IHCJia npOAYKTOB 
;:~,eJieHHH. 

qTo KacaercH IIJIOTHOCTII, To meJiaTeJILHO 6LIJio 
uLI HMeTL nJioTHOCTL, 6JIBaKyro K 90% or reope
TH'lecKoii, HJIH HCCKOJibKO MCHLlliYIO, 'IT06hi o6ec
IIC'IIITL B03MO>KHOCTh HaKOIIJieHBJI o6paayiOID;IIXCJI 
TBepAhiX npOAYKTOB AeJieHHJI. 0AHaKO OnTBMaJih
HaJI llJIOTHOCTb AOJI1RHa 6DITL YCTaHOBJieHa <lKCITe
piiMeHTaJJLHO. Coo6pameHIIH 6eaonacnocru B atf>
tf>eKTHBHOCTB BOCITpOH3BOACTBa rOBOpHT, KOHe'IHO, 
B IIOJib3Y BLICOKOll nJIOTHOCTJI. 

m. M. JIEBJIAH (BeJibrHH): B BarneM AOKJia
Ae l'OBOpHTCJI, 'ITO ~JIH noJiy'leHHJI BLICOKOI'O OTpB
:qaTeJILHOI'O TeMneparypHoro Koatf>tf>uqueHTa pe
aKTBBHOCTH Heo6xo~BM OAHOPOAHLiii TBepADiii pa
CTBop uo2- Pu02. B CBeTe Toro tf>aKTa, 'ITO 
BHOpaqHOHHhle H tf>opMOBO'IHbie CnOCOOLI OCOOeH
HO y~o6HLI ~JIJI H3l'OTOBJieHHJI CMeCH OKBCHOI'O ro
piO'Iero ~JIJI peaKTOpOB Ha 6LICTpLIX HeiirpoHaX, 
KaKoB, no BarneMy MHeHBIO, MaKCBMaJILHO AOITy
CTHMLiii paaMep qacr11q Pu02, ecJIJI ucrroJILaye
MLie nopornKH rop1011ero npeACTaBJIHIOT MexaHH'It'
CKyiO CMeCb uo2 H Pu02? 

P. 3. M3IliEPI1 (CiliA): ~JIH noJiy'leHHH 6o
Jiee rroApo6HLix cBeAeHHii o cnoco6ax BB6poyrrJioT
HeHBH H coBeryro BaM o6paTBTLCH K paap;eJiy o 
Kap6HAax B AOKJiaAe. CMecu Kap6BAOB ucfioJILao
BaJIBCL TOJILKO C qeJILIO 0Tpa60TKH TeXHOJIOI'Bll 
ll3l'OTOBJieHBJI B He npe~JiaraiOTCJI B Ka'leCTBC 
roproqero AJIH peaKTopoB Ha 6LicTpLIX neiirponax. 
IloMHMO o6ecrre'leHBH 6eaorracnocrB peaKTopa, 
CBOHCTBeHHOH CIICTeMaM C OTpBqaTeJILHLIM TeMIIe-
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paTypHbiM Roa<f><f>m:~HeHTOM peaRTUBHOCTH, IIpHMe
HeHHe rnep]l;oro pacTnopa ( U, Pu) C noanonHeT 
yny'IIIIHTb cnoifcTna PuC aa C'leT ero paa6anne
HHH UC . .fi He MoryT TO'IHO OTBeTHTb Ha Bonpoc 
0 ]l;OIIYCTHMOM MaRCHMaJibHOM paaMepe 'laCTHH 
CMeiiiHBaeMbiX ORHCeH HJIH RapOH]l;OB, XOTH fl 

aHaiO, 'ITo HeRoTopbie pac'leTbi ObiJIH npouane
l~eHbi. 

<1>. C. MAPTMH (Coe]l;HHeHHoe RoponencT
no) *: Bbi yTnepm]l;aeTe, qTo cne'leHHbie Ta6neTim 
(U, Pu)02 YAOBJieTnopHIOT TexHH'IeCKHM ycnonu
HM 6ea IIIJiu<f>oBKH. RaKoB ycTaHoBJieHHbiH ]l;onycR 
(n npo~eHTax) Ha OTRJIOHeHHH ]l;HaMeTpa? llo
CKOJibKY IIJIOTHOCTb Hecne'leHHbiX TaoJieTOK COCTa
BJIHeT JIHIIIb 50% , TO yca]l;Ka ]l;OJimna ObiTb 6oJib
moif n o6ecne'lenue aa)l.aHHoro ]l;HaMeTpa ]l;OJia>Ho 
Gbmo BblaBaTb aaTPYAHeHHJI. He MorJIH 6bl Bbi 
OCBeTIITb :3TOT BOIIpoc? 

P. 8. M8IIIEPM (CiliA): Bbi naif~J.eTe nee no-
1J.po6HocTn o cMecJix oKncnoro ropiO'Iero n pa-
6oTe 11 , ynoMJIHYTOH n HaiiieM ]l;OKJia]l;e. Ho, na
CKOJibKo JI IIOMHIO, ]l;OIIYCR COCTaBJIHeT ±0,025 .M.M. 

TaKoii ]l;onycK MomeT ObiTb o6ecnelJ:eH npu T~a
TeJibHOM IIJIOBe]l;eHHll npo~ecca, H R TOMY me OH 
He oco6enHo MaJI ( .._ 2% )l.JIH Ta6JieTKH )l.HaMeT
poM 6,35 M.M) . 

,li,OKJlaA P/58 (npeACTaBHJl n. 5accH) 

,li,I-1CKYCCI-1H 

,[J;m. f. RMTTEJI (CiliA}: B IJ.OKJia)l.e yKa-
3b1BaeTcH, 'ITO cnnaB U - Pu - Ti o6Jia)l.aeT 6o
Jiee 6naronpHHTHbiMH xapaRTepliCTHKaMn no cpaB-
HeHHIO co cnnanoM U - Pu - Mo. 

* 3TOT BOIIpOC He 6biJI IIOCTaBJieH Ha aaCeAaHIIH. 
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0]l;H8l\O UMeiOTCH COOO~eHn:JI, 'ITO CIIJI8B U -
Pu - Mo no npeMa o6Jiy'leHHH npn TeMnepaTy
pax, npe)l.CTaBJIHIOI~HX IIHTepec )l.JIH peaKTOpOB Ha 
owcTphiX ueiiTpoHax, npeTepnenaeT cepbeaHbiC 
nonpem)l.eHn:H B BH]l;e pacnyxaHHH. MMeiOTCH mt 
H8KHe-HHOYIJ.b CBe)l.eHHH 0 IIOBe]l;eHHH CIIJiaBa U -
Pu- Ti n ycnoBHHX o6ny'leHHH, n ecnu neT, TO 
He IIJiallnpyeTCH Jill IIpOBe)l.eHHe p8]1;Ha~IIOHHhTX 

HCllhiTaHHH aToro CIIJI8Ba? 
rr. BACCM (<l>paH~HH): B HaCTOH~ee BpCMH 

cepnH cnnanon U - Pu - Nb, U - Pu - Ti u 
U- Pu- Zr o6nyqaeTCH n peaRTope EL-3, 'ITO
obi )l.3Th B03MO»\HOCTh onpe)l.eJIHTb pacnyxauue Jf 

cpaBHIITh ero C IIOJiy'J.eHHbiM BO BpeMH nepBbiX 
ooJiyqenuir o6paa~OB 6e3 OOOJIO'IKH cnJiaBOB u -
Pu - Mo. B Ka'lecTne ocuonublx oco6ennocTeii 
o6pa3~0B, HCIIOJih3YeMhlX B npOBO)l.HMbiX HCIIhiTa
HUHX, CJie]l;yeT yKa38Tb: 

a) HCIIOJih30BaHbl JIHThle CIIJiaBbl, npnrOTOBJICII
Hble n ll:yronoii: nequ; 

6) cnnanhl HMCIOT cocTan 75% U, 15% Pu u 
10% M (r11.e M = Ti, Nb uJJII Zr); 

n) o6Jiy•wune npoBOJ\HTeJI npu TeMnepaTypax 
450, 500, 5fi0 II 600° C. 

,[J;m. <I> .¥. BMIIIOIT (Coe)l.nueuuoe llopoJieBCT
no) *: B BaiiieM IJ.ORJia)l.e coo6~aeTCH o nepeMe~e
unn TaoJieTOR B npO]l;OJihHOM HanpaBJieHHH B 
CTepmne R20.7. BbiJI JIH upe)l.yCMOTpeH TeMnepa
TYPHhiH aaaop Mem)l.y Ta6neTKaMn u Top~enoii 
npya>HHOH npu H3rOTOBJieHHII TB:lJia? 

rr. BACCM (<l>pau~HH): HeT, aTo nepeMe~eune 
1paKTH'ICCKH HBJIHeTCH CJIC)l.CTBHCM o6Jiy'leHJIH. B 
nonoM TBaJie npymnua conpnKacaeTCH c nocJie)l.
ueii Ta6JieTROii ua6opa, ua KoTopyiO ona ot:aahma
eT ue6oJihiiioe )l.aBJieune, n TeM caMhiM y;~t>pmu
naeT BCe TaoJieTKII B TeCHOM KOHTaKTe. 

* 3TII BOIIpOCbl He OOCYnil-\U!HICb HU 3UC!'l{UHIIII. 

Elementos combustibles: elaboraci6n y experiencia practica 

Presidente: S. Lawroski (Estados Unidos de America) 

Reactores de tipo piscina 

Documentos P/485 y P/486 (presentados 
conjuntamente por C. T. de Freitas) 

No hubo discusi6n de estas memorias. 

Reactores refrigerados por agua ligera y agua 
pesada 

Documento P/442 (presentado por M. Huberlant) 

No hubo discusi6n de esta memoria. 

Documento P/443 

DISCUSI6N 

E. A. EvANS (Estados Unidos de America): En los 
Estados Unidos se ha realizado una demostraci6n de 
fabricaci6n, en condiciones de seguridad, de aproxi
madamente 14 toneladas de elementos con combutible 
cenimico U-Pu, similar el descrito por el Sr. Leblanc. 
El incremento en el coste de fabricaci6n debido al 
empleo de plutonio es inferior allO %. El tubo de agua 
y otros tipos nuevos de elementos combustibles ter-
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micos a base de U-Pu, cuyas posibilidades se estan 
explorando ahora, prometen aun inferiores costes de 
fabricacion y las ventajas de un excepcional comporta
miento del combustible. 

Los elementos combustibles grandes (dimension de 
reactor de potencia) de oxidos U-Pu compactados por 
forja rotatoria o por vibracion han funcionado con 
exito a mas de 2 X 1020 fisionesjcm3. Los ensayos 
realizados con elementos con defectos intencionados o 
que han fallado en servicio han revelado que no 
existen problemas de una erosion catastr6fica o de 
inundaci6n por agua. 

Los ensayos preliminares de irradiacion de capsulas 

Figura 1. Elemento combustible de barra plana 
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conteniendo oxidos y distintos materiales combusti
bles en forma de polvo o pastillas, a mas de 50 X 1020 
fisiones/cm3, no han revelado limitaciones funda
mentales exclusivas de los combustibles ceramicos 
conteniendo Pu. 

J. M. LEBLANC (Belgica): Estamos de acuerdo, en 
principia, con la cifra de 10% de aumento en los 
costes de fabricacion como consecuencia de emplear 
plutonio, pero solamente en el caso de produccion de 
combustibles de oxido de uranio o plutonio en gran 
escala (mas de 10 toneladas). 

W. P. CHERNOCK (Estados Unidos de America): 
l, Cual era la relacion entre el diametro del termopar y 
el radio del elemento combustible en la medida de la 
conductividad termica realizada fuera de pila? l. Pudo 
haberse perturbado de forma sensible el flujo termico 
al introducir termopares en posiciones radiales en el 
combustible? 

J. M. LEBLANC (Belgica): El diametro de la cabeza 
del termopar era de 1 mm, mientras el de las barras 
de20mm. 

El flujo termico se perturbaba ligeramente, esti
mandose las perdidas de calor a traves de los termo
pares en un 3-4 %. 

Documento P/608 (presentado por H. Mogard) 

DISCUSI6N 

W. P. CHERNOCK (Estados U nidos de America): 
Refiriendome al dispositivo separador que se muestra 
en la figura 3 para los conjuntos combustibles de 
Marviken l. cual es la temperatura estimada de Ia 
vaina debajo del separador y cual es la que estima 
existe en la vaina sobre la pastilla justamente pasado 
el separador en el punto en que se cree se fijan las 
burbujas de vapor? 

H. MoGARD (Suecia): No disponemos de ninguna 
estimacion formal de la temperatura para esta nueva 
disposicion de separador, por el momento en fase de 
investigacion experimental, y qtte fue proyectado para 
reducir al minimo la tendencia del dispositivo separa
dor a fijar burbujas de vapor. Sin embargo, estimamos 
la elevacion de temperatura en la pared de la vaina 
como en 50°C aproximadamente, en la parte baja de 
un espaciador antiguo que habia sido ensayado con 
anterioridad. 

R. BoussARD (Francia): l. Como esta construida Ia 
rejilla separadora en los react ores Marviken? Como 
este sistema debe requerir tolerancias estrechas, 
desearia conocer si se fabrican por moldeo o mecan
izado. 

H. MoGARD (Suecia): La rejilla espaciadora se 
fabrica con anillos de Zircaloy-2, unidos por solda
dura electrica de arco protegido con argon. El metodo 
es sencillo y el coste de fabricacion es bajo. No se 
exigen tolerancias estrechas ya que los suplementos en 
forma de muelles de tres puertas se ajustan elastica
mente ellos mismos para acomodar cada barra de 
combustible. 
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S. NAYMARK (Estados Unidos de America): 
Desearia mencionar que no hemos observado en 
nuestros reactores corrosion importante bajo ningun 
espaciador del combustible, por si ello puede disipar 
alguno de sus temores. 

Vd. proclama como ventaja en la fabricacion de 
combustibles el empleo de espaciadores anchos entre 
los elementos combustibles, pero esta ventaja puede 
estar contrarrestada por una disminucion de potencia 
por unidad de volumen en el reactor y Ia penalizacion 
consiguiente en inversion de capital. Su concepto de 
espaciado parece ser completamente opuesto al de los 
reactores de agua pesada canadienses (CANDU). 

H. MoGARD (Suecia): Yo creo que su segunda 
observacion no es valida para reactores de agua pesada 
del tipo con recipiente a presion porque estos tienen 
una relacion caracteristica entre las areas de modera
dor y combustible que es mayor que en los reactores de 
agua ligera. Hay tambien en los reactores de agua 
pesada del tipo con tubos de presion una relacion de 
areas mayor entre el moderador y combustible, pero 
esta circunstancia no puede considerarse como ventaja 
en un conjunto combustible abierto, debido al espesor 
de pared del tubo de presion que se eleva prohibitiva
mente con el aumento de diametro del conjunto 
combustible. 

Documento P/18 (presentado por A. J. Mooradian) 

DISCUS16N 

S. NAYMARK (Estados Unidos de America): En el 
reactor CANDU, la exigencia en economia de neu
trones pro parte de Ia vaina del combustible parece 
requerir una vaina de Zr desajustada del combustible. 
Los ensayos de funcionamiento, efectuados en los 
Estados Unidos, han demostrado Ia existencia de 
surcos circulares en Ia vaina, a la altura de la superficie 
de union de dos pastillas, despues de Ia irradiacion y 
ciclado termico del combustible. (Mediante medidores 
de perfil, proyectados especialmente para este fin, se 
han determinado deformaciones plasticas de 0,0005 a 
0,002 in. El sistema micrometrico normal no detecto 
estos surcos locales.) l. No le ha inquietado que las 
fuerzas capaces de producir deformaciones phisticas 
puedan causar fallos en Ia vaina, especialmente cuando 
el Zr haya fragilizado debido a Ia irradiacion? 

A. J. MooRADIAN (Canada): Estos surcos fueron 
apuntados y discutidos en Ia referencia 8 de Ia mem
oria. Literalmente, millares de elementos irradiados 
presentaron este fenomeno. Los surcos circulares se 
forman en el primer ciclo de potencia y ya quedan alii 
localizados permanentemente. Sin embargo este tipo 
de surcos no es inquietante debido a que no opera 
ningun mecanismo de retrepado. Los elementos 
irradiados han sobrevivido quemados de mas de 
10000 MWdjt U a traves de cientos de ciclos de poten
cia sin fallos por fatiga u otra causa. 

M. HuBERLANT (Belgica): Cuando sueldan por 
resistencia el alambre de Zircaloy a Ia vaina, i..en que 
secuencia realizan Ia soldadura, decapado y pasivado? 

y cuando brasean los espaciadores entre barras l. que 
materia de braseado realizan? 

A. J. MooRADIAN (Canada): La secuencia es 
decapado (de Ia vaina y el alambre), soldadura por 
resistencia y pasivado en autoclave. La union se hace 
aleando berilio con el Zircaloy. 

J. A. STOHR (Francia): i..Por que han cambiado el 
proyecto de espaciador, reemplazando los alambres 
primitivos por pequefios separadores braseados en una 
configuracion de rejilla? 

A. J. MOORADIAN (Canada): El programa de 
desarrollo de los combustibles tipo <<C>> y <<D>> fue 
iniciado simultaneamente. El merito principal de los 
tipos << D >> y << E >> es que no hay posibilidad de que rocen 
los elementos entre ellos, ademas de que el coste puede 
reducirse y se mejora Ia economia en neutrones debido 
a una pequefia disminucion en Ia cantidad de Zircaloy. 
Sin embargo nuestra experiencia con el tipo <<C>> ha 
sido excelente y resulta dudoso que debido a razones 
de rozamiento entre los elementos, sean efectivamente 
necesarios los tipos <<D>> o «E>>. Se ha preparado una 
carga inicial completa de elementos tipo <<C>> para el 
reactor CANDU. Si del comportamiento estadistico 
obtenido en el reactor se deduce algun problema, el 
tipo <<C>> puede ser reemplazado por el tipo <<E>> o por 
una modificacion del mismo. 

G. PACKMAN (Reino Unido): i..Puede decir algo 
acerca de los problemas termicos y de flujo originados 
por las uniones entre haces y si es necesario alinear los 
haces en sentido del giro relativo entre ellos? 

A. J. MooRADIAN (Canada): El proyecto termico e 
hidniulico permite que se carguen en el reactor los 
haces de combustible en orientaciones radiales al azar. 

Con respecto al punto extremo del combustible, el 
tapon terminal puede protegerse del calor central de Ia 
ultima pastilla mediante un disco aislador cenimico o 
proyectando el tapon extremo de forma que se facilite 
su refrigeracion. Ambos funcionanin. En nuestro caso 
elegimos el sistema de refrigeracion debido a que el nos 
ha proporcionado los mas bajos costos globales. 

R. BOUSSARD (Francia)*: l, Es posible decir a cuanto 
se eleva, del total del coste del combustible en el caso 
del reactor CANDU, Ia produccion de los conjuntos 
de barras en comparacion con el combustible propia
mente dicho, uo2? 

A. J. MooRADIAN (Canada): Debido a que el com
bustible para el CANDU fue fabricado por contrata a 
precio fijo no dispongo de un desglose detallado de 
costes. Sin embargo estimo que las pastillas de U02 
(incluido el valor del uranio) podrian valer aproxima
damente Ia mitad del coste total del conjunto com
pletamente terminado. 

S. NAYMARK (Estados Unidos de America):* i..Los 
elementos combustibles del CANDU disponen de 
alguna camara para los gases de fision? 

A. J. MooRADIAN (Canada): No se ha previsto 

* Estas pregunta no se leyeron en Ia sesi6n. 
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ninguna camara especial para acomodar el desprendi
miento de gases de fision. Sin embargo existe suficiente 
espacio interior en forma de huecos de la carga, con
cavidades en los extremos de las pastillas y porosidad 
para que baje sensiblemente Ia presion de los gases de 
fision sin distension de Ia vaina. 

N. I. BuLEEV (URSS):* La memoria cita para el 
Z~rcaloy una temperatura critica de 150 °C. l. Han 
estudiado la distribucion y Ia cinetica del proceso de 
difusion del hidrogeno a esta temperatura? 

A. J. MooRADIAN (Canada): Si; han sido hechos 
muchos estudios sobre Ia difusion del hidrogeno por 
Sa watsky. * * Estos indican que el hidrogeno en sol ucion 
difundira, durante exposiciones prolongadas, con un 
gradiente de temperatura. En el caso de combustibles, 
se encuentra que Ia concentracion de hidrogeno es 
mayor en los componcntes de Zircaloy mas frios, tales 
como Ia espiral de alambre y las partes frias de los 
tapones extremos. 

Reactores refrigerados por gas 

Documento P/60 (presentado por M. Salesse) 

DISCUSI6N 

J. W. HuGHES (Reino Unido): En vista de Ia experi
encia del Reino Unido en la utilizacion de vainas con 
aletas en espiga, me ha interesado el leer, en esta 
memoria, que las vainas con aletas estrechas y altas se 
deforman bajo el ciclado termico. l. La deformacion 
que se presenta es de naturaleza similar a Ia descrita en 
el documento P/147, en que las aletas tocaban en el 
centro del cuadrante? 

Supongo que Ia entalla profunda mecanizada axial
mente a lo largo de la vaina en posicion media del 
cuadrante como se muestra en Ia figura I relaja la 
deformacion en este punto y conserva, relativamente 
sin deformacion las aletas. Sin embargo me interesaria 
saber si las aletas que no estan apoyadas en esta zona 
se doblan bajo Ia accion de las fuerzas del gas, y si es 
asi, l. en que medida? 

Respecto al elemento combustible tubular, del 
trabajo que nosotros hemos realizado yo estoy de 
acuerdo que en las condiciones de presion y tempera
tura de operacion del reactor hay poco peligro de que 
la vaina se separe del uranio. Siendo asi, Ia interfase 
de transmision termica, que es de conduccion metal
metal, no dependeria demasiado criticamente del nivel 
termico, y de acuerdo con esto, el problema del equi
libria termico no seria demasiado importante. l. No se 
presentaria un problema mayor debido al movimiento 
relativo de las paredes del interior y exterior de la vaina 
durante el ciclado termico, con la consiguiente defor
macion de los tapones extremos y del soporte del 
elemento? 

G. JEANPIERRE (Francia): Si se me permite contestar, 

* Esta pregunta no se ley6 en Ia sesi6n. 
** Sawatsky, A., AECL-1323 y J. Nucl. Mater., 2, 321 (1960); 

Sawatsky, A., y Vogt, E., AECL-1411. 
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las deformaciones de las aletas durante el ciclado 
termico son desde luego similares a las descritas en el 
documento P/147, y en cie_rta semejanza con las de 
cierto tipo de aletas conocidas como de costados pianos 
(aletas rectas). 

No hemos tenido dificultades con Ia deformaci6n de 
aletas que no va unida al efecto de Ia corriente de gas 
caliente. Se debe afiadir que las aletas se proyectaron 
para resistir y son relativamente cortas. 

El problema de una interferencia entre los tapones 
extremos y Ia vaina durante el ciclado termico esta 
todavia en estudio. No hemos encontrado dificultades 
en esta investigaci6n debido al empleo de entallas de 
fijaci6n en el urania. 

P. MURRAY (Reino Unido): l.Puede darnos mas 
detalles de su experiencia en irradiaci6n de elementos 
combustibles tubulares? l. Puede tam bien hacernos 
algun comentario sobre los cambios en flujo gaseoso 
que puedan occurrir durante toda Ia vida de tales ele
mentos combustibles y sus repercusiones sobre una 
posible sobrecarga y fatiga de Ia vaina? 

M. SALESSE (Francia): Precisamente estamos em
pezando a irradiar elementos tubulares refrigerados 
interna y externamente en los reactores PEGASE y 
EDF2 y no tenemos aun experiencia. Sin embargo, 
todos los materiales de que estan compuestos estos 
elementos han sido irradiados intensamente y demos
trado ser satisfactorios. En particular, nuestras alea
ciones de uranio han sido irradiadas en forma de tubos 
cerrados en los reactores EL3, G2 y G3. 

J. L. GILLIAMS (Reino Unido): Vd. ha indicado que 
el coste de fabricaci6n de elementos combustibles 
tubulares de diametros mayores esperan que sea 
inferior, por kilogramo de uranio contenido, a los 
combustibles EDF2 de diametro inferior. l. Esta de 
acuerdo en que el coste de fabricaci6n de tales ele
mentos tubulares probablemente varia en raz6n 
inversa al area de la secci6n recta, como por ejemplo 
se cita en el documento P/124 ?*** 

M. SALESSE (Francia): Todo lo que se puede decir en 
el estado actual de nuestras investigaciones es que los 
costes de fabricaci6n disminuyer al aumentar Ia 
secci6n recta. 

Documento P/147 (presentado porT. J. Heal) 

No hubo discusi6n de esta memoria. 

Documento PJ560 (presentado porT. J. Heal) 

DISCUSI6N 

J. W. HuGHES(Reino Unido):**** Yd. hamenciona
do el experimento de irradiaci6n que se esta llevando a 
cabo con el elemento combustible de barra plana. 
Este elemento ha sido desarrollado por el <<Nuclear 
Power Group>> (NPG) desde aproximadamente prin
cipios de 1961 y consiste en una barra de uranio 
natural de 1,4 em de espesor, 9,6 em de ancho y 122 em 

*** Estas Aetas, Vol. 5. 
* ** * Este comentario nose ley6 durante Ia sesi6n. 
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de longitud, envainada en la aleaci6n Magnox A. 12 
(vease Ia figura 1). Se han proyectado de tal modo que 
estos elementos pueden situarse unos sobre otros en 
cada canal; tienen su superficie de transmisi6n de calor 
con aletas en espiga y estan soportados continuamente 
por sus cantos en alojamientos mecanizados en el canal 
de grafito. Su comportamiento fue descrito en el 
documento P/124. * 

Elementos de este tipo, desarrollados· conjunta
mente porIa UKAEA y por el NPG, se estan irradi
ando actualmente en un reactor de Chapelcross. 
Debido al diametro relativamente pequeiio de los 
canales disponibles, se ha utilizado un elemento de 
anchura reducida pero todavia representativo. La 
barra de uranio es de 1,4 em de espesor, 7,4 em de 
ancho y 91 em de longitud. 

Se han cargado en el reactor ocho canales, cada uno 
con seis elementos de uranio natural, y tres canales, 
cada uno con un elemento (mico de uranio enriquecido, 
para dar una potencia de regimen de aproximada
mente 7,25 MW/t. Estan funcionando con una tem
peratura maxima, calculada en Ia vaina, de 460 oc y se 
estan comportando muy satisfactoriamente despues de 
casi un aiio en el reactor. Los elementos que han 
estado a mayor regimen se aproximan ahora a los 
2000 MWd/t y los canales con elementos de uranio 
natural tienen irradiacion media de 600 MW d/t con 
valor maximo de 800 MW d/t. 

Los elementos fueron descargados peri6dicamente 
para su inspecci6n. Un examen detallado todavia no 
se ha hecho, pero Ia inspecci6n visual sobre un ele
mento muestra que esta en buen estado a pesar de su 
alabeo. Se esperaba este alabeo del elemento ya que el 
tiempo de doblado es del orden de 300 horas. Nose ha 
tenido ninguna dificultad en extraer el elemento del 
canal, ni se ha observado ningun detrimento en su 
comportamiento. 

Esperamos obtener una posterior informacion util 
de este experimento, incluso aunque la irradiaci6n se 
continue mas alla de 4500 MWd/t. 

Documento P/148 

No hubo discusi6n de esta memoria. 

Documento P/149 (presentado por H. K. Hardy) 

DISCUSI6N 

T. J. PASHas (Estados Unidos de America): En 
primer Iugar, el uso de la palabra normalizaci6n parece 
prematuro en el estado actual de desarrollo del sis
tema AGR. i.. Podria el autor en Ia fase actual dar con 
detalle la posibilidad de normalizar? 

H. K. HARDY (Reino Unido): Creo que nuestra 
interpretacion de Ia palabra normalizaci6n se especifica 
en Ia memoria escrita. Nuestro objectivo es hacer Ia 
mejor selecci6n de proyectos de elemento combustible 
y condiciones de operaci6n e investigar un limitado 
numero de diseiios en un intervalo limitado de con
diciones de operaci6n, que creemos son las mejores. 

* Estas Aetas, Vol. 5. 

T. J. PASHas (Estados Unidos de America): En Ia 
secci6n titulada <(Temperaturas del combustible y 
desprendimiento de gases de fisi6n >> se asegura que <(el 
regimen de trabajo del combustible puede variar sobre 
un amplio intervalo sin demasiado efecto sobre los 
costes de generaci6n >>. Esto esta en contraste con las 
ventajas ofrecidas por los reactores refrigerados por 
agua, en los que regimenes de trabajo elevados del 
combustible conducen a reducciones sustanciales en 
los costes del capital de Ia planta yen los de generaci6n 
de energia. i.. No sera apto el reactor AGR para aprove
charse de las posibilidades mas elevadas de regimen de 
trabajo del combustible uo2? 

H. K. HARDY (Reino Unido): Esta pregunta re
clama una contestaci6n muy complicada, porque es 
casi necesario entrar dentro de los resultados del 
estudio de los parametros de la economia de costes de 
la energfa en los reactores AGR, pero brevemente, a 
medida que el regimen de trabajo se eleva, el coste dis
minuye lentamente. Pensamos que el regimen del AGR 
de Windscale es demasiado bajo, con un regimen mas 
alto irfamos a una central de potencia mas econ6mica, 
pero en esto hay un limite que no tiene valor sobre
pasarlo. Cuando Vd. eleva y eleva el regimen introduce 
particularidades que operan per se en contra del valor 
econ6mico del alto regimen de trabajo. 

M. HuBERLANT (Belgica): i.. Bajo que condiciones 
reacciona el nitr6geno con el acero de Ia vaina? i., Es Ia 
temperatura importante y se ha hecho referenda de 
esta reacci6n en los reactores refrigerados por agua? 

H. K. HARDY (Reina Unido): El fen6meno es 
dependiente de Ia temperatura: cuanto mas elevada es 
la temperatura mayor es la velocidad de reaccion. 
Conocemos esto de investigaciones fuera de pila, que 
se han efectuado con objeto de explorar y explicar el 
fen6meno encontrado bajo irradiaci6n. No hemos 
visto Ia reacci6n del nitr6geno en elementos diepuestos 
en reactores de agua, ni tampoco en elementos que han 
sido refrigerados por vapor a temperaturas mas altas 
que las existentes en reactores de agua. La raz6n de 
esto es muy sencilla. En aquellos casos en que no 
hemos visto Ia reaccion, los elementos combustibles 
eran buenos y las vainas de buenos elementos combus
tibles no contienen nitr6geno. Vimos Ia reacci6n sola
mente en un reducido numero de vainas, que no eran 
completamente perfectas porque contenian una 
pequeiia cantidad de nitr6geno que no deberia estar 
presente. 

Reactores de neutrones rapidos 

Documento P/238 (presentado por R. E. Macherey) 

DISCUSI6N 

B. R. T. FROST (Reino Unido): Con referenda ala 
discusi6n en esta memoria sobre combustibles de 
cermetales, puede ser de interes hacer notar que tra
bajos desarrollados en Harwell, descritos en el docu
mento P/153, han mostrado que las tecnicas para 
fabricaci6n de placas y barras de cermetales, tipo acero 
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inoxidable-U02 han sido extendidas a otros cermetales 
conteniendo Pu con introduccion de pocas variaciones 
en el metodo. Tales combustibles se han irradiado, sin 
fallo, en un medio ambiente de sodio con una tem
peratura en Ia superficie de 650°C hasta quemados 
superiores al 10% de los ~itomos pesados. 

l. Ha realizado aJgun trabajo sobre Ia fabricacion y 
evaluacion de cermetales conteniendo Pu, con compo
sicion de in teres para aplicacion en reactores nipidos? 

R. E. MACHEREY (Estados Unidos de America): Me 
temo que no haya ningun desarrollo sobre combustible 
con cermentales de Pu proyectado especificamente 
para reactores nipidos. Sin embargo la referencia 38 de 
Ia memoria contiene informacion sobre algun trabajo 
en curso. 

B. R. T. FROST (Reino Unido): Manteniendo la 
opinion de Ia necesidad de alcanzar altos quemados en 
los combustibles para reactores rapidos, l. podria decir 
que composicion quimica y densidad considera ideales 
para el combustible UC-PuC? 

R. E. MACHEREY (Estados Unidos de America): La 
composicion quimica ideal para tal combustible no 
puede especificarse con cierta seguridad por el mo
mento. Sin embargo, los limites de las estructuras de 
fase unica pueden servir de guia, ya que el plutonio 
libre o los carburos elevados pueden conducir a 
inestabilidad bajo irradiacion (metallibre) y a incom
patibilidad con la vaina o envuelta. Naturalmente 
suponemos que el carbon libre producido por la 
fision se combina con los productos de fision metalicos. 

Con respecto a Ia densidad, seria deseable alrededor 
de 90 % de la teorica, o un poco menor, con objeto 
de que acomode a los productos de fision solidos pro
ducidos. Sin embargo, la densidad optima debe fijarse 
experimentalmente. Las consideraciones de seguridad 
y eficacia en Ia reproduccion abogan en favor de las 
densidades elevadas. 

J. M. LEBLANC (Belgica): V d. cita en su memoria que 
para obtener un coeficiente Doppler negativo de valor 
elevado, necesita una solucion solida homogenea de 
U02-Pu02. En vista de que los metodos de vibracion 
y conformado son especialmente adecuados para Ia 
fabricacion de combustibles de oxidos mixtos para 
reactores rapidos, l. que tamafio de particulas consi
deraria el maximo permisible para el Pu02 si los 
polvos empleados consisten en una mezcla fisica de 
U02 y Pu02? 

R. E. MACHEREY (Estados Unidos de America): 
Como referencia complementaria a las tecnicas de 
compactado por vibracion, sugiero se dirija a la 
seccion de la memoria que trata de los carburos. Se 
han utilizado mezclas de carburos unicamente con 
proposito de desarrollar metodos de fabricacion y no 
se han propuesto como combustible de reactores 
rapidos. Aparte de Ia cuestion de su inherente seguri
dad proporcionada por un efecto Doppler negativo, la 
solucion solida (U, Pu)C podria adoptarse para 
mejorar las propiedades del componente PuC al 
diluirlo en UC. No puedo contestar especificamente 
cual es el tamafio maximo de particula que podria 
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tolerarse, ya sea para mezclas de oxidos o mezclas de 
carburos. Se que se han hecho algunos calculos sobre 
esto. 

F. S. MARTIN (Reino Unido):* Vd. asegura que las 
pastillas sinterizadas de (U, Pu)02 cumplen las expeci
ficaciones sin necesidad de rectificado. l. Cual es Ia 
tolerancia especifica en tanto por ciento del diametro? 
Ya que su densidad en verde es solamente 50%, debe 
existir una gran contraccion y el control del diametro 
debe ser deficit. Por favor, i, pod ria comentar esto? 

R. E. MACHEREY (Estados Unidos de America): 
Encontrara detalles completos sobre el combustible, 
mezcla de oxidos, en Ia referencia 18 de Ia memoria. 
Sin embargo, recuerdo que Ia tolerancia es ±0,001 in. 
Esta puede alcanzarse por un proceso cuidadoso y no 
es demasiado reducida (2 % en una pastilla de 0,250 in 
de diametro ). 

Documento P/58 (presentado por P. Bussy) 

DISCUSI6N 

J. H. KITTEL (Estados Unidos de America):* Vd. 
indica en su memoria que Ia aleacion U-Pu-Ti puede 
compararse favorablemente con Ia de U-Pu-Mo. 

Sin embargo se ha descrito que Ia aleacion U-Pu
Mo esta sujeta a un severo deterioro por esponja
miento a altas temperaturas, cuando se irradia a tem
peraturas de interes en los reactores rapidos. l. Tiene 
alguna informacion con respecto al comportamiento 
bajo irradiacion de Ia aleacion U-Pu-Ti ?, y si no es 
asi, l. planea Vd. efectuar experimentos de irradiacion 
con esta aleacion? 

P. BussY (Francia): Una serie de aleaciones U-Pu
Nb; U-Pu-Ti y U-Pu-Zr se estan estudiando ahora, 
en el reactor EL3 para permitirnos valorar el esponja
miento y compararlo con los resultados obtenidos 
durante la irradiacion primitiva de aleaciones no en
vainadas de U-Pu-Mo. Las caracteristicas principales 
de las probetas usadas en estos ensayos son las sigui
entes: 

a) Aleaciones brutas de colada en homo de arco; 
b) Composicion: 75% U, 15% Pu y 10% M (M = 

Ti, Nb o Zr); 
c) Temperaturas de irradiacion: 450, 500, 550 y 

600°C. 

J. E. W. BISHOP (Reino Unido):* En su memoria 
Vd. sefiala una observacion de retrepado axial de 
pastillas. Cuando se fabrico el elemento l. se dejo una 
separacion para expansion entre las pastillas y el 
muelle final? 

P. Bussv (Francia): No, este es de hecho un efecto 
de Ia irradiacion. Cuando el elemento esta nuevo, el 
muelle esta en contacto con Ia ultima pastilla de la 
columna, sobre la que ejerce una ligera presion man
teniendo todas las pastillas en contacto. 

* Esta pregunta no se ley6 en Ia sesi6n. 
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Experience de six annees de fonctionnement de l'usine 
de retraitement de Marcoule 

par C. Jouannaud* 

Les premiers barreaux de combustibles irradies 
provenant de Ia pile G 1 entraient dans Ia premiere 
usine franr;aise de retraitement industriel le 6 juillet 
1958. 

Auparavant, une longue periode d'essais et de mise 
au point avait permis de tester !'ensemble de !'installa
tion et d'effectuer tous les reglages preliminaires. 

La <<mise en actif>> ne signifiait pas la mise en regime 
immediat a pleine capacite. II fut d'abord necessaire de 
mettre en service chaque element de !'installation avec 
grande prudence, et de verifier minutieusement par un 
controle analytique tres pousse que le procede fonc
tionnait conformement aux donnees des etudes de 
laboratoire et des essais en pilote. Certaines modifica
tions de detail ont ete apportees au cours de ces essais. 

Puis est arrivee Ia phase d'exploitation industrielle 
reelle. Au debut, seulle reacteur G 1 etait en service, et 
les quantites de combustible qu'il produisait etaient 
insuffisantes pour alimenter l'usine a sa pleine capacite 
en regime continu. L'installation fonctionnait par 
campagnes, separees par arrets qui etaient mis a profit 
pour effectuer les modifications que !'experience avait 
fait juger necessaires pour ameliorer Ia securite de 
fonctionnement et les performances. 

Lorsque Ies deux grands reacteurs G2 et G3 ont 
atteint leur pleine capacite, l'usine a rer;u du com
bustible en quantite suffisante pour assurer sa marche 
a plein regime. Depuis, son facteur de charge a ete 
voisin de celui d'une grande usine de l'industrie 
chimique classique, les campagnes etant seulement 
interrompues par un arret annuel pour entretien. 

Nous ne nous etendrons pas sur la description du 
procede et des installations, qui a fait !'objet de 
nombreux articles dont la reference est donnee a Ia fin 
de cette communication. 

Nous allons examiner !'ensemble de l'usine, sans 
oublier le laboratoire, qui ne peut en etre dissocie, en 
insistant plus particulierement sur les resultats de 
notre experience d'exploitants industriels. 

INSTALLATIONS DE HAUTE ACTIVITE 
ET DECONTAMINATION DE L'URANIUM 

Les installations de haute activite sont celles qui 
posent a la conception et a la realisation dans une usine 

* Commissariat a l'energie atomique. Avec Ia collaboration 
de MM. Chambon, R. Riolfo etA. Fontaine. 

a entretien direct les problemes les plus serieux. Les 
modifications ou les operations d'entretien y sont en 
effet particulierement difficiles apres mise en exploita
tion active; il est done necessaire que, plus qu'ailleurs, 
le fonctionnement des installations soit satisfaisant des 
le demarrage. Malgre quelques aleas, celles de Mar
coule ont subi avec succes cette sanction de !'expe
rience. 

Procede 

Le procede choisi pour Marcoule utilise le schema 
Purex classique avec un seul cycle de codecontamina
tion uranium-plutonium. ll presente deux particu
larites: !'utilisation du formol pour Ia concentration 
par evaporation a acidite constante des solutions de 
produits de fission, et !'utilisation de Ia precipitation a 
Ia soude suivie d'une redissolution nitrique pour Ia 
cGncentration du plutonium avant Ia purification. 
Nous allons examiner quels ont ete aux stades essen
tiels les enseignements apportes par le fonctionnement, 
quelles ont ete dans certains cas les modifications 
apportees au procede ou aux installations, quels sont 
les problemes poses. 

Extraction 

Les resultats obtenus, tant au point de vue facteur 
decontamination qu'au point de vue perte de pluto
nium, ont confirme les essais de l'usine pilote de 
Fontenay-aux-Roses. 

La plus grande stabilite de marche des batteries de 
melangeurs-decanteurs de Marcoule par comparaison 
aux melangeurs-decanteurs de taille reduite de l'usine 
pilote a permis en particulier, a performances egales, 
de reduire d'un facteur 2 le debit de solution de lavage 
de !'extraction (maintenant egal au 1/3 du debit de 
solution d'alimentation), et d'augmenter la concentra
tion du plutonium au stade de Ia partition uranium
plutonium. Ces resultats ont entraine une diminution 
sensible du facteur de charge des ateliers de concentra
tion des produits de fission et de concentration du 
plutonium. 

Le sulfate uraneux associe a l'acide sulfamique 
ayant ete choisi pour la partition uranium-plutonium, 
de preference au sulfamate ferreux genant au stade de 
la precipitation du plutonium, l'usine de Marcoule a 
ete pratiquement la premiere a utiliser industrielle
ment ce reducteur. L'experience nous a montre que la 
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reduction du plutonium par U1V etait effectivement 
interessante: les pertes du plutonium dans le solvant 
sont faibles ( ~0,2 %), comme il a ete signale plus haut, 
on peut obtenir au cours de Ia partition une concentra
tion importante du plutonium, et, surtout !'utilisation 
du sulfate uraneux permet de limiter considerablement 
Ia contamination du plutonium par le reducteur. Depuis 
un an, nous avons remplace le sulfate uraneux par le 
nitrate uraneux, obtenu par electrolyse sur cathode de 
mercure, qui peut etre associe soit a l'acide sulfamique, 
soit a l'hydrazine comme stabilisant antinitrite. Ce 
changement de !'anion associe a U1V n'a entraine 
aucune perturbation dans !'exploitation du procede. 

Pour ameliorer les performances en debit, done en 
capacite de traitement des batteries de reextraction 
uranium, Ia concentration en TBP du solvant a ete 
reduite de 40 a 30 %, et surtout Ia temperature de 
fonctionnement de ces etages a ete portee de 25 a 40 °C. 

La solution de dissolution n'etant pas filtree avant 
alimentation des extractions, on pouvait craindre pour 
Ia premiere batterie d'extraction une accumulation 
rapide de precipites aux interphases, accumulation 
pouvant entrainer des perturbations dans le fonction
nement et les performances de cette extraction. 
L'experience a montre que les precipites etaient 
entraines par Ia solution aqueuse de produits de 
fission. On ne constate dans Ia batterie une accumula
tion sensible qu'au premier etage. Pratiquement, le 
fonctionnement des batteries est possible pendant des 
durees de 8 a 10 mois sans perturbation. En fin de 
campagne, apn!s rinc;age des batteries, on procede a 
une vidange par siphonnage du premier etage, cette 
vidange entraine Ia majeure partie du precipite d'inter
phase, qui, du point de vue radioactivite contient 
essentiellement zu zirconium-niobium. Une installa
tion d'essai en cours de montage doit permettre de 
filtrer ce precipite qui sera recueilli pour etudes et 
analyses. 

La decontamination en plutonium de !'uranium 
appauvri a pu etre amelioree par utilisation de l'hydra
zine additionnee a Ia solution de lavage de Ia 2e extrac
tion. La teneur en plutonium a pu etre ainsi reduite de 
25 X 10-s a 10-s. 

Le probleme le plus serieux est pose en ce qui con
cerne le procede des extractions, par Ia faiblesse du 
facteur de decontamination ruthenium, qui, pour Ia 
premiere extraction, est de I'ordre de 103 seulement. 

Cette contre-performance ne semble pas cependant 
Iiee au fonctionnement de !'atelier d'extraction, mais 
plut6t a Ia composition de Ia solution de dissolution, 
done probablement aux conditions de dissolution. 

Concentration du plutonium 

La concentration du plutonium par precipitation a 
Ia soude et redissolution nitrique du precipite permet 
d'assurer une concentration d'un facteur pouvant 
atteindre 100, les pertes en plutonium dans Ies eaux
meres etant de l'ordre de 0,2 %. Si Ies resultats obtenus 
par cette methode peuvent etre considen!s comme 
satisfaisants, elle presente par ailleurs les inconve
nients des procedes discontinus en ce qui concerne .Ja 
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criticite, Ia repetition d'operations complexes et 
!'inconvenient de ne pas apporter de decontamination. 
Aussi avons-nous envisage le remplacement de cette 
operation par un cycle d'extraction a reflux qui 
apporterait simultanement concentration du pluto
nium et decontamination. 

Concentration des produits de fission 

L'utilisation de Ia formaldehyde pendant Ia con
centration par evaporation des solutions aqueuses de 
produits de fission apporte les a vantages bien connus: 
possibilite d'evaporation a Ia pression atmospherique, 
acidite peu elevee et ajustable a volonte en cours 
d'evaporation. Le degagement abondant de vapeurs 
nitreuses au sein du liquide n'a pas d'effet marquant, 
comme on pourrait le craindre, du point de vue 
decontamination des distillats, et !'on obtient couram
ment des facteurs de decontamination de 106. Le 
contr6le de Ia reaction formaldehyde-acide nitrique 
s'est revele relativement aise, grace a une alimentation 
continue et a petit debit de l'evaporateur, Ia reaction 
etant rapide et pratiquement complete a ebullition. 

Traitement du solvant 

Les ameliorations essentielles ont porte sur !'instal
lation des filtres de maniere a eviter les depots actifs 
tres genants dans les circuits. Les differents essais ont 
conduit a adopter des filtres en inox fritte de per
meabilite 5 fL qui assurent une epuration poussee du 
solvant et permettent des debits de l'ordre de ~800 
1/h m2 de surface filtrante avec des pertes de charge 
faibles. 

Stockage de !'uranium appauvri 

Le stockage de !'uranium appauvri avant recyclage 
etait assure initialement apres concentration a Ia sortie 
de Ia reextraction sous forme de solution a 400 g/1 
d'uranium. La mise en service d'une installation 
d'evaporation complementaire permet de concentrer 
Ia solution jusqu'a 1200 gjl; cette solution est trans
feree a temperature > 80 oc dans des reservoirs de 
grande taille (350 m3) qui permettent un stockage sous 
forme de sel cristallise, sur et relativement economique. 

Technologie 

Deux types d'appareils ont fait !'objet pour l'usine 
de Marcoule de realisations particulieres; les melan
geurs-decanteurs et Ies centrifugeuses pendulaires, ces 
dernieres utilisees pour Ia concentration du plutonium. 
Les melangeurs-decanteurs se sont reveles d'un fonc
tionnement tres sur: les interventions ou remplace
ments de turbines ont ete tres peu nombreux et n'ont 
pas pose de difficultes majeures; les deversoirs mobiles 
de reglage d'interphase accusent, apres plusieurs 
annees de fonctionnement, quelques defauts d'etan
cheite, un seul cependant a du faire !'objet d'un rem
placement. Les centrifugeuses pendulaires se sont 
egalement revelees particulierement robustes et n'ont 
donne lieu a aucun incident mecanique. 
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Pour !'ensemble de !'installation, dont le fonctionne
ment a ete tres satisfaisant, les quelques incidents ou 
difficultes rencontres ont confirme Ia necessite d'une 
realisation particulierement soignee. Tousles appareils 
et reservoirs, que leur fonction soit importante au 
secondaire, doivent etre meticuleusement etudies 
forme, position des tuyauteries de vidange et d'arrivee, 
mise en place des appareils de controle. II faut eviter en 
particulier Ies risques de bouchage des tuyauteries par 
suite d'un diametre trop faible, les risques d'accumula
tion de solution susceptible de s'enrichir en plutonium 
par suite d'une vidange incomplete. L'utilisation 
d'appareillages mecaniques, vannes, pompes, doit etre 
evitee au maximum. Lorsque ces appareils s'imposent, 
ils doivent etre aussi simples que possible, choisis avec 
so in, essayes avec Ia plus grande severite; les appareils 
et organes de controle doivent etre choisis et installes 
avec soin, leur defaillance pouvant poser des pro
blemes d'exploitation serieux; il faut eviter en particu
lier les organes trop fragiles ou convenant mal aux 
conditions d'exploitation. 

II faut signaler par ailleurs !'importance des dis
positifs de prises d'echantillons, qui doivent assurer 
avec Ia plus grande securite, et en exigeant le minimum 
de personnel, les prele:vements frequents d'echantillons 
representatifs. Le transport pneumatique des flacons 
nous a permis en particulier de supprimer !'operation 
couteuse et lente de transport des containers. 

Exploitation 

En ce qui concerne !'exploitation, !'experience nous 
a montre que les operations d'entretien etaient pos
sibles, meme dans des zones relativement tres actives, 
au prix de lourdes sujetions toutefois: no us avons pu 
ainsi intervenir sur les dissolveurs pour modifier les 
appareils de controle, mais il semble cependant que 
ceci constitue Ia limite maximale. Pour faciliter ces 
interventions, il est necessaire de les prevoir dans Ia 
construction: facilite d'acces, moyen d'observation, 
etc., et de Ies roder lors des essais. 

L'importance des essais inactifs est fondamentale. II 
est necessaire, en cas d'exploitation, de disposer du 
maximum de renseignements concernant les installa
tions et, a cote de Ia constitution des dossiers, de plans 
ou photos; cela necessite d'effectuer des essais par
ticulierement serieux: correspondance precise des 
indications des appareils de controle, debits des 
appareils de transfert de liquides dans des conditions 
varices, determination des volumes morts residuels 
des reservoirs, en plus d'essais chimiques proprement 
dits. 

Une grande simplification de !'exploitation doit 
etre apportee par le choix des postes de commandes 
centralises., de preference aux pupitres de commande 
isoles, et implantes au voisinage immediat de chaque 
installation. La conception de ces pupitres doit etre 
particulierement etudiee pour qu'elle facilite et 
simplifie la tache du personnel d'exploitation. 

Le personnel operateur doit etre choisi a un niveau 
moyen eleve et recevoir une formation serieuse au 
cours des essais inactifs, de maniere a acquerir une 
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bonne connaissance des installations et de leurs par
ticularites de fonctionnement. 11 est par ailleurs im
portant de disposer d'un effectif d'encadrement 
suffisant, surtout au cours des premieres annees 
d'exploitation, pour pouvoir suivre en detailles opera
tions de fabrication et exploiter les resultats de 
fonctionnement. 

PURIFICATION ET ELABORATION 
DU PLUTONIUM 

Procede 

Depuis l'origine, le procede a evolue du discontinu 
vers le continu. 

Au demarrage de !'installation, nous avions une 
double discontinuite, operation par charge et change
ment de milieu (fig. 1). 

L'atelier etait alimente par des lots d'une solution 
nitrique 1,5N contenant environ 80 g/1 de U et 
10 g/1 de Pu. 

Apres ajustage, cette solution passait en semi
continu dans les extractions VI et VII oil elle etait 
soumise a une extraction par le TBP et une reextrac
tion reductrice. De la des lots etaient fixes sur une 
resine cation puis clues avec changement de milieu en 
6N chlorhydrique. L'eluat passait ensuite sur des 
resines anions ou Fe, U et Th etaient retenus, et, apres 
oxydation, sur une nouvelle resine anion oil le Pu1V se 
fixait enfin. 

Apres elution par de l'acide pur dilue (CIH 0,5N), le 
plutonium etait precipite par de l'acide oxalique, et le 
precipite separe par centrifugation. 

Tres rapidement, une premiere etape supprima la 
discontinuite due au changement de milieu. Et a Ia 
sortie de Ia batterie la solution nitrique concentree(7 N) 
et oxydee etait fixee par lots sur une resine anion, oil le 
Pu1v se fixait alors que le U et Ie Fe se retrouvaient 
dans les pieds des colonnes, tandis que des progres 
dans la conduite de Ia batterie nous permettaient 
d'eliminer le thorium dans les pieds de colonne de 
!'extraction VI. 

Apres elution (NOaH 0,5N), les lots de solution 
etaient precipites a l'acide oxalique et les lots d'oxalate 
de Pu separes par filtration puis traites dans un four 
selon un cycle qui comportait un sechage, une calcina
tion et une ftuoration destinee a obtenir PuF4 (fig. 2). 

De nouveaux progres dans Ia conduite de !'extrac
tion par solvant et !'etude de Ia precipitation oxalique 
nous montrerent que Ia resine anion n'etait plus neces
saire, ni pour Ia decontamination y du Pu, ni pour Ia 
purete du precipite final. Une nouvelle etape en cours 
de developpement nous permet de supprimer Ia dis
continuite apportee par les colonnes, et nous precipi
tous desormais en continu a Ia sortie de Ia batterie 
d'extraction. Cette precipitation est suivie d'une cal
cination qui permet d'alimenter en continu par du 
Pu02 des fours speciaux ou Ia ftuoration s'effectue en 
continu (fig. 3). 

A l'origine, le plutonium present dans les lots 
d'eaux-meres correspondant a chaque precipitation 
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Figure 1. Procede CIH 
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Figure 2. Procede NOaH discontinu 



SESSION 2.6 Pf67 C.JOUANNAUD 219 

Pu 6 911 
F• 3 • u 0,2 
ll 0,05 mC1i 
H+ 1N.N03H 

Figure 3. Procede N03H continu 

etait precipite en milieu basique avec de !'uranium 
servant d'entraineur. 

Nous sommes arrives maintenant a une solution 
presque continue en concentrant les eaux-meres par 
ebullition, ce qui detruit l'acide oxalique, augmente Ia 
concentration de Pu, eleve l'acidite de la solution et Ia 
prepare a Ia fixation sur resine anion apres un traite
ment d'ajustement de Ia valence IV. 

Technologie 

La technologie du procede a subi une evolution vers 
le continu et le geometriquement sur, d'une part, et 
vers une meilleure resistance a Ia corrosion et une plus 
grande facilite d'entretien, d'autre part. 

Le premier atelier de purification, con~;u pour 
utiliser l'acide chlorhydrique apres Ia sortie de Ia 
batterie d'extraction, faisait largement appel aux 
canalisations et aux recipients en plastique. Ces 
installations de conception classique etaient installees 
dans des cellules d'acces peu commode ou Ia protec
tion yet I'etancheite a etaient confondues. Le transfert 
du liquide s'effectuait par vide et casse vide. 

Dans leur evolution ulterieure, les installations font 
surtout appel a l'acier inoxydable. Les appareils plus 
robustes sont situes dans des cellules ou les protections 
a et y ne sont plus confondues. Les transferts de 
liquide sont assures par pompes, les reservoirs sont des 
reservoirs plats, pratiquement sous-critiques quelles 
que soient les concentrations des solutions mani
pulees. 

Dans l'ultime etape de precipitation en continu et de 
fluoration, I'oxalate de Pu est calcine en continu dans 
un appareillage en acier inox qui resiste correctement a 

Ia corrosion due a l'acide nitrique. La fluoration de cet 
oxyde est assuree dans un four continu aux parois 
revetues de platine resistant bien a l'acide fluor
hydrique. A J'origine, !'operation en discontinu dans 
un seul four, ou s'effectuaient sechage, calcination et 
fluoration, multipliait les causes de corrosion ( eau, 
traces de NOaH+ vapeur de FH) alors meme que le 
nombre des recipients en service et la complexite des 
fours nous empechaient d'utiliser des metaux nobles 
pouvant resister a cette corrosion. 

Nous avons pu ainsi en six ans diminuer environ 
d'un facteur 5 les impuretes presentes dans le pluto
nium apres elaboratkm sous forme metallique. 

Exploitation 

Le passage du discontinu au continu et !'augmenta
tion des debits de plutonium traites nous ont amenes a 
diminuer le temps consacre a !'obtention des resultats 
du controle et a leur utilisation. 

C'est ainsi que no us avons ete conduits: 
a) A exploiter un laboratoire dans !'atelier meme de 

purification; 
b) A diminuer le temps de prelevement et de trans

port des echantillons en adoptant des chaines de boites 
a gants d'analyse ou les echantillons collectes en divers 
points de ]'installation arrivent par transport pneu
matique; 

c) A diminuer le temps d'analyse en adoptant des 
solutions specifiques, comptage a et yen phase liquide, 
spectrophotocolorimetrie directe de la solution. 

La suite logique de notre evolution nous a amenes a 
supprimer l'analyse classique et a operer en controle 
continu, soit avec des compteurs a continu sur les 
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effluents de Ia batterie d'extraction ou des colonnes de 
resines echangeuses d'ions, ou mieux encore, a 
utiliser les compteurs neutrons a cote des pots de Ia 
batterie d'extraction; no us avons pu mettre en 
evidence une relation entre les indications des comp
tages neutrons et les masses de Pu pn!sentes dans Jes 
pots, done avec le degre de saturation du solvant. 

Ces enregistrements correspondent finalement a une 
analyse en continu de Ia batterie et nous permettent de 
reagir presque instantanement aux modifications de 
son etat d'equilibre; et c'est en definitive grace a ce 
systeme que nous avons pu supprimer les etapes de 
purification sur resine en rendant sans objet leur 
decontamination y (suffisante a Ia sortie de Ia batterie) 
et Ia purification en thorium (indecelable dans Ia solu
tion sortant d'une batterie suffisammt.nt saturee). 

LABORATOIRE DE CONTROLE 

Les laboratoires sont charges: 
a) De toutes les analyses de controle de marche 

courante des ateliers, au degainage mecanique et a 
l'usine d'extraction du plutonium-a )'exception de 
!'atelier de purification du plutonium ou elles sont 
faites sur place; 

b) Du controle chimique et physique du produit 
fini; 

c) Des analyses pour l'etablissement du bilan 
matiere; 

d) Des analyses particulieres necessaires a une con
naissance plus approfondie des performances du pro
cede (facteurs de decontamination chimique et radio
chimique, degradation du solvant, influence de Ia 
variation de certains parametres, etc.). 

Le nombre d'analyses demandees par !'exploitation 
est tres eleve: le laboratoire rend une moyenne de 
15000 resultats par mois, dont 8000 de controle 
courant, 1 000 a 1 500 en radiochimie, 1 000 a 1 500 
controles de purete de production (chimie et spectro
graphic d'emission), 500 pour le controle des matieres 
premieres; Je reste est constitue d'analyses de bilan ou 
speciales pour etudes. 

Les six annees d'activite du laboratoire de controle 
constituent toute son experience. 

Les debuts se sont deroules dans une certaine con
fusion due a )'inexperience d'un personnel insuffisant 
en nombre, a !'ignorance de Ia technologic de l'equipe
ment et parfois a Ia surestimation des dangers de 
manipulation de Ia matiere radioactive. 

Nous disposons maintenant de 110 agents rompus 
a )'analyse en milieu fortement actif, disposant d'un 
equipement approprie et capables chacun de rendre en 
moyenne un resultat a l'heure. 

Les methodes, pour Ia plupart mises au point ou 
adaptees a nos conditions, l'equipement entierement 
pense, con~u et realise sur place, permettent d'assurer 
un contr6Je satisfaisant de !'exploitation des divers 
ateliers avec une securite et meme des delais que 
pourraient envier bien des industries classiques. 

Les efforts ont porte sur trois secteurs differents, 
quoique intimement lies: formation du personnel, 
technologic, methodes. 

C. JOUANNAUD 

Le personnel 

Le premier noyau etait constitue par des chimistes 
ayant une solide formation de base (diplomes universi
taires ou ecoles de techniciens chimistes) et quelque 
anciennete en analyse. Ces elements ne constituent 
plus maintenant que 30% de l'effectif total, complete 
par des agents constituant un echantillonnage de toutes 
les classes de l'enseignement primaire ou secondaire. 

Ces derniers re~olvent chez nous une formation 
technique systematique et poussee, completee pour les 
plus doues par un enseignement theorique dispense sur 
place. C'est peut-etre un facteur de Ia remarquable 
stabilite de nos effectifs. 

Les taches analytiques de Ia Section se repartissent 
sur trois groupes: 

1) Le Groupe Analyse-Haute activite (85 agents), 
charge de toutes les analyses necessaires a l'exploita
tion des ateliers haute activite de l'usine. Les analyses 
d'exploitation (55 agents) sont effectuees en equipes de 
service continu, alors que les analyses de bilan sont 
effectuees par une equipe de jour; 

2) Le Groupe a (16 agents) charge du contr6le bilan 
et purete des produits aux differentes etapes de Ia 
purification et de Ia metallurgic du plutonium; 

3) Le Groupe Radiochimie (10 agents) est respon
sable de toutes les analyses radiochimiques (analyses 
neutroniques et isotopiques, spectrometric a et y, y 
compris les separations chimiques necessaires). 

Chaque groupe assure a Ia fois le controle courant, 
Ies analyses speciales, les mises au point correspondant 
a sa specialite. 

Effect if total 
Groupe Analyse haute 

activite 
Groupe a 

Groupe radiochimie 
Groupe etudes 

developpement 
Services generaux . 

137 (dont 9 ingenieurs) 

85 
16 
10 

8 
8 

L'equipement 

On ne peut permettre Ia moindre defaillance de 
l'appareillage destine a un controle de marche des 
ateliers. La prevention par duplication, meme limitee 
aux installations clefs, est trop onereuse pour etre 
serieusement envisagee. 

L'equipement dont nous disposons actuellement 
repond pleinement a ces objectifs: 

a) Le taux moyen de !'irradiation du personnel est 
inferieur a 300 mrems par an; 

b) En six ans, le laboratoire n'a connu qu'une demi
journee d' <<indisponibilite>> pour un incident de con
tamination, malgre l'exiguite des locaux (1200 m2 de 
le surface de travail en 18 cellules); 

c) Le temps moyen de reponse est inferieur a une 
heure pour les analyses de routine et ne depasse jamais 
24 heures pour Ies analyses plus delicates (bilans, etc.). 
No us ne donnerons que quelques caracteristiques de cet 
equipement, illustrees par les quelques figures jointes; 

d) Les echantillons sont traites en boites a gants 
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avec sas, des qu'ils contiennent 20 /LCi de plutonium, 
avec manches soudees des 100 ILCi; 

e) Pour les echantillons emetteurs a, y ou (3, y, les 
fonctions de protection contre la contamination et 
contre I' irradiation sont dissociees; une boite en 
matiere plastique, etanche et ventilee, assure la 
premiere; des murs de plomb (5 a 15 em) assurent la 
deuxieme. Les interventions sont simplifiees et en 
definitive l'equipement est plus economique car le 
plomb n'a pas besoin de protection (peintures ou 
autres) et !'experience montre qu'il n'est jamais con
tamine, done reutilisable; 

f) Ces installations ont en outre l'avantage d'une 
certaine souplesse, malgre leur specialisation. Elles se 
pretent a Ia mise a jour de l'equipement en fonction de 
la mise au point des methodes ou de taches nouvelles. 

g) Les manipulations de routine se font par pinces 
articulees-elles se font dans de bonnes conditions et 
permettent les hautes cadences demandees si l'etude 
preliminaire a ete bien faite. Les autres se font par 
telemanipulateurs type M7 Argonne. 

h) Pour Ies enceintes blindees et souvent aussi pour 
les boites a gants, le materiel fragile, necessitant de 
frequents reglages ou etalonnages, est place a l'exte
rieur de Ja protection (coJorimetres, potentio-pH 
metres, burettes, moteurs de centrifugeuses, etc.) 
Outre l'entretien, Ia manipulation en est plus aisee et 
plus precise; 

i) Citons encore un amenagement plus recent mais 
qui a deja fait les preuves de son efficacite: le transport 
pneumatique des echantillons; un reseau assure les 
liaisons entre les ateliers et le laboratoire, un deuxieme 
relie divers points d'analyse au laboratoire. 

Les methodes 

Quoique pour Ia plupart inspirees de principes 
connus, les methodes utilisees ont ete mises au point ou 
adaptees a nos conditions particulieres. En routine, 
elles ont toujours ete choisies selon des criteres de 
rapidite et de securite. 

Nous avons cherche a eliminer toute operation 
necessitant une intervention reflechie de l'operateur, en 
laissant la part minimale a !'interpretation du mode 
operatoire. 
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CONCLUSIONS 

Nous pouvons essayer de degager quelques elements 
essentiels de notre experience d'exploitation in
dustrielle d'une usine de traitement des combustibles 
irradies: 

a) Un soin meticuleux doit presider a Ia construction: 
Ies soudures, points faibles des installations en acier 
inoxydable, doivent faire !'objet d'un contrOle tres 
pousse. La conception des appareils doit etre pensee 
en fonction de leur securite de fonctionnement et de 
leur resistance a Ia corrosion; 

b) Les essais preliminaires en inactif doivent etre 
pousses au maximum de fa~on a mettre en evidence les 
moindres defauts et anomalies qui, s'ils etaient 
detectes apres la mise en actif, ne pourraient que tres 
difficilement etre repares; 

c) II est possible d'exploiter cette usine avec un 
facteur de charge eleve, voisin de celui d'une usine 
d'industrie chimique classique, et ceci sans faire courir 
de risque au personnel; 

d) Une telle usine est susceptible de se transformer, 
d'evoluer, tout comme une usine chimique normale, 
en suivant !'evolution du procede et de Ia technologie; 

e) Cette evolution doit se faire dans le sens de la 
simplification du procede et de l'appareillage, cette 
simplification facilitant !'exploitation et ameliorant la 
securite de fonctionnement; 

f) Les procedes discontinus, amenant une grande 
complexite dans !'exploitation a distance, sont rem
places a peu pres partout par des procedes continus, 
realises dans des appareils de faible dimension 
(sou vent sous-critiques) et faciles a exploiter; 

g) Le contr6le analytique en laboratoire, indis
pensable pour la securite d'exploitation, est une lourde 
charge-on tend a substituer au contr6le de routine des 
appareils de mesure en continu installes sur les circuits
mais Ia mise au point de ces appareils est difficile si 
l'on veut obtenir une bonne fidelite et une precision 
acceptable. Si on peut avoir bon espoir de reduire le 
travail de routine du laboratoire, par contre on lui 
demande de plus en plus d'analyses tres precises (bilan) 
et de caractere plus scientifique: spectrometrie yet a, 
analyses isotopiques, etc. 



222 SEANCE 2.6 P/67 C.JOUANNAUD 

BIBLIOGRAPHIE 

1. Galley, R., Les probtemes poses par /'usine de plutonium de 
Marcoule et leurs solutions, Energie nucleaire (France), 
Vol. 2, n°l, p. 2-20(janvier-mars 1958). 

2. Curillon, M., et Creure, M., Probtemes poses par Ia con
struction d'une usine d'extraction de plutonium: quelques 
solutions app/iquees a Marcoule, Actes de Ia deuxieme 
conference internationale sur \'utilisation de I'energie 
atomique a des fins pacifiques, P/1174, Vol. 8, p. 311, 
Nations Unies (1958). 

3. Galley, R., L'usine d'extraction de plutonium, Bull. d'Inf. 
Scient. et Techn. (CEA), no 29, p. 13-20 (mai 1959). 

4. Fontaine, A., Le Laboratoire de fabrication de l'usine 
d'extraction du plutonium, Bull. d'Inf. Scient. et Techn. 
(CEA), n° 58 (janvier-fevrier 1962). 

5. Jouannaud, C., Bilan technique de quatre ans d'exploitation 
de /'usine de traitement de combustibles irradies de Marcoule, 
Bull. d'Inf. Scient. et Techn. (CEA), n° 66, p. 6--10 (nov. 
1962). 

6. Chambon, M., et Reneaud, J. M., L'extraction par solvant 
a l'usine d'extraction du plutonium a Marcoule, Bull. d'Inf. 
Scient. et Techn. (CEA), n° 66, p. 11-17. 

7. Riolfo, R., L'exploitation des ateliers de purification et de. 
metallurgie du plutonium de Marcoule, Bull. d'Inf. Scient. 
et Techn. (CEA), n° 66, p. 18-24. 

8. Fontaine, A., Le laboratoire de controle de l'usine d'extrac
tion du plutonium de Marcoule, Bull. d'Inf. Scient. et 
Techn. (CEA), n° 66, p. 25-30. 

9. Jouannaud, C., L'experience de Marcoule dans le traitement 
par solvant TBP des combustibles irradies, Symp. Chimie du 
traitement des combustibles irradies par voie aqueuse, 
Bruxelles (avril 1963). 

10. Jouannaud, C., L'usine d'extraction du plutonium et son 
exploitation, Energie nucleaire, Vol. 5, n° 4, p. 263-270 
(juin 1963). 

II. Curillon, R., et Creure, M., L'ensemble industriel d'extrac
tion de plutonium: l'usine, son evolution, ses annexes, 
Energie nucleaire, vol. 5, n° 4, p. 271-281 (juin 1963). 

ABSTRACT -RESUM E-AHHOTAU.liLSI-RESUMEN 

A/67 France 

Six years' working experience of the 
Marcoule plant for treatment of 
irradiated fuel 

By C. Jouannaud et a/. 

The irradiated fuel treatment plant at Marcoule 
began treating rods from the pile Gl in July 1958. 
This six years' experience of the plant in operation 
has led to the confirmation or revision of the original 
ideas concerning the process as well as the technology 
or methods of exploitation. 

The process as a whole has suffered little modifica
tion, the performances having proved better than 
originally foreseen; the only alterations made were 
justified by greater simplicity of operation, better 
nuclear security (criticality) or for technological 
reasons. The processes of plutonium reduction from 
the tetravalent to the trivalent state by uranium(IV) 
and of concentration of fission product solutions in. the 
presence of formaldehyde have always given complete 
satisfaction. 

The initial concept of direct maintenance of the 
installations has been justified by experience. Certain 
maintenance jobs, originally considered impossible 
after the start of operations, have proved feasible and 
have been carried out under acceptable conditions; a 
number of examples are given. From experience it has 
been possible to define optimum conditions for the 
design of these installations such as to provide maxi
mum robustness and ease of maintenance. The advan
tages of continuously operating equipment have been 
shown. Certain installations have been altered in 
accordance with these new ideas. 

Analytical checking in the laboratory has been pro
foundly modified, and the plans adopted are such that 

complete safety in work on radioactive solutions is 
compatible with good working speed. Experience has 
also shown the advantages of having a group on the 
spot to carry out short-term applied studies. 

Finally, a strict working discipline and excellent 
collaboration with the radiation protection service 
have made it possible to reach the end of these six 
years, during part of which the exploitation was 
intensive, without irradiation accident. 

A/67 aJpaHI..\HR 

WecrHneTHH~ onbiT 3Kcnnyara~..tHH sa
BOAa no nepepa6orKe o6nyLfeHHoro ro
nnHsa s MapKyne 
K. }t{yaHHO 

B JUOJie 1958 roAa ua aaBOAe no nepepa6oTI\e 
o6nyqeuuoro Tonnuoa B MapKyJie uaqanacL nepe
pa6oTKa cTepmueii ua peaKTOpa G-1. B Te'leuue 
mecTH neT ~mcnnyaTa~HH yAaJIOCL noATBepAHTL 
liJIH nepeCMOTpeTL nepBOHa'laJILHLie 3aMLICJILI KaJ{ 
B OTHOIIIeHHH MeTOAa H TeXHOJIOrHH nepepa6oTRH, 
TaR H B OTHOIIIeHHH MeTOAOB <lKCllJiyaTa~HH. 

B ~eJioM MeTOA nepepa6oTKH npeTepneJI MaJio 
li3MeHeHHH, llO~ROJILKY ero xapaRTepHCTHRH npeB-
30IIIJIH pactJeTHLie. BLIJIH TOJILRO oueceHLI HaMeue
HliH, KOTOpLie onpaBALIBaJiliCb ynpOll\eHlieM :mc
IIJlyaTa~HH1 o6ecneqenueM ny11meii H~epnoii 6ea
onacnocTu (RpHTH'IHOCTL) HJIH TeXHOJIOrH'IeCKHMll 
upntJnHaMn. MeTOA BoccTauoBJieHHH 'leTLipexoa
JieHTHoro JIJIYTOHHJI B TpexBaJieHTHbiH 'lepea CTa
HHIO tJeThlpexBaJieHTHoro ypaua oKaaaJICH BecLMa 
YAOBJieTBOpHTeJILHhiM, TaR me RaK MeTOA ROH~eH-
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Tpai.\HH pacTBopoB upoJ~YKToB ~~eJieHHR B npucyT

CTBIUl (flopMaJibl-(CrH/~8. 
llepuoua•IaJILHhlii aaMLiceJI ueuocpeJI.CTBeuuoro 

o6CJIY>KHB8HHR ycTaHOBOK IIOJJY'IHJI 1101-(TBep>K]~l'
HUe ua npaKTHKe. HeKoTopble peMOHTHhle pa6o

Thl, KOTOpble nepBOHa•IaJibHO C'IUT8JIOCL HCB03-

MO>KHblM npOBOJI.HTb DOCJie IIYCKa 38BOJI,a, 6hlJIJf 

npoBeJ~,eHLI B npneMJieMwx ycJIOBHRx; B JI.OKJiaJ~,e 

npHBOJI.HTCR pRJ!. npnMepou. OnwT noaBoJIHJI onpe

JI.CJIHTL onTnMaJILHMe ycnounR KOHCTPYKI.\UH aTux 

ycTaHoBoK c 1.\eJILIO yny'IIIIeunR nx npo'IHOCTH ll 

o6ecneqeunR peMoHTa. OnpeJ~,eneua BLiroJ~,a ycTa

nouoK c uenpepwBHhlM J.\HKJIOM. 

HeKoTopLie ycTaHoBKn 6LIJIH MOJI.n!flni.\HponanM 

B COOTBCTCTBHJI C 3THMU HOBhiMH HJI,eRMH. 

AuaJIHTH'IecKnii KonTpoJih B na6opaTopnn npe

Tepnen 60JihiiiHC Jf3MCHCHHR, II IIpliHRThle KOHI.\CU-

1.\HH II03BOJIHJIH C03l-(8Th IIOJIHYIO 6e30II8CHOCTh 

pa60Tbl C p8JI.H08KTHBHblMll paCTBOp8MH, COBMC
CTIIMYIO c pnTMoM nuTeucnouoii pa6oTM. Onw-r 

IIOK838JI, 'ITO JIOJie3HO HMCTh 118 MeCTe rpynny JI,JIR 

npu KJiaJI.HhiX nccJieJ~,oBannii. 
HaKoHel.\, cTporaa JI.HCqnnmma pa6oThl H co

TPYAHH'IeCTBo co cnym6oii paJ~,naqnouuoii 3811.\HTI>I 

1103BOJIHJIH npoBeCTH 3TH meCTh JICT 3KCIIJIY8T81.\HU 

6ea paJ~,naqnoHHLIX auapnii, rrpn'leM cne,11;yeT 

y'leCTh, 'ITO B HCKOTOphle rOJI,hl <)KCIIJiyaT81.\HR 6hl

Jia O'ICHh HIITCHCHBIIOii. 

A/67 Francia 

Experiencia de seis aiios de 
funcionamiento de Ia instalaci6n de de 
tratamiento de combustibles irradiados de 
Marcoule 

por C. Jouannaud et a/. 

La instalaci6n de tratamiento de combustibles 
irradiados de Marcoule comenz6 a tratar los ele
mentos combustibles de Ia pila G 1 en el mes de julio 
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de 1958. En el transcurso de seis alios de funciona
miento hemos tenido oportunidad de confirmar o 
revisar los criterios iniciales, tanto en lo que se refiere 
al procedimiento seguido, como a Ia tecnologia o los 
metodos de trabajo. 

En conjunto, el procedimiento seguido ha experi
mentado pocas modificaciones, y los resultados obten
idos han sobrepasado las previsiones iniciales; las 
(micas modificaciones introducidas han sido realizadas 
con objeto de facilitar el trabajo, obtener una mayor 
seguridad nuclear (criticidad), o por razones tecno-
16gicas. La reducci6n del Pu1V a Puiii por medio del 
uranio tetravalente, asi como Ia concentraci6n de las 
soluciones de productos de fisi6n en presencia de for
maldehido, han dado resultados satisfactorios en todos 
los casos. 

La experiencia ha confirmado el criterio inicial de 
las instalaciones con mantenimiento directo. Ciertos 
trabajos de mantenimiento, juzgados en principia 
como imposibles durante la operaci6n en activo, han 
podido efectuarse en condiciones aceptables, dandose 
un cierto numero de ejemplos; la experiencia adquirida 
ha permitido definir una serie de criterios sobre el 
desarrollo 6ptimo de estas instalaciones de manera que 
se pueda mejorar su construcci6n y se facilite su man
tenimiento ;- se ha evidenciado el in teres que poseen las 
instalaciones continuas. 

Algunas de las instalaciones han sido modificadas 
de acuerdo con estas nuevas ideas. 

El control analitico de laboratorio ha experimen
tado profundas modificaci6nes, permitiendo los 
metodos adoptados trabajar con soluciones activas en 
condiciones totalmente seguras, compatibles con un 
in ten so ritmo de trabajo; la experiencia ha demostrado 
igualmente Ia utilidad de mantener in situ un grupo 
para estudios aplicados a corto plazo. 

Finalmente, el mantenimiento de una rigurosa 
disciplina de trabajo y una excelente colaboraci6n con 
el servicio de protecci6n contra las radiaciones ha 
permitido que estos seis afios de trabajo, de los que 
algunos han sido de funcionamiento intensivo, trans
curran sin accidentes de irradiaci6n. 



P/160 United Kingdom 

The development of the new separation plant, Windscale 

By B. F. Warner, W. W. Marshall, A. Naylor and G. D. C. Short* 

In 1955, the United Kingdom initiated a major 
nuclear power programme based upon the Calder Hall 
type of reactor, which uses natural uranium fuel clad 
in Magnox, a magnesium alloy. The programme was 
to be the first phase of a balanced power system of 
thermal and fast reactors in which plutonium, from 
the first generation of Magnox reactors, would be used 
in the fast reactors. 

A new reprocessing plant was essential in this cycle 
because the projected arisings of irradiated fuel 
exceeded the capacity of the first separation plant at 
Windscale [1]. The Windscale Plant Design Office, 
Risley and the Chemical Plant Development Group, 
Windscale, were therefore commissioned to develop 
and design the process and plant to meet this new 
demand. 

SPECIFICATION OF THE PLANT 

It was intended that the plant should be a centralized 
reprocessing unit, designed for long continuous opera
tion and requiring minimum maintenance, analytical 
and process control effort. Thus the process was 
designed to eliminate batch operations, recycle of 
wastes or products and to be suitable for centralized 
instrumental control and surveillance. The broad 
specification of the plant called for an input of uran
ium at least equal in quantity, irradiation and rating to 
the maxima from the Magnox power programme. The 
products were to be suitable for recycling in a power 
programme; the uranium for reconversion to metal in 
unshielded plant and the plutonium for a range of 
metallurgical operations in lightly shielded facilities. 
The over-all targets are listed below. 

Over-all plant specification for power reactor fuels 
Input: 1500 t/yr, 3000 MWd/t, 2.7 MW/t (mean), 

130 days cooled Magnox fuel 
Fission product decontamination factors: 

U stream 1 x 107, Pu stream 3 x 108 

Plutonium/uranium separation factors: 
U stream 3 x 105, Pu stream 1 x 107 

Uranium product:UOa containing <0.1 me fission 
products/k U and < 0.006 ppm Pu 

Plutonium product: Pu nitrate containing < 1 me fission 
products/k Pu and <2000 ppm total metallic impurities 

Over-all recoveries: U=99.97% and Pu=99.8% 

* U.K. Atomic Energy Authority, Production Group, 
Windscale. 

It was decided that the new plant should have an 
integrated storage, treatment and disposal system for 
effluents, based on evaporation of waste streams to 
minimum bulk and the recovery of the nitric acid for 
re-use. The highly active liquid effluent for permanent 
storage was not to exceed I 00 1/t U processed and the 
salt-bearing concentrate from the medium active waste 
was to be stored for 2 years and treated by a floccula
tion process to reduce the activity. The treated liquor 
when discharged to sea would then contribute only 
one-tenth of the authorized limit as defined by the 
equation: 

curies l06Ru curies {3 _l06Ru 
5000 + 20000 

curies a + 
200 

::j> 1.0 per month 

Further factors which influenced the selection of the 
process and equipment were the acceptance of direct 
maintenance techniques for the medium and low 
active plant and the control of nuclear safety by con
centration limitation of plutonium throughout the 
plant except in the final stages of concentration and 
storage of plutonium. 

THE SELECTION OF THE PROCESS 

At the commencement of the project, the Develop
ment Group had experience of the existing Butex
TBP process [1], the all-TBP process it had designed 
for the fast reactor fuels at Dounreay [2] and the 
published information on the USA and Canadian 
TBP processes. 

These processes were assessed against the specifica
tion and it was decided in principle to base the plant on 
mechanical decanning, continuous dissolving, a 3-
cycle 20 % TBP process with no recycling of raffinates. 

Before describing the development work which 
supported the plant, it is of value to outline the reason
ing behind the choice of process. 

Choice of decanning techniques 

The quantity of Magnox associated with the speci
fied throughput of fuel is 170 tjyr and this can be 
removed by either phemical or mechanical means. 

Chemical decanning was at first sight attractive, in 
that fuel elements, rendered fragile by long irradiation 
and of varying designs, could easily be processed. 
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However, the activity in the cans was estimated to be 
about 104 eft of Magnox and because the solutions 
arising from chemical decanning could not easily be 
decontaminated to a level suitable for discharge, it was 
concluded that storage was unavoidable. Estimates 
showed that it would be cheaper to do this in the com
pact metal form than in the most concentrated solution 
which could be prepared. Considerable experience was 
available at Windscale on mechanical decanning and 
on these grounds it was selected. 

Dissolving 

The continuous dissolver [1] used in the first separa
tion plant at Windscale had given good service and the 
only characteristic which could cause concern was an 
intermittent surging of liquor from the outlet. The 
cause of this (a gas lift effect in the dip leg overflow) 
was eliminated in the design for the new plant and 
with this change the same principles as before were 
adopted. 

Selection of the solvent process 

Choice of solvent 

The Butex-TBP process [I] had operated well in the 
first Windscale plant, giving products of a satisfactory 
quality and a manageable effluent. It had the dis
advantage of a low DFRu over the first cycle and, 
because of the additional throughput and higher 
irradiation of fuel from the power programme, the site 
discharge limits would have been approached or 
exceeded. Furthermore, the material costs of the 
Butex process were much higher than those of a com
parable TBP process. 

Improvement of this basic process had been in
vestigated and ozone, nitrous acid, heating and other 
treatments of the feed liquor were tried in an effort to 
improve the DFRu but none was successful. It was 
therefore decided to adopt an all-TBP process because 
it reduced the operating costs and the problems of 
effluent disposal. 

Number of decontamination cycles 

Examination of results obtained in TBP processes 
suggested that a 2-cycle solvent process, even with 
tail-end absorption processes would be inadequate to 
meet the proposed specification and to allow a margin 
for solvent degradation, operational variations and 
future demands. A 3-cycle process was therefore 
chosen. 

This decision also led to more stable operation con
ditions, because it was less essential to use high solvent 
saturation and intercycle evaporation of the uranium 
stream (necessary concomitants of the 2-cycle process). 
The certainty that recycle or "rework" facilities would 
not be required and the scope for further development 
for new fuels were also deciding factors in its favour. 

"Late" versus "Early" separation 

A more difficult decision was whether to separate 
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the uranium from the plutonium in the first or second 
cycle. Assessment showed there was little difference 
between these possibilities so far as volumes of 
effluents arising or wastes to store, purities of products 
or usage of materials, were concerned. 

Separation in the second cycle ("late separation") 
was chosen as it gave the following advantages: 

(a) The aqueous raffinate from the second cycle, 
containing 75% of the activity passing the first cycle, 
was free of salts and could be evaporated and directed 
to highly active liquor storage without penalty; an 
advantage of even greater value in event of a break
through of activity from the first extractor. 

(b) It required one cycle less of purification of the 
plutonium stream. 

These advantages were judged sufficient to outweigh 
the disadvantage of late separation in having two 
additional large contactors not nuclearly safe by 
geometry in which uranium and plutonium were 
together. 

Plutonium purification process 

The plutonium purification process was chosen from 
the following systems: 

(a) A single line of TBP solvent extraction equip
ment, in which the nuclear safety is controlled by 
limitation of concentration guaranteed by instru
mentation. 

(b) Evaporation of the separated plutonium stream 
followed by TBP cycles, all in geometrically limited 
equipment. 

(c) Batch or continuous ion exchange in either geo
metrically or mass limited equipment. 

Experience at Windscale suggested that, whilst ion 
exchange was well suited to recovery of plutonium 
from dilute streams, its use as a purification stage at 
the full throughput of the new plant was unattractive. 

The use of mass limited columns requires multiple 
batch operation and is expensive in labour or al
ternatively six geometrically safe batch columns would 
be necessary. A continuous, geometrically safe anion 
exchange unit was considered and judged to require 
considerable development before it was suitable for an 
intensively worked, direct maintenance plant. 

It was therefore decided to select a TBP process 
with its own solvent recovery system, making possible 
the introduction of alternative solvents if desirable. 

It was shown that satisfactory flow sheets and equip
ment for either of the solvent extraction systems (a) or 
(b) were possible. A study of the relative merits of geo
metrically safe and concentration controlled plants 
showed the latter to be simpler, easier to control and 
yet to have an adequate margin of nuclear safety. This 
led to the decision to install a single line of concentra
tion limited contactors. 

After two cycles of co-decontamination with 
uranium in the primary separation contactors and one 
cycle of plutonium purification, the plutonium product 
was within specification. It was decided, nevertheless, to 
install an additional solvent extraction cycle to provide 
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extra margins of decontamination from both fission 
products and uranium and to extend the application 
of the plant to plutonium recovery and other require
.ments. 

The over-all flowsheet of the final process is given 
in Fig. 1. 

DEVELOPMENT OF THE PROCESS 

The detailed development of a separation process 
and its equipment is an expensive operation; to mini
mize this expense the technique used at Windscale is 
to prove the finally selected flowsheet at full activity on 
a miniature pilot plant and to develop the design of 
specialized equipment by full-scale trials using uranium 
as a key element. The latter work also provides an 
opportunity for training production personnel. 

Basic data 

When the necessary distribution coefficients on 
nitric acid, uranium and plutonium had been accumu
lated the number of extraction or backwash stages in 
each of the contactors was calculated. 

From previous experience and limited partition data 
on fission products it was then possible to indicate 
provisionally the numbers of stripping stages in the 
contactors and to predict the approximate levels of 
fission products in the process. On this basis a tenta
tive flowsheet was drawn up. 

From settling rates, extraction rates and large-scale 
inactive trials, the provisional sizes of contactors in the 
plant were calculated and a small-scale pilot plant for 
fully active operation was built. 

Preliminary supporting studies were also undertaken 
on the effects of solvent' degradation products on the 
process, the behaviour of radio-iodine and the methods 
of effiuent disposal and treatment. 

Some specific flowsheet problems 

Before the final decisions on the flowsheet were 
taken and prior to pilot plant trials several studies 
were necessary to evaluate competing variants. 

Ruthenium chemistry 

Following the identification of many of the labile 
nitrato and nitro nitrosyl-ruthenium species at Har
well, attempts were made to predict the DFRu from the 
measured partition coefficients and chromatographic 
data of these species. The ratio of ruthenium species in 
dissolver liquor (characterized, but not identified, by 
their RF values on paper chromatograms and their 
partition into TBP and Butex) were determined [3] and 
the effect of ageing in this liquor was studied. The 
solution was found to contain about 60 % of nitro and 
40 % of nitrato species and from this the behaviour of 
ruthenium in the first extractor was predicted. Good 
agreement was obtained with the existing Butex plant 
performance but the value of DFRu predicted in the 
TBP system was lower, by an order of magnitude, than 
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that found in various pilot plant trials, confirming the 
necessity of counter-current active trials for flowsheet 
development . 

Uranium-plutonium separation 

To reduce waste treatment costs, the minimum 
amount of ferrous ion required to reduce the pluton
ium was determined in a miniature mixer-settler having 
the same residence times as the unit proposed for the 
main plant. To achieve high separation factors (103 to 
105) of plutonium from uranium, the minimum amount 
of ferrous ion required was several times the stoichio
metric equivalent of the plutonium. The excess Fe2+ 

oxidation was mainly a function of the plutonium con
centration and, to a lesser extent, of the nitrite con
centration, acidity and residence time of the aqueous 
phase in the U-removal section. The above behaviour 
was thought to be due to recycling of PuiV in the con
tactor. Other studies of this process established the 
optimum acidities and solvent/aqueous ratios for good 
separation of uranium from plutonium. 

Hydrazine and hydroxylamine in the presence and 
absence of small concentrations ( < O.OlM) of ferrous 
sulphamate were tested as alternative reductants. 
These were not successful because of the slow rate of 
reduction whereas ferrous nitrate and acetate, stabi
lized with hydrazine, were found to be effective. 
Recently, to achieve a salt-free system and thus further 
economize on waste treatment the use of UIV in the 
presence of hydrazine or sulphamic acid has been 
shown to give an adequate Pu/U separation. 

Solvent washing 

To minimize problems associated with solvent 
degradation, precipitation of solids in highly active 
waste solutions and process efficiency, it is essential to 
maintain high quality solvent. 

Batch laboratory experiments established that high 
temperature, long residence time of the solvent and 
high aqueous to solvent ratios in the mixers improved 
the removal of activity and ligands. It was also found 
that the order of effectiveness of the washing reagents 
was NaOH, Na2COa and (NH4)2COa. 

From this work it was decided to provide a flexible 
system of contactors and filtration units, all shielded, 
to permit the steady development of improved pro
cesses as experience demanded. Four extractors are 
used; HASW I, a crud retaining and acid pre
treatment extractor, HASW 2, a single stage Holly
Mott unit in which the solvent is in contact with 
Na2COa at 60°C, for 20 mins. This second stage 
removes much of the zirconium, niobium, ruthenium 
and residual plutonium and uranium. A more vigor
ous alkali wash with NaOH (HASW 3) at 60°C in a 
4-stage counter-current extractor further decontamin
ates the solvent, especially from the ligands derived 
from the degradation of kerosene. 

A filter unit is provided before the next stage but 
development work suggests that its use may be optional 
as the final low acid wash, HASW 4, coagulates 
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colloidal matter and removes much of the suspended 
impurities as an interfacial crud before the solvent is 
passed through a final polishing filter. 

Solvent degradation 

Workers in the US have clearly shown the import
ance of solvent degradation due to radiolytic and 
hydrolytic decomposition of the TBP to form di- and 
mono-n-butylphosphate and of the petroleum based 
diluents to give trace amounts ofligand which complex 
zirconium-niobium and which are not easily removed 
from the solvent phase. 

Workers at Windscale and Harwell have studied the 
decomposition of TBP and it was shown that in the 
absence of recycle of aqueous process streams and 
intercycle evaporation, HDPB formation was not 
important to the new process. 

Degradation of the kerosene in the highly radio
active cycle was studied in some detail both by batch 
and recycle experiments [4]: it was shown that organic 
hydroxamic acids were probable ligands. The conclu
sions reached on kerosene degradation were that besides 
being dependent on the radiation dose received, it was 
influenced by the nitrite content of the aqueous feed 
solution. Furthermore, in the absence of nitrite ion, 
carboxylic acids, which are less effective ligands, were 
produced at the expense of nitro compounds and 
nitrate esters. 

The recycle experiment to simulate the main plant 
<;onditions predicted a solvent life of one year and this 
was sufficient to make it not wcrth while expending a 
large amount of effort, at the time, on methods of 
solvent recovery. However, flash steam distillation, 
potassium permanganate and triethanolamine-were all 
shown to be effective treatments but the last named, 
although the best, was rejected because it was too 
expensive. 

Flowsheet development: 
data from miniature pilot plant trials 

To establish the flowsheet and to obtain the detailed 
chemical design data, the next phase of the work was 
carried out on a miniature pilot plant. The unit, scale 
down by a factor of several thousands, was designed 
to operate under similar conditions to the large-scale 
plant, and replicated every stage of the process from 
the continuous dissolver to the plutonium product 
evaporator and to the uranyl nitrate aqueous product. 
Experience showed that it was essential to have 
identical residence times on the pilot and main plants, 
in both the individual extractors and in the intercycle 
treatments, if misleading results were to be avoided 
and direct scale-up was to be possible. For this reason, 
the plant also used fuel irradiated to 3000 MWd/t 
from Calder Hall reactors. 

The mass flows of all components to the plants were 
controlled to ± 2 % and the uranium and nitric acid 
concentrations in the dissolver product were measured 
to ± 0.5 % by in-line density and conductivity meters. 

B. F. WARNER eta/. 

The final and definitive runs, upon which the flow
sheet was decided, lasted for three weeks of continuous 
operation with a feed of 3 300 MWd/t irradiated fuel 
and gave precise information on the fate of fission. 
products, neptunium, uranium and plutonium through
out the process. As a result of these runs, the optimum 
destination of waste streams to the effluent treatment 
systems was selected and because the plutonium losses 
were low, the decision to install an ion exchange 
recovery plant for the medium active effluent stream 
was reversed: space was left for this to be added should 
future operations require it. 

Further interesting evidence on the operational 
characteristics to be expected in the production plant 
was obtained from these pilot plant trials. 

Up to 90 mg/1 of finely divided solids were present 
in the dissolver product and consisted chiefly of iron, 
carbon, silica and uranium, allied with traces of plu
tonium. They collected both at the interfaces and at 
the bottom of the stages in the extraction section of 
the primary separation contactor. None was trans
ported along the stripping section of the contactor, the 
interfaces of which were clean at the end ofthree weeks' 
operation. This behaviour is consistent with the satis
factory decontamination factors obtained: the inter
faces of a mixer-settler act as filters and the carry-over 
of cruds in the solvent product often found with 
columns is thus eliminated. 

Detailed interstage profiles of uranium, plutonium 
and fission products were determined for each con
tactor to assist in the placement of instruments and the 
interpretation of extractor performance. In the extrac
tion section build-up of ruthenium and zirconium
niobium occurred in the uranium-free stages, indicat
ing recycling of extractable species. The effect was 
more significant in the later stages of the process (e.g., 
UP 1 > PS 3 > PS 1) and was much greater for ruthen
ium than zirconium-niobium. It was reduced if the 
extraction stages were filled with uranium by running 
at higher saturation at the feed stage. 

The effects of uranium saturation of the solvent in 
the range of 65-95 % on fission product decontamina
tion, factors showed that with a 10 % increase in the 
uranium saturation at the feed stage, additional fac
tors of 2 to 3 were obtained in the forward extractors. 

The use of five additional stripping stages in the 
first extractor PS I, heated at 60°C was shown to 
improve ruthenium and zirconium-niobium decon
tamination factors by 3 and 7 respectively. The only 
pretreatments of the feed prior to extraction in the 
primary separation contactor which have been tested 
have been with nitrous fumes and nitric oxide. In agree
ment with American work these pretreatments give 
little or no improvement in ruthenium decontamination. 

Besides a study of the effects on fission product de
contamination of heating the aqueous feed to the 
uranium purification cycle, the use of chemical pre
treatments has also been briefly tested: hydrazine and 
diacetyl monoxime improved the ruthenium decon
tamination only by about a factor of 2 above that 
obtained by heating alone. 
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CONTROL OF NUCLEAR HAZARDS 

The decision was taken to control the nuclear safety 
of the plant by concentration limitation, except for the 
final plutonium product evaporators and storage 
tanks. It was therefore necessary to establish the con
ditions which could lead to accumulation of plutonium 
either in normal or abnormal operation and to decide 
on the instrumentation required to provide adequate 
safeguards. Accumulation of plutonium can arise: 

(a) in a homogeneous solution because of abnormal 
flow-rates, temperature, nitric acid and solvent con
centrations and addition of incorrect reagents; 

(b) in cruds and sludges normally present in the 
plant; and 

(c) in precipitates not normally present but formed 
in the plant by adventitious reagents. 

Computer calculations of the effect of changes in 
acidity, temperature, flow-rate and solvent composi
tion on flowsheet equilibrium conditions were carried 
out on a number of contactors. This work character
ized those variables having a major effect on the 
stability of the process and showed that plutonium 
build-up could occur in PS 1, PS 3, PS 4 and the plu
tonium purification cycle under abnormal conditions. 
Pilot plant trials were carried out on the miniature 
contactors to determine the rates of plutonium accu
mulation and to confirm the computed steady-state 
profiles under selected abnormal conditions. In the 
main plant, nuclear control is ensured by duplicate 
metering of flow-rates and acidity, whilst alpha 
monitors are positioned at selected stages and a con
tinuous survey is carried out by neutron monitors. 
Trials to establish the sensitivity of the latter on pluto
nium solutions in conditions representative of the 
plant contactors were done in collaboration with the 
UKAEA laboratories at Capenhurst. 

The presence of trace amounts of insoluble plu
tonium in the dissolver feed solution and in the 
aqueous raffinate from the primary separation con
tactor, PS 1, had been detected in laboratory investiga
tions and later confirmed on the pilot plant. The 
plutonium content on the solids was found to depend 
on the history of the rods; exposure to water and/or 
moist air for long periods, prior to dissolving, led to 
the formation of insoluble plutonium which accumu
lated on cruds in the contactors and storage tanks. 
The centrifuged solids had plutonium contents up to 
4 g/1 and the system was assessed as safe but, to pro
vide a further safeguard, samples of cruds from the 
primary separation contactor (PS I) are to be collected 
and analysed for plutonium at monthly intervals. 

EQUIPMENT DEVELOPMENT 

Equipment and flowsheet development proceeded in 
parallel and an early start was made on the decanner, 
mixer-settlers, evaporators and instruments. As the 
flowsheet and some of the design details were worked 
out it became clear that development of other equip
ment was necessary. A supporting programme of 
corrosion trials was instituted using inactive liquors 
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under process conditions and in some instances fully 
active liquors from the pilot plant. 

Development of the decan ner 

The existing punch and die technique of mechanical 
decanning was in use for Calder Hall fuel of low 
irradiation. However, after long irradiation the fuel 
rods were expected to be brittle and bowed and it was 
doubtful if the high loads imposed on the element by 
the punch and die technique could be tolerated. 
Earlier work by the Group for the Dounreay Fast 
Reactor Chemical Plant had suggested the use of a 
hydraulically loaded three-wheel cutter to decan the 
fuel elements. The floating wheels would follow, 
within limits, the curvature of the bar and also ride 
over surface imperfections. Development work showed 
that the load to push the rod through the cutting wheels 
was considerably lower than that required for the 
punch and die. As a result of this preliminary work a 
specification was drawn up for the fabrication of a 
prototype with special attention to remote mainten
ance technique. 

The fuel elements, all Magnox canned, varied in 
length from 20 in to 44 in with rod diameters within 
the range 0.9-1.25 in. The main operational steps in 
the decanning were: 

(a) removal of flow splitters and braces; 
(b) nose cone and spider removal; 
(c) centralization of elements ready for cutting; 
(d) cutting of the can ; 
(e) ejection of the decanned rod to a flask for trans

port to the dissolvers; 
(f) chopping up of the strips of can material to 

increase the packing density and facilitate transport. 
A decanning rate of at least one fuel element every 2 

minutes was necessary to maintain the feed to the 
primary separation plant. Completely remote opera
tion was desirable because of the high irradiation 
expected and cave operation was specified. 

As a result of the specifications above a unit, auto
matic in operation and allowing removal of each 
assembly for maintenance, was designed in conjunc
tion with British Industry. The prototype was then 
extensively tested with inactive elements. 

The final design was an automatic machine in which 
the elements are located in two steps. In the first, the 
nose cone and spiders are sheared off and in the 
second, a single running motion passes the element 
through a forming and centring die, cutting wheels 
and rotary can chopper, leaving the decanned element 
ready for transfer to the transport flask. The opera
tions are controlled by an electronic logic system. 

The modified prototype was finally installed in a 
spare decanning pond and 130 tons of irradiated fuel 
were satisfactorily decanned. This trial confirmed the 
principles of the design, and even with pond operation 
the radiation to personnel was low. 

Development of the cutting head assembly, the nose 
cone and spider shears is continuing, to keep abreast 
of the changing designs of Magnox fuel elements and 
to improve the wheel and blade lives. 
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Mixer-settlers 

The choice between mixer-settlers and pulsed 
columns was a marginal one. Capital costs slightly 
favoured the mixer-settlers and they also had the 
advantage of greater flexibility in process operation, 
less carry-over of cruds, superior instrumentation for 
control and lower development costs due to the ease of 
direct scale-up of fission product behaviour. On the 
other hand, pulsed columns have a smaller liquor 
hold-up and fewer moving parts. Mixer-settlers were 
chosen and the chemical engineering work to establish 
design data for the range of contactors was success
fully done on a single stage model. 

The W indscale type of mixer-settler originally 
developed was stage-independent [5], the solvent from 
the settler falling into the next mixer over the solvent 
weir, with a definite step between the top levels of the 
settler and the mixer. The pressure drop for liquor 
movement was developed by the head due to differing 
densities of the mixed and separate phases balanced 
through the mixed phase port. 

The mixer volume was established by studies of 
uranium transfer rates and its shape, basically a cube, 
then determined by the required port dimensions, the 
mixer design and the desirability to standardize as far 
as possible in the fabrication of the contactors. 

Work at Windscale established that the major para
meter in settler design was the area and not the total 
settler volume. Coalescence occurs in a band of emul
sion the depth of which depends upon the throughput, 
the temperature, solvent to aqueous ratio and acidity 
for a given pair of solutions. The type of agitator has a 
secondary but significant effect on required settler 
volume, largely because of the proportion of fine haze 
produced. Agitator designs were developed to give 
minimum kinetic effects on the flow of liquor into and 
out of the mixers and little production of secondary 
haze. 

A stage independent mixer-settler would be a very 
large unit at the liquor throughput required, with an 
undesirable large liquor hold-up. Small liquor hold
ups can be achieved by allowing the solvent to build up 
above the solvent weir. This leads to loss of hydro
static independence from stage to stage but large 
increases in throughput can be gained. 

Having established the major design features on a 
single stage unit, fitted with a variable length settler, a 
set of extractors, built at full scale in Perspex, was used 
to prove finally the designs, study inter-box connex
ions, maximum throughputs and the hydraulic 
changes induced by crash shut-down and malopera
tion. This unit was also used to provide an instrument 
test bed for the ultrasonic interface detectors, the com-
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bined conductivity/density uranium meters and aque
ous weir controllers. 

The long residence time required for some solvent 
washes led to the choice of a single stage extractor 
having aqueous phase recirculation through a port 
between mixer and settler. This unit was developed so 
that the solvent to aqueous ratio in the mixer 'can be 
1 : 1 when the flow ratios are 10: 1 and yet give stable 
interface levels with no special instrumentation. 

Development of ancillary equipment 

It has been our policy to test all equipment under 
simulated process and maintenance conditions and to 
arrange with manufacturers and necessary modifica
tion to meet the stringent requirements. 

During this programme of work, canned rotor 
pumps, valves, flow controllers, metering pumps, 
stirrer shafts and drives, pipe couplings and bearing 
materials were studied and in addition it was necessary 
to develop special equipment such as low lift, centri
fugal pumps and remotely demountable force lift 
ejectors. 

CONCLUSION 

The new Windscale Separation Plant will be able to 
process economically fuel from power reactors with 
high efficiency of recovery and low effluent discharge: 
the total cost of reprocessing natural uranium from a 
5000 MW(e) power programme is about 0.055 pence/ 
unit sent out. The plant is also potentially capable of 
considerable increase in throughput and performance 
and will be able to be used for reprocessing fuels oflow 
enrichment in either uranium or plutonium such as 
could arise from advanced gas-cooled reactors. 
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ABSTRACT -RESUME-AHHOTAL.liii}I-RESUMEN 

A1160 Royaume-Uni 

Mise au point de Ia nouvelle installation de 
separation de Windscale 

par B. F. Warner et a/. 

La nouvelle installation de separation de Windscale 
est une installation de traitement centralise a haute 
production, con~ue pour extraire economiquement le 
plutonium des combustibles a uranium nature! ou a 
faible enrichissement provenant des reacteurs de 
puissance. Le memoire decrit la mise au point du 
procede et les techniques utilisees pour determiner les 
caracteristiques de fonctionnement. 

On a precise les specifications du procede et des 
produits et, en partant de celles-ci comme base, le 
memoire discute les avantages relatifs des differents 
procedes. 

On donne les raisons qui expliquent la decision 
d'installer un ensemble de degainage mecanique et un 
systeme d'extraction a 20% de tributylphosphate dans 
du kerosene inodore en trois cycles, systeme dans 
lequel !'uranium et le plutonium sont separes dans le 
deuxieme cycle. On decrit egalement les facteurs 
affectant le choix des procedes d'extraction par 
echanges ioniques ou par solvants pour les cycles de 
purification du plutonium. 

On signale !'influence du mode d'evacuation de 
!'effluent sur le choix du prQcede; les implications de la 
degradation des solvants sont discutees brievement et 
on resume les principaux problemes et methodes de 
controle de la securite nucleaire de !'installation. 

Les techniques utilisees pour determiner d'une 
maniere economique les valeurs du procede et de 
l'equipement choisis sont decrites dans l'ordre: calculs 
sur la suite des operations, etudes selectionnees de 
laboratoire, essais sur installation pilote et essais de 
l'equipement. 

Les problemes chimiques particuliers discutes com
prennent la separation de !'uranium et du plutonium, 
le lavage des solvants et la degradation des solvants. 
On decrit les methodes utilisees pour mettre au point 
et essayer les schemas de principe d'extraction par 
solvant dans une installation pilote miniature repro
duisant de tres pres les conditions de traitement dans 
une installation a grande echelle. Le memoire indique 
les principes de base du dispositif de degainage 
mecanique mis au point et donne les methodes utilisees 
dans la conception et la mise au point des melangeurs
decanteurs choisis pour le procede. 

On conclut que le procede et !'installation per
mettent un fonctionnement souple et economique avec 
un potentiel d'augmentation de debit considerable, a 
la fois pour les combustibles a uranium nature! et pour 
ceux du type a faible enrichissement (par exemple pour 
le reacteur AGR). 

A/160 CoeAHHeHHoe KoponeBCTBO 

Paapa6oTKa HOBOH paaAenHTenbHOH 
ycTaHOBKH a BHHACKeHne 
5. ttJ. YopHep et al. 

HoBaH paa)J.eJIHTCJihHaH ycTaHoBKa B Bnu)J.

cKeiiJie - aTO qeHTpaJIH30BaHHaH BhiCOKOllpOH3BO

)J.HTCJibHaH ycTaHOBKa UO nepepa60TKC TOUJIHBa, 

CKOHCTpyHpOBaHHaH )J.JIH 3KOHOMUqHOH 3KCTpaK

liHH UJIYTOHHH H3 TOUJIHBa B BH)J.e npHpO)J.HOrO 

mm cJia6oo6oraiQenuoro ypaua, o6Jiylfenuoro s 

:mepreTnqecKux peaRTopax. B ~oiWa)J.e onncauo 

pa3DHTHC npoqecca II MCTO)J.IIKII, liCllOJib30BaHHhiX 

IIpll onpe)J.CJICHHII OCHOBHhlX XapaKTepHCTlli\ 

ycTaHOBKH. 

IIpnBe)J.eHhi Texu:w-recKne ycJIOBll.ll npoqecca n 

IIpOIJ.YKTOB, If B 31,\BlfCIIMOCTlf OT HlfX B )J.OKJia)J.e 

o6cym)J.aiOTCH OTHOCIITCJibHhie npeuMyiQeCTBa pa3-

JTllqHhlX npoqeccoB. 

J13JIOlliCHhl TaKme OCHOBaHHH, KOTOpble npuBe

JIH K perneHIIIO ycTaHOBlfTb ycTpOHCTBO )J.JIH Me

X auuqecKoro CHHTIIH o6onoqKu u npunHTh Tpex

I~lfKJIJiquyiO CIICTCMY C 3KCTpaKqueft 20% -HhlM 

Tpn-u-6yTuJI<f>oc<f>aToM B Kepocuue 6ea aanaxa, n 

J\OTOpOH ypau If llJIYTOHlfH pa3)1.CJIHIOTCH BO BTO

pOM quKne. PaccMoTpenhl <f>aKTophl, BJIJIHIOIQHe 

ua Bhr6op npoqeccoB uouuoro o6Mena mm 31\CT

paRuuu pacTBopnTeJieM ;J;JIH f~HRJIOB oqncTKlf nny

TOHJIH. 

06paiQaCTCH BHIIMaHne Ha BJIHHHIIC y)J.aJICHIUI 

if\U)J.KHX OTXO)J.OB npu Bhi6ope npoqecca, KpaTKO 

paCCMOTpCHbl npo6JIPMbl, CBH3aHHhiC C pa3JIOlliCHU

eM paCTBOpUTCJIH, JI CYMMHpOBaHhl OCHOBHbie 

11po6JieMhi u MeTOIJ.hi peryJiupoBaJiuH H)J.epuoll: 6e

aonacuocTn ua ycTaHOBKe. 

Onucaua MeTOIJ.HKa, ucnOJih30Baunaa npu BBe

;qeuuu Bhi6pauuoro npoqecca u o6opy)J.oaaunH c 

31\0HOMHqecKOH TOqKJI 3pCHHH KaR CJIC)J.CTBHC pac-

1ICTOB TCXHOJIOruqeCKOH CXCMhl, OT)J.CJibHbiX Jia6o

paTOpHbiX lfCCJIC)J.OBaHHH, OllhlTOB B llOJiy3aBO)J.CKOM 

MaCliiTa6e If lfCllbiTaHlfH o6opy)J.oBaHHH. 

CneqnaJihHhie xuMnqecKne npo6JieMhi, paccMoT

pennhle B IJ.OKJia)J.e, KacaiOTCH paa)J.eJienuH ypaua 

II UJIYTOHlfH, OTMbiBKH H pa3JIOlliCHlfH paCTBOpliTC

JIH. Onncaua npoqe)J.ypa paapa6oTKH n ncnhiTauuH 

TCXHOJioruqeCKOH CXCMhi 3KCTpaKqlfH paCTBOpH

TCJICM ua MHHHaTIOpHOH llOJiy3aBO)J.CKOH YCTaHOB

RC, KOTopaH 6JIH3KO BOCllpOli3BO)J.lfT pa6oque yc

JIOBlfH npoqecca B npoMhiliiJieunoM MacrnTa6e. B 
IJ.OKJia)J.e lf3JIOlliCHhi OCHOBHhlC UpliHJilfllbi paapa-

6oTaHHOH ycTanoBKlf )J.JIH MexanuqecRoro y)J.aJie

uua 060JIOqKJI TCUJIOBbi)J.CJIHIOiqlfX 3JICMCHTOB If 

yRa3aHbi MeTO)J.hi, HCllOJib30BaHHhie npu ROHCTpy

HpOBaHJflf H pa3pa60TKe CMCCHTCJIH-OTCTOHHlfi\11, 

Dhi6pauuoro )J.JIH )J.auuoro upoqecca. 

B aaKJiroqeuue coo6IQaeTcH, lfTO paapauoTaH-
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nhle npou;ecc 11 ycTanoBKa np11ro;n;nLr )l;JIH r116Koir 

II ::IKOHOMII'IHOH ::lKCIIJiyaTaiJ;IIII II 06Jia)l;aiOT 3Ha

'IHT9JihHhiMII ITOT9HIJ;HaJihHhiMII B03MOiKHOCTHMII B 

OTHOITI9HHII YB9JIH'I9HIIH IIp0113BO)l;IIT9JihHOCTII KaK 

):\JIH cJia6oo6oraru;ennoro ( Tllna AGR) TOIIJIIIBa, 

TaK II )l;JIH TOIIJIHBa H3 npnpOi'!,HOrO ypaHa. 

A/160 Rieno Unido 

La nueva fabrica de separaci6n de Windscale 

por B. F. Warner et a/. 

La nueva fabrica de separaci6n de Windscale es una 
instalaci6n centralizada de elevado rendimiento 
destinada a extraer econ6micamente plutonio del 
uranio natural o de los combustibles poco enrique
cidos procedentes de reactores de potencia. La 
memoria describe Ia evoluci6n del proceso y los medios 
empleados para obtener el maximo rendimiento. 

Se indica las especificaciones del proceso y de los 
productos y, con relaci6n a estos, se discute las ven
tajas relativas de diversos procedimientos de obten
ci6n. 

Se explica por que se decidi6 instalar una unidad 
mecanica de desenvainado y un sistema de extracci6n 
de tres ciclos a base de 20 % de fosfato tri-n-butilico en 
keroseno desodorizado, que separa el uranio y el 
plutonio en el segundo ciclo. Tambien se analizan los 
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factores que influyeron en Ia elecci6n entre un proceso 
de intercambio i6nico y otro de extracci6n con disol
ventes para los ciclos de purificaci6n del plutonio. 

Se destaca la importancia que tiene Ia eliminaci6n 
de los desechos en Ia selecci6n del proceso, se discute 
brevemente las consecuencias de la degradaci6n del 
disolvente y se resume los principales problemas y los 
metodos de control de Ia seguridad nuclear en Ia 
fabrica. 

Se expone el metodo seguido para seleccionar el 
proceso y el equipo desde el pun to de vista econ6mico, 
partiendo de los calculos del diagrama de producci6n, 
estudios de laboratorio, ensayos en planta piloto y 
pruebas de equipo. 

Entre los problemas quimicos que se discute se 
encuentra la separaci6n de uranio y plutonio, ellavado 
del disolvente y su degradaci6n. Se describen tambien 
los procedimientos empleados para establecer y 
ensayar los diagramas de Ia extracci6n con disolventes 
en una planta piloto miniatura que reproduce con gran 
exactitud las condiciones de Ia fabrica a escala normal, 
se exponen los principios fundamentales de la unidad 
de desenvainado mecanico y los metodos seguidos en 
el proyecto y construcci6n de las unidades de mezclado 
y sedimentaci6n que se han elegido para el proceso. 

Finalmente se llega ala conclusion de que el proceso 
y Ia fabrica pueden operar econ6micamente con 
suficiente flexibilidad y con posibilidades de amplia
ci6n para tipos de combustible a base de uranio 
natural y de bajo enriquecimiento (por ejemplo, del 
tipo AGR). 
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The new separation plant Windscale: design of plant and 
plant control methods 

By H. Corns,* D. W. Clelland,* T. G. Hughes,** and J. W. de Lisle Nichols* 

Following the authorization of the U K Civil Power 
Programme, it was appropriate to make plans for re
processing the irradiated fuel that would arise from the 
Magnox reactors upon which that programme was 
based. 

Early consideration indicated that additional re
processing capacity to meet this expansion would be 
required by about 1963. Since by that time the first 
reprocessing plant at Windscale would have been in 
operation for some 11-12 years, it was decided that a 
new plant would be constructed at Windscale capable 
of reprocessing all the irradiated fuel arising from 
existing and projected Magnox reactors in the UK. 
The Windscale Plant Design Office, Risley, and the 
Chemical Plant Devel4.'lpment Group, Windscale, were 
therefore commissioned to develop and design the 
process and plant to meet this new demand. 

The experience gained from the design and opera
tion of the first reprocessing plant at Windscale [1] and 
subsequent plants at Dounreay [2, 3] was most valu
able in developing the process and design philosophy 
appropriate to the increased throughput, higher fuel 
irradiation and more restrictive effluent policy asso
ciated with the new plant [4, 5]. This paper is comple
mentary to another being presented to this Conference 
entitled The Development of the New Separation Plant 
Windscale. 

DESIGN PRINCIPLES 
Siting 

A number of advantages were obtained by selecting 
Windscale as the site of the new separation plant. 
Ancillary processes which could accept the active 
solid and liquid effluents were already in operation on 
this site, existing general services could be readily 
extended to include the new plant, and administrative, 
operating and maintenance personnel of the requisite 
skills were available to meet staffing requirements. 

Layout 

The main processes are grouped m five separate 
buildings as follows: 

• U.K. Atomic Energy Authority, Engineering Group, 
Risley. 

** U.K. Atomic Energy Authority, Production Group, 
Windscale. 

(a) Storage pond and decanning; 
(b) Dissolving, solvent extraction operations and 

concentration of plutonium product solution; 
(c) Thermal denitration of uranium, medium active 

liquor evaporation and nitric acid recovery; 
(d) Highly active liquor concentration and storage; 
(e) Low active effluent treatment. 
The main considerations which affected the layout 

of the plant were segregation to obtain a plant control 
area free from activity, provision for gravity flow of 
highly active and medium active liquids, the incorpora
tion of duplicate spare plant for highly active processes 
and the provision of adequate space on cell walls and 
roofs to mount directly maintainable active equipment. 

Where activities of varying levels are being handled 
in the same building, separate cells are provided for 
high, medium and low active operations. 

A minimum fall of 1 in 20 on all main process lines 
is used to reduce the possibility of air locking in the 
pipes, to ensure good drainage and to facilitate wash
out operations. 

Duplication of equipment in the new plant is con
fined to the highly active sections. 

Nuclear safety 

Various methods are used in the plant to prevent the 
possible occurrence of a criticality incident. Mass 
limitation is employed in the storage pond, the de
canning plant and the dissolution process, and since 
the feed material is irradiated natural uranium, this 
involves little restriction on operations or design. 

Because of the large throughput required, the sol
vent extraction equipment is not geometry limited and 
the concentration of fissile material has to be main
tained below the infinite sea concentration. Several 
lines of safeguards are employed in this section of the 
plant. Double checks are used on the flows and con
centrations of inactive feeds, plutonium concentrations 
are continuously measured at selected points in the 
process, and a further instrumentation system is em
ployed to give early warning of significant rises in 
plutonium concentration. In addition the shielding is 
designed to give a substantial measure of protection 
in the event of a criticality excursion, and an alarm 
system based on neutron detection is installed to give 
immediate warning of an incident. 

The plant for concentration of pure plutonium 
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product solution is geometry limited and safe to very 
high plutonium concentrations. 

Other ancillary plants dealing with the uranium 
stream and effluents are not geometry limited, and are 
protected from significant plutonium concentrations 
by active feed monitors. 

Maintenance 

Three design philosophies have been employed in 
these plants, no maintenance, direct maintenance and 
remote maintenance. Where the last two principles 
have been adopted, engineering standards have still 
been maintained at a high level and considerable 
attention has been paid to means of minimizing the 
possible future need for maintenance operations. 
Where the no maintenance principle has been adopted, 
provisions for plant washout, decontamination and 
entry have been made to allow direct access should 
this ever be required. 

Examples of the application of these principles are 
cited below. No maintenance designs have been 
applied in the m~dium and highly active evaporation, 
fuel dissolution and most of the solvent extraction 
plant. 

Direct maintenance designs have been applied to 
pumps, filters, ejectors, sampling equipment and 
instruments which are enclosed in small shielded com
partments external to the main biological shielding. 

Remote maintenance has been selected for the 
design of the fuel decanning equipment where there is 
necessarily a considerable concentration of mechanical 
equipment in a highly active environment. 

Ventilation 

Four self-contained systems have been installed. A 
plenum and extract plant for the operating areas, 
similar equipment for the active process cells, and 
separate ventilation systems for the active and inactive 
vessels. 

These are designed to meet the following require
ments: 

(a) An adequate rate of air change in the operating 
areas; 

(b) Air passing through the active areas cannot 
escape into the operating areas; 

(c) The direction of air flow is always from the 
lesser to the greater sources of activity; 

(d) The velocity of air passing through any tem
porary opening which may be required from time to 
time into an active area is not less than 200 feet per 
minute; 

(e) In the event of an emergency in any active cell, 
it is possible to isolate the affected area from the cell 
ventilation system of which it is part; 

(f) All contaminated air is treated to achieve a 
acceptable level of residual activity before discharge to 
atmosphere; 

(g) Adequate ventilation is maintained in the event 
of a power failure; 

(h) There is no possibility of a fire spreading from 
one area to another through the ventilation ducting. 
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Shielding 

The shielding in the plant is designed to protect 
personnel according to the recommendations of the 
International Commission on Radiological Protection. 
The shielding surrounding the highly active sections of 
the plant was assessed on the beta gamma activity of 
liquor in the vessels, but this would also provide sub
stantial protection to personnel in the event of a 
criticality excursion. 

The shielding of medium active, low active and plu
tonium purification sections was assessed entirely on 
the possibility of a criticality excursion and so is more 
than adequate to protect personnel from beta gamma 
radiations from the process liquors. 

Containment 

Primary containment of activity is dependent on the 
quality of vessel fabrication and on the degree to which 
process vessels are sealed. Special attention has been 
paid to both of these factors in the design and very 
high standards are maintained throughout the plant. 

Secondary containment of activity is provided by 
the concrete cells which are sealed to the highest 
practical standards. 

A further contribution to the over-all effectiveness of 
the containment is made by the plant ventilation 
systems which maintain negative pressure differentials 
(1-2 in water gauge). between the vessels, cells and 
operating areas. 

PLANT DESCRIPTION 
Fuel cooling 

Irradiated fuel from the civil power stations is 
received at Windscale in heavily shielded flasks. 
Remote handling manipulators and hydraulic equip
ment are provided in a dry cave to transfer the fuel to 
storage skips and lower these into a pond. An over
head handling machine then positions the skips in the 
pond (165ft long x 56ft wide) where 376 skips can be 
accommodated under 18ft of water. 

Decanning 

The building containing the decanning plant is 
234 ft long x 50 ft wide X 65 ft high and includes a line 
of concrete cells for the decanning machines and 
associated equipment. Communication between cells 
is by a series of sliding and rising doors allowing equip
ment to be moved in or out for replacement, decon
tamination or maintenance. Two decanning machines 
are installed in separate cells, and to assist in their 
maintenance, the cells are equipped with a single 1 i ton 
hoist and two power operated manipulators each 
capable of lifting a load of 750 lb. Master slave 
manipulators with 100 lb lifting capacity are fitted at 
intervals along the operating face, each associated with 
a zinc bromide window. 

Hydraulically operated tongs are provided to trans
fer fuel elements from the skips to an inclined elevator 
which conveys elements from the pond to the de
canning machine. These machines are operated 
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remotely by hydraulic equipment and perform a series 
of operations. First the end appendages of the fuel 
elements are removed by shearing and the fins com
pressed to a triangular shape in a die. The cans are 
then cut longitudinally into strips by three wheels 
inclined at 120o to each other. A ploughing arrange
ment removes the strips, and a chopper is provided to 
reduce the strips for compact storage. Brushes sweep 
adhering can fragments from the uranium rods which 
are then charged into a water-filled magazine and 
raised into a shielded transport flask. 

A 35-ton electric overhead travelling crane is 
installed to remove the flasks to a transport vehicle 
which conveys them to the separation plant. Swarf is 
transported from the decanning plant to an active 
storage silo by the same system. 

Dissolving and solvent extraction 

This plant is housed in a building 252 ft long x 
130 ft wide x 106 ft high. Active equipment is con
tained within a concrete structure which is subdivided 
into a number of cells. The roof of the cells forms the 
main operating area which is enclosed by a steel
framed building clad with asbestos sheeting. This 
building extends beyond one side of the concrete struc
ture to form a four-storey annexe 252 ft long x 35 ft 
wide. The annexe contains the main process control 
room, ventilation equipment, compressors and plant 
for mixing and metering process reagents. An iso
metric sketch and a diagrammatic layout of this plant 
are given in Figs. 1 and 2. 

Mechanical drives, instrumentation and sampling 
facilities associated with the active processes are 
mounted externally on the roof and walls of the cells to 
provide good access for maintenance. 

A 35-ton electric overhead travelling crane lifts the 
flasks containing the magazines of uranium rods from 
the transport vehicle to the dissolver charge machine. 
Equipment is provided to lower the magazine into a 
containment vessel in the charge machine and the rods 
are then discharged singly down an inclined tube into 
the dissolver vessel. The magazine discharging opera
tions are performed under dry conditions in a nitrogen 
atmosphere. 

Horizontal counter-current mixer settlers are pro
vided for the solvent extraction operations. These 
range in size from 19 ft x 12 ft x 3 ft 6 in deep to 
3 ft x 3 ft 6 in x 15 in deep according to the mass flow 
rate at the particular point in the process. 

Two identical evaporators operating in parallel with 
a common recirculating system are installed to con
centrate the pure plutonium product solution. This 
equipment is of geometry limited design and is con
tained in a separate concrete cell. 

Thermal denitration 

Two lines of plant occupy a space of 52 ft long x 
51 ft wide x 60ft high in a steel-framed asbestos-clad 
building which also houses the medium active evapora
tion equipment. A quadruple effect evaporator with 
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preheaters is used to concentrate the uranyl nitrate 
solution from the purification plant. Concentrate is 
transferred through hot water jacketed pipes from the 
evaporator to a heated stock tank, and diaphragm 
pumps with prefilters feed this concentrate under pres
sure through radially mounted spray guns into an 
electrically heated fluidized solids reactor where 
uranium trioxide is produced. The reactor is fluidized 
by air which is preheated by the off-gases from the 
system. These pass through a cooler condenser and an 
alkali gas scrubber before final discharge to the 
atmosphere. 

Highly active evaporation and storage 

The new plant [6] will be housed in three concrete 
cells which are being built on to an existing plant at 
Windscale. Two evaporation units and a concentrate 
storage facility are being provided. 

A shielded pipe bridge will convey highly active 
waste liquors to a feed distributor in the new plant. 
This will direct the liquor to either of two similar 
evaporation cells. Each cell will contain a feed cooler 
and stock tank to provide buffer storage capacity. 
Steam ejectors will be used to transfer the liquor batch
wise from the stock tank to a constant volume feeder. 
This will maintain a steady rate of flow to a vacuum 
evaporator where the concentration of the highly 
active waste will be carried out. A distributor posi
tioned after the evaporator will direct the concentrate 
to any of the storage tanks on the site. 

The new storage tank will be 20 ft diameter x 20 ft 
high with a flat bottom and top and will have a cap
acity of 150m3• The base of the tank will be fitted with 
a multi-pass cooling water jacket extending up the side 
of the tank to a height of about 3 ft. Internally the tank 
will be fitted with a series of cooling coils to remove 
fission product decay heat, and a number of air lift 
circulators and jet sparge units to maintain solids in 
suspension. 

Medium active evaporation and 
nitric acid recovery 

The medium active evaporation plant is contained 
in two concrete cells 35ft long x 25ft wide x 70ft high. 

A shielded pipe bridge conveys medium active 
liquors from the separation and highly active liquor 
evaporation plants through a distributor to buffer 
storage tanks in both cells. The liquor is then pumped 
through preheaters to double effect evaporators. 
These have long tube calandria and operate with 
natural circulation under vacuum. 

Pumping traps transfer the first effect distillates 
through coolers to delay tanks from which the streams 
are proportionally sampled before being passed to 
treatment and sea disposal. 

A distillation plant is provided outside the main 
building in an open framed steel structure. This 
receives acidic vapours from the second effects and 
produces 12N nitric acid which is cooled in shell and 
tube heat exchangers. Centrifugal pumps are used to 
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transfer the recovered acid for blending and return to 
the separation plant. 

Medium and low active waste treatment 

Medium active effluents from the new separation 
plant, which contain substantial quantities of salts, 
are stored for a period to allow shorter lived fission 
products to decay. Shielded stainless steel tanks which 
are used for this purpose were originally provided for 
the first separation plant. These tanks each has a 
capacity of 1250 m3. 

After delay the effluent is transferred in batches to a 
neutralizing vessel fitted with agitation, heating and 
pH control equipment. 

Here ferric hydroxide is precipitated and the activity 
in the liquor is largely adsorbed on the floc which is 
subsequently separated from the liquid by settling in 
large pre-stressed concrete tanks, each with a capacity 
of 1600 m3. After a period the clear liquor is trans
ferred to similar tanks for monitoring prior to dis
charge to sea. 

Low active effluents do not require pH adjustment 
or treatment for activity removal and are discharged 
to sea through monitoring tanks. 

PLANT OPERATION 

The salient features of plant operation are now 
presented under a series of headings which have been 
chosen to cover the main general principles. 

Campaign programming 

Campaign programming in the early years of opera
tion of the plant is dictated by the availability of feed 
material. When the rate of supply of feed material 
approaches parity with the throughput of the plant, 
continuous operation will be extended to the longest 
practicable period. 

Experience in reprocessing plants indicates that 
factors such as solvent degradation and build-up of 
solids might limit the length of campaigns. This has 
been taken into account when drawing up specifica
tions for plant and equipment. 

Feed control 

The irradiated fuel fed to the reprocessing plant is 
segregated into large batches of similar irradiation 
levels, the maximum variation in any batch being 
500 MWd/t. This procedure enables uranium of simi
lar depletions to be kept together, is an aid to assessing 
plutonium concentrations in the plant (since instru
mental measurements are sensitive to the degree of 
burn-up of the fuel) and simplifies accounting of fissile 
material through the process. 

Basically, the control of the process is achieved by 
controlling the rate of feed of irradiated fuel and the 
feeds of inactive materials. The weighed irradiated fuel 
rods are fed into the process at regular time intervals 
and the flow rates and compositions of the main 
inactive feeds are automatically controlled to ± 2 % 
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and ± 5% respectively. The composition of the sol
vent (20 % TBP/OK) is controlled to ± 0.1 %. 

Uranium saturation levels in the solvent have to be 
precisely maintained because the decontamination 
factors achieved in forward extraction contactors are 
sensitive to the saturation level near the feed plate. 
These saturation levels are measured by density 
instruments and maintained by accurate control of the 
feeds to the process. 

Process efficiency 

It is necessary frequently to check the following 
main process parameters: product quality, the effici
ency of product extraction, over-all and inter-stage 
decontamination factors, redox potentials, nitrate 
concentrations and activities of effluents and all out
going condensate and cooling water streams. 

Start-up and run-down 

Operational procedures for start-up and run-down 
take account of the need to achieve maximum de
contamination by maintenance of TBP saturation. 
Thus the plant at start-up is first brought into equi
librium on a feed of recovered uranium before 
irradiated uranium metal is fed to the dissolver. As 
the dissolver does not produce flowsheet quantities 
of uranium in solution until equilibrium has been 
reached, the deficit is made up by a gradually decreas
ing feed of recovered uranium in solution form. 

At run-down, with the irradiated rod feed stopped, 
the uranium solution from the dissolver tends to fall 
off in strength. This is compensated by the addition of 
recovered uranium as nitrate. 

Should there be a breakdown which results in a 
failure of the irradiated feed to the dissolver, then the 
latter would be "frozen" by the application of chilled 
water to the jacket, and recovered uranyl nitrate would 
be used to sweep out fission products from the first 
extraction cycle in order to minimize the radiation 
damage to the organic solvent. Following this, opera
tions in the remainder of the plant would be arrested 
until irradiated uranium was again available. 

Safety 

In addition to provisions which cover conventional 
chemical plant hazards, routine checks are carried out 
for airborne activity in working areas and radiation 
sensitive films are worn by all personnel within the 
process areas. 

Early instrumental warning is given to plant super
visors of any deviations from normal process con
ditions which might result in a criticality incident. 
Provision is also made for the detection and location 
of a criticality incident within the plant. 

General services 

All general and administrative services were avail
able on the site before construction of the new plant, 
and these have been extended as required to serve the 
new facilities. 
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Staffing 

A number of processes which were previously 
carried out in separate buildings have now been 
grouped together in the new plant. In addition, exten
sive use has been made in the new plant of automatic 
equipment and centralized control. As a result, it has 
been possible to reduce the requirements for operating 
and maintenance personnel by 50 per cent while the 
throughput of the plant has been substantially in
creased. 

INSTRUMENTATION 

The instruments used to ensure the efficiency and 
safe operation of the plant may be divided into three 
categories. 

Firstly, those concerned with the control and 
monitoring of the flows and compositions of the pro
cess liquors in various parts of the plant. These instru
ments initiate alarms in the event of departures from 
the desired operating conditions. 

Secondly, instruments which initiate alarms to indi
cate that maloperation of the plant has led to an 
accumulation of fissile material, which, if allowed to 
continue, might reach dangerous proportions. 

Thirdly, those instruments which would provide 
an evacuation warning in the event of a criticality 
incident. 

The plant instrumentation is now described below 
under these classes. 

Process instruments 

The types of instruments used for various measure
ments are as follows: 

Flow. Orifice plates are used in conjunction with 
differential pressure transducers, or transmitting 
rotameters. 

Level. The air reaction technique is employed in 
conjunction with differential pressure transducers. 

Density. Two types of instruments are used, based 
on either the air reaction or buoyancy tube techniques. 
The latter method has been extensively developed and 
a high degree of sensitivity has been obtained. 

Temperature. Platinum resistance thermometers are 
employed. 

Acidity. Conductivity instruments are used for low 
acid concentrations and high acid concentrations are 
determined by measuring density using the air reaction 
technique. 

Uranium concentration. High concentrations are 
determined by measuring the density using the air 
reaction technique. Low concentrations in raffinates 
(e.g.< 100 f.Lg/ml) are measured by a specially 
developed analyser. This employs an automatic wet 
chemical method based on colorimetric measurement 
of the yellow colour produced by uranium and thio
glycollic acid under alkaline conditions. 

Nitrite ion. An instrument has been specially 
developed for this measurement. A colorimetric tech
nique is employed based on measurement of the colour 
produced by adding a measured volume of the sample 
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to a continuously flowing stream of starch/iodide 
reagent. 

Ferrous ion. An instrument has been specially 
developed for this measurement. The ferrous/ferric 
ratio is measured by mercury/mercurous sulphate and 
platinum electrodes. A constant amount of potassium 
dichromate is added to bring the ratio to a level which 
can be sensitively measured. 

Plutonium concentration. Scintillation counting of 
alpha particles, 17 keY gamma photons, and 384 keY 
gamma photons is carried out on process solutions. 
The technique of presenting the solutions for alpha 
measurement has been the subject of considerable 
research and development. 

Fission product activity. Total gamma activity is 
continuously measured by scintillation counting. The 
instruments are designed to minimize the effect of de
contamination on the crystal. Any selected instrument 
can be connected to a remote multi-channel analyser 
for spectrometric analysis. 

Because of the large number of instruments, infor
mation is presented in a central control room, and 
because of the variety and quantity of the measure
ments, a data logger is installed. This equipment is 
basically a mechanism for scanning a series of elec
trical signals, converting these into digital form, and 
making provision for print-out. The machine caters 
for 400 points and the scan rate normally used is 
I point per second. 

In most applications of data loggers the input has 
been made to match low de signals derived from 
thermocouples. In the new plant, however, ac signals 
have been employed because of the following advan
tages. Amplification is easier and a measure of signal 
to noise improvement is possible by the introduction of 
a narrow band-pass filter, provided an ac frequency is 
used which is well separated from that of the mains 
supply and its harmonics. A further advantage of the 
ac system is that pressure and differential pressure and 
consequently flow, level and density can be measured 
by using simple stiff element transducers based on 
differential transformers in place of the more complex 
force balance devices. The ac system permits the use 
of standard multi-core telecommunication cables. 

A frequency of 400 cjs has been used since it is a 
standard one and components are readily available. 
All transducers have been arranged to provide outputs 
of 100 mV full scale. 

In the data logger the signal received for each par
ticular point is compared with appropriate alarm 
levels. In the event of an alarm being initiated a strip 
printer is operated which identifies the point, its value 
and whether the alarm is high or low. A warning lamp 
system operates simultaneously. A routine log is pre
pared automatically every hour and there are facilities 
for print-out on demand. A number of recorders are 
installed to assist start-up on a plug-in basis. 

To ensure that controlled shut-down of the plant is 
possible following a failure of the main electrical 
supply, the data logger and measuring instruments are 
transistorized and designed to operate from a 24-volt 
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de supply. Continuity of supply is ensured by a battery 
on trickle charge across the mains providing approxi
mately two hours' emergency operation. 

Approach to criticality detection 

In various sections of the plant it is necessary to 
detect an increase in the plutonium concentration 
above the normal value. A large number of probes, 
which detect neutrons emitted by the alpha/n reaction 
in plutonium solutions, are installed in the plant. 
Because of the large number of these probes, the pro
vision of an alarm indicating device for each would be 
prohibitively expensive. A scanning system is therefore 
employed. Since the count rate is very low (of the 
order of 1 cps) an orthodox system of measuring counts 
would entail unacceptably long scanning times, and to 
overcome this difficulty sequential analysis techniques 
have been employed. 

Criticality incident detection 

This system is designed to provide an evacuation 
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warning in the event of a criticality incident. 
Gamma dose-rate detectors are installed in the less 

active sections of the plant. In highly active cells rate 
of change of dose-rate detectors are used. A number of 
separate circuits are each provided with three detectors 
and in order to minimize the possibility of a false 
alarm, two out of three detectors on any circuit must 
function before audible warning is given. 

Information from these detectors is relayed to a 
control centre and permits re-entry procedures to be 
assessed. 

The system is continuously energized from a central 
24-volt de supply. 
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A/161 Royaume-Uni 

Nouvelle installation de separation de 
Windscale- Conception et methodes de 
commande de !'installation 

par H. Corns et al. 

La premiere installation de separation chimique de 
Windscale avait ete COn9Ue pour traiter le combustible 
a faible irradiation provenant des reacteurs de Wind
scale refroidis a l'air; a pres modification et installation 
de machines supplementaires, on a pu l'utiliser pour le 
combustible provenant des reacteurs de Calder Hallet 
de Chapelcross. 

Pour faire face aux besoins futurs resultant de 
!'extension du programme civil d'energie d'origine 
nucleaire du Royaume-Uni, une nouvelle installation 
de separation a ete construite a Windscale. Cet expose 

decrit Ia conception de Ia nouvelle installation, les 
methodes de commande et le systeme d'instrumenta
tion s'y rapportant. 

On expose les considerations qui ont gouverne 
l'etude de Ia nouvelle installation et celles qui concer
nent son emplacement, sa disposition, la segregation 
des activites, la sftrete nucleaire, l'entretien, la ventila
tion, le blindage et la retention. 

Une description de !'installation est donnee pour les 
diverses operations de refroidissement du combustible, 
degainage, dissolution, extraction par solvant, denitra
tion thermique et evacuation des effluents liquides. 

On discute les questions essentielles du fonctionne
ment de !'installation et les principales methodes 
utilisees pour le controle de !'installation. Cette partie 
est suivie d'une discussion des besoins d'instrumenta
tion et on mentionne notamment les nouveaux instru
ments qui ont ete incorpores a l'equipement. 
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An61 CoeAHHeHHoe KoponeecTeo 

HosaH BHHACKel1ncKaH paaAeflrtrenb
HaH ycraHOBKa. KoHcrpyKLtHH H Me
TOAbl perynHposaHHH 
X. KopHc et al. 

llepBaH ycTaHOBKa ;J;JIH XIIMH'leCKOI'O paap;eJie
HHH B Bnup;cKeiiJie 6hiJia cnpoeKTHPOBaHa p;JIH ne
pepa6oTKII HeCHJibHO 06Jiy'!eHHOI'O TOIIJIHBa 113 
l!JfHl(CKI'MJICKHX peal\TOpOB C B03ll;YillHhiM OXJICliK
J(eHHeM; IIOCJie peKOHCTpyKqHU H YCTClHOBKH p;o
HOJIHHTe.TJhHhiX arperaToB ua ueii: nepepa6aThiBa
eTcH TaKme TOIIJIHBO H3 1\0Jill;ep-XOJIJICKIIX H '!3-
ll{'JI-KpOCCKIIX peaKTOpOB. 

B CBH31I c pacmnpenueM nporpaMMhi rpamp;aH
CIWii aToMnoii auepreTHKH B Coep;nueunoM Kopo
JJeBCTne n Bnup;cKeiiJie 6bma nbcTpoeua HoBaH 
paap;eJIHTPJihHaH ycTaHoBKa. B J(OKJiap;e onncanhi 
J\OHCTpyKII,ItH HOBOM ycTaHOBKll, MeTOll;bl pery
.rmpoBaHHH n upH6opnoe o6opyp;oBaune. 

OnHcauhi npHHII,HIIhl KOHcTpyHpoBaHHH, npuMe
HI'HHhle i'VIH HOBOii: ycTaHOBKH, H3JIOiKCHhl B o6-
lli,HX lJI'pTaX OCHOBHhiC C006pameHHH IIO paCIIOJIO
iKeHJIIO, CXCMI', Cerperali,HH aKTHBHOCTH, Hp;epuoii 
6C'301IaCHOCTU, TeXHH'leCKOMY o6cJiyiKnBaHHIO, 
BCHTHJIHII,HH, 3alli,HTC H yp;epmaHHIO <11\TIIBHOCTII 
BllyTpii 3alli,HTHOii: o60JIO'IKH. 

llpHBep;eHO OIIHCaHHC ycTaHOBIHf ll;JIH paaJIH'l
HhiX onepalJ,Hii: OXJICliKll;CHHH TOIIJIHBa, CHHTIIH o6o
JIO'IKII, paCTBOpeHHH, onepali,Hii 3KCTpaKII,HII pac
TBOpliTCJieM, TepMli'IeCKOI'O yp;aJII'HIIH a30Ta II 
yp;aJieHIIH iKHll;KIIX OTXOll;OB. 

OnnchiBaiOTCH uan6oJiee cylll,eCTBeHHhTe MoMeH
Thi 3KCIIJiyaTali,IIII ycTaHOBKII napHp;y C rJiaBHhl
MH MeTop;aMH peryJIHpOBaHHH. 8TO COIIpOBOiKp;aeT
CH o6cymp;euneM Tpe6oBaunii K npn6opaM, B qa
CTHOCTH ynOMHHaiOTCH xapaKTepUCTHKH HOBhiX 
npn6opoB, HCIIOJib30BaHHhiX B 3TOii: 1\0HCTpyKII,UH. 
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A/161 Reino Unido 

La nueva fabrica de separaci6n de 
Windscale: su proyecto y sistemas de control 

por H. Corns et at. 

La primera fabrica de separaci6n quimica de Wind
scale fue proyectada para regenerar combustible poco 
irradiado procedente de los reactores de Windscale 
refrigerados por aire y mas tarde, despues de modi
ficarla y ampliarla, ha servido tambien para regenerar 
combustible de los reactores de Calder Hall y Chapel
cross. 

Se ha construido una nueva fabrica en Windscale 
para atender las necesidades en aumento como conse
cuencia de la ampliaci6n del programa de energia 
nucleoelectrica en el Reino Unido. La memoria 
describe la nueva planta, los metodos de control y su 
equipo de instrumentos. 

Se justifican las bases del proyecto y se resefian los 
principales criterios que se siguieron para el emplaza
miento, montaje, separaci6n de actividades, seguridad 
nuclear, mantenimiento, ventilaci6n, blindaje y con
finamiento. 

Se describen las diversas operaciones de enfria
miento del combustible, desenvainado, disoluci6n, 
extracci6n con disolventes, desnitraci6n termica y 
eliminaci6n de los desechos Hquidos. 

Se explican los fundamentos del funcionamiento de 
la fabrica y los metodos principales que se emplean 
para el control y se concluye con una discusi6n sobre 
el equipo de instrumentos, mencionando en particular 
las nuevas caracteristicas introducidas. 



P/704 Yugoslavia 

Preliminary study of a fuel reprocessing pilot plant 

By B. Gaudernack,* I. Gal,** J. Falnes,*** E. Julsrud*** and A. Ruvarac** 

Recently a group of engineers from Noratom A.S., 
the Boris Kidric Institute of Nuclear Sciences and the 
lnstitutt for Atomenergi has made a preliminary 
design study of a fuel reprocessing pilot plant. The 
purpose was to provide the Boris Kidric Institute with 
a specification describing in principle the technical 
solution of the process flowsheet, equipment and 
installations, plant layout, investment and operating 
costs, staff requirements and the time schedule for the 
construction of the facility. The present paper is a 
condensed description of the work performed. 

The objectives of the reprocessing facility are: 
(a) to reprocess the fuel of some experimental reactors, 
(b) to develop fuel reprocessing for a future power 
reactor, and (c) to gain experience and know-how in 
the field of fuel reprocessing. 

The pilot plant is primarily designed for aqueous 
reprocessing of natural and/or low enriched metallic 
uranium, canned in pure or alloyed aluminium or 
magnesium. However, oxide fuels in stainless steel or 
Zircaloy could also be treated by a chop-leach dissolu
tion technique. The anticipated fuel burn-up is 3000-
7000 MWd/t, and the cooling time about 120 days. 
The nominal plant throughput is 1 kg U per hour, but 
if necessary it can be increased. 

The facility is designed for continuous operation 
and direct maintenance. Although some operations 
(chemical decanning, fuel dissolution and solvent 
recovery) are discontinuous, a continuous over-all 
operation is achieved by providing sufficient hold-up 
capacity between process units. 

CHEMICAL FLOWSHEET 

The chemical flowsheet developed in the present 
study is based on the fuel from the RA experimental 
reactor (6.5 MW) at the Boris Kidric Institute. This 
fuel consists of 10 em long tubular units of 2 % en
riched uranium, canned in aluminium. The average 
burn-up is about 3000 MWdjt, and the spent fuel con
tains approximately 17 g 235U, 0.8 g Pu, 3 g fission 
products (total beta activity 1.7 x 103 c and total 
gamma activity 7.8 X 102 c after 120 days' cooling) per 
1 kg uranium. The flowsheet developed for this fuel is 
used as a basis for the plant design. However, the 
design is made sufficiently flexible to permit process 

* Institutt for Atomenergi, Kjeller, Norway. 
** Boris Kidric Institute of Nuclear Sciences, Beograd

Vinea, Yugoslavia. 
*** Noratom A.S., Oslo. 

variations within wide limits, and it is believed that the 
dissolving equipment can be adapted easily to other 
types of fuel. 

The head-end flowsheet is shown schematically in 
Fig. 1 (and the specification in Table 1). Since mechan
ical removal of the canning is impracticable because of 
the tubular shape of the fuel unit and because of the 
nickel layer between the aluminium and the uranium, 
provision is made for caustic dissolution of the canning 
followed by nitric acid dissolution of the uranium. The 
sequence of operations is indicated in the central 
column (under "dissolver") of Fig. 1, which relates to 
a batch offuel units of25.1 kg U + 4.2 kg AI processed 
per day. Steps like scavenging and feed clarification are 
not thought to be necessary with the type of fuel con
sidered, but the design gives the opportunity to incor
porate such steps if they are required for future types 
offuel. 

The extraction flowsheet is a modified Purex pro
cess [1, 2] consisting of two cycles for uranium and 
plutonium and a tail-end treatment of the uranium 
product on a silica gel bed (see Fig. 2 and Table 2). 
Final purification of the plutonium product is not in
cluded in the flowsheet, since the amounts are small 
(about 20 grams plutonium per day) and it can be done 
on a laboratory scale. The flowsheet includes back
cycling of the second cycle waste solutions [1], and 
a reflux extraction in the second plutonium cycle, as 
proposed by Cooper and Walling [3]. As an alterna
tive, the 2A and 2B extraction columns can be used for 
an amine (trilaurylamine (TLA)) extraction of plu
tonium. The waste treatment is shown in Fig. 3 and 
Table 3. 

It is expected that the present flowsheet will give 
U-Pu separation factors above 105 and fission pro
duct DF values for uranium and plutonium of about 
6 x 106 and 2 x 106 respectively. 

PROCESS EQUIPMENT 

The main process equipment consists of one dis
solver, nine pulsed extraction columns, five evapora
tors, several towers (for acid absorption and rectifica
tion, organic steam-stripping, etc.), two stirred tanks 
for solvent purification, several tanks, etc. The main 
construction material is 347 and 304L stainless steel, 
except for the alkaline waste tanks which may be con
structed of mild steel. A rather detailed process cal
culation and equipment study was made, but this is 
beyond the scope of the present paper. The main 
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Flow 
symbol 

cc 
cc 1 
CC2 
CR 
CCR 
CCR1 
CCR2 
NC 
oc 
HC 
AR 1 
AR2 
AR3 
AC 1 
AC2 
AWR2 
ACR1 
ACR2 
ACR3 
ACR4 
AAS 
AWR1 
AWR2 
CAS 
CWR 
csw 

II11Jlt le,•t rnJSte 

storage 

Litres HNOa 
M 

19.5 
7.5 

12 
72.5 
80 
40 
40 

5000 
4000 

32.5 
42 8.1 
16.5 1 
33.5 1 
26.5 10 
16.5 1 
16 5 
42 8.1 
16.5 1 
42 8.1 
50 1 
16 
34 5 
16 5 
26 
24 
26 
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Figure 3. Waste treatment 

Table 1. Details of head-end flowsheet 

NaOH 
NaOH Nz o. HaO Na,s,o. NaNO, 

M m• m• litres M NaNOa 
M 

16 FC 
16 
16 
1.66 
3 
3 DEO 
3 

5 DEW 
4 

32.5 0101 

0102 

0103 

EVO 

16 DIP 

1.0 0.1 
1 FFA 
1 

.,. ,,.,.,.. 
Rei•••• of 

actir/ty 
(<0.1 mo/1, 
< ID • /month) 

Flow symbol 

Fuel charging: 
25105 g U, 4200 g AI, 20 g Pu, 
140 g Ni 
Activity: 43090 c (beta), 19773 c 
(gamma) 
Decanning off-gas: 
5.23 m3 H2, 5m3 N2 
Decanning waste: 
52 I 3M NaAl02-JM NaOH 
Dissolving off-gas: 
3.37 ma N02+ NO; 2m3 02; 
131J 378 me; ssKr 33.7 c; Nz, H2, N20, 
C02 traces 
Dissolving off-gas: 
0. 58 ma N02 +NO+ 0 2; 131J, ssKr 
Dissolving off-gas: 
1a11 1. 89 me; N02 +NO; B5Kr 33.77 c; 
1a1 Xe 385 me 
Off-gas from evaporators: 
N02, NO, 131J: traces 
Dissolver product: 
58.51/U, 429.2 g/1; Pu 343 mg/1; 
HNOa 0.66M; Ni 2.4 g/1; Na, Al, Fe 
traces beta-736 c/1, gamma-338 c/1 
Final feed adjustment: 
HNOa, NaN02, Fe 
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Flow 
symbol 

HAF 
HAO 
HSR 
HNOa-1 
HAS 
HAX 
2WB 
HAW 
HAP 
HSS 
HSP 
1 BX 
HNOa-2 
1 BU 
1 BXP 
1 BSX 
1 BP 
1 ex 
lCW 
1 cu 
1 uc 
1 UD 
Fe2+ 
SR 
HNOa 
2DF 
2 DS 1 
2DS 2 
2DX 
2DW 
2DU 
2EX 
2EW 
2EU 
2UD 
2 UP 
sx 
S2S 
SIS 
SUP 
sw 
1 BP 
NaN02 
HNOa 
2AF 
2AS 
2AR 
2ASR 
2AX 
2AW 
2AP 
2BX 
2BW 
2BP 
2BPu 

Aq. feed 
Org. back 
Aq. back 
Aq. 
Aq. scrub 
Solvent 
Aq. back 
Aq. waste 
Org. prod. 
Aq. scrub 
Or g. 
Ac. red. 
Aq. 
Or g. 
Aq. 
Solvent 
Pu. prod. 
Aq. strip 
Or g. 
U prod. 
Aq. U 
Aq. cond. 
Aq. reduct. 
Aq. back 
Acid. add. 
Feed 
Aq. scrub 
Aq. scrub 
Solvent 
Aq. waste 
Or g. 
Aq. strip. 
Org. 
Aq. U 
Aq. cond. 
Aq. U 
Aq. scrub 
Aq. scrub 
Acid add. 
U product. 
Aq. waste 
Aq. Pu prod 
Aq. 
Aq. 
Aq. feed 
Aq. scrub 
Aq. scrub 
Aq. scrub 
Solvent 
Waste 
Or g. 
Aq. strip 
Or g. 
Pu prod. rec. 
Pu prod. st. 

1/h 

2.33 
1.30 
1.85 
0.51 
2.36 

12.2 
0.87 
5.3 

13.9 
1.85 

13.9 
1.0 
0.5 

13.8 
1.5 
1.3 
1.5 

13.5 
13.5 
13.8 
2.75 

11.0 
0.03 
0.05 
0.07 
2.90 
1.0 
1.0 

11.1 
4.65 

11.4 
11.1 
11.1 
11.35 
9.35 
2.0 
0.101 
0.067 
0.050 
2.0 
0.168 
1.5 
0.4 
1.1 
3.00 
0.14 
1.01 
1.15 
1.00 
4.13 
1.02 
1.0 
1.0 
1.02 
1.01 

Table 2. Details of extraction flowsheet 

Specific T'C 
gravity 

1.60 
0.90 
1.10 
1.32 
1.14 
0.85 
1.29 
1.08 
0.97 
1.05 
0.96 
1.01 
1.19 
0.95 
1.10 
0.85 
1.09 
1.00 
0.85 
1.10 
1.52 
1.00 
1.23 
1.07 
1.32 
1.50 
1.00 
1.08 
0.85 
1.04 
0.97. 
1,00 
0.85 
1.12 
1.00 
1.67 
1.02 

1.67 
1.01 
1.09 
1.03 
1. 32 
1.16 
1.32 
1.12 
1.14 
0.85 
1.13 
0.96 
1.01 
0.85 
1.12 
1.12 

55 
55 

60 
65 

55 

u 
g/1 

Pu 
mg/1 

HNOa 
M 

/3-
activity 

c/1 

429.2 
34.7 
20.5 

343.3 
13.3 
82.7 

0.66 736 
0.35 
2.2 
5.07 

16.1 64.85 2.82 

58.2 
<0.2 
81.6 

10.5 
<0.5 
69.7 

6.0 6.88 
2.1 324.1 

78.9 59.3 

0.2 
1.57 

0.1 
6.0 

76.1 0.06 0.01 
30.2 548.5 3.0 

0.002 537 

0.08 Tr. 
76.0 0.06 

381.4 0.294 

2.7 
0.01 
0.001 
0.019 
0.09 

Tr. 

0.837 

0.04 
0.095 
0.477 

26.5 0.952 Tr. 
10 

362.0 0.279 0.34 0.453 

10.9 
87.7 

0.09 
88.0 

2.6 

0.174 0.74 
0.009 
0.01 
0.001 
0.018 

Tr. 
499.1 0.1 
(0.44M oxalic acid) 

1.0 

0.272 

4 

498.45 0.1 0.2 
0.016 35 

0.002 0.537 2.7 837 

10.0 
0.001 0.268 5.0 419 

10.0 
0.3 79.2 0.33 120 
0.26 69.4 1.5 105 

0.3 

0.3 
0.3 

0.002 
79.2 

0.005 
79.2 
79.2 

4.02 
0.11 
0.25 
0.028 
0.33 
0.33 

304 

120 
120 

y TBP Fe HaSO• NaNOo 
activity % (NHaSOs)a M (NA+)M 

c/1 M 

338 

3.17 
149.2 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

0.045 

0.03 

0.03 

1.34 

0.014 

0.008 

(0. 24M oxalic acid) 
0.03 

30 

30 

30 

0.1 0.27 
0.017 0.07 

0.6 

0.015 0.08 

0.01 0.058 

features concerning the auxiliary equipment are: 
(a) liquid transfer is achieved by means of airlifts and 
steam jets; (b) solutions are metered by using specially 
constructed metering pumps [4]; (c) an air-pulsing 
system with cam operated poppet valves is used for 
column pulsing; (d) agitation of the solutions is 
achieved with air spargers; (e) for sampling, air lifts 
(combined with vacuum if required for submergence) 
and sampling valves are proposed; (f) for process 

measurements and controls, proved systems and 
instruments are chosen, while the use of some in-line 
analytical instruments is left for future development. 

PLANT LAYOUT 

The main process equipment is contained in shielded 
cells located in the central part of the main building. 
The building includes a "cold" and a "hot" wing with 
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Table 3. Details of waste treatment process 

Flow 1/h u Pu HNOa H,O f3·activity y-activ1ty so.- N1 2+ Na+ Fe3+ Ala+ NOa-+ COa•- Ox. Solids 
symbol g/1 mg/1 'M 1/h mc/1 me/ I M g/1 g/1 g/1 g/1 NO,- g/1 acid. g/1 

g/1 g/1 

TW 1 7.6 Tr. 7.6 Tr. Tr. 
HAW 5.3 <0.2 -0.5 2.103 324·103 149·103 0.017 I 1.5 1 2 
1 WF 11.13 <0.1 -0.2 1.0 154·103 71·103 0.008 0.5 0.8 0.5 1 
1 ww 0.36 2.8 -6.1 7.0 4761·103 2 189·103 0.33 15 22 15 30 
1 WD 10.77 0.8 498 
2AW 4.13 2 4.02 304 0.01 0.1 0.3 
2DW 4.65 10.9 0.175 0. 74 272 
SSD 9 Tr. 9 Tr. 
2WF 19.55 1.46 398 
2WW 0.68 74.4 13.4 7.6 8790 4060 
H20 0.19 0.19 
2WB 0.87 58.2 10.5 6.0 6880 3170 0.1 6.4 2.8 
2WD 18.87 1.24 -1 
ARP 2.34 10 -8.55 
ARD 16.53 Tr. Tr. 
GSW 2 23 
SRW 6.33 0.33 0.84 84 4.6 6 
sw 0.168 0.016 35 21 
MWa 
3WF 7.57 0.275 0.7 72 7.7 7.1 5 0.4 0.21 
3WW 0.32 6.6 16.6 1700 185 165 120 9.6 500 
3WD 7.25 0.2 16 Tr. 
1 UD 11.0 Tr. 11.0 
2UD 9.35 Tr. 9.35 
MBF 53.13 Tr. Tr. 
MBP 53.13 

a Waste from: Analytical laboratory, drip trays, sumps, 'overflows, equipment drainlines, detergents. 

auxiliary facilities. The layout of the main equipment 
in the shielded cells (head-end, extraction, highly 
active- effluent (HAW) concentration) is shown in 
Fig. 4. In addition to the mafn building (Figs. 5 and 6), 
two small buildings are provided in the vicinity, one for 
liquid waste storage and the other for some utilities 
(Fig. 7). The latter building also provides a foundation 
for a stack 45 m high. 

The safety aspect of the entire facility has been 
analysed carefully. In brief, the radiation hazard is 
reduced to a minimum by adequate shielding, safe 
containment of activity, and by providing sufficient 

monitoring equipment. Normal plant operation will 
not result in radiation exposure of the personnel or 
contamination of the environment in excess of the 
maximum permissible levels recommended by ICRP. 
Criticality control is obtained by a geometrically safe 
design and layout of the equipment, and by imposing 
a limit to concentration at certain points. A system for 
decontaminating equipment and cells with decon
tamination liquids is provided. Frogmen can have 
access to the equipment through the top of the cells. 
If necessary, the equipment can be removed through 
the top by means of an 8-ton crane. 

Figure 4. Specifications 

21.1 Dissolver 31.8 Aqueous manifold vessel 33.3 2Acolumn 
21.2 Demister 31.9 2WB feed tank 33.4 2B column 
21.3 Condenser 31.31 HAS feed tank 33.5 Service pot 
21.4 Acid absorber 31.33 IBXF feed tank 33.6 Aqueous manifold vessel 
21.5 Caustic scrub tower 31.51 HAO feed tank 51.1 1 W evaporator 
21.11 Service tank, 3M NaOH 31.52 HAO head tank 51.11 Feed tank 
21.12 Service tank, HN03 31.53 IBC catch tank 51.12 High active waste receiver 
21.13 Service tank, HN03 32.1 IUC adjustment tank 53.1 2W evaporator 
21.14 Feed adjustment tank 32.2 2DF feed tank 53.11 Feed tank for ~team stripper 
31.1 HAF feed tank 32.3 20 column 53.13 Steam stripping tower 
31.2 HAcolumn 32.4 ·2Ecolumn 53.14 Condenser-steam stripping 
31.3 HS column 32.5 Intercycle evaporator tower 
31.4 IBX column 32.6 2UP catch tank 53.16 Condenser-2W evaporator 
31.5 IBS column 33.1 2AF make-up tank 54.1 HN03 rectification tower 
31.6 IC column 33.2 2AF feed tank 54.11 Condenser 
31.7 Intercycle evaporator 54.12 Acid receiver 
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CROSS SECTION 

LONGITUDINAL SECTION 

Figure 6. Main building 
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ECONOMIC EVALUATION 
For continuous operation of the facility, a staff of 

48, working in three shifts daily, is assumed. The total 
investment cost for the complete facility is estimated 
at $3148000, distributed as follows: 

(a) Process equipment _ 
(b) Instrumentation 
(c) Buildings 
(d) Installation . . . . _ 
(e) Management, design, purchase and 

control functions . 
(f) Contingency (15 %) 

$ 
790300 
380500 
612600 
394500 

559500 
410600 

Total 3148000 

The development work and start-up costs are not 
included in the above sum. The prices are based on the 
average European cost and wage rates in January 1963. 

The direct annual operati11g cost is estimated at 
$196700 as follows: 

(a) Operating labour (including overheads) 
(b) Maintenance and repairs , _ 
(c) Process chemicals and supplies 
(d) Utilities . 

Total 

$ 
140000 

31500 
8800 

16400 

196700 

These prices are based on the average Yugoslav cost 
and wage rates in the autumn of 1962. In view of the 
experimental character of the facility, possible product 
losses are not included in the operating cost. Owing to 
uncertainties in the rate of depreciation of an experi
mental plant, only the direct operating cost·has been 
estimated. 

A time schedule for the construction of the facility 
has been worked out, according to which the complete 
facility could be erected in about 42 months, provided 
the necessary development work had been completed 
before beginning co11struction. 
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ABSTRACT -RESUME-AHHOTAUI/1!1-RESUMEN 

A/704 Yougoslavie 

Etude preliminaire d'une installation pilote 
de traitement des combustibles nucleaires 

par B. Gaudernack et at. 

Un groupe d'ingenieurs de Noratom A.S., de 
l'Institut des sciences nucleaires Boris Kidric et de 
l'Institutt for Atomenergi a elabore un avant-projet 
d'installation pilote pour le traitement des combusti
bles nucleaires. Le memoire presente une description 
succincte du travail effectue. 

L'installation de traitement des combustibles est 
destinee aux fins suivantes: 1) traiter les combustibles 
de quelques piles experimentales; 2) mettre au point le 
traitement du combustible d'un futur reacteur de 
puissance; 3) acquerir une certaine experience dans le 
domaine du traitement des combustibles nucleaires. 

L'installation pilote est surtout destinee au traite
ment aqueux de !'uranium metallique nature! etjou peu 
enrichi, gaine d'aluminium ou de magnesium pur ou 
allie. Cependant, les combustibles d'oxyde, gaines 
d'acier inoxydable ou de Zircaloy pourraient aussi etre 
traites par une technique de dissolution par tron
~onnage et lessivage. Le taux de combustion prevu du 
combustible est de 3000-7000 MWjjt et le temps de 
refroidissement de 120 j environ. Le debit nominal de 
!'installation est de 1 kg d'uranium par heure, et on 
peut l'augmenter en cas de necessite. 

On a adopte comme schema chimique de base une 
modification du procede Purex comprenant le degai
nage chimique (ou mecanique) et la dissolution du 
combustible, suivis de deux cycles d'extraction de 
!'uranium et du plutonium, la purification finale de 
!'uranium et les operations auxiliaires (traitement des 
effluents, recuperation de l'acide et du solvant). Le 
recyclage des effluents aqueux du deuxieme cycle est 
incorpore dans le schema d'extraction. Pour aug
menter la decontamination et la concentration du plu
tonium, on a choisi un schema d'extraction a reflux 
dans le second cycle du plutonium ou, comme alterna
tive, !'extraction du plutonium par des amines. 

On a utilise le schema de traitement chimique 
elabore dans cette etude comme base pour le projet de 
!'installation. Le projet est suffisamment souple pour 
permettre d'introduire d'importantes variations dans 
les procedes. 

L'equipement principal du procede comporte un 
dissolveur, neuf colonnes d'extraction, quatre evapo
rateurs, plusieurs tours (pour !'absorption et la recti
fication de l'acide et pour l'entrainement ala vapeur), 
ensuite l'equipement pour le traitement final de 
!'uranium et pour la recuperation du solvant. L'equipe
ment est contenu dans six cellules protegees, situees 
dans la partie centrale du batiment principal. Le 
batiment comprend aussi une aile <<chaude >> et une 
aile <<froide>> avec des equipements auxiliaires. Deux 

petits batiments sont egalement prevus, l'un pour le 
stockage des effluents et l'autre pour les transforma
teurs et les compresseurs. 

On presente aussi une evaluation economique com
prenant les frais d'investissements et les frais annuels 
d'operations. 

A/704 IOrocnaBHR 

npeABapHTenbHOe H3yYeHHe On~THO~ 
ycraHOBKH no nepepa6orKe ronnHsa 
5. rayAepHaK et a[. 

HeAaBHO rpynna uumeuepon H3 aK:q. o-na «Ho
paTOM>>, 11ncTHTyTa .HAepHhiX uayK HM. Bopuca 
H'HAPH'ia u 11ucnnyTa aToMuoii auepruu HopBe
run conMeCTHO paapa6oTaJJa npeABapnTeJJhHhiii 
I1pOeKT OnhiTHOH ycTaHOBKU no nepepa6oTKC 
HAepuoro TonJJnna. Hacro.H~:qnii AOKJJaA .HBJI.HeTcH 
npaTKUM onncauneM nponeAeuuoii pa6oThi. 

YcTauonKa no nepepa6oTKe TOnJJnna npeAHaa
Ha'ieua ,IJ.JJ.H: 1) nepepa60TKU TOnJJUBa HeHOTOphiX 
aKcnepnMeHTaJJhHhiX peaKTopon; 2) nayqenn.H ciio
co6on nepepa6oTKH TonJJnna npoeKTupyeMoro 
anepreTJI'iecKoro peaKTopa u 3) npuo6peTeHH.H 
OllbiTa H TeXHH'ieCKJIX HaBbiKOB B 06JJaCTH nepe
pa60TKH o6JJy'ieHHOrO .HAepHoro TOnJJHBa. 

0IIbiTHa.H ycTaHOBKa npeAHa3Ha'ieHa rJiaBHhJM 
o6pa30M AJI.H BO,Il.HOH nepepa60TKH npupOAHOro 
HJIH cJierKa o6ora~:qeuuoro MeTaJIJiuqecKoro ypana 
B 060JIO'iKaX H3 'iJICTOfO aJJIOMHHH.H HJIH 'lHCTOfO 
Mal'HHH, HJIH H3 JIX CnJiaBOB. 0KHCHOe TOnJIHBO B 
o6oJJo'IKe na uepmaneiO~:qeii CTaJIH HJIH na :qupKa
JIOH TaKil\e MOii\HO nepepa6aThiBaTh MeTOAOM pac
TBOpeHH.H IIOCJIC «H3MeJih'ieHJI.H H Bhii:qCJia'iHBa
HJI.H~. IJpeAnOJiaraeTC.H, 'iTO BblropaHHe 6yAeT AO
CTHfaTh 3000-7000 Mer· cyrr;,u/r u 'iTo npeM.H 
<<OXJJaii\AeHH.H>> 6yAeT COCTaBJI.HTh OKOJIO 120 AHeif. 
HoMHHaJihHa.H npoH3BOAJITeJihHOCTh ycTaHOBKH co
CTaBJI.HeT 1 r;,z ypaua ..B 1 "''' uo B cJJyqae ueo6xo
AHMOCTH npOH3BO,Il.JITeJihHOCTh MOil\eT 6hiTh yneJIH
qeua. 

B ocuony XHMH'ieCKoii cxeMhl noJiomeu paapa-
6oTaHHhlii nypeKc-npo:qecc, KoTophiii npe.n.ycMa
TpunaeT XHMH'iecKoe (HJIH Mexauuqec:Koc) YAa
JieHue o60JIO'iKH H paCTBOpeHHe TOnJIHBa, ,IJ.Ba 
:qHKJia 3KCTpaK:qHH ,IJ.JI.H JI3BJie'ieHH.H ypaHa H IIJIY
TOHH.H, O'IHCTKY XBOCTOBbiX cflpaK:qHH ypaHa H 
ncnoMoraTeJihiihiX npo:qeccon (uanpuMcp, y,IJ.aJie
HHe OTXO,Il.OB, peKynepa:qR.H KRCJIOTbl R paCTBO
pHTeJieii). B cxeMe aKCTpaK:qHH npe.n.ycMaTpH
naeTC.H nOBTOpHa.H nporOHKa ii\H,Il.KHX OTXO,Il.OB OT 
BToporo :qRKJia. AaJiee, ,IJ.JIH yneJIH'IeHH.H .n.eaaKTH
na:quu If KOH:qeHTpa:qHH nJiyTOHH.H AJI.H BTOporo 
:qHKJJa nJJyTOHHH 6hiJJa Bb16paua CXeMa IIpOTHBO-
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TOI\a, B KaqecTBe ;o;pyroro napnaHTa npe;o;ycMaTpH

BaeTC.H 31\CTpaK~H.H ITJIYTOHH.H aMHHaMR. 

Paapa6oraHHhle B uacro.Hm;eM HCCJie;o;oBaHmi 

TCXHOJiorH'IeCKlle CXeMbl ITOJIOa<eHhl B OCIIOBY npo

ei{TllpOBaHR.H ycrauoBKH. O;o;uaKo paapa6aThiBae

Ma.H KOHCTpyK~H.H .HBJI.HeTC.H ;tJ;OCTaTO'IHO rli6KOH, 

qto6hl B IUHpoKHX npe;o;eJiax ;o;onycKaTL H3MeHe

HHe HaMeqaeMhiX npo~eccoB. 

OcuoBHoe nepepa6aTbiBaiOm;ee o6opy;o;onaune 

COCTOHT 113 O,li;HOrO 6aKa ;tJ;JI.H paCTBOpeHH.H, p;eB.HTH 

31\CtpaK~HOHHhiX KOJIOHH, 'Ietblpex HCrrapHTeJICii, 

HeCKOJibKHX 6aiUeH (;tJ;JI.H norJiom;eHH.H KIICJIOT H 

O'IHCTKH, OTrOH napOM II T. n.), o6opy;tJ;OBaHH.H ,li;JI.H 

o6pa60TKH ypaHOBbiX XBOCTOB H ,li;JI.H peKynepa~MH 
pacTBopRTCJI.H. Bee o6opy;o;onaune paa.Mm.~aetc.H B 

meCTH aam;nm;eHHLIX KaMepax, pacnoJIOffiCHHLIX 

B ~eHtpaJILHoii qacTH rJiaBHoro a;o;auu.H. B.rJiaB

noM 3;tJ;aHHH HaXO;tJ;.HTC.H taKme «rop.H'Iee>> H <<XO

JIO,li;HOe» HpbiJIO C BCITOMOraTCJibHbiMH l'CXHH'IC

CKHMR yctpOHCTBaMR. fiOMHMO rJiaBROrO 3,ll;aHH.H 

npe;o;ycMatpHBaiOTC.H em;e ,li;Ba ue6oJILIDHX 31!;aHH.H: 

O)l;HO ,li;JI.H xpaHeHH.H OTXO,li;OB, a ;o;pyroe ,li;JI.H paa

Mem;eHH.H tpauc<jlopMatopoB H KOMrrpeccopoB. 

):(aetc.H 3KoHoMuqecKaH o~eiiKa c yKaaaHHeM 

CMeTHOH KaiTHTaJibHOii CTOJIMOCTII II IIpiiMbiX eme

ro;J,HbiX :mcnJiyata~IIOHHbiX paCXO;:J;OB. 

A/704 Yugoslavia 

Anteproyecto de una instalaci6n piloto para 
Ia regeneraci6n de combustibles nucleares 

por B. Gaudernack et af. 

Un grupo de ingenieros de Ia Noratom A.S., del 
lnstituto de Ciencias Nucleares Boris Kidric y del 
Institutt for Atomenergi ha preparado un antepro
yecto de instalaci6n piloto para Ia regenerad6n de 
combustibles nucleares. En Ia memoria se describe 
sucintamente la labor realizada. 

La instalaci6n tiene los siguientes prop6sitos: 
I) regenerar los combustibles de algunos reactores 
experimentales, 2) perfeccionar el sistema de regenera
ci6n de los combustibles de un reactor de potencia en 
proyecto, 3) proporcionar experiencia general en 
materia de regeneraci6n de combustibles nucleares. 

B. GAUDERNACK et af. 

La instalaci6n se destina principalmente al estudio 
de Ia regeneraci6n acuosa del uranio metalico natural 
y del uranio poco enriquecido (ode uno solo de estos 
dos tipos de combustible), revestido de aluminio o de 
magnesio puros o en aleaci6n. No obstante, tambien 
podrian tratarse los combustibles de 6xidos revestidos 
de acero inoxidable o de Zircaloy, aplicando una 
tecnica de disoluci6n basada en <<disgregaci6n y lixivia
ci6n )). Se ha previsto un grado de combustion com
prendido entre 3000 y 7000 MWd/t y un periodo de 
enfriamiento de unos 120 d. La capacidad nominal de 
la instalaci6n es de 1 kg de uranio por hora, valor que 
puede aumentarse en caso de necesidad. 

El tratamiento quimico basico adoptado es el pro
cedimiento Purex, que incluye la separaci6n quimica 
(o mecanica) del revestimiento y Ia disoluci6n del 
combustible, seguida por dos ciclos de extracci6n del 
uranio y del plutonio, Ia purificaci6n final del uranio 
y las operaciones auxiliares (tratamiento de los 
efluentes, recuperaci6n del acido y del disolvente). La 
recirculaci6n de los efluentes acuosos del segundo 
ciclo forma parte del procedimiento de extracci6n. 
Para acrecentar la descontaminaci6n y Ia concentra
ci6n del plutonio, se ha elegido un procedimiento de 
extracci6n por reflujo en el segundo ciclo del plutonio, 
o bien, como alternativa, la extracci6n del plutonio 
mediante aminas. 

El esquema de tratamiento quimico desarrollado en 
este estudio ha servido de base para el proyecto de Ia 
instalaci6n, al que se ha dado suficiente flexibilidad 
como para poder introducir considerables variantes en 
las operaciones. 

El equipo comprende una para to de disoluci6n, nueve 
columnas de extracci6n, cuatro evaporadores, varias 
torres (para Ia absorci6n y rectificaci6n del acido y 
para el arrastre con vapor), ademas del equipo para el 
tratamiento final del uranio y para Ia recuperaci6n 
del disolvente. Todos estos dispositivos estan situados 
en el interior de seis camaras blindadas, en Ia parte 
central del edificio principal. El mismo edificio com
prenrle una secci6n «activa)> y una secci6n <<fria)> con 
los equipos auxiliares. Se han proyectado asimismo 
dos edificios mas peque.ii.os, uno para el almacena
miento de los efluentes y el otro para los transforma
dores y compresores. 

Los autores presentan tambien un analisis econ6-
mico que indica el monto de las inversiones previstas y 
los gastos anuales de explotaci6n. 
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Operational experience from the Kjeller reprocessing 
pilot plant 

By B. Gaudernack, * K. P. Lindland* and C. J. Joseph** 

The Norwegian-Dutch reprocessing pilot plant at 
Kjeller, Norway, went into operation in June 1961. A 
short description of the selected design flowsheet and 
an outline of the plant were given at the Second 
International Conference on the Peaceful Uses of 
Atomic Energy in 1958 [1]. As mentioned at that 
conference, the main purpose of the plant was to 
secure reasonable amounts of plutonium for funda
mental studies on this element and for chemical and 
physical investigations directed towards the develop
ment of plutonium-containing fuel elements. In recent 
years, plutonium in the quantities required for 
research work has become readily available. Therefore, 
the emphasis has been put on testing various flow
sheets rather than on producing plutonium. Another 
objective was to obtain operational experience and 
know-how for the design of an eventual full scale 
plant. 

The Swedish AB Atomenergi has also installed an 
additional facility in the Kjeller plant for reprocessing 
studies. The intention during the first period of 
operation of this facility is to study the Silex process, 
a silica gel column separation process developed by 
AB Atomenergi [2]. The Swedish part of the plant has 
now started active operation, and this has added 
flexibility to the whole plant. 

All flowsheets tested in the plant were based on the 
Purex process, i.e., solvent extraction with tributyl
phosphate (TBP). The main parameters stud~ed were: 
concentration of nitric acid in aqueous mfluents, 
uranium concentration in the feed solution, TBP 
content in the organic extractant, and reduction of 
plutonium by urv. The influence of these parameters 
on the recovery of uranium and plutonium, and the 
resulting decontamination from fission products were 
studied. Two series of test runs were performed for the 
Eurochemic Company at Mol, Belgium, the purpose 
being to evaluate the decontamination factors (DF) 
which may be expected with Eurochemic's proposed 
flowsheet for the first extraction cycle [3]. 

So far the Norwegian-Dutch plant has processed 
only irradiated fuel from the JEEP reactor at Kjeller, 
which has been in operation at 100-450 kW for 13 
years. From time to time, fuel elements were taken out 

* Institutt for Atomenergi, Kjeller, Norway. 
** Reactor Centrum Nederland. 

of the reactor for various reasons. Therefore, the burn
up of the irradiated fuel was quite varied, ranging 
from 40 to 400 MWd/ton. The maximum plutonium 
content in the fuel was 330 mg Pu/kg U. The cooling 
time for the individual fuel elements also varied over 
a wide range, i.e., from 30 days to 8 years. There 
follows a short description of the plant and its per
formance, the various separation steps and the 
experimental results obtained. 

PLANT DESCRIPTION 

After the desired cooling period, the spent fuel 
elements are transported to the reprocessing pilot 
plant, where they are received in a 60 m3 wa~er pond 
and mechanically decanned under water. Smce the 
throughput requirements are low, relatively simple 
decanning equipment can be utilized. The fuel ele~~nt 
consists of two connected aluminium tubes, contammg 
altogether thirteen I ft long, I in diameter uranium 
metal slugs, plus four graphite end plugs. The decan
ning procedure comprises the following steps: separa
tion of the fuel rods by means of hand operated 
chisels; removal of the graphite-containing end sec
tions by means of hydraulically operated shears; 
longitudinal splitting of the canning by pressing the 
rods through a set of shearing rollers. The decanned 
uranium slugs are transferred via a shielded lift and 
feed chute to a small batch-type dissolver. This vessel 
is equipped with a jacket for steam heating or water 
cooling, and a short packed tower serving as a reflux 
cooler and absorber of nitrogen dioxide from the 
dissolver off-gas. The dissolver product is transferred 
by an air lift to a tank serving both as a~ adjustme~t 
tank and feed tank for the extraction eqmpment. Th1s 
arrangement does not permit continuous operation 
and limits the extraction bat~h size to 10-20 kg of 
uranium, depending on the feed concentration used. 
With the established optimum throughput of 0.5 kg 
uranium per hour of the extraction equipment, this 
corresponds to extraction runs of 20-40 hours dura
tion. 

The extraction equipment consists of three pulsed 
columns, originally designed for a 1-cycle flows~eet 
comprising co-decontamination, uranium-plutomum 
partitioning and uranium re-extraction steps. As 
described in a later section, the columns have also 
been used in a co-decontamination-re-extraction cycle 
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Figure 1. Layout of extraction columns 

without uranium-plutonium separation. The layout 
and dimensions of the columns are given in Fig.l. The 
column heights are limited because the equipment was 
designed to fit into an existing building. The columns 
contain stainless steel sieve-plate cartridges of standard 
geometry [4]. 

The pulse generators are double diaphragm meter
ing pumps with the check valves removed. A metering 
pump of the same design is used for pumping the 
active feed solution into the middle of the first extrac
tion column. Inactive streams are fed to the columns 
by ordinary plunger-type metering pumps. Otherwise 
gravity flow, suction and air lifts are utilized for 

Air supply -....,....--r----r-----..----., 

a b c 

Figure 2. Schematic sketch of sampling systems 

liquid transport. The aqueous effluents from the 
extraction columns are concentrated in pot-type 
evaporators and subsequently transferred to storage 
tanks. The evaporated solutions may be recycled to 
the extraction equipment from either the evaporators 
or the storage tanks. 

drain 
(to waste) 

org 
effluent 
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x=--
PA .Po 
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Figure 3. Top disengagement section and organic overflow pot, 
schematic 
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Solvent recovery has been carried out by washing 
the used TBP-kerosene with sodium carbonate and 
nitric acid solutions in packed columns. Attempts have 
also been made to purify the spent solvent by passing 
it through beds of activated alumina. This treatment 
seems to remove some of the impurities with high 
efficiency, but the results obtained so far are not 
sufficiently consistent for an evaluation of the method. 

The concentrated fission products solution is stored 
in acid condition in stainless steel tanks within the 
plant. Only a few hundred litres have accumulated, and 
the storage of this small volume of highly active liquid 
waste does not involve any problem. Waste solutions 
of intermediate activity are also stored in liquid form 
within the plant, but will be subject to solidification 
after a suitable cooling period. Low level liquid 
wastes, such as condensates, contaminated pond 
water, etc., are transferred to a separate waste treat
ment facility and decontaminated by ion exchange 
prior to release. 

Automatic control systems are used for maintaining 
a steady underpressure in the dissolver, and for con
trolling the interface levels in the extraction columns. 
Pneumatic PI-controllers are used for this purpose. 
Some sampling systems used are shown schematically 
in Fig. 2. Equipment containing active process streams 
is, of course, located within shielded cells. Local 
shielding has been applied to some of the most active 
units within the cells. The equipment is mainly con
structed of stainless steel of types corresponding to 
AISI 316 and 347. All-welded construction has been 
extensively applied, and valves and other components 
susceptible to leakage have been avoided as far as 
possible. This policy has resulted in leak-proof 
equipment, but on the other hand has reduced plant 
flexibility. The plant is designed for direct maintenance. 

PLANT PERFORMANCE 
Although relatively simple mechanical operations 

are involved, the decanning step has presented several 
problems, in particular, to separate the graphite
containing end sections from the fuel rods. An 
abrasive cutting wheel, driven by a submerged electric 
motor, was originally used for this purpose but quite 
large amounts of dust were created and occasionally 
cuts were made through the uranium metal, resulting 
in excessive contamination of the pond water. Because 
of these disadvantages, the cutting wheel was replaced 
by two pairs of hydraulically operated shears equipped 
with semicircular Stellite edges. These shears cut the 
canning tubes cleanly without penetrating the core 
material, and afterwards the end sections could be 
removed easily with tongs. The longitudinal splitting 
of the canning tubes did not present difficulties. Since 
the dust producing operations were abandoned, the 
activity level of the pond water has been quite low (of 
the order of I0-4 p,cjcm3). A satisfactory water quality 
is maintained by circulating the water at intervals 
through a precoated filter. A chlorine concentration of 
a few parts per million must be maintained in the 
water to prevent algal growth. 

B. GAUDERNACK et at. 255 

Operation of the dissolver has not involved any 
serious problem. Occasionally, it has been difficult to 
maintain the desired underpressure in the dissolver, 
but it has always been possible to restore normal 
reaction rates by interrupting the steam heating. 

The performance of the extraction columns has been 
satisfactory, in view of the design limitations. Thus, 
the number of theoretical stages available is limited by 
two circumstances: firstly, by the limitation on column 
height mentioned previously; secondly, because mixer
settler type operation of the columns is preferred for 
safety reasons. The reason is that the bottom dis
engagement sections of the columns are rather small 
and do not provide the hold-up time required for 
satisfactory phase separation, when the columns are 
operated closer to the flooding point. Since there are 
no other provisions for removing entrained solvent 
from the aqueous effluents from the columns before 
they enter the evaporators, it is necessary to minimize 
the organic entrainment by maintaining conservative 
operating conditions for the columns. For this reason, 
pulse frequencies are kept at 60-70 cpm, pulse 
amplitudes at 1.5 em and 2.5 em for total flow-rates of 
6-7 1/h and 10-12 1/h in the I and 2 in columns, res
pectively. These flow-rates correspond to a through
put of about 0.5 kg uranium per hour for flowsheets 
with normal feed concentrations (300-400 g/1 U), some
what less when dilute feed solutions are employed. 

The original design of the top disengagement sec
tions also proved unsatisfactory. As the columns are 
operated with the aqueous phase continuous, the inter
faces are located in the top sections. Consequently, the 
bubble tubes required for interface level and organic 
density measurements were placed in these sections. 
The turbulence created by air bubbling through the 
relatively narrow top sections resulted in poor settling 
conditions and considerable entrainment of crud in 
the organic effluent. The effect was most pronounced 
in the co-decontamination column. Organic solvent 
samples from the top of this column contained un
expectedly large amounts of Zr-Nb activity, but a 
large proportion of this activity (50-70 %) could be 
removed by centrifuging the samples. This part of the 
activity was obviously not extracted, but carried by 
crud particles or possibly water droplets entrained by 
the solvent. 

Fortunately, it was possible to improve this situation 
by enlarging the top disengagement sections and in
stalling additional overflow pots for the organic efflu
ents, as shown in Fig. 3. With this arrangement only 
one bubble tube for interface detection is required in 
the disengagement section, the other tubes are placed 
in the overflow pot. The effect of this change was to 
improve settling conditions and reduce the crud en
trainment considerably, as evidenced by the propor
tion of entrained Zr-Nb activity in the organic samples 
being reduced from 50-70% to less than 25% of the 
total Zr-Nb activity in the samples. Probably, even 
greater improvements would have resulted by chang
ing to bottom interface operation, but this was not 
found practicable. 
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Sample circulation by means of air jets alone 
(Fig. 2a) was found to be unsatisfactory, partly 
because of the risk of jet clogging, and partly because 
considerable amounts of radioactive aerosols are 
formed and carried into the ventilation system. Instal
lation of air lifts in the jet suction line (Fig. 2b) reduced 
the aerosol problems somewhat, but the only entirely 
satisfactory solution was to avoid liquid circulation 
through the air jets, as in the system shown in Fig. 2c. 
Some difficulties have arisen in using glass sample 
bottles since they showed a tendency to adsorb much 
of the Zr-Nb activity present in the samples, especially 
the organic ones. This tendency could be eliminated, 
however, by pretreating the sample bottles with 
dichloro-dimethyl-silane. 

The precautions taken against the radiation hazards 
involved in the operation of the plant have proved to 
be adequate. Radiation exposure of the personnel has 
in all cases been well below the maximum permissible 
level recommended by the ICRP. Dose-rates were 
quite low in the working areas of the plant, and no 
incidents resulting in inhalation or ingestion of 
significant amounts of radioactivity have occurred. 
The amounts of radioactivity released via the plant 
effluents were quite insignificant, and have not 
constituted any health hazard to the environments. 

DISSOLUTION AND FEED ADJUSTMENT 

The dissolution of the uranium slugs in nitric acid 
has proved to be the most straightforward of the plant 
operations. As previously mentioned, the dissolver is 
designed for batch-wise operation and its small size 
limits the batches to about 10 kg of uranium. Thus, 
the metal surface exposed to the solvent is relatively 
small and the average dissolution rate amounts to 
about 0.5 kg uranium per hour. Normally a "heel" of 
undissolved uranium is left in the dissolver between 
operations in order to increase the exposed metal 
surface. 11 N nitric acid is used as solvent, and the 
dissolution takes place at the boiling point of the 
solution. The density of the solution gives an indica
tion of its uranium content. The dissolver product 
solution usually contains 400-500 g/1 uranium and 
2-3 molesfl of free nitric acid. 

In some runs, problems with the adjustment of the 
Pu valency state in the feed were encountered. In these 
feed solutions about 20 % of the plutonium was in the 
hexavalent form, while the amount of plutonium (Ill) 
was negligible. Reduction of all the plutonium with a 
reductant like ferrous sulphamate and eventual re
oxidation of the plutonium (III) formed to plutonium 
(IV) with NaN02 [5] could be used. But this method 
introduces Fe*** and S04" ions into the feed, which 
will appear later in the process as non-evaporable 
species in the highly active waste. As a new alternative 
the addition of tetravalent uranium as plutonium 
reductant in the feed was tried. 

As uranium (IV) (which is also TBP extractable) is 
easily oxidized, especially in contact with TBP, all the 
added tetravalent uranium will follow the main 
uranium stream in the extraction process. As stabilizer 

B. GAUDERNACK et a/. 

for U1V, hydrazine was used, thus avoiding the addi
tion of a non-volatile substance to the feed. 

Very good results were obtained with the addition 
of a stabilized U1V nitrate solution of the following 
concentration: 100 g/1 U1V, 0.09M N2H5N03 and 
1M HN03. The amount of UIV added was about 6 
times more than the total amount of Pu present in the 
feed. As the feed acidity was about 3M HN03 
(300 g/1 U) re-oxidation with NaN02 was not neces
sary, because Puiii is unstable at this acidity. Typical 
results were in one experiment a decrease from about 
30 % Pu VI to only 2 % and in another case from 15 to 
1 %- All the experiments were reproduced on lab
oratory scale omitting the tetravalent uranium, but no 
reducing effect was then found. These results show 
that only U1V is the effective reductant, and that a 
certain amount ofhydrazine is needed for stabilization 
of the UIV against oxidation by nitrite, which will 
always be present in small concentrations in the feed. 
If the nitrite concentration in the feed is known one 
may add U1V solutions with a hydrazine concentration 
just sufficient to destroy the nitrite in the feed, while 
decreasing the U1V excess. This will result in a reduc
tion of the dilution (0.5% in our case). 

CO-DECONTAMINATION STEP 

Extraction runs were carried out for various flow
sheets to investigate the influence of varying feed and 
scrub acidities on the decontamination factors especi
ally for Ru, Zr, and Nb in the co-decontamination 
step, 20 % and 30 % TBP in Shellsol-T was used as 
extractant. The 20 % TBP flowsheets were designed to 
achieve a uranium saturation in the organic phase 
leaving the first column (HAP) (see [11]) of about 
82% (i.e., 66.5 g/1) and in the 30% TBP flowsheets of 
75% (i.e., 93 g/1). Each run lasted 20--40 hours, and 
samples were taken every 2nd hour. Some representa
tive results, calculated for stationary conditions, are 
given in Table 1. Only the results obtained in runs 
which were carried out with feed solutions of com
parable history and specific activity are listed in the 
table. Feed flows for the various runs have been in the 
range of 1-2 1/h. According to general practice, 
zirconium and niobium were determined together. 
The decontamination factor for cerium in all the runs 
was > 104. 

The results confirm the well-known fact that high
acid conditions (flowsheet A and B) give good 
ruthenium but poor zirconium-niobium decontamina
tion, while the contrary is true under low-acid con
ditions (flowsheet E), both resulting in a low gamma 
decontamination. Better results were obtained with 
flowsheets C and D. The first case seems to be the 
better one, i.e., high-acid in the extraction section and 
low-acid in the scrubbing section. This can be ex
plained as follows: ruthenium extractability is low 
under high-acid conditions, and the extracted Zr-Nb 
is more easily scrubbed out under lower acid condi
tions. This fact together with the known low scrub 
efficiency for the higher Ru(NO)-nitrato complexes 
leads to the following conclusion: to achieve the best 
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Table 1. Decontamination factors and operating conditions of tested flowsheets 

Flowsheet A B c D E 

Acidity in M HNOa 
Scrub (HAS) . 3 2.5 1.5 3.0 1.5 
Feed (HAF) 3 2.2 3.0 0.8 1.55 

Decontamination factors 
Zr-Nb. 80-120 50-80 300-400 800-1000 700-1200 
Ru. 300 200 -600 150-200 20-25 
Gross gamma . 200-400 160--200 1500 -1000 140-200 
Gross beta. 500-1000 -500 -2500 -2000 -400 

Relative flows 
Feed (HAF) 100 100 100 100 100 
Scrub (HAS) 50 60 55 56 64 
Extractant (HAX) 450 400 450 157 186 

Uranium in gfl 
Feed (HAF) 295 384 302 142 143 
Top 1st column (HAP) 66 95 67 87 72 

Acidity in waste (HAW) 
MHNOa. 3.0 2.0 2.7 1.4 1.5 
%TBP 20 30 20 30 30 
Number of runs 3 1 1 2 1 

Notes (a) Specific activities in curies/kg U: Zr-Nb 0. 7-2. 5, Ru 0. 3--0.7, Ce 1.5-3 .0, Cs 0. 5-1.1, gross 
y 3 . 3-8 . 3, gross fl 5 . 3-11 . 6. 

(b) Pu content: 140-330 mg/kg U. 
(c) Cooling times of fuel: 3-10 months. 
(d) Flowsheets D and E were tested for the Eurochemic Company. 
(e) An explanation of the symbols HAS, HAF, HAX and HAW are given in Ref.[! I] 

decontamination in one column, the Ru extract
ability in the extraction section should be reduced as 
much as possible (high-acid), and the scrubbing 
section should be used primarily for scrubbing out 
Zr-Nb (low-acid), since the Ru once extracted is very 
difficult to re-extract. 

On completion of the above mentioned runs, a 
second series of test runs was carried out for the 
Eurochemic Company. In these runs the two first 
columns were used for the co-decontamination cycle 
(see Fig. I). The second column served as HS column 
[11] with a scrub acidity of l.5M, while the scrub 
acidity in the first (HA) column was about 2.9M [3]. 
Also a small organic flow (1 BSU) [II] containing 
32 gjl uranium, simulating the recycle from the Euro
chemic I BS column, was introduced in the organic 
flow leaving the first column. To achieve a maximum 
specific activity, the processed fuel was cooled only 30 
days. Specific activities (curies per kg U) were: for 
Zr-Nb I2, Ru 2.8, Ce 5.3, Cs l.I, gross gamma 30, 
and gross beta 32; the Pu content was about 290 mgjkg 
U. Because of the short cooling time, gross gamma and 
beta determinations of the organic phase were much 
influenced by the extracted short-lived isotopes 131J 
and 237U. Accordingly, the gross beta and gross 
gamma measurements of these samples were carried 
out after a cooling time of 80 days. 

Decontamination factors for the first (HA) column 
were: for Zr-Nb 600-900, Ru 500-600, gross gamma 
700-I400, and gross beta 2000-3000, while the 
additional decontamination factors obtained in the 
second (HS) column were: for Zr-Nb 3-5, Ru 2-3, 
gross gamma 3, and gross beta 3-5. From these results 
it can be seen that the DF for Zr-Nb for the first 

column is comparable with the results for flowsheet 
D, Table I. The DFRu is about 3 times higher, 
probably owing to the higher uranium saturation 
(92-94 g/l), and the higher specific activity. It can be 
seen that the effect of the second column is rather low. 
(The HS column has a length of only 4 m and works 
in the mixer-settler region, which results in a contact 
time of only 5-6 minutes. The column is also operated 
at ambient temperature). 

In these last runs about 20 % plutonium and 2 % 
uranium were lost to the HAW stream. To explain 
this loss, calculations were performed to determine the 
number of theoretical extraction stages in the extrac
tion section of the first column. In order to facilitate 
these rather complicated stagewise calculations for 
U02(NOa)2-HNOa-TBP systems, a computer pro
gramme was developed [6]. It was shown that the 
250 em of the extraction section contained only 2.5 
theoretical stages. The calculations proved that with 
this number of stages, and applying the given flow
sheet conditions with plutonium in the recycle entering 
the top of the first column, a loss of 20 % plutonium 
could be expected. It should be mentioned that in 
most other runs uranium and plutonium loss have 
been less than O.I and I % respectively. 

URANIUM-PLUTONIUM PARTITION 

When the second column is used for uranium
plutonium separation, the organic stream leaving the 
first column is introduced at about the middle of the 
column, the reductant in the top, and the TBP scrub 
at the bottom (see Fig. I). Thus, the upper part of the 
column functions as the plutonium backwash section 
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Table 2. Flowsheet conditions for uranium-plutonium separation 

Flowsheet 
Bl 82 83 B4 

Reductant Fe11 UIV urv urv 
Atomic ratio reductant/Pu. ~40 8 6 12 
% loss of Pu to the TBP product . ~to 10 14 4 
Decontamination factor of U from Pu 

product ~tooo 1300 8700 ~5000 

Relative flows 
Organic feed . 100 too 100 100 
Aqueous to top of column 24 10 9 11 
Organic scrub 35 35 38 39 
Aqueous introduced near feed point 4" 4b 

Composition of aqueous flow to top of column 
HNOamol/1 0.5 0.31 0.2 
Fe(NH2SOa)2 mol/1 . 0.01 
U (IV) g/1 . 1.2 a 1.3 
N2H4moljl ~.002 0.12 0.09 

Acidity of Pu product M HNOa ~1 0.6 1.3 1.3 
% TBPused. 20 and 30 30 30 30 

a The composition of the small aqueous flow introduced near the feed point was 5. 3M HNO,, 4. 6 g u•v;J, 
and 0.11M N,H •. 

b Composition: 5 .OM HNO,, 3. 7 g U'v/1, 0.09M N.H •. 
Note: The U concentration in the organic feed was about 66 g/1 in the 20% TBP flowsheets and 72-95 g/1 

in the 30 % TBP flowsheets. The Pu concentration varied between 15 and 30 mg/1. 

and the lower part as the uranium strip section. In 
most runs ferrous sulphamate was used as plutonium 
reductant. In later runs the ferrous reductant was 
replaced by uranium (IV)-nitrate solutions, stabilized 
with hydrazine. The main advantage is that no non
volatile substances are added to the plant effluents and 
that uranium (IV) unlike Fe11 can be largely removed 
from the plutonium stream. All the reported results 
using uranium (IV) as reductant in the Purex process 
were obtained with mixer-settlers [7, 8, 9]. (A biblio
graphy is given in references 7 and 8.) 

The uranium (IV)-nitrate solutions were made by 
the electrolysis of uranium (VI) solutions in nitric 
acid media, stabilized with hydrazine; with a mercury 
cathode [10]. In one run, the U1V reductant was 
introduced at the top of the pulsed column (flowsheet 
B2), whereas in another run it was introduced 25 em 
above the feed point while the aqueous scrub con
tained hydrazine (flowsheet B3) to keep the system 
free from nitrous acid. In the last run (flowsheet B4), 
the two systems were combined by introducing U1V 
both at the top and near the feed point of the column. 

Because of the extractability of UIV and its in
stability in contact with TBP, it is advantageous to 
introduce the reductant near the feed point to main
tain reducing conditions at this point; this should 
reduce the amount of UIV required and result in a 
more efficient reduction of Pu1V in the organic phase. 
The flow for the organic feed in the different runs 

varied between 3.5 and 7.5 1/h. The results of the 
tested flowsheets with Fe11 and U1V as reductant are 
given in Table 2. From the results it can be seen that 
even with a 40 times excess of Fen, 10% of the pluton
ium followed the uranium product. This is probably 
owing to the rather limited mass transfer area and 
contact time (,....,90 s) available for plutonium strip
ping. On the other hand, it was shown that even with 
a factor of 2. 5 decrease of the stoichiometric reductant 
excess and of the Pu product volume, the replacement 
of Fe11 by U1Y has no disadvantages. It should also be 
noted that only a very small amount of hydrazine was 
needed in flowsheet B2. Flowsheet B3 resulted in a 
somewhat higher plutonium loss, but gave a much 
better U/Pu separation, due to the acidity (5.3 M 
HNOa) of the small aqueous flow introduced near the 
feed point. However, the best plutonium recovery was 
obtained with flowsheet B4 which also resulted in good 
decontamination of uranium from plutonium. Prob
ably in this flowsheet reducing conditions were main
tained throughout the plutonium backwash section 
and not only in the upper section (as in flowsheet B2) 
or in the lower section (as in flowsheet B3). 
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A/761 Norvege 

Experience acquise pendant le 
fonctionnement de l'usine pilote de 
regeneration de Kjeller 

par B. Gaudernack et a/. 

L'usine pilate norvego-neerlandaise de regeneration 
de Kjeller, en Norvege, a ete brievement decrite lors de 
Ia deuxieme Conference de Geneve en 1958. Depuis 
juin 1961, l'usine traite du combustible irradie, en 
uranium naturel, provenant du reacteur JEEP a 
Kjeller. 

Les operations suivantes sont effectuees dans 
l'usine: degainage mecanique des elements de com
bustible gaine d'aluminium, dissolution de !'uranium 
metallique par l'acide nitrique et extraction liquide
liquide de la solution d'uranium, afin de separer 
!'uranium, le plutonium et les produits de fission. 
L'extraction se fait dans trois colonnes pulsees: Ia 
premiere pour !'extraction de !'uranium et du plu
tonium et pour le lavage des produits de fission 
extraits; la deuxieme colonne pour Ia reduction et 
!'extraction du plutonium et ensuite la reextraction de 
!'uranium. La troisieme colonne sert a !'extraction de 
!'uranium. La capacite des colonnes d'extraction est 
d'environ 0,5 kg d'uranium a l'heure. La plupart des 
extractions ont dure environ 30 h. 

Du tributylphosphate (TBP) dissous dans du 
kerosene a ete utilise pour I' extraction. La consomma
tion maximale du combustible traite etait d'environ 
400 MWj/t et le temps de refroidissement minimal 
d'environ 30 j. Differents schemas de principe du type 

Purex furent essayes. En particulier, on a etudie l'effet 
de la modification de l'acidite a ]'alimentation et a 
!'extraction dans la premiere colonne sur les facteurs 
de decontamination pour Ru, Zr et Nb. L' on a 
procede egalement a des extractions a partir de solu
tions contenant des concentrations differentes d'ura
nium. L'on compara egalement l'efficacite du TBP a 
20% et a 30 %. Deux series d'essais furent effectuees 
pour Eurochemic a Mol, en Belgique. Le but de ces 
essais etait d'estimer les facteurs de decontamination 
que l'on pouvait obtenir au moyen du schema propose 
par Eurochemic pour le premier cycle d'extraction. 

Dans la premiere serie d'essais on a etudie !'influence 
de l'acidite dans Ia premiere colonne sur !'extraction 
des produits de fission. Dans Ia seconde serie, les deux 
premieres colonnes furent utilisees dans un cycle de 
codecontamination, afin d'essayer le schema Euro
chemic a <<extraction acide double>>. 

Lors d'experiences ulterieures, le sulphamate ferreux 
fut remplace par de l'uranium tetravalent comme 
reducteur du plutonium dans Ia colonne de separation. 
Dans certains cas de l'uranium(IV) etait introduit au 
sommet de la deuxieme colonne, dans d'autres, au 
milieu. On a compare des schemas utilisant differents 
rapports U1V /Pu. 

Les produits de plutonium provenant du premier 
cycle d'experience furent conserves et ensuite purifies 
dans un deuxieme cycle de plutonium. Diverses 
experiences furent etfectuees afin d'etudier les con
sequences de modifications de Ia valence du plutonium 
dans les solutions d'alimentation. L'on a recemment 
etudie l'influence que divers additifs aux solutions 
d'alimentation et d'extraction de Ia premiere colonne 
avaient sur Ia decontamination des produits de fission. 
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A/761 Hopaentft 

OnbiT 3KcnnyaTa~HH KbennepcKol1 no-
11yaaaoACK0!1 ycTaHOBKH no nepepa-
6oTKe TOnllHBa 
6. rayAepHaK et al. 

HopnemcKo-roJIJiaHp;cKaH nonyaanop;cHaH ycTa
HOBKa no nepepa6oTKe TOIIJIHBa n l\be;mepe, Hop
Bern», 6hiJia KpaTKO onucaHa Ha BTopoii iKeHen
CKoii KOH<J>epeH~HH B 1958 rop;y. C HIOHH 1961 ro
,l.l,a Ha aToii ycTaHoBKe nepepa6aTbiBaeTCH 
o6nyqeHHhlii npupop;HhiH ypaH ua peaKTopa 
JEEP n KheJIJiepe. 

Ha ycTaHOBKe BhiiiOJIHHIOTCH cJiep;yiOIL\He oue
pa~uu: MexaHuqecKoe yp;aJieHHe aJIIOMHHHeBhiX 
060JIO'leK TenJIOBbip;eJIHIOIL\HX aJieMeHTOB, paCTBO
peHHe MeTaJIJIH'leCKOfO ypaHa B a30THOii KHCJIOTe, 
.::IKCTpaK~HH B CHCTeMe lliHAKOCTb - lliHp;KOCTh 
paCTBOpa ypaHa p;JIH paap;e.TJ:eHHH ypaHa, nJiyTo
HHH H npop;yKTOB p;eJieHHH. 3KCTpaK~HH OCYIL\C
CTBJIHCTCH B Tpex nyJihCHPYIOIL\HX KOJIOHHax: nep
BaH - AJIH aKCTpaK~HH ypaHa H nJiyTOHHH H OT
MbiBKH aKCTparuponaHHhiX npop;yKTOB p;eJieHHH,; 
BTOpaH KOJIOHHa - AJIH BOCCTaHOBJieHHH H OTrOH
KH nJiyTOHHH H peaKCTpaK~HH ypaHa, llOirap;aiO
~ero B nJiyTOHHeBhiH npop;yKT, II TpeThH KOJIOH
Ha - AJIH OTfOHKII ypaHa. ll pOH3BOAHTeJibHOCTL 
aKCTpaK~HOHHhiX KOJIOHH OKOJIO 0,5 ne/zt ypaHa. 
BoJibiiiaH qaCTh aKcTpaK~noHHhiX onepa~uii upo
p;onmaJiach npuMepHo no 30 zt. 

B Ka'leCTne aKcTpareHTa ucuoJir.aonaJIH pacTnop 
-rpnoyTnJJ<J>oc<J>aTa n KepocuHe. Tiepepa6aTbiBa
.JioCh TOllJIHBO C MaKCHMaJihHhiM Bhii'OpaHHeM OKOJIO 
400 Mer· cyrnulr npu MHHHMaJibHOM npeMeHu 
DhicnequnaHHH aKTHBHOCTn oKoJio 30 p;Heii. Bhlmt 
IfCIIhiTaHhl pa3JIIf'IHhie TeXHOJIOI'II'leCKHe CXe~lhl 

-run a nypeKc. B qacTnocTH, 6hiJIO uayqeuo BJIIIH
HHe pa3JIJf'IHhiX KJICJJOTHOCTeii IIUTaiOIL\ero H npo
MbiBHOI'O paCTBOpOB ll uepnoii KOJJOHHC Ha Koa<J>-
4Ju~UeHTbl O'IUCTKH p;JIH pyTeHnH, ~HpKoHnH u 
Hno6uH. Br.ma uponep;eua aKcTpaK~UH c paaJiuq
HhiMU KOH~eHTpaiJ,HHMJf ypaHa B llUTaiOJI~eM pac
TBOpe. CpanuunaJJOCh ucnoJihaonaHue 20 n 30-
npou,eHTHoro Tpu6yTuJI<J>oc<J>aTa n Ka'leCTBe aKc
TpareHTa. BhiJJu uponep;eHhi p,ne ceplnt onhiTon 
J(JIH <J>HpMLI <<EnpoKeMUK>> n MoJie, BeJihrHH. 
UeJihiO :nux orrbiTOB 6hiJia ou,eHKa Koa<J><J>nu,uen
TOD O'lHCTKH, ITOJiy'leHHhiX llO Tl'XHOJIOI'HlleCKOii 
cxeMe, npPJVJOmennoii p;JJH <J>upMLI '< EBpOKl'MHK» 
;~JI.H nepnoro :JKCTpaKIJ,HOHHOl'O U,HKJJa. 

B nepnoii cepHH onhiTOB or.TJJo uccJie;~onano 
BJIH.HHHe KHCJJOTHOCTH npOMhiBHOI'O paCTBOpa HH 
yp;aJJeHUe IIpOfl.YKTOB p,eJieHHH B nepnoii KOJIOHHl'. 
Bo nTopoii cep1111 p;ne rrepnr.Ie Ko.TioHHhi oLIJIII 
HCilOJJh30BaHb! B I~HKJie COBMeCTHoi1 O'lliCTKH l\Jlfi 
nponepHH TeXHOJJOI'H'leCHOi.f CXeMbl C <mpOMhlB
Koii C ;'.(BOiiHOH KHCllOTHOCTbiO>>, 1Ip11HHTOii /I.JIH 
ycTanonKu qmpMhl << EnpoHeMHK>>. 

B HOCJie~IHHX :mcuepuMeHTax cynh<J>aMaT p,nyx
BaJieTHoro meJieaa 6hiJI aaMeHeH Ha '!eTbipexna
:IeHTHhrii ypaH )J;JIH BOCCTaHOBJieHHH IIJIYTOHHH JJ 
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ceKu,uouupoaauHoii KoJIOHHe. B neKoTopbiX OIIhi
Tax 'leTblpexBaJieHTHbiH ypaH BBO)J;HJIH B l'OJIOBY 
nTopoii KOJIOHHhi, a B p,pyrux - n cepep;nuy Ko
JIOHHhl. CpaBHHBaJIHCh cxeMhl p;JIH paaJIH'IHhiX oT
HoiiieHuii: ypaH (IV) /nJiyTouuii. 

llJiyTounenhle npop;yKThi, noJiyqaeMhie n ;mcne
puMeHTax no nepaoMy ~HHJiy, 6hiJIH co6paHhl 1t 

IIOCJie)J;OBaTeJihHO O'IHIL\eHbl BO BTOpOM IIJIYTOHHe
BOM ~HHJie. BhmH npoaep;eHhi paann'IHhie aKcne
pnMeHTLI B 'laCTII peryJIHpoBaHHH BaJieHTHOCTK 
IIJIYTOHHH a nnTaiOIL\HX pacTnopax. Hep,anHo Ohl
JIO HCCJie;'.(oBaHo BJIHHHHe pa3JJH'IHhiX p;o6aBOK B 
nnTaiOIL\He u npoMLIBO'IHhie pacTnophi AJIH nep
noi1: KOJIOHHhl C ~eJibiO YJJYllllleHUH O'IHCTKH OT 
IIpop;yKTOB p,eJieHHH. 

A/761 Noruega 

Experiencias de Ia planta piloto de 
regeneraci6n de combustible de Kjeller 

por B. Gaudernack et al. 

En Ia segunda Conferencia de Ginebra de 1958 se 
describio brevemente Ia planta piloto noruego-holan
desa de regeneracion de combustible de Kjeller 
(Noruega). Desde junio de 1961 se trata en esta planta 
combustible irradiado de uranio natural procedente 
del reactor JEEP de Kjeller. 

En la planta se realizan las siguientes operaciones: 
desenvainado mecanico de los elementos combustibles 
revestidos de aluminio, disoluci6n del uranio metalico 
desenvainado en acido nitrico, y extraccion liquido
liquido de la soluci6n para separar el urania, el 
plutonio y los productos de fision. La extraccion es 
realizada en tres columnas pulsantes: la primera para 
extraccion de U y Pu y depuraci6n de los productos de 
fision extraidos; Ia segunda, para reducci6n y separa
cion de Pu seguida de Ia reextraccion de U y la tercera, 
para separacion del U. La capacidad de las columnas 
de extraccion es, aproximadamente, de 0,5 kg de 
uranio/h y las operaciones suelen durar unas 30 horas. 

Como disolvente de extraccion se ha utilizado fos
fato tributilico (FTB) diluido en queroseno. El grado 
de combustion maximo del combustible tratado fue 
de unos 400 MWdjtonelada y el tiempo minimo de 
enfriamiento de unos 30 dias. Se han ensayado varios 
procesos tipo Purex y, en particular, se ha estudiado el 
efecto de la variaci6n de Ia acidez de Ia solucion inicial 
y del depurador en Ia primera columna sobre los 
factores de descontaminacion correspondientes al Ru, 
Zr y Nb. Tambien se han llevado a cabo extracciones 
con concentraciones variables de uranio en Ia solucion 
inicial y se ha comparado el empleo de FTB al 20 % y 
al 30 % como disolvente de extracci6n. Se han efec
tuado dos series de ensayos para Ia Compafiia Euro
chemie de Mol (Belgica), con objeto de evaluar los 
factores de descontaminacion que se pueden alcanzar 
con el proceso propuesto por dicha Compafiia para el 
primer ciclo de extracci6n. 
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En Ia primera serie de ensayos, se ha investigado Ia 
influencia de Ia acidez del depurador en Ia separaci6n 
de productos de fisi6n de la primera columna. En la 
segunda serie, se han utilizado las dos primeras colum
nas en un ciclo de codescontaminaci6n para ensayar el 
proceso de Ia Eurochemie denominado deputador de 
doble acidez. 

En experimentos posteriores, el sulfamato ferroso 
fue sustituido por uranio tetravalente como reductor . 
del plutonio en la columna de separaci6n. En unos 
casos el UIV se introdujo en Ia parte superior de la 
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segunda columna, en otros, a media columna. Se han 
comparado varios procesos con diferentes relaciones 
de UIVfPu. 

El producto de plutonio resultante del primer ciclo 
de experimentos se recogi6 y purific6 despues en un 
segundo 'ciclo y, ad~:;mas, Se ejecutaron varios experi
mentos rblativos al ajuste de Ia valencia del plutonio en 
Ia soluci6n madre. Recientemente se ha investigado el 
efecto de varios adi~ivos en las soluciones madre y 
depuradora de Ia primera columna para mejorar Ia 
descontaminaci6n de productos de fisi6n. 
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Quelques etudes d'application realisees a Eurochemic* 

par E. Detilleux,** E. Lopez-Menchero,*** A. Redon,**** G. Rolandi,***** et 
R. Rometsch****** 

Le departement recherches d'Eurochemic poursuit 
une serie d'etudes tant technologiques que chimiques, 
qui ont pour but, d'une part, de resoudre des pro
blemes poses par Ia realisation de l'usine de Mol, 
d'autre part, !'amelioration des procedes existants _ou 
!'elaboration de techniques nouvelles dans le domame 
du retraitement par voie aqueuse des combustibles 
irradies. 

Certains aspects de ce programme sont examines. 

PROBLEMES TECHNOLOGIQUES 

L'exploitation des colonnes d'extraction pulsees a 
re<;u une attention toute speciale, et a ete examinee 
dans une installation pilote en vraie grandeur. Les 
etudes detaillees effectuees sur Ia pulsion a !'air des 
colonnes et Ia detection de !'interface basse par bullage 
d'air ont conduit a !'adoption de ces systemes dans 
l'usine. Les principaux resultats de ce travail sont 
resumes ci-apres: 

Pulsion a l'air des colonnes d'extraction 

L'utilisation de systemes mecaniques (pompes a 
membrane, etc.) pour Ia pulsion des colonnes d'extrac
tion radioactives posant de graves problemes de 
reglage, d'entretien et de securite demarche, une etude 
poussee de Ia pulsion a l'air a ete entreprise. Les buts 
principaux de cette etude visaient a determiner les 
parametres du generateur de pulsion, a etablir les con
ditions de fonctionnement industriel et a evaluer Ia 
securite de marche. 

• Eurochemic, Departement Recherches, Mol. 
•• Belgique. 

*** Espagne. 
•••• France. 

••••• Italie. 
•••••• Suisse. 

La figure 1 donne un schema de principe de !'instal
lation et le tableau 1 les principales caracteristiques 
des colonnes qui ont ete utilisees. 

La pulsion est obtenue par admission et ech~ppe
ment alternatifs d'air comprime au-dessus du mveau 
du liquide dans le tube pulseur. La periode ~e p~ls~on 
a ete definie comme Ia somme des temps d admtssiOn 
et d'echappement sans temps mor~. Le~ , orifi~~s 
d'admission et d'echappement ont touJours ete cholSls 
de fa<;on a obtenir un deplacement pratiquement 
sinusoidal du liquide dans Ia colonne. 

Appareillage de pulsion 

Deux types d'appareillage generateur de pulsion ont 
ete examines: 

a) des vannes electromagnetiques commandees par 
un minuteur electronique; 

b) des soupapes commandees par un arbre a cames 
entraine par un moteur a vitesse variable. . 

C'est Ie deuxieme systeme qui a ete retenu en ratson 
de sa meilleure etancheite et de Ia lenteur de reponse 
des vannes electromagnetiques aux frequences elevees. 

Effet des principaux parametres 

Pour des raisons de securite, il serait souhaitable de 
maintenir Ia pression de travail du tube pulseur en
dessous de Ia pression manometrique de Ia colonne. 
Malheureusement, !'amplitude dans Ia colonne aug
mente avec Ia pression de pulsion et djminue avec Ia 
frequence (fig. 2), de sorte qu'aux frequences elevees, 
il faut augmenter la pression de pulsion au-dess~s de ~a 
pression manometrique de la colonne pour ma~ntemr 
!'amplitude. 11 faut done prevoir Ia mesure de niveaux 
d'alarme pour eviter une poussee d'air subite dans Ia 
colonne. 

Le produit amplitude-frequence e_tant le. para
metre caracteristique de Ia colonne, t1 y a beu de 

Tableau 1. Principales caracteristiques des colonnes de Ia station d'essais 

D.:Cantcur Garnissagc 
Colonne Fonction Hauteur Diametre longueur 

"' 
Plateaux• Espacement 

(m) (m} (mm) (m) (mm) (mm) 

C1 Extraction . 4 106 0,5 300 AouB 50 
Lavage. 4 121 0,5 350 B 50 ou 100 

C2 Reextraction 6 191 bas: 1,0 200 A 50 ou 100 
haut: 0,5 450 c 100 

• A: plateaux perf ores, 23 % surface libre. B: plateaux a buses, 23 % surface libre. C: plateaux a buses, 
8,5 % surface libre. 
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trouver un compromis permettant des amplitudes plus 
elevees et des pressions faibles. Ceci peut etre obtenu 
en augmentant le diametre du tube de pulsion. 

La regulation de Ia pression d'air a une influence 
detenninante sur Ia stabilite du niveau moyen dans le 
tube de pulsion. Les meilleurs resultats ont ete obtenus 
avec les regulateurs de pression Sunvic Nulmatic. 

Resultats 
Les essais ont demontre que, si l'efficacite des 

colonnes pulsees a I' air est legerement inferieure a celle 
obtenue par pulsion mecanique (15% dans les con
ditions etudiees), leur capacite est superieure, l'aug ... 
mentation pouvant atteindre 30 a 50% (colonne C2). ' 

Detection de I' interface basse par bullage d'air 
Les avantages apportes par !'exploitation de cer

taines colonnes d'extraction du procede Purex avec une 
phase organique continue ne sont plus a demontrer. 
Cependant, Ia detection de !'interface dans un tel mode 
de fonctionnement pose un probleme technologique 
reel. Apres avoir examine divers systemes tels que 
flotteur, thermistances, purge de liquide,le systeme par 
bullage d'air a finalement ete adopte pour l'usine de 
Mol, les etudes ayant demontre de nombreux avan
tages comme: 

Conception simple; 
Temps de reponse pratiquement instantane (il est de 

l'ordre de la minute dans le cas d'une purge a 
liquide); 

Accroissement de Ia capacite de l'ordre de 20 a 25% 
sans alteration notable de l'efficacite; 

lndependance vis-a-vis des :petits incidents de 
fonctionnement comme les faibles variations des 
debits; 

Amelioration importante de !'elimination des boues 
d'interface. 

Toutefois, Ia necessite d'etalonner au prealable 
l'enregistreur en fonction de !'amplitude et de la fre
quence de pulsation ainsi que les legeres erreurs intro
duites par les variations du debit de bullage d'air sont 
des inconvenients certains. 

Equipement 
Le montage mis au point est schematise a Ia figure I. 

II a ete utilise avec des colonnes pulsees a I' air equipees 
des plateaux decrits au tableau 1. 

Effets des principaux parametres 
Effet de Ia pulsion 

L'etalonnage de l'enregistreur en fonction de la 
frequence et pour differentes amplitudes fait apparaitre 
un deplacement fictif de l'interface. C'est ainsi qu'en 
passant de 40 a 90 cycles par minute, et pour des 
amplitudes de 5, 10 et 15 mm, on enregistre des de
placements fictifs d'interface de l'ordre de 36, 60 et 
88 mm respectivement. 

Ces valeurs ont ete obtenues avec une colonne 
equipee de plateaux a 8,5 % de surface libre, sans 
ecoulement de liquide ni amortisseurs sur les circuits 
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d'air et avec !'interface maintenue approximativement 
a egale distance des tubes purgeurs. L'introduction, 
avant Ia cellule de mesure de pression differentielle, 
d'amortisseurs fixes (orifice 0,3 mm, chambre 500 cm3) 
a permis de reduire le deplacement fictif d'interface a 
6 et 48 mm pour les amplitudes de 10 et 15 mm. 

Stabi/ite du debit d'air 
Les experiences ont mis en evidence qu'une erreur de 

debit sur le tube basse pression avait une influence 
plus marquee sur l'enregistrement qu'une erreur sur 
l'autre tube. Ceci pourrait s'expliquer par une perte de 
pulsion qui est toujours plus importante dans ce tube 
situe plus pres de Ia sortie du tube pulseur. 

Diametre des tubes de bullage 
Les meilleurs resultats ont ete obtenus avec des 

tubes ayant un diametre interieur allant de 4 a 8 mm. 

Espacement des tubes bulleurs ~ 
Un accroissement de l'espacement des tubes de 

bullage etale Ia zone d'etalonnage, mais assure une 
regularite plus grande de !'enregistrement et delimite 
une zone de deplacement plus grande de !'interface, ce 
qui est avantageux pour le fonctionnement aux 
grandes amplitudes (20 ou 25 mm). L'espllcement 
optimal recommande ne doit pas etre inferieur a 
500mm. 

Mode operatoire recommande 
Les essais realises conduisent a recommander le 

mode operatoire ci-apres: 
Etalonnage de l'enregistreur en fonction de Ia 

frequence et de l'amplitude pour les positions 
extremes de }'interface qui peuvent etre detectees 
et avec la difference de densite Ia plus faible qui 
soit susceptible d'etre rencontree dans Ia colonne; 

II est utile, mais non necessaire, de faire cet etalon
nage egalement pour une position intermediaire 
de !'interface; 

N'utiliser que 80% de la zone delimitee pour l'eta
lonnage; 

Regier le point de consigne de l'enregistreur pour 
chaque changement d'amplitude ou de frequence 
en accord avec la courbe d'etalonnage en vue de 
maintenir !'interface vraie aussi stable que 
possible; 

Utiliser des debitmetres de precision combines avec 
les amortisseurs fixes situes avant Ia cellule de 
mesure de Ia pression differentielle pour assurer le 
maximum de precision et de reproductibilite. 

PROBLEMES CHIMIQUES 
Utilisation de Ia trilaurylamine (TLA) dans 

. Jes cycles de retraitement 
Dans le cadre du programme d'amelioration des 

procedes existants, !'application de Ia TLA comme 
agent d'extraction du cycle de purification finale du 
plutonium a ete etudiee en detail, et est recommandee 
pour l'usine de Mol. En outre, une etude visant a 
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utiliser Ia TLA comme agent de separation de !'ura
nium et du plutonium, sans reduction de ce dernier, a 
ete entamee tout recemment. 

Purification finale du plutonium 

Le schema chimique mis au point est donne dans Ia 
figure 3. L'originalite du procede consiste en ce 
qu'apres extraction du plutonium dans la phase TLA 
(solution a 20 % en volume de TLA dans le Solvesso 
100) celui-ci est directement precipite de Ia phase 
organique sous forme d'oxalate de plutonium(IV). Les 
principaux parametres des differents stades du procede 
sont analyses brievement ci-apres: 

Extraction 
L'utilisation d'un diluant aromatique pour la TLA 

(Solvesso 100 par exemple) permet d'atteindre des con
centrations de Pu dans la phase organique de l'ordre 
de 20 g/1 sans risque d'apparition d'une troisieme 
phase. 

L'acidite de 2M HNOa choisie pour la section 
extraction assure une separation optimale Puiv;uvi, 
ainsi qu'une extraction pratiquement quantitative du 
Pu1V (tableau 2). La section de lavage a une acidite 
moyenne de 0,5M HNOa pour parachever la decon
tamination en UVI (tableau 2). La decontamination en 
produits de fission .(principalement Zr-Nb et Ru ace 
stade) est satisfaisante dans ces conditions (fig. 3). Si 
necessaire, elle pourrait etre amelioree, au detriment 
de la decontamination en uranium, en augmentant 
l'acidite du lavage. Ce choix est a faire en tenant 
compte de la nature des solutions a purifier et des 
specifications a respecter pour le plutonium final. 

Precipitation 
L'addition d'une solution d'acide oxalique-acide 

nitrique a la phase organique sortant de !'extraction 
donne lieu a la formation d'un precipite cristallin 
d'oxalate de Pu1V qui se separe egalement bien de la 
phase organique et de la phase aqueuse. Les pertes en 
plutonium dans les deux phases sont largement con
ditionnees par les concentrations en phase aqueuse des 
acides nitrique et oxalique apres la precipitation. Les 
conditions optimales determinees par de nombreux 
essais indiquent que la phase aqueuse, apres precipita
tion, doit etre 1M en acide nitrique et 0,075M en acide 
oxalique, ce qui assure une perte en plutonium de 
l'ordre de 10 a 20 mg/1 dans la phase aqueuse et de 
2 a 5 mgjl dans la phase organique. 

Tableau 2. Coefficients de partage et facteurs de 
separation Pu{U dans 20% TLA-Solvesso 100 

Phase aqueuse initia1e: PuiV: 1 g/1 (a) et 15 g/1 (b), afo=1 
uvr: 0,2 g/1 

(HNOo)aq. a EPuo/a EO/& a= EPu0 1•fEu0 f• 
l'equil. (a) (b) uVI (a) (b) 

0,5 100 10 0,3 333 33 
1 180 16 0,5 350 32 
2 310 30 0,85 367 35 
3 410 27 1,5 275 18 
5 435 35 2,5 175 14 

E. DETILLEUX et of. 

Tableau 3. Repartition (en %) de l'activite entre les 
differentes solutions produites a Ia precipitation 

Zr-Nb 
Ru . 

Zr Phase Phase aqueuoe Eaux de Precipite 
organique (eaux-mereo) lavage 

Le tableau 3 donne une idee de la repartition des 
produits de fission entre les differentes phases pro
duites au cours de la precipitation. 

Les resultats obtenus jusqu'ici sont des resultats 
d'essais en Iaboratoire. 11 est hors de doute qu'en 
application industrielle les valeurs atteintes seront 
quelque peu differentes par suite de Ia composition 
tres variable des solutions a traiter et des conditions 
particulieres inherentes a un appareillage industriel. 
Toutefois, les resultats presentent une telle marge de 
securite par rapport aux specifications generalement 
exigees, qu'il est permis d'envisager avec confiance 
!'application industrielle du procede. 

Separation uranium-plutonium sans redutteur 

Les etudes realisees dans Ie cadre des essais decrits 
au paragraphe precedent conduisent a penser qu'il est 
possible de realiser Ia separation de l'uranium et du 
plutonium sans reduction de celui-ci en utilisant des 
solutions de 0,2 a 0,3M en amine tertiaire. En effet, il 
semble que les coefficients de partage (E0 1&) du plu
tonium et de l'uranium seraient, respectivement, de 
l'ordre de 5 a 10 et 0,05 a 0,1 pour une solution aqueu
se initiate a ~ 1 g/1 en plutonium, ~ 350 g/1 en ura
nium et 1 a 2M en acide nitrique. Une etude est actuelle
ment en cours avec la TLA; elle pourrait etre etendue 
a d'autres amines tertaires, si necessaire. 

Le schema envisage est presente a la figure 4. La 
separation uranium-plutonium interviendrait a pres un 
premier cycle de codecontamination a base de TBP 
(Purex classique) et une concentration de la solution 
aqueuse sortant de ce cycle. Les resultats obtenus nous 
permettent de penser que ce schema 'est realisable. 11 
presente l'avantage de combiner en un seul cycle Ia 
separation uranium-plutonium et Ia purification finale. 
du plutonium, tout en assurant une decontamination 
en produits de fission et en uranium (pour le pluto
nium) au moins egale a celle atteinte dans un schema 
Purex classique. 

Utilisation des sels d'ammonium quaternaires (AQ) 
pour Ia purification du plutonium (5) 

Diverses etudes ont fait ressortir la haute stabilite 
des complexes formes avec les sels AQ et les anions 
nitriques du plutonium(IV) ainsi que leur solubilite 
dans les solvants organiques comparee avec celle des 
complexes d'uranium(VI) et des principaux produits 
de fission. 

Les essais etfectues ont permis de selectionner 
quatre composes AQ parmi une serie de dix produits 
commerciaux (tableau 4). Cette selection a ete effectuee 
sur la base de la facilite de transformation du compose 
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Tableau 4. Composes d'ammonium quaternaire selec
tionnes 

Nom commercial 

Bradozol 

Servamine KB 412 

Vantoc CL. 

Vantoc B . 

Nom scientifique 

Bromure de lauryl-phenylether 
dimethylammonium 

Chlorure de dodecylbenzyl
trimethylammonium 

Chlorure de lauryl-dimethyl
benzylammonium 

Bromure de tetradecyl-pyridinium 
Chlorure d'hexadecyl-dimethyl

benzyl-ammonium 

halogene en nitrate, de Ia solubilite du nitrate dans des 
solvants organiques et de leur propriete tensio-active a 
!'interface. Des essais comparatifs d'extraction entre 
les composes et Ia TLA ont montre que: 

Le coefficient de partage du Pu1V est plus eleve dans 
Ia TLA pour les acidites aqueuses inferieures a 
2M, mais devient inferieur au-deJa de cette aci
dite (tableau 5); 

Pour les acidites de l'ordre de 4M, le facteur de 
separation Pu/U est beaucoup plus e!eve dans les 
systemes AQ (tableau 6); 

La reextraction du plutonium en phase aqueuse est 
aisee dans les systemes AQ, sans alteration de Ia 
valence. L'utilisation d'agents de reextraction 
faiblement acides, neutres ou alcalins peut etre 
envisagee (EPuola: 10-1 a 10-3 avec (NH4)2COa 
0,5 a 2M) respectivement avec une phase orga
nique a 0,15M de nitrate de Vantoc CL dans 
l'o-xylene ce qui est susceptible d'augmenter 
!'interet des systemes AQ pour Ia purification du 
plutonium. 

Dissolution chimique des elements a base 
de carbure et de graphite 

Ce programme vise a developper une ou plusieurs 
methodes qui puissent permettre le traitement des 
elements de ce type, si possible, par un cycle aqueux. 
Une serie d'essais est actuellement en cours en vue de 
selectionner des methodes chimiques permettant 
l'attaque et Ia dissolution du graphite, du carbone 

Tableau 5. Coefficient de partage du plutonium(IV) 
dans Ia TLA et certains systemes ammonium quater

naires 

Systeme <~~v pour (HNOa) aq. 

O,SM IM 2M 3M 4M 

Nitrate de Vantoc CL 0,164M 
dans 10% Octanol-90 % 
Shellsol T, 25 oc 0,4 2 10 18 50 

TLA 0,164M dans meme diluant 
25°C 3,5 9 12 14 

Nitrate de Servamine KB412; 
0,164M-chlorobenzene, 40°C 0,5 4 28 70 105 

TLA 0, 164M dans meme diluant 1,5 4,8 18 28 40 

E. DETILLEUX eta/. 

Tableau 6. Facteurs de separation Pu/U dans fa Serva
mine KB 412 et Ia TLA 

Servamine KB 412 (voir tableau 5) . 
TLA (idem) . 

a Pu/U pour (HNOa) aq. 
2M 4M 

4 X 102 7 X 102 
1,3 X 102 90 

pyrolytique et du carbure de silicium servant d'enro
bage a du carbure d'uranium ou de thorium. 

Les methodes en visa gees com portent deux stades: 
a) Combustion sous melanges carbonates-hydro

xydes ou chlorures alcalins fondus, !'oxygene de com
bustion etant fourni sous forme d'air ou d'un oxyde 
gazeux, instable a Ia temperature du bain (N02, par 
exemple) avec ou sans combustion prealable dans 
courant gazeux; 

b) recuperation de U et Th, soit par cycles d'extrac
tion, soit par electrolyse. Dans ce dernier cas, c'est Ia 
combustion dans les chlorures alcalins fondus qui 
constitue le premier stade. 

La composition initiale du bain de sel est naturelle
ment fixee par Ia temperature necessaire pour assurer 
Ia fusion du bain dans les conditions finales d'opera
tion. On est en droit de penser que ce type de com
bustion aura les effets suivants: 

Formation de C02, CO et Si02 a partir du graphite, 
du carbone, amorphe et pyrolytique, et du di
carbure de silicium; 

Retention totale ou partielle de C02 sous forme de 
carbonate en presence, dans le bain de carbonate, 
de donneurs de 02 du type hydroxydes alcalins 
(ce qui facilite egalement l'attaque de SiC2); 

Mise sous forme soluble de Si02 par Ia formation de 
silicates dans le cas des carbonates et hydroxydes; 

Mise sous forme soluble des carbures d'uranium et 
de thorium avec combustion simultanee du car
bone et formation de composes du type UaOs
UOa, Th02 ou U042- ThC16

2-, U02Cl2, ThO 
Cb suivant les conditions; 

Formation de Zr02 ou Zr0a2- dans les cas oil le 
combustible contient du monocarbure de zir
conium. 

Les essais en cours ont montre: 
a) Qu'entre 600 et 700°C, des particules de carbure 

d'uranium-carbure de thorium d'un diametre de 300 JL 
enrobees dans une couche de carbure de silicium de 
30 JL etaient totalement desintegrees en une heure dans 
un bain forme d'un melange d'hydroxyde, de carbo
nate et de nitrate alcalin ( donnant NO et 02 par decom
position); 

b) Que, entre 600 et 700°C, les matrices de graphite 
electrolytique etaient attaquees par !'oxygene a raison 
de 200 mgjcm2 h; aucune augmentation de la vitesse 
n'est remarquee jusqu'a 900°C; 

c) Que, aux memes temperatures, les vitesses de 
reaction avec 02 ou N02 dans l'eutectique de car
bonates de lithium, sodium et potassium etaient res
pectivement de 10 et 100 mg/cm2 h, tandis qu'a 900°C 
ces vitesses sont de l'ordre de 200 mgjcm2 h. 
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Il est trop tot pour apprecier completement les 
possibilites d'applications industrielles de ces metho
des, mais les essais en cours conduisent a conclure 
aux faits que: 

a) La desintegration des particules gainees en SiCz 
est possible a temperature moderee dans un bain 
de carbonates alcalins fondus contenant un 
hydroxyde; 

b) Que Ia recuperation de !'uranium et du thorium 
par lechage avec un melange d'acides nitrique et 
fluorhydrique est realisable et favorisee par le fait 
que les oxydes obtenus ne sont pas soumis a des 
temperatures locales elevees comme pour Ia com
bustion seche dans !'oxygene (uniformisation de 
Ia temperature due au bain de sels); 

E. DETILLEUX et a/. 

c) Que Ia mise en solution de !'uranium et du 
thorium dans des chlorures fondus permet 
d'envisager Ia recuperation de l'uranium et du 
plutonium par electrolyse directe. 
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A/773 Belgium 

Some development studies at Eurochemic 

By E. Detilleux et a/. 

The Eurochemic. Research Department has been 
simultaneously working on the chemical and techno- · 
logical problems involved in the future operation of • 
the Mol plant and several studies on new processes for.· 
aqueous reprocessing of irradiated nuclear fuels are 
in progress. 

This paper reviews some aspects of the programme. 
Technologically, various studies on fuel dissolution, 
operation of pulsed extraction columns and evapora
tion of radioactive solutions have been carried out. 
Two of these studies are discussed here in some detail, 
namely, air pulsation of the extraction columns and 
interface detection by air bubbling. 

The purpose of the work on air pulsation is to 
increase operational safety by eliminating mechanical 
parts and reducing maintenance requirements. On the 
other hand, the work on interface control has shown 
that the air bubbling system, in continuous organic 
phase, is perfectly applicable to industrial columns. 

From the chemical aspect, and in parallel with 
problems directly connected with plant erection, the 
use of tertiary amines and quaternary ammonium 
salts as extraction media, and the dissolution of uran
ium and thorium carbide-graphite fuels, are more 
specially considered. 

In the tertiary amine field, a process has been 
developed for the final purification of plutonium. It 
involves extraction of plutonium by trilaurylamine 
(TLA) followed by direct precipitation from the 
organic phase of plutonium as an oxalate. 

The possibility of applying TLA (or other tertiary 
amines) to achieve, without any reducing agent, the 
separation of plutonium from uranium is also dis
cussed. This process would also allow uranium and 
plutonium separation and the final purification of the 
latter to be combined in one cycle. 

The substitution of the tertiary amines by a quater
nary ammonium salt, in particular for plutonium puri
fication, is also discussed. These salts have the advan
tage of giving stable complexes with plutonium(IV) 
(soluble in organic solvents) but allow easy back
extraction of the plutonium by using aqueous solu
tions either slightly acid, neutron or even alkaline. 

The studies relating to the processing of graphite 
fuels were mainly with elements having uranium or 
thoriu'm carbide fuels incorporated in complex carbide 
matrices. 

Dry combustion and attack by a molten salt medium 
have been selected as a possible initial reprocessing 
step. 

A/773 ISenbrHR 

HeKoTOpble npHKnaAHble HccneAoBa
HHR, npoBeAeHHble ~HpMO~ ,EBpOKe
MHK" 
3 . .LJ.eTMHe et al. 

HccnclJ,oBaTeJibC.KHii OTlJ,eJI tf>upMbl ((EBpo.Kc

MH.K» aaHHMaJICH O,Il.HOBpeMeHHO XHMH1JeC.KHMH II 

TeXHOJIOfH1JeC.KHMH npo6JICMaMH, CBH3aHHbiMH C 

coopymeHueM aaB~,IJ.a B MoJie, a Ta.Kme npoBo,IJ.HJI 

pH,Il. HCCJie,IJ.OBaHHH flO WoBbiM MeTo,IJ.aM nepepa

OOT.KH o6JJy1feHHoro TOllJlHBa BOlJ.HbiM nyTeM. 

B lJ.O.KJialJ,e paccMaTpH~aiOTCH He.KoTophle acne.K

tbl 3TOH nporpaMMbl. C f01J.KH apeHHH TeXHOJIOfHII 

oi>IJIH lJ,oBell,eHbi ,IJ.o 6JI~ronoJiy1fHoro KOH~a paa

JIK'IHbie HCCJJl',I\OBaHHH, joTHOCH~HeCH K paCTBOpe

llHIO TOllJIHBa, 3KCIIJifaTa~HH 3KCTpa.K~HOHHbiX 
HOJIOHH H BhlnapHBaHHIO a.KTJ(BHbiX paCTBOpOB. 

BoJiee no,II.po6Ho paccMaTpHBaiOTcn ,IJ.Ba 11a 

aTHX HCCJie,I\OBaHHH, a HMeHHO: 

- UYJibCa~HR B03lJ.YXOM 3KCTpaK~HOHHbiX HO

JIOHH; 

onpe,IJ.eJieHHe rpaHH'IHOH IIOBepXHOCTH IIO 

nyabipbKaM BOa,IJ.yxa. 
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L(NJhiO paooT uo uy.JILca~uu soa}:(yxoM 6w.TJo 

YHC.Jllt'ICHHC OC301HlCHOCTH lf>yHK~HOIIHpOBaHHJl 
IIYTCM YCTpaHCHHH MCX3HH'fCCKHX ACT8JICH H CU

Rparu;eHHH IIOTpCOHOCTH B pCMOHTC; pa60TLI1 Ra

caiOIIJ;JICCH K!)HTpO.JIH rpaHH'fHLIX IIOBCpXHOCTI:'M, 

IIOK338JIH, 11TO MCTOA C03A3HHH IIY3LipLKOB B03AY

xa B nenpepLIBHoii opraHJf'fCCRoii !f>aae npe«pac

uo IIOAXO}:(HT AJIH HCI10Jib30B3HIUI B IIpOMLIIDJICH

IILlX KOJIOHH8X. 

C TO'fKH 3pCHHH XHMHH 3TOrO MCTO}:(a H 1IpOO

JICM, xapaRTepHLix AJIH aasop;a, paccMaTpusaeTcn 

B OCOOCHHOCTH IIpHMCHCHHC TpCTH'IHLIX 8MHHOB 

I( lJCTBCpTH'IHOrO aMMOHHH RaR areHTOB 3KCTp8R

I~HH, a T8R»\C paCTBOpCHHe TCIIJIOBLip;CJIHIOIIJ;HX 

:)JieMCHTOB 113 Rap6up;a ypaHa HJIH TOpHH H rpa

cpuTa. 

B o6nacTH TpeTH'IHhlX aMHHOB oLIJI paapa6o

TaH MeTop; ROHe'lnoii O'IHCTRH IIJIYTOHHH. On 
llRJIIO'IaCT H3BJIC'fCHHC IIJIYTOHHH TpHJiaypuJiaMH

JlOM (TLA), aa ROTOpLIM HCIIOCpep;CTBCHHO CJIC

ltYCT ocamp;CHHC IIJIYTOHHH H3 opraHH'ICCKOH <})a-

3hi B BHp;e ORCaJiaTa. 

PaccMaTpusaeTcn ·TaRme soaMomnoCTL ucnoJIL·· 

aQB3HHH TpHJiaypuJiaMHHa HJIH }:(pyrHX TpCTH'I

HLIX aMHHOB }:(JIH paap;eJICHHH ypaua H IIJIYTOHHH 

oea BOCCTaUaBJIHBaiOIIJ;CrO areHTa. iho II03BOJIHT 

RoMounuposaTL B op;noM ~HRJie paa}:(eJieuue ypa

na Jl IIJJYTOHHH H OKOH'faTt'JlbHYIO O'IHCTRY llO

CJICAHero. 

PaccMaTpHuanacL TaKme aaMena TpeTH'fHLIX 

3MHHOB COJIHMH 'fCTBCpTH'IHOrO aMMOHHH, OCOOCH-

110 p;nn O'fHCTRH nJiyTOHHH. Conn 'fCTBepTH'fnoro 

tiMMOHHH OOJiap;aiOT TCM npeHMYIIJ;CCTBOM, 'ITO lla

pnp;y' c o6paaosanneM c Pu (IV) CTa6HJILHhlx n 

paCTBOpHMbiX B paaJJH'fHbiX opraHH'fCCKHX paCT

llopax KOMIIJICKCOB OHH 1103BOJJHIOT JierRO 11pOH3-

BOl!;HTb nosTopnyiO a«cTpaR~HIO nnyToHHH sop;nhl

MH CJiaOOKHCJlbiMH ueif:TpaJibHbJMH HJJH p;ame D.J;C

JTO'IHbiMH paCTBOpaMH. 

IIccnep;ouanun, KacaiOru;n:ecH rrepepa6oTRII Ten

JTOBhlfl.eJIHIOIIJ;IIX aJieMeHTOB c rpa!f>n:ToM, 6LJJIII no

CBHIIJ;CHbl rJiaBHbJM o6paaoM TCIIJIOBbll!;CJI.JJIOIIJ;HM 

:mPMCHTaM, HMCIOIIJ;HM cepp;e'IHIIR H3 Rapon:p;a 

ypana HJIU TOpHH, ROTOpbiH 33KJli01IeH B OOJICC 

IIJTH Menee CJIO»\HYIO rpa!f>IITOBYIO MaTpn:~y. 
B Ra'feCTBC soaMomnoro naqaJJLIIOro aTana ne

pepa6oTRH coxpanenLI cyxoe cmnranne, a Tai\me 

o6pa6oTRa cpPp;oii JHlCHJiaBJieHHLJX co.neii. 
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Algunos estudios de aplicaci6n realizados 
en Eurochemic 
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se ha ocupado tanto de los problemas quimicos como 
tecnol6gicos directamente relacionados con Ia con
strucci6n de Ia fabrica de Mol, asi como de cierto 
numero de estudios sobre procedimientos nuevos 
aplicables a! tratamiento por via acuosa de los com
bustibles irradiados. 

En Ia memoria se analizan algunos aspectos de este 
programa. Desde el punto de vista tecnol6gico, se han 
llevado a cabo varios estudios relativos a Ia disoluci6n 
de combustibles, a Ia explotaci6n de columnas de 
extracci6n y a Ia evaporaci6n de soluciones activas. 

Se examinan mas detalladamente dos de esos estu
dios, a saber: Ia pulsaci6n mediante aire de las colum
nas de extracci6n y Ia detecci6n de Ia superficie de 
separaci6n, por burbujeo de aire. 

Los trabajos sobre pulsaci6n mediante aire se han 
orientado bacia un aumento de Ia seguridad de fun
cionamiento, por eliminaci6n de las partes mecanicas 
y disminuci6n de los requisitos de conservaci6n. Los 
trabajos relativos a Ia detecci6n de Ia superficie de 
separaci6n han demostrado que el burbujeo de aire, en 
fase organica continua, es perfectamente aplicable a 
las columnas de tipo industrial. 

Desde el punto de vista de los aspectos quimicos del 
procedimiento y paralelamente a los problemas pro
pios de Ia fabrica se estudian, en particular, Ia utiliza
ci6n de aminas terciarias y de sales de amonio cuater
nario en calidad de agentes de extracci6n, y Ia disolu
ci6n de elementos combustibles a base de carburo de 
uranio o torio y de grafito. 

En lo que respecta a las aminas terciarias, se ha 
hallado un procedimiento de purificaci6n final del 
plutonio, que comprende Ia extracci6n del plutonio 
mediante trilaurilamina (TLA), seguida de Ia precipi
taci6n, directamente a partir de Ia fase organica, del 
plutonio en forma de oxalato. 

Tambien se estudia Ia posibilidad de utilizar Ia TLA 
u otras aminas terciarias para efectuar Ia separaci6n 
del uranio y del plutonio, sin recurrir a un agente 
reductor. Esto permitiria, ademas, combinar en un 
solo ciclo Ia separaci6n uranio-pultonio y Ia purifica
cion final de este ultimo. 

Se examina asimismo Ia sustituci6n de las aminas 
terciarias por sales de amonio cuaternario, en particu
lar, para Ia purificaci6n del plutonio. Dichas sales 
ofrecen Ia ventaja, ademas de formar con el plu
tonio (IV) complejos estables y solubles en diversos 
disolventes organicos, de permitir una facil reextrac
ci6n del plutonio mediante soluciones acuosas ligera
mente acidas, neutras 0 incluso alcalinas. 

Los estudios relativos al tratamiento de elementos 
combustibles a base de grafito se han dedicado en par
ticular a elementos tipo formados por un alma de 
carburo de uranio o de torio, alojada en una matriz 
de grafito de complejidad variable. 

La combustion en seco y el ataque por un medio de 
sales fundidas se han tornado en consideraci6n como 
posible etapa inicial del tratamiento. 
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Fuel reprocessing plant at Trombay 

By H. N. Sethna and N. Srinivasan* 

The Indian Atomic Energy Commission decided in 
the later part of 1958 to construct a fuel reprocessing 
plant to handle irradiated fuel elements from the 
Canada India Reactor and other reactors planned for 
the future. 

Preliminary design work was started in January 1959 
and completed by January 1961. A special workshop 
for the fabrication of equipment was commissioned 
early in 1961. Construction work commenced in April 
1961. During the subsequent three years, the design 
was finalized, experiments with pulsed perforated 
plate columns were carried out to check process and 
engineering data, all process equipment was fabri
cated and process and utility equipment and piping 
installed in the buildings constructed for the purpose. 
About 50 engineers and chemists were employed in 
design experimental work procurement, supervision of 
construction, fabrication and installation of equip
ment. On an average, the project employed 750 skilled 
and unskilled persons excluding civil engineering 
contractors' personnel. 

DESCRIPTION OF PROCESS 

The process chosen is based on literature data and 
laboratory experiments carried out by the Radio
chemistry and Isotope Division of the Atomic Energy 
Establishment, Trombay. 

The fuel elements from the Canada India Reactor, 
approximately 3 400 mm long, are of natural uranium 
clad with aluminium. Owing to problems of con
tamination involved in mechanical decladding and 
sectioning of the fuel elements prior to dissolution, it 
was decided to carry out chemical dejacketing with 
sodium hydroxide followed by dissolution of the 
entire fuel element with concentrated (13M) nitric acid 
under reflux conditions with addition of water and air 
or oxygen for the conversion of the oxides of nitrogen 
to nitric acid. The effluent gases from the dissolver, 
after passing through a down-draught condenser, pass 
through a sodium hydroxide scrubber for the removal 
of iodine and any volatilized ruthenium in the gas 
stream. The gases are exhausted through a deep-bed 
glass fibre filter into the general exhaust system thereby 
achieving a considerable amount of dilution (approxi
mately by a factor of 400) when discharged up the 
stack. No iodine reactor or its auxiliaries have been 
included in the circuit since it is proposed to process 

* Atomic Energy Establishment, Trombay. 

only fuel elements that have been cooled for a period 
of 120 days or more. A water scrubber in the off-gas 
train removes the ammonia evolved during dejacketing. 

A Purex type process has been chosen for its flexi
bility as well as for the advantages it offers for con
centrating the fission product raffinates. The plant has 
a co-decontamination cycle, a partition cycle and two 
separate parallel cycles for the purification of uranium 
and plutonium. For the extraction cycles, 30% TBP 
is used as solvent. Initially l.OM, 2.0M, and O.OlM 
have been chosen as the concentration of nitric acid in 
the feed, scrub and strip respectively, with sodium 
nitrite in the feed solution to stabilize the valencies of 
uranium and plutonium. Ferrous sulphamate is used 
as a reducing agent for the partitioning of plutonium 
from uranium. The plutonium separated from the bulk 
of the uranium is purified by an anion exchange pro
cess, for which Dowex-1 with 4% cross linkage is used 
with loading and washing in 7.2 nitric acid medium 
and elution with 0.35M nitric acid. The fission product 
raffinate from the three extraction stages is subjected 
to two stages of evaporation. The design has visualized 
a conservative rate of concentration by a factor of six 
but trials indicate that a much greater value can be 
obtained in practice. The evaporation of the highly 
active waste can be carried out in two stages with an 
intermediate period of storage for the destruction of 
traces of organic impurities. The concentrated acidic 
waste (1600 curies per litre) is stored in underground 
concrete tanks lined with stainless steel. The acidity of 
the waste sent for storage will be brought down to 
about one molar by addition of formaldehyde. The 
solvent after every cycle of extraction and stripping is 
treated with 0.2M sodium carbonate solution followed 
by a wash with dilute nitric acid. The acidic wastes, 
such as the condensate from the intercycle evaporators 
and the second and third stage raffinate evaporators, 
and the alkaline wastes such as sodium carbonate 
solution used for solvent recovery, the sodium 
hydroxide used for off~gas scrubbing and the rinse 
after decladding of the fuel element, are evaporated to 
reduce the volume of waste to be stored. The con
densates from these evaporators are discharged to the 
environments at drinking water levels after treatment 
by ion exchange, if necessary. 

BUILDING ARRANGEMENTS AND 
PLANT LAYOUT 

The process plant has been housed in two separate 



···: . ··.·:. 
···.: 

·: ·. 
~: . . : .. · 

SESSION 2.6 

.·~·. :- ~ .. ~. 
. ·: .::: ··: 

. ·.: .. 
..... 

....... :··: 
··.·. 

;.:.•.:·::-:·:.:.~ 
:.·· .. ~.· ....... ~ 

:\\?.~~./:::~:. 
~:: ·.:. · .. ::-:: . 

. ·.·.·:. 

ues:·.'·. .. " ;: ·· .. : 
:,.• 

. . :. :.:·: 

. ;. 

P/786 H. N. SETHNA and N. SRINIVASAN 273 

•' ... 



274 SESSION 2.6 P/786 H. N. SETHNA and N. SRINIVASAN 

buildings known as the Main Process Building and the 
Waste Evaporation Plant Building (Fig. 1). The 
former houses the three separation stages, treatment of 
raffinate and the solvent recovery system; the latter 
has evaporators for wastes of activity level of a few 
curies per litre and below. The radioactive part of the 
plant in the Main Process Building is housed in eight 
cells with a total volume of about 3 600 rna. The layout 
follows the principle that in any one cell all streams 
should be of the same order of specific activity. The 
shielding provided varies progressively in thickness 
from 1 500 mm to 900 mm of haematite concrete with 
a density of about 3.4 gjcm3• The walls and the roof of 
the cells and the stagings are lined with stainless steel 
in three out of the eight cells, the rest are protected by 
acid resistant paint. The floors of all cells are lined 
with stainless steel with 30 em of skirting. 

On one side of the cells are the access corridor, the 
service corridor, the operating gallery and the trans
mitter and tank space (Figs. 2, 3 and 4). The entrance 
doors to all the cells are situated at the access corridor 
(ground floor) level. The metering pumps and the 
pulsers are located in the service corridor. The operat
ing gallery houses all the indicators, recorders, con
trollers, controls for the pumps and exhaust fans on a 
semigraphic instrument panel and the valves for con
trolling the supply of steam, air and process solutions 
to the cells, and a central console recording readings of 
area monitors. In the tank space which is at the same 
level as the roof of the cells are located the tanks for 
feeding all the inactive process solutions to the cell and 
also the transmitters for the various pneumatic 
instruments a~_,ociated with the cell equipment. On the 
other side, the cells are isolated from the environments 
by isolating corridors and near the top of the cell is the 
sampling gallery. Thus there are isolation zones 
around and at the top of the cells, except at operating 
gallery level. 

The Main Process Building has an annexe at the 
dissolver end of the cells for the receipt, storage and 
handling of irradiated fuel. The over-all length of the 
Main Process Building is approximately 80 metres and 
the width is 35 metres. The height varies from 14 to 
21 metres. 

The Waste Evaporation Plant Building which is 
approximately 50 metres long, 15 metres wide and 
15 metres high has four cells with a total volume about 
1200 rna. The thickness of the walls varies from 
300 mm to 900 mm of ordinary concrete of density 
2.3 gjcma. Like the Main Process Building, it has an 
access corridor at ground level, an operating gallery at 
the first floor level, a control laboratory, a sampling 
gallery and plant rooms for housing an air com
pressor and ventilation equipment. 

The plant complex also includes a boiler house and 
an electric sub-station, a filter house for the exhaust 
fans of the Main Process Building, a building to house 
the heat exchangers, instruments and the exhaust fans 
associated with the underground waste storage tank 
farm and a 135 metre high stack for venting the 
filtered air from the plant complex. 

DESCRIPTION OF EQUIPMENT 
The irradiated fuel rods from the reactor are 

brought in a 6-rod flask and received in the rod handl
ing annexe of the Main Process Building. The rods are 
transferred one at a time under water in a stainless 
steel lined pond to a transfer cask which is then aligned 
against a shielded opening of the dissolver cell and the 
rod pushed into a horizontal dissolver housed inside 
the cell. 

The dissolver (Fig. 5) is a horizontal cylindrical 
vessel (900 mm diam and approximately 4.5 m long) 
made out of 12.5 mm thick stainless steel of AISI 
type 347. Inside the dissolver is a bundle of U-shaped 
tubes with provision to admit steam or cooling water 
as required during operation. The tubes have a capacity 
to remove about 0.5 x 106 kcal/h. The tubes are 
covered by a 9 mm thick perforated plate to prevent 
damage to the tubes when the rods are being loaded 
into the dissolver. The free board available over the 
solution in the dissolver is approximately 140 %. A 
water sparger is provided in the dissolver for cleaning 
it before changing from one reagent to another. A set 
of dip tubes and instrument probes are housed in a 
separate casing to prevent them from being damaged 
during the charging operation. At one end of the 
dissolver is a flanged opening for feeding the rod as 
well as the tilt shaft assembly. The length of the rod 
has necessitated that the rod be supported in a hori
zontal position until its complete entry into the 
dissolver to avoid bending owing to its own weight and 
thereby causing difficulties from jamming of the entry 
port or incomplete submergence in the process solu
tion. The rod is thereafter dropped by tilting the 
V -shaped support. 

For solvent extraction, pulsed perforated plate 
columns have been chosen for their simplicity of 
fabrication and their proved performance both as 
reported in the literature and in our own uranium 
metal plant at the Trombay Establishment. In all, 
there are seven columns, three extraction-cum
scrubbing columns for each of the three stages, three 
stripping columns and the partition column in the 
second stage (details are given in Table 1). 

The evaporators used for intercycle product con
centration are provided with a jacket as well as internal 
coils and are surmounted by a perforated plate stripper 
column for the removal of organic from the feed. The 
evaporators are designed for continuous operation 
and for boil-up rates of approximately 200 kg/m2 h 
and free board volume of more than 100%. The highly 
active waste evaporator is designed for batch operation 
and does not have coils or stripper. 

All movement of active liquids except metering is 
done by steam jet siphons. For the feeding of active 
solutions to the columns, metering pumps with remote 
reagent heads are used with the remote heads located 
inside shielded cubicles in the walls of the cells at the 
service corridor level. The pulsers for the columns also 
have remote reagent heads. In the solvent recovery 
system, canned rotor pumps have been installed inside 
the cells for the mixing of the solvent with the sodium 
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Table 1. Details of columns 

Continuous Height of Details of Diameter of Dimensions of 
Type of column phase packed sections packing packed sections end sections 

1. Extraction scrub column: 
(a) Extraction section Organic 

(b) Scrub section 

2. Strip column Aqueous 

3. Partition column Aqueous 

4. Ion exchange column (water jacketed) 

carbonate solution as well as the subsequent acid wash 
solution. The plant has been designed for direct 
maintenance and hence internal recirculation sprays 
have been provided in all vessels for efficient decon
tamination. 

SAMPLING 
For sampling radioactive solutions, the Thorex type 

sampler of the vacuum-augmented-by-airlift type has 
been adopted with modifications required to suit con
ditions existing in the plant. The shielded sampling 
blisters are connected by a shielded tunnel through 
which runs a conveyor for transferring the samples to 
the shielded unloading station at the end of the 
sampling gallery adjoining the laboratory. The bottles 
containing the samples are transferred to a shielded 
cell in the laboratory through a stainless steel chute. 
The activities of the solutions drawn from the first cell 
are higher than the rest by an order of magnitude and 
samples from it will be transferred to the unloading 
station through a mobile shielded container. 

LABORATORY 
The control laboratory has a lead shielded cell for 

work with highly active samples and other associated 
fumehoods and glove boxes for medium level and low 
level analytical work and for plutonium handling. 

The plutonium laboratory has facilities for the con
version of plutonium nitrate purified and concentrated 
in the plant to different compounds leading to the 
production of plutonium metal. The equipment for 
this is housed in a train of glove boxes. The route it 
is proposed to adopt is plutonium nitrate to plutonium 
oxalate to plutonium oxide to plutonium fluoride to 
the metal by reduction with calcium. 

SERVICES 
The plant site has the necessary equipment for: 
(a) 5000 kg steam at a pressure of 10 kg/cm2 gauge; 
(b) 2400 ma (normal)/h of compressed air at 

6 kg/cm2 gauge pressure; 
(c) Oil-free air 800 m3fh at 4 kgjcm2 gauge pressure; 

(mm) (mm) (mm) 

4100 Nozzle plates 50 mm 100 200 (diam) 
spacing 4.83 mm 900 (height) 
diam 

4000 Nozzles 23 % free 127 
area 

5500 Sieve plates 127 200 (diam) 
50 mm spacing 900 (height) 
3.2mmdiam 

8500 Sieve plates 100 200 (diam) 
50 mm spacing 900 (height) 
3.2mmdiam 

1500 Dowex-1-X24 127 

(d) Demineralized water 4.5 m3Jh; 
(e) Process cooling water for removal of 0.5 x 106 

kcal/h and chilled water for removal of 0.25 x 106 

kcal/h; 
(f) General water supply of l 000 m3/d; 
(g) A sub-station with associated switchgear for 

4000kVA; 
(h) Emergency power supply from two high speed 

diesel engines of 150 kW each with relays for auto
matic switching in within 30 s in case of failure of 
mains power. 

HIGH AND MEDIUM ACTIVE WASTE STORAGE 
Radioactive wastes stored in underground tanks 

will come into two categories: 
(a) The very high active waste as in the case of con

centrated fission product raffinates from the extraction 
stages; and 

(b) Wastes of specific activity of the curies per litre 
order with high salt concentration as in the case of 
wastes containing sodium carbonate and sodium 
hydroxide. 

All the wastes are stored in an underground tank 
farm which consists of two reinforced concrete tanks 
of 500 ma capacity (10.5 m diam) each lined with 
stainless steel and four reinforced concrete tanks of 
1500 m3 capacity (18 m diam) each lined with mild 
steel. Each of the stainless steel lined tanks has cooling 
coils with heat removal capacity of about 1 X 106 

kcalfh distributed in peripheral, vertical trombone and 
pancake coils (Fig. 6). All the six reinforced concrete 
tanks have annular catch pits for collecting solutions in 
the remote contingency of a leak from the tank. All the 
six tanks with their annuli are further contained in a 
reinforced concrete container with a 600 mm thick raft 
at the bottom. The raft is anchored to rock through 
reinforced concrete piles. The tanks are in turn an
chored to the raft. The wall thickness of the concrete 
tanks is 7SO mm and all six have an earth covering 
varying from 2.0 to 2.7 m in depth. The pipes leading 
into the various tanks, waste solution feed pipes, for 
instrument probes, intertank transfer lines, etc., are 
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encased in concrete trenches above the tank level 
within the earth cover. Above the earth cover is a 
concrete slab which will be at the general ground level. 

Small concrete cubicles on top of the waste tank 
farm will house the sampling facility, the off-gas con
densers and the instrument transmitters. It is planned 
that of the six, only one stainless steel lined tank and 
two that are mild steel lined will be filled and the other 
three will be available as a stand-by in case of tank 
failure. 

The wastes are carried to the storage tanks in stain
less steel pipes laid in underground co\}crete trenches. 
While lines for most foreseeable wastes have been 
provided, it will be possible to re-route streams by 
carrying out alterations to the piping in a chamber at 
the entrance to the tank farm. Remote jumpering for 
re-routing has been avoided on account of the com
plications involved in installation and operation. 

INSTRUMENTATION 

Pneumatic air purge type instruments were chosen 
for the measurement of level, density and interface in 
the equipment housed inside the cells, on account of 
the obvious advantages of absence of moving parts and 
electrical contacts in inaccessible areas. The density of 
the various streams from the columns is measured in
line by locating density probes in pots in the path of 
the solution. For the interface control of columns 
where the aqueous phase is continuous, the interface 
is at the top of the column and a conventional pneu
matic purge method has been used. In the case of 
extraction columns (Fig. 7) however, where the organic 
phase is continuous, the interface is at the bottom and 
hence the conventional method of purging air was 
unacceptable. Therefore, a liquid purge method of 
indirect sensing was adopted. In this method, a part of 
the organic purge fed to the column is by-passed 
through the two purge tubes discharging at two points 
above and below the interface and the purge tubes are 
extended upward to form a balancing column. The 
difference in the levels in the two pots at the top of the 
balancing column is an indirect measure of the loca
tion of the interface. The air purge method of measure
ment is then used to measure the difference in the 
levels of the column of liquid in these two pots and the 
reading obtained is used for the automatic control of 
the interface through an air operated diaphragm 
control valve on the aqueous discharge line. The 
standardization of this method presented problems on 
account of the many variables that can contribute to a 
change in the indicated interface level, such as the rate 
of purge, the change in density of the two liquids and 
the speed of response of the two probes to change in 
the level of the interface. Experience has, however, 
shown that under steady conditions automatic control 
of the interface by this method is quite feasible and 
accurate. 

The measurement of temperature in the evaporators 
and other vessels where required is by stainless steel 
protected thermocouples. For the intercycle evapora
tor, to avoid attaining a high temperature in the 

evaporator which could lead to the formation of an 
explosive mixture of TBP, nitric acid and uranyl 
nitrate, the control provides for the steam to be shut 
off at a specified temperature well below the lower 
limit for the explosive mixture. In addition, the pres
sure of steam used for evaporation is only 2.5 kgjcm2 

gauge. Other controls for the evaporator are (a) steam 
cut-off to the feed jet siphon when the level of the 
evaporator reaches a fixed high point and (b) discharg
ing the evaporator product when the contents of the 
evaporator reach a specified density. Under this system, 
the evaporator can be regulated by instruments only 
under steady conditions and any upset would require 
manual operation to restore steady state conditions. 

An attempt has also been made to install in-line 
radiation measurement instruments for process con
trol purposes to give an idea of the decontamination 
performance of the various columns. These instru
ments are suitable for measurement of gross gamma as 
well as the gamma radiation due to ruthenium and 
zirconium. This type of instrumentation is being tried 
out as an experimental measure to assess its usefulness 
as well as the scope for improvement by automatic 
control of the process. 

In the first instance the operation of the plant will be 
mostly manual. However, in the case of equipment 
associated with the purification and concentration of 
plutonium after partition, an elaborate interlocking 
system has been designed and installed to avoid attain
ment of near critical conditions under conditions of 
multiple error. The interlocking system is based on the 
fail safe principle. In addition, the vessels likely to con
tain plutonium solution in excess of 10 grams per litre 
are 127 mm in diameter and are wrapped with cad
mium sheet. Criticality monitors have been installed in 
the plutonium purification cell and in the plutonium 
laboratory. 

FABRICATION AND INSTALLATION OF 
EQUIPMENT AND PIPING 

From the point of view of corrosion resistance to the 
various solutions anticipated in the process, it was 
decided to use stainless steel of AISI type 347 (with 
carbon content less than 0.07 % and a minimum 
niobium content of 10 times carbon) for all equipment 
and piping. While the use of stainless steel AIS l type 304 
might have been permissible in certain parts of the 
plant, it was not adopted so as to avoid the remote 
possibility of a mix-up during fabrication. Equipment 
used in the radioactive part was fabricated of plates 
with a minimum thickness of 6 mm. The evaporator 
used for the concentration of highly active wastes and 
also the dissolver were fabricated of 12 mm thick 
stainless steel plates; 9 mm stainless steel was used for 
the first stage conditioners because of the possibility 
that this equipment might be used for evaporation of 
the dissolver solution to bring it to the proper con
centration. 

All welding was done by the inert gas shielded 
tungsten arc method using a compatible type of filter 
wire. However, where conditions permitted or where 
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the position of welding was such that the standard 
tungsten arc method might not give a good weld, the 
semi-automatic inert gas shielded consumable electrode 
method was used. This resulted in a considerable 
increase in the progress of work without any deteriora
tion of quality. All welds, both for equipment housed 
in the radioactive part of the plant and for the stainless 
steel lining of the underground waste storage tank, 
were radiographed and repairs were carried out where
ever defects not permissible under the code laid down 
by the American Society of Mechanical Engineers for 
unfired pressure vessels were noticed. This was con
tinued until re-radiography did not show any defects. 
In the case of plates thicker than 6 mm, radiography 
was also carried out between passes. Welds in pipes 
were radiographed wherever possible. All pipes used 
in the plant are of schedule 40 thickness, except for 
pneumatic probes used for instrumentation. 

The specialized nature of the work of fabrication and 
installation of the equipment and piping and the non
availability of suitable agencies in the country to 
undertake this large volume of work to the standards 
of inspection specified, resulted in the decision at an 
early stage to carry out fabrication and installation by 
a separate group constituted within the Project. A 
workshop with all the requisite machinery was built up 
for this purpose. Welders, fitters and other personnel 
were recruited locally and trained in the Project work
shop for various jobs. In the first instance, all equip
ment intended for inactive areas of the plant were 
fabricated to provide sufficient training to the per
sonnel as well as assess the performance of various 

· techniques. The standard of workmanship was 
sufficiently satisfactory to warrant taking up the active 
plant work at a fairly early stage. The results of inspec
tion showed a very low percentage of defects in the 
workmanship especially in the matter of welding and 
most of these defects required only minor repairs. 

VENTILATION 

The ventilation system installed for the various 
plants in the Project can be divided into three groups, 
viz., supply of washed air 300000 m3 (normal)/h for 
comfort purposes in the inactive areas of the plant, 
supply of dust-free (absolute filters) air 90000 m3 
(normal)/h to the semi-active and active areas of the 
plant and provision of air-conditioning (106 kcal/h) 
for laboratories, operating gallery, instrument work
shop, to maintain a dust-free atmosphere and at the 
same time to provide comfort for personnel. 

Dust-free air is supplied to the service corridor and 
to the sampling gallery. From the service corridor, the 
air is drawn into the access corridor from where it 
passes through underground ducts to the bottom of 
the cells and is exhausted from the top of the cells to a 
masonry plenum and then it passes through aluminium 
ducts to absolute glass fibre filters and exhaust fans. 
This system ensures the maintenance of a pressure 
gradient in the desired direction. The air supplied to 
the sampling gallery is exhausted through the same 
return air masonry plenum. For the active laboratories 

and the plutonium laboratory, the conditioned air is 
rendered dust-free with absolute filters and is extracted 
through fumehoods to maintain the minimum velocity 
of the air required across the face of the fumehoods. 
The extracted air passes through absolute filters. 
Installation of absolute filters on the supply side 
reduced considerably the dust loading on the exhaust 
absolute filters and thereby the frequency of changing 
"hot" filters and the associated hazards. The air from 
the cells and the laboratories after filtration passes to 
an underground duct from where it is carried to the 
135 m high reinforced concrete stack. Booster fans 
have been provided at the base of the stack. The venti
lation system in the waste evaporation plant is based 
on a similar concept. From the underground waste 
storage tanks, the vapours are exhausted through con
densers and absolute filters to the underground duct 
leading to the stack. The total volume of air going up 
the stack is approximately 160000 m3 (normal)/h. 

All exhaust fans and associated filters are installed 
in duplicate and have been provided with interlocks 
for automatic switching in of the standby fan in case of 
the failure of the operating fan. For the exhaust fans, 
emergency power has also been provided so that in the 
event of a major power failure the exhaust system does 
not cease to function. 

The air exhausted from the process vessels in the 
cells is filtered through a 1 000 mm deep glass fibre of 
density graded between 25 mg/cm3 and 10 mg/cm3 and 
is discharged to the return air plenum to be diluted by 
the ventilation air from the cells. The vessels in the 
cells are maintained at 25 mm (water gauge) negative. 
The cells are maintained at 7 mm (wg) negative, the 
sample gallery, the service and access corridors and 
the active laboratories at 3 mm (wg) negative and the 
inactive parts of the plant at 1 to 3 mm (wg) positive. 
In general the cells have 10 air changes per hour, 
the service corridor, access corridor, and the active 
laboratories have 20 air changes per hour. The number 
of air changes for the active laboratory is much in 
excess of the requirements of comfort and is based on 
the minimum amount of air that must be exhausted 
through each fumehood. 

CONSTRUCTION PROBLEMS 

The site chosen for the plant was suitable from 
various aspects but had certain drawbacks with respect 
to soil conditions and ground water level. The main 
difficulty was subsoil water. During the rainy season 
and for a month afterwards the subsoil water level is 
usually less than a metre below ground level. This 
necessitated special precautions especially for the 
waste storage tanks which had to be anchored to the 
rock by means of reinforced concrete piles. 

The other problem encountered in construction was 
in connexion with the heavy concrete walls for the 
cells of the Main Process Building. Initial assessment 
indicated that it would be advantageous in view of the 
numerous pipes to be embedded in the walls to use 
heavy concrete thereby decreasing the thickness of the 
walls and minimizing the problems of embedding these 
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Table 2. Approximate costs 

Rs $ 

Equipment piping and services (including erection)a 19000000 4000000 
Civil engineering works (including plumbing, drainage and site preparation, etc.) 
Electrical installation 

12000000 
2500000 

2500000 
500000 

Ventilation and air-conditioning equipment . 1700000 300000 
Charges towards plant and building design, supervision of fabrication, construction 

and installation 2000000 400000 

Total 37200000 7700000 
Main Process Building complete with process equipment, utilities, general services 

and plutonium facility 25500000 5300000 
Waste treatment and storage facilities 
Engineering costs 

Total 

9700000 
2000000 

37200000 

2000000 
400000 

7700000 

·• A tentative assessment of the over-all cost of fabrication including inspection for stainless steel equipment works out at about Rs. 15000/tonne 
(approxtmately $3 000 per tonne) with the landed cost of stainless steel at Rs. 7 500 per tonne (approximately $1500 per tonne). 

pipes. Haematite was chosen in preference to barites 
owing to the tendency of the latter to crumble during 
handling and the associated problems in preparing a 
good concrete mix. In actual construction, it was 
found that haematite concrete walls did not present as 
smooth a surface as was desired and required a con
siderable amount of surface treatment before the walls 
were acceptably smooth for painting. In the light of 

this experience, the walls for the Waste Evaporation 
Plant building cells were made in ordinary concrete. 

COSTS 
Since final cost figures are not available, approxi

mate indications are given in Table 2, the cost break
down being shown in two ways. 

ABSTRACT -RESUME-AHHOTA!4V1JI-RESUMEN 

A/786 lnde 

Usine de traitement du combustible irradie 
a Trombay 

par H. N. Sethna et N. Srinivasan 

Une usine de traitement du combustible irradie 
basee sur le precede Purex est en voie d'achevement a 
Trombay. Elle pourra traiter les elements combustibles 
metalliques d'uranium gaines d'aluminium et con
vertir le nitrate de plutonium en n'importe que! pro
duit final desire, y compris le plutonium metal. Le 
materiel' <<chaud>> est loge dans des cellules a parois de 
beton hematite (densite 3,4 gjcm3) d'une epaisseur de 
900 a 1500 mm. Le degainage chimique des elements 
de combustible, longs de 3400 mm, et Ia dissolution de 
!'uranium seront effectues dans un dissolveur hori
zontal de 4 500 mm de long. On utilise des colonnes 
pulsees pour toutes les etapes d'extraction et des 
echangeurs d'ions pour Ia purification finale et Ia con
centration du nitrate de plutonium. Tous les liquides 
residuaires sont soumis a !'evaporation a etages multi
ples jusqu'a ce que les effluents liquides rejetes au 
dehors repondent aux normes admises pour l'eau 
potable. Les dechets radioactifs concentres acides et 
alcalins sont stockes dans des reservoirs souterrains en 
beton arme, revetus d'acier inoxydable pour les acides 

et d'acier doux pour les alcalins, d'une capacite totale 
d'environ 7000 metres cubes. 

Tous les appareils et tuyauteries de !'installation de 
traitement sont en acier inoxydable AISI de type 347. 
La soudure de tous les reservoirs, tuyaux, etc., destines 
a contenir des solutions radioactives a ete executee a 
!'arc sous gaz inerte. La radiographic a ete faite pour 
tous les joints sans exception conformement aux 
normes fixees par I' American Society of Technical 
Engineers. 

L'air d'echappement des cellules et d'autres zones 
actives et les gaz d'echappement du procede sont 
SOumis a un filtrage a etages multiples et ensuite 
evacues par une cheminee en beton arme de 135m de 
haut. Pour assurer le fonctionnement des systemes 
d'aspiration, on a prevu des ventilateurs et des filtres 
auxiliaires, ainsi que des generateurs de reserve en cas 
de panne de !'alimentation normale. On ne connait pas 
encore le chiffre definitif des depenses, mais on peut 
prevoir que l'usine avec tout son equipement cofitera 
pres de 37,2 millions de roupies (7,7 millions de 
dollars). 

L'etude, Ia construction, Ia fabrication de tout le 
materiel et son installation ont ete executees par les 
ingenieurs du Trombay Establishment. 

Le memoire decrit quelques-unes des difficultes 
rencontrees au cours de la construction de l'usine et Ies 
moyens employes pour les surmonter. 
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A/786 HH,D,HR 

Y craHOBKa Allfl nepepa6oTKH renllOBbl· 
AellfiiOI..L\HX 3lleMeHTOB B TpoM6ee 
X. H. CerHa, H. WpHHHBacaH 

B TpoM6ee 3aBepmaeTcH CTpOHTeJibCTBo ycTa
HOBKH )J.JIH rrepepa60TI\H Ha OCHOBe nypeKC-1IpO
~eCCa o6Jiy'leHHbiX TeJIJIOBbi)J.eJIHIO~HX aJieMeHTOB 
H3 MeTaJIJIH'IeCKOfO ypaHa B aJIIOMHHHeBOH o6o
JTO'IKe. Ha aToii ycTaHOBKe Momno rrpeBpa~aTb 
HIUpaT JIJIYTOHHH B JII06oft Tpe6yeMbiH 1\0He'IHbiii 
n poiJ.YKT, BKJIIO'Iai MeTaJIJIHlJeCKHii nJiyToHHii. 
06opyJI,OBaHHe J!,JIH pa60Tbl C BhlCOI\Oai\THBHhlMH 
Be~eCTBaMH pa3Me~eHO B 1\aMepaX C reMaTHTO
BbiMH 6eTOHHhlMH CTeHRaMH (ITJIOTHOCThiO 
a,4 z/cM3), TOJI~HHa ROTOphiX I\OJie6JieTCH OT 900 
;~o 1500 MM. XHMH'IeCRoe yJI,aJieHHe o6oJIOlJKil c 
TeJIJIOBhi)J.eJIHIO~eft cei\~Hll J!,JIUHOH 3400 MM H 

pacTBopenue ypana 6yJI,eT npoBOJI.UThCH B ycTa
HOBKe ropH30HTaJihHOfO TIJIIa J!,JIUHOH 4500 M.M. 

flyJihCHpyro~He 1\0JIOHHhl llCIIOJih3YIOTCH Ha BCeX 
CTa/l,UHX 31\CTparHpOBaHHH, a llOH006MeHHHI\If 
npe)J.Ha3HalJaiOTCH )J.JIH 01\0H'IaTeJihHOH O'IUCTI\ll Jl 

HOH~enTpupoBaHHH nuTpaTa TIJIYTOHHH. Bee o6pa-
3YIO~ueca BO BpeMH rrpo~ecca BOiJ.Hhie OTXOJI,hl 
JlO)J.BepraiOTCH MHOfOCTyiieHlJaTOMy BhlllapiiBaHHIO 
;~o Tex nop, rroHa a\HiJ.KHe OTXOiJ.hi, c6pachmaeMhie 
B oHpymaro~yro cpeJI,y, ne 6yJI,yT YAOBJieTBopHTh 
Tpe6oBaHHHM, npeJI,'bHBJIHeMbiM I\ IIUTbeBOH BO!l,e. 
1-\on~eHTpHpOBaHHhie HUCJihle H ~eJIO'IHhie pall,HO
ai\THBHhie OTXOiJ.hl IIOMe~aiOTCH na Xpanenue B 
110)1.3eMHhie 6aKH o6~eft eMI\OCThiO OHOJIO 7000 M 3, 

BhlJIOJIIICIIHhie H3 a\eJie306eTOHa C BHyTpennei[ 
oooJTo'IKoii H3 nepmaBero~eii u BHemneii o6oJio'l
Koii H3 MHfKOH CTaJIJL 

Bee TexnoJiorH'IecHoe o6opyJI,oBaHHC n Tpy6o
npoBOAhi IJ3fOTOBJieHhi H3 nepmaBeiO~e.ii CTaJJII 
MapHH 347 (no CTanJI,apTy AMepimancHoro HH
CTHTyTa qepnofi MeTaJIJiypnm). CBapo'IHhW pa6o
Thi J!,JIH BCeX oaHOB, Tpy6orrpOBOAOB H T. J!,., COIIpH
HaCaiOIIIHXCH C paJI,HOaHTHBHhiMH paCTBOpaMII, 
HpOBO/l,HJIHCh MeTO)l,OM Jl.YfOBOH CBapHH B aTMoc<fle
pe nnepTnoro ra3a. Bee coe)J.HHeHUH na 100% 
ObiJIII npoBell,eHhi penTrenorpa<flneii. no CTanJI,ap
TaM AMepimancHoro o6~ecTBa HnmenepoB-Mexa
HHKOB. 

Bo3,11,yx, noll,aBaeMhiii na ropH'IHX HaMep II 

:tpyrHX MeCT C BbiCOKOii: pall,IIOal\TllBHOCThiO, a 
Tai\/RC B03/l,yX, CO!l,epma~nii ra3006pa3Hhle OTXO
;J;hl, B03HHKaiO~IIe rrpH npoBe,Ll,CHHH T(~XHOJIOfH'IC
CI\OfO rrpo~ecca, noll,BepraeTCH MnoroC1·yrrentJaToir 
tPHJihTpa~nn u Bhi6pacnmaeTCH qepe3 meJie3o6e
Tonnyro BhiTHIRHYIO Tpy6y BhiCOTOM 135 .M. ,lJ;JIH 
o6ecneqenua nenpephiBHOH pa6oThi BhiTH/RHhiX 
CIICTCM npell,yCMOTpeHbl 3aiiaCHhie BCHTHJIHTOphi, 
<fJllJihTphi, a TaK/Re aBapHRHhiii llCTOlJHHH 3Hepro
CHa6/ReHIJH na CJiyqafi rrepe6oH B o6hi'IHOH CHCTC
MC ::mepronnTannH. 

01\0HlJaTCJihHClH CTOIIMOCTh ycTaHOBHH IIOI>a C~C 
ue onpe;:~;eJiena, no no npeJI,BapnTeJihHhiM JI,aHHhiM 
OO~aH CTOIIMOCTh YCTaHOBKH CO BCeM o6opyll,OBa-

HTH'M cocTaBHT oKOJIO 37,2 MJIH. pynHii (7,7 MJIH. 
,'J,OJIJI.). llpoeHTHpOBaHHe, HOHCTpyHpOBaHUe II H3-
fOTOBJieHHe BCero o6opyJI,OBaHHH H ero MOHTa/R 
obiJIH BhiiTOJIHeHhi unmenepaMu Hayqno-HccJie)J.o
BaTeJihCKoro n;enTpa no aTOMnoil: :meprnn B 
TpoM6ee. 

B AOHJiaAe onncanhr neKoTOphre 3aTpy)J.nenHH, 
C HOTOpbiMII CTOJIKHYJII1Ch IIpii CTpOUTeJihCTBe yc
TaHOBKII, II paCCMOTpeHbl Mephl, llpC,J.llp11HHThl8 
,lJ,.'IH npeo;(oJienuH aTin:: 3aTPYAHenuii. 

La instalaci6n de tratamiento de 
combustibles irradiados de Trombay 

por H. N. Sethna y N. Srinivasan 

A/786 India 

En Trombay se esta terminando de construir una 
instalacion, basada en el proceso Purex, para el trata
miento de elementos combustibles de uranio metalico 
con revestimiento de aluminio. La instalacion dispone 
de medios para transformar el nitrato de plutonio en 
el producto final que se desee, incluido el plutonio 
metalico. El equipo <~caliente>> va alojado en celdas con 
muros de hormigon hematitico (densidad 3,4 gfcm3), 

cuyo espesor varia de 900 a 1 500 mm. El desenvainado 
por via quimica de la seccion combustible de 3400 mm 
de longitud y Ia disolucion del uranio se llevaran a 
cabo en un dispositivo horizontal de 4500 mm de 
largo. Se utilizan columnas pulsadas para todas las 
fases de extraccion, e intercambiadores ionicos para Ia 
purificacion y concentracion finales del nitrato de 
plutonio. Todos los desechos acuosos producidos en el 
proceso se someten a una evaporacion de efectos 
multiples hasta que Ia actividad de los efluentes liqui
dos descargados en el medio ambiente alcance los 
limites admisibles para el agua potable. Los desechos 
radiactivos concentrados, acidos y alcalinos, se alma
cenan en depositos subterraneos de hormig6n armado, 
revestido de acero inoxidable y de acero dulce, res
pectivamente, con una capacidad total de unos 
7000 m3. 

Todo el equipo y tuberias que intervienen en el 
proceso son de acero inoxidable AISI tipo 347. Las 
soldaduras de todos los depositos, tuberias, etc. en 
contacto con soluciones radiactivas se han ejecutado 
al arco elt!ctrico en atmosfera inerte. Se han tornado 
radiografias de todas las juntas con arreglo a las 
normas de Ia American Society of Mechanical 
Engineers. 

El aire extraido de las celdas y de otras zonas 
activas, asi como el aire que contiene los gases despren
didos durante el proceso se someten a filtraciones de 
varias etapas y se descargan por una chimenea de 
hormigon armado, de 135 m de altura. El funciona
miento ininterrumpido de los sistemas de extraccion 
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queda asegurado por ventiladores y filtros de reserva 
y por un grupo electr6geno de emergencia en caso de 
fallar el suministro normal de electricidad. 

No se sabe todavia emil sera el costo final, pero es 
posible que la instalaci6n y todo su equipo cueste unos 
37,2 millones de rupias (7,7 millones de d6lares). El 

disefio, construcci6n y fabricaci6n de todo el equipo 
y la instalaci6n ha corrido a cargo de ingenieros del 
Atomic Energy Establishment de Trombay. 

En Ia memoria se exponen algunas de las dificultades 
que ha suscitado la construcci6n de la instalaci6n y las 
medidas adoptadas para superarlas. 



P/787 India 

Chemistry of separation of plutonium from irradiated fuel 

By A. S. Ghosh-Mazumdar, M. N. Namboodiri and H. D. Sharma* 

Separation of plutonium and its purification to give 
a product which can be used as fuel is one of the chief 
aims in the reprocessing of reactor fuels consisting of 
irradiated uranium. It was decided to set up a plant 
based on a solvent extraction method for primary 
separation and on ion exchange for the purification of 
plutonium, to reprocess fuel from the existing reactors 
at Trombay, and data were, therefore, collected during 
the period 1959-61 for its design. 

The dissolution of irradiated uranium in nitric acid 
gives a solution directly suitable for solvent extraction 
methods of separation. Tri-n-butylphosphate (TBP) 
has been found very useful as a solvent in the re
processing of fuels [l-3]. In the Purex process [1], 
plutonium(IV) and uranium(VI) are separated to
gether from the bulk of the fission products by extrac
tion with TBP, the plutonium(IV) is reduced to the 
trivalent state and thus brought back to the aqueous 
state while the uranium(VI) remains in the solvent. 
Consequently, the extraction of elements like uranium, 
plutonium and fission products by TBP has been 
studied extensively. The results of such studies, how
ever, sometimes show poor agreement even though the 
general trends are the same [3,4]. For example, 
Flanary [3] and Goldschmidt eta!. [4] report uranium 
partition coefficient values which differ by nearly 
100 %. The present studies relate to TBP extraction of 
uranium(VI), plutonium(IV) and fission products 
under conditions of interest. 

The plutonium obtained from the solvent extraction 
cycle is likely to contain equal concentration of 
uranium, a small amount of fission products and other 
impurities. Considerable work on the extraction and 
purification of plutonium with ion exchange resins, 
both cationic and anionic, has been reported [5-15]. It 
was decided to concentrate and purify plutonium by 
the anion exchange method in preference to cation 
exchanger since the former offered better possibilities 
of efficient separation in view of the marked tendency 
of the plutonium(IV) ion to form an anionic complex. 
It was, however, believed that the major problem in 
such a process was to recover plutonium completely 
from the resin column. It was thought desirable to 
examine thoroughly some of the available data, and 
additional data were obtained with locally available 
materials, which were of interest in the design of the 
plant. 

*Atomic Energy Establishment Trombay, Bombay. 

The purified plutonium nitrate solution is concen
trated by precipitation of plutonium as oxalate which 
is then calcined to give the oxide. The oxide is either 
used as fuel or in some cases it is considered desirable 
to convert it to metal. The optimum conditions were 
established for the precipitation of oxalate which could 
be easily filtered. The thermal decomposition of the 
oxalates of uranium and of plutonium to their respec
tive oxides, in various valency states, was studied 
using differential thermal analysis (DT A) and para
meters like heat of reaction, activation energy and 
order of reaction were calculated from the data along 
with those of other neighbouring elements like thorium 
and neptunium. 

The mechanism of extraction of plutonium (IV) in 
various solvents like hexone, Butex and TBP was 
elucidated by studying its extraction behaviour in the 
solvents under varying conditions. It was shown that 
plutonium is extracted into organic phase by hexone 
and Butex as Pu(NOa)4, and with TBP as Pu(NOak 
2TBP complex as reported earlier [2]: In 2 to 4M 
nitric acid concentration, the average number of 
nitrate ions associated with a plutonium ion was found 
to be approximately 2.5 compared with 4.0 as reported 
earlier [16]. This was substantiated by determining the 
stability constants of the nitrate ion with plutonium. 
The complexing of plutonium(IV) with sulphate ions 
was also studied using the distribution data in the 
presence of nitrate and sulphate ions. The data 
obtained in the laboratory pertaining to the separa
tion chemistry of plutonium are presented in this 
paper together with the conclusions reached. 

EXPERIMENTAL 
Uranium solutions were prepared by dissolving 

nuclear-pure uranium oxide, obtained from our 
uranium metal plant, with nitric acid. 

Plutonium stock solution was initially purified by 
the usual anion exchange method. Plutonium (in 7 M 
nitric acid) for each experiment was taken from this 
stock solution and the valency adjusted each time to 
the tetravalent state by the addition of 1 or 2 drops of 
30 % hydrogen peroxide, warming to decompose the 
excess peroxide and evaporating the solution to a very 
small volume after adding one or two drops of con
centrated nitric acid. 

Uranium irradiated in APSARA was dissolved in 
nitric acid in a specially designed cell to obtain the 
mixed fission product solution. The fission product 
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partition data were obtained with a one year old 
fission product mixture. TBP extractable fission pro
ducts were prepared by extraction with an equal 
volume ofunequilibrated 30% TBP and washed with a 
solution containing nitric acid, ferrous sulphamate, 
etc., under the same conditions encountered while 
separating plutonium from uranium. The aqueous 
phase was treated with sufficient NaN02 to neutralize 
excess of ferrous sulphamate. 

TBP was purified [17] by steam distillation in the 
presence of alkali with the volatile impurities distilling 
over. TBP was estimated according to the method 
given by Schuler [18]. Commercially available kero
sene was contacted with concentrated sulphuric acid 
for 5 to 6 hours, washed with water and then distilled; 
the fraction distilling over between 180 to 220 oc was 
used in the experiment. Ion exchange resins, Amberlite
IRA-400, Deacidite-FF and Dowex-1X4 (commercial 
grades) were conditioned following standard proce
dures. 

The distribution coefficient Kd is defined as 

Concentration in organic phase (amount/ml) 
K _ or resin phase (amount per gm) 
d- Concentration in aqueous phase (amountjml) 

The solvent extraction distribution coefficients are 
designated as Kds and the ion exchange ones as Kdi· 
Kds and Kdi were determined by contacting till equi
librium was attained. 

Plutonium was assayed radiometrically and uranium 
by spectrophotometry using ammonium thiocyanate 
reagent [19]. Fission products were estimated by 
scintillation spectrometry. 

Acidity in the aqueous phase was determined by 
titration with alkali after precipitating uranium, when
ever present, as peroxide [20]. 

The DT A curves of the oxalates were obtained in an 
apparatus which consisted of a furnace made of a 
silica tube wound with nichrome wire, precautions 
being taken to maintain a uniform temperature inside. 
The rate of heating was maintained at 10 oCjmin whilst 
the temperature of the furnace was determined by a 
chromel-alumel thermocouple. The differential output 
of this chromel-alumel thermocouple after appropri
ate amplification by a chopper type de amplifier was 
fed to a strip chart recorder. Small platinum crucibles 
of 200 micro litre capacity were used as sample holders, 
and they were placed side by side in cavities drilled in a 
semi-cylindrical ceramic brick. 

RESULTS AND DISCUSSION 
Solvent extraction 

The extraction of inorganic nitrates from aqueous 
solution into TBP through the formation complexes is 
well known [2,21]. The following equations represent 
the reactions that are of importance in fuel reprocess
ing using TBP extraction. 

UO~+ + 2NO] + 2TBP ~ U02(NOa)2 . 2TBP (1) 

Pu(NOa)~4-xH + (4-x) NO] ~Pu(NOa)4 (2) 

Pu(N0a)4 + 2TBP ~ Pu(NOa)4 . 2TBP (3) 

(FP)a+ +a NO]+ x TBP ~(FP)(NOa)a. x TBP (4) 

H++ NO] +TBP~HNOa. TBP (5) 

(FP)a+ represents a fission product ion in solution. In 
the extraction of uranium and plutonium together 
from irradiated uranium, TBP is used up largely for 
complexing the major component, viz. uranium. The 
concentration of free TBP is thus much less than the 
initial amount taken. Thus the Kds values of all species 
including uranium are dependent on the degree of 
saturation of TBP with uranium, expressed as the per
centage of the total TBP that is used up to form the 
complex U02(NOa) . 2TBP and with nitric acid. 

Tables 1 and 2 give Kds for uranium and fission 
products respectively as a function of HNOa in the 
aqueous phase. Kds values for uranium are obtained at 
80 % saturation of the TBP with uranium and are 
lower than those reported by Flanary [3], using Amsco 
as diluent. The fission product data refer to conditions 
of 60 % saturation of TBP with uranium. A gradual 
increase is noted in the gross beta and gross gamma 
Kds values with increasing nitric acid concentration. 
Kds values for zirconium increase while the ruthenium 
values show a decrease with increasing HNOa in the 
aqueous phase (Table 2). These trends are similar to 
those described by Bruce [22]. Kds values for pluton
ium are seen to be in reasonable agreement with 
published data [23,24]. 

As mentioned earlier, the partition coefficients of all 
the species are dependent on the degree of saturation 
of the solvent with uranium. In Fig. 1, the values of 
Kds for uranium with 30 % TBP are plotted against the 

Table 1. Kds(U); 30% TBP; 80% saturation of TBP 
with uranium 

HN03 aq K.,(U) 
Flanary's data M Present data 

0.5 1.18 
1.0 0.98 
2.0 1.40 2.84 
3.0 1.80 3.28 
4.0 2.00 4.28 
5.0 2.3 4.16 
5.8 2.5 
6.0 3.61 

Table 2. Kds for fission products. 30% TBP; 60% 
saturation of TBP with uranium 

Kct, X 103 

Equilibrium Gross Gross 
HNOaM beta gamma Zr Ru 

0.53 1.72 1.80 1.68 10.8 
1.06 1.88 2.41 1.89 18.0 
2.00 2.30 2.71 1.94 12.7 
3.50 1.66 3.90 5.80 3.0 
4.10 2.09 4.75 8.27 2.0 
5.80 3.19 24.2 25.90 



288 SESSION 2.6 P/787 A. S. GHOSH-MAZUMDAR eta/. 

15 30~ TBP 
Aqueous ae1d1ty (HN03) 

s 

¢o 0 015M l p,.,..tdoto 
• 015 M 

• 045 M 

• 100M 

• 200M 
._., 10 

} Data frolll Ref 24 
,z .. 10M 

6 20M 

• 

0~~~·~ 
w ~ ~ ro ~ 

" Soturat1on of TBP 

Figure 1. Variation of Kds(U) with saturation of 30% TBP in 
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Figure 2. Variation of Kds(U) with saturation of 25% TBP 
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Figure 3. Variation of Kds{U) with saturation of 20% TBP 

percentage saturation ofTBP with uranium for various 
aqueous phase acidities. The data can be represented 
approximately by straight lines the slopes of which 
increase with acidity and should be useful for predict
ing Kds values at different saturations. Figure 1 also 
contains the data obtained by Codding et a!. [24] at 
two acidities which are in fair agreement with the 
present values. Figures 2 and 3 give similar results 
obtained with 25% and 20% TBP. 

The Kds results for plutonium (IV) are found to 
decrease with increasing saturation of the solvent in a 
manner similar to that reported by Flanary [3], the 
decrease being more marked at higher acidities. Data 
obtained at various acidities are given in [25]. 

For the separation of uranium and plutonium 
present together in the TBP phase, ferrous sulphamate 
in dilute acid is used for reducing plutonium(IV) to 
plutonium(lll) which goes into the aqueous phase. In 
stripping experiments with 0.03M ferrous sulphamate 
and 0.17 M HN03, it was found that plutonium was 
almost quantitatively removed in three washes with 
equal volumes of the two phases. At the same time 
more than 90 % of fission products along with 60 % of 
uranium were removed from the TBP. The removal of 
uranium is not serious when the plutonium separation 
is done in a counter-current column. 

I 

I 

I 
I 

I 

I 
I 

o Amber lite -IRA-400 

x Deactdtte-FF 
- - Dowex-1X4 [11] 

-- -A-300 D I 
Dowex-2 type resm [10] 

--IRA-400 

7 
N•tric acid molarity 

10 11 

Figure 4. Variation of Kd, values with nitric acid molarity 
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Table 3. Kd; for the TBP-extractable fission products 
with Dowex-1X4 (50-100 US standard sjeve) 

No. Fission product 

1 Cerium 
2 Cerium 
3 Cerium 
4 Ruthenium 
5 Ruthenium 
6 Ruthenium 
7 Zirconium 
8 Zirconium 
9 Zirconium 

Nitric acid (M) 

0.5 
4.0 
7.0 
0.5 
4.0 
7.0 
0.5 
4.0 
7.0 

1.0 
1.0 
2.8 
4.5 

13.9 
11.6 
9.4 

11.5 
12.2 

In general, the data obtained here using locally 
available kerosene as diluent for TBP showed the same 
general trend as that of other published data, but 
differences in the actual values of Kds were, however, 
observed in many cases wherever comparison could 
be made. 

Jon exchange distribution 

Kdi values obtained with Deacidite-FF and Amber
lite-IRA-400 for uranium (with milligram amounts) 
and for plutonium (with micro amounts) are shown in 
Fig. 4 along with those obtained by others. Our data 
are relatively closer to those obtained by Ryan and 
Wheelwright [11] than to those of Prevot et a!. [10]. 
But the shape of all the curves is the same including 

the peak at 7.2M nitric acid. The Kdt values obtained 
with Dowex-IX 4 for the TBP-extractable fission 
products, e.g., zirconium, ruthenium and cerium at 
different nitric acid concentrations are given in 
Table 3, and, as expected, show that the resin has a 
very low affinity for the fission products at room 
temperature. No significant difference was observed 
at 60°C. 

The feed from the solvent extraction stage contain
ing ferrous sulphamate is treated with excess of 
sodium nitrite, before passing through an anion 
exchange resin column. Therefore, the effect of So~
( oxidation product of sulphamate), NO), Felli and 
Na+ ions on the Kdi value of plutonium(IV) was 
investigated, It may be seen from the following data 
that Kdi values are reduced to approximately half of 
the original values in the presence of 0.24M ferric ion. 
The effect of sodium salts is, however, not so marked: 

NaN02 added in excess ( %) : 0 5 50 5 50 
Total ion concentration (M): 0 0.03 0.03 0.24 0.24 
Kct1 value (times 1 011): 3. 39 2. 73 2.46 1. 58 1. 57 

Column characteristics 

Since Deacidite-FF and Dowex-IX4 appeared to 
be superior to Amberlite-IRA-400, in the preliminary 
experiments as regards their elution behaviour, subse
quent experiments at milligram level were carried out 
with the first two resins. The results obtained with 
3-5 mm id columns, filled with a known amount of the 

Table 4. Column experiments 
Composition of the loading solution . 

Washing solution 
Eluant . 
Rate of flow 

Weight of 
resin used 

(mg) 

Height of 
resin bed 

(em) 

Deacidite-FF (mesh size 16-SO)a 
100 1.8 
100 1.8 

Deacidite-FF (mesh size 150-200)a 
50 2.4 
50 2.6 
50 2.6 
50 2.4 
50 2.4 
SOb 2.4 
soc 2.4 

Dowex-IX4 (mesh size 50-100)a 
64 2.3 
64 2.3 
80 2.8 
80 2.8 

1033 13.6 
1033 13.6 

• US standard sieve. 

Column 
volume 

(ml) 

0.36 
0.36 

0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 

0.17 
0.17 
0.21 
0.21 
2.9 
2.9 

(5 mg of uranium+ 5 mg of plutonium)/ml of 
7.2MHNOa 
7.2MHNOa 
0.5MHNOa 
1 ml/min cm2 

Temp. 
(OC) 

60 
60 

28 
28 
60 
60 
60 
28 
28 

28 
28 
60 
60 
60 
60 

Break-through 
capacity 

(in mg/gm of resin) 
forPu 

127 
127 

232 
256 
280 
240 
240 

260 

47 
48 

120 
118 
261 
260 

Elution behaviour: 
plutonium desorbed 
inS column volumes 
(in % of the total 
plutonium loaded) 

88.5 

96 
85 
96 
99.5 
99.5 

88 
84 
96 
94 
99 
98 

• Washing solution 7.2M HCl, Eluant 0.5M HCl; 99.8% removed in 2 column volumes. 
• Washing solution 7 .2M HNOa, Eluant 0.5M HCl, 98.8% removed in 3 column volumes (99.0% in 
3.5 column volumes). 
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nitrate form of resin are shown in Table 4. The follow
ing observations were made: 

(a) The break-through capacity is significantly 
affected by the bed depth for a given diameter_ (c!". 
results with Dowex-IX4, in Table 4). The capac1ty Is 
likely to improve further with taller colum~s on the 
plant scale. Higher column temperature Improves 
break-through capacity of Dowex-1X4, as has been 
reported earlier [ll ], but this is not the case with 
Deacidite-FF. 

(b) For washing off the uranium from th_e 14 ~m 
column containing Dowex-1X4, after loadmg with 
plutonium, ten column volumes of 7.2M HN03 at 
flow-rate of 1 ml/min cm2 were found adequate. 

(c) Of the three eluting agents employed at r~ot_U 
temperature, (i) 0.5M nitric acid gives a charactenstlc 
long "tail" (for example, with 50 mg of Deacidite-FF, 
flow-rate I ml/min cm2, elution was approximately 
95 % in 7 column volumes and 99.5 % in 12 column 
volumes), (ii) 0.5M hydrochloric acid gives a very 
satisfactory elution (e.g., under the same conditions 
elution was approximately 99.5 % in 1.5 column 
volumes and 100% in 2.5 column volumes); however, 
the hydrochloric acid elution is unfavourable for plant 
operation because of the corrosion problems with 
chloride ions, and (iii) 0.5M nitric acid mixed with 
hydroxylamine rapidly desorbs plutonium from anion 
exchangers; hence this reagent has been used for 
elution by some workers [7, 8]. In our experiments 
with a column loaded with milligram amounts of 
plutonium, this reagent produced severe gassing, as 
reported elsewhere [11]. . 

(d) Downward sorption followed by upward e~utwn 
did not result in any significant improvement m the 
elution behaviour ofDeacidite-FF. The use of elevated 
temperature improved the elution considerably, par
ticularly with Dowex-1X4 but not with Deacidite-FF. 

(e) Fission products: Dowex-1X4 at 60°C was 
used in all column experiments with fission products. 
The break-through pattern obtained and the removal 
of the fission products from a 14 em long column con
taining 1 g ofDowex-1X4 resin, showed that washing 
with about 15-20 column volumes of 7.2M nitric acid 
was sufficient to reduce the gamma activity of the 
effluent from about 105 cpm/ml to very near the baok
ground level (140 cpm), provided the rate of flow was 
maintained at 1 ml/min cm2. With a higher flow-rate, 
however, for example with 3 ml/min cm2, approxi
mately double the volume of washing solution was 
required to attain the same result. 

Build-up of plutonium on a resin column 

Complete recovery of plutonium from resin columns 
is believed to be a major problem in ion exchange 
separation processes. The magnitude of this problem 
was assessed by carrying out series of experiments, 
each series consisting of several cycles of loading, 
washing and elution of plutonium. The results given in 
Table 5, show that the amount of plutonium remaining 
unrecovered is very small compared with the total 
amount passing through. 

Table 5. Build-up of plutonium on a resin column 
Composition of the loading solution: 5 mg of Pu/ml in 1. 2M 

HN03 ; Eluant: 0.5M HN03; Rate of flow: 1 ml/min em 

No. of Pu loaded/ Pu unrecovered 
Resin used cycles in cycle after Jast cycle 

each series (mg) (mg) 

Deacidite-FF 4 15 0.22 
Deacidite-FF 3 15 0.04 
Dowex-IX4 4 12 0.45 
Dowex-IX4 4 300 0.24 
Dowex-IX4 10 300 0.80 

Decontamination factor for the purification of 
plutonium 

Data on over-all decontamination factors using 
anion exchange alone or in conjunction with other 
steps have been reported [10, II]. The present work is 
concerned with a feed containing TBP-extractable 
fission products and equal quantities of uranium and 
plutonium. In some qualitative experiments, the 
Dowex resin seemed, at least under static conditions 
of contact, to be more resistant than Deacidite-FF to 
moderately concentrated nitric acid (cf. [I5] ). More
over, since it is proposed to use the former in the 
Trombay plant, efficiency studies of the final purifica
tion step were confined to this resin only. With a 
column three-fourths loaded with approximately 
200 mg of plutonium which was eluted with 0.5M 
HN03, a decontamination factor (defined as the ratio 
of the total gamma activity in the feed to the gamma 
activity accompanying the plutonium eluted) of about 
75 was obtained. 

Oxalates 

The precipitation of plutonium (IV) as oxalate has 
been considered as an efficient concentration step. A 
typical feed solution obtained from the anion exchange 
purification step was taken for precipitation. It was 
found that a precipitation temperature of 50-60°C 
was most suitable. Too rapid addition of oxalic acid 
at this temperature produced a finely divided oxalate. 
The solubility of the oxalate was checked by assaying 
the supernatant liquid. The optimum conditions for 
precipitation of plutonium(IV) oxalate appeared to be 
about 2-3M acidity and 0.1M oxalate in the final 
slurry based on the minimum solubility and coarse 
particles with good settling characteristics [26]. 

The thermal decomposition of the oxalates of plu
tonium(III), plutonium(IV), plutonium(VI), uran
ium(IV), neptunium(IV) and thorium(IV) was studied 
by obtaining the DTA curves and determining there
from heat of reaction (t:.H in kcal), activation energy 
(E* in kcal) and order of reaction (x) for the dehydra
tion and oxidation reactions, using the following 
equations [27-29]: 

-[(E*/R)t:..(l/T)] [t:..ln(K(A -a)- Cvf:..T)]-1 

= - x + [t:..ln( Cv( dt:..T)/dt) 

+ Kt:.T][t:.ln(K(A- a)- Cpt:..T)]-1 (6) 
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Table 6. Thermodynamic data for the thermal decomposition of some actinide oxalates 

First dehydration 

t;H E* X 

Pu2(C204)a .I OH20 43 26 0.8 
Th(C204)2.6H20 20 21 0.4 
U(C204)2. 6H20 23 27 1.0 
Np(C204)2.6H20 . 22 24 1.0 
Pu(C204)2. 6H20 28 15 1.0 
Pu02C204. 3H20 . 13 20 1.0 

and 
l:!H=K'A (7) 

where, R and T have their usual significance; K = heat 
transfer coefficient; A = total area under the curve, 
l:!T =differential temperature at a particular time t; 
a= area under curve up to time where !:! T and dl:!Tjdt 
is taken; C v =total heat capacity of reactants. The 
values are given in Table 6. 

Mechanism of extraction of plutonium 

The Kcts values for plutonium were determined in 
hexone, Butex and TBP by varying [NO~] and [H+], 
and maintaining the ionic strength constant by the 
addition of perchlorate ions. In hexone and Butex, the 
plots of log of Kcts against the log [NO~) are straight 
lines with slopes of 1.3 and 1.5 respectively. The value 
of Kcts into hexone was found to be constant in vary
ing [H+]. Following Eq. (2) and assuming that the 
neutral species, viz. Pu(N03) 4 associated with solvent 
molecule is extracted (the presence of H2Pu(N03)6 is 
ruled out from the absorption spectra), the following 
simple equilibrium is assumed to explain the mechan
ism: 

Pu(NOa)+x1~t+(4-x) N03(a)~Pu(NOa)4(o) (8) 
where x =average number of nitrate ions attached to 
the plutonium(IV) ion in aqueous phase. The equi
librium constant can be written as 

Kext = [Pu(NOa)4] [Pu(NOa)f<4 -xJ] -1 

[N0~]-<4 -X) (9) 

and log Kcts = (4-x) log [NO~] (a)+ log Kext (10) 
A log-log plot of nitrate ion concentration against 

distribution coefficient (Kcts) will give a curve, the 
slope of which at a particular nitrate ion concentration 
gives the value of (4-x). Calculations, using the values 
of stability constants for nitrate complexes of tetra
valent plutonium show that (4-x) varies from 1.5 at 
2M nitrate ion concentration to 1.3 at 4M nitrate ion 
concentration. (This will be dealt with in subsequent 
paragraphs.) The results obtained in nexone and 
Butex are in good agreement showing that the average 
charge on the species over the nitrate ion is approxi
mately 1.4. However, in the case of TBP, the competi
tion of nitric acid to form complexes with TBP has to 
be taken into account to explain the constancy of 
Kcts with varying [NO~] as also observed by earlier 
workers [16], and the equilibrium can be represented 
by the equation 

Second dehydration Oxidation of 
anhydrous oxalate 

-"H E* X !!.H E* X 

-70 35 0.5 
6 44 1.0 -18 60 0.9 
5 -57 77 1.0 

-47 61 0.8 
2 -59 67 1.8 

-25 78 1.9 

K = [Pu(NOah. 2TBP) <o> [Pu(NOa)f<4 -x>]<-;;J1 

[NO:lJr-;;><2
-xl [HNOa. TBP]<oJ2y-2HNo3.TBP (11) 

or 

2-x T log [N03]+log K'=log.YKcts [H+](a) 

[HNOa. TBP]-1 y-1HNo3.TBP (12) 

From Eq. (12), a plot of log [HNOa. TBP] y HNo3 .TBP 
against log [NO~] at constant [H+] gives a slope of 

x;2
, which is 0.26 giving a value for x as 2.52. Simi

larly, plotting log Kcts/[HNOa. TBP)2y2HNOa.TBP for 
constant [NO~] against log [H+], a slope of -1.8 is 
obtained, which is in fair agreement with the expected 
value of - 2.0. The results are thus consistent with 
those of hex one and Butex. 

It has been shown from the absorption spectra of 
plutonium(IV) in hexone and Butex that pluton
ium(IV) from nitrate media is extracted as Pu(NOa)4, 
which, if the acidity is high in the solvent phase, 
changes to H2Pu(NOa)6. In TBP solution, pluton
ium(IV) exists as the complex of Pu(NOa)4. 2TBP, 
and hence there is no change in the' absorption spec
trum when the acidity increases in the solvent phase 
[30]. 

The stability constants for the complexing of nitrate 
ion with plutonium(IV) were determined earlier, but 
it was thought worth while to re-determine from the 
distribution data following the Fronaeus method. 

f3x =the stability constant for the general complex, 
Pu(NOa)f4 -x in the aqueous solution, defined as 

f3x= [Pu(NOa)f4 -x] [Pu+4]-1 [N03]-x (13) 

and /3, stability constants for general complex 
Pu(S04) 4-2Y are given in Table 7. In calculating these 
values, the concentrations of TBP . HNOa and a 
rough estimate of its activity coefficients have been 
taken into account [31]. 

Table 7. Stepwise stability constants for Pu 1v nitrate 
and sulphate complexes at different ionic strengths 

Ionic Anions /31 /3• /33 /3• Strength 

1.02 NOs 5.3 9.2 4.0 
1.9 N03 4.0 7.5 4.0 1.2 
4.7 N03 4.6 14.8 10.8 2.0 
2.0 S01- 1.6 X 103 5.10X104 
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ABSTRACT -RESUME-AHHOTA~II1JI-RESUMEN 

A/787 lnde 

Chimie de Ia separation du plutonium du 
combustible irradie 

par A. S. Ghosh-Mazumdar et al. 

Une etude de I' extraction de l'uranium, du plutonium 
et du melange de produits de fission a partir d'une 
solution simulee de combustible irradie a !'aide de 
tri-n-butylphosphate (TBP) dilue dans du kerosene de 
provenance locale a ete entreprise en vue de recueillir 
des donnees pour le projet d'une usine de traitement de 
combustible irradie. On a determine les coefficients de 
partage a des concentrations differentes du TBP dans 
le kerosene en fonction de Ia concentration d'acide 
nitrique dans Ia phase aqueuse et du degre de satura
tion en uranium du solvant. Les donnees sont presen
tees sous forme graphique, avec les coefficients de 

partage pour certains produits de fission tels que le 
ruthenium et le zirconium. L'allure generate des 
resultats obtenus, avec le kerosene de provenance 
locale comme diluant, est la meme que celle d'autres 
resultats connus, obtenus dans des conditions sem
blables. Toutefois, on a constate des differences de 
valeur pour les coefficients de partage, et on n'a pas pu 
comparer les nouvelles donnees obtenues pour les 
coefficients de partage en fonction du degre de satura
tion en uranium a differentes concentration de TBP 
dans la phase solvant. 

La purification finale du plutonium par echange 
d'ions en lit statique a ete etudiee avec trois types 
differents de resines, a savoir: Deacidite-FF, Amber
lite-IRA-400 et Dowex-1X4 dans le but de determiner 
les conditions les plus favorables. On a determine la 
variation des coefficients de partage en fonction de la 
concentration de l'acide nitrique pour l'uranium(VI) 
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et le plutonium(IV) avec Ia Deacidite-FF et l'Amber
lite-IRA-400, et des coefficients de partage des pro
duits de fission extraits au solvant avec le Dowex-1X4. 
On a examine le comportement au point de vue de 
!'absorption, du point de fuite et de !'elution dans une 
colonne maintenue a 60 oc et a la temperature am
biante. Pour le Dowex-1X4, l'accumulation du pluto
nium dans la colonne de resine, due a des cycles rep6tes, 
a ete determinee, et on a etabli Ia decontamination du 
plutonium des produits de fission apres a voir chargela 
colonne aux trois quarts de sa capacite dans les con
ditions les plus favorables. 

On a etudie le mecanisme d'extraction du plutonium 
dans l'hexone, le Butex et le TBP en determinant les 
coefficients de partage du plutonium en faisant varier 
les concentrations de l'ion nitrate et de l'ion hydro
gene. D'apres les equilibres d'extraction, il semble que 
le plutonium s'extrait sous forme de Pu(NOa)4 de la 
phase aqueuse dans l'hexone et le Butex; mais dans la 
phase organique oil l'acidite est plus etevee, Pu(NOa)4 
se transforme en H2Pu(NOa)6. Les changements de 
spectre dans la region visible dans Ia phase organique 
confirment ces resultats. Dans le TBP, le nitrate de 
plutonium s'extrait sous forme de Pu(NOa)4.2TBP, ce 
qui a aussi ete confirme par le fait que l'on n'observe 
pas de changements de spectre quand on fait varier 
l'acidite de Ia phase organique. 

On donne les valeurs des constantes de stabilite pour 
les complexes nitrates de plutonium(IV) a concentra
tions ioniques differentes, obtenues par Ia methode 
d'extraction au solvant avec le TBP. La constante de 
stabilite pour les complexes sulfates a aussi ete deter
minee au moyen d'une methode concurrente, le 
sulfamate etant utilise pendant le traitement pour Ia 
separation du plutonium. 

Dans le proc6de decrit, le plutonium precipite a 
partir de Ia solution de nitrate sous forme d'oxalate, et 
on le calcine en oxyde pour le convertir ensuite en 
metal par l'intermediaire du fluorure. La decomposi
tion des oxalates a done ete etudiee a I' aide de I' analyse 
thermogravimetrique et de !'analyse thermodifferen
tielle (ATD). On a calcule a partir des courbes ATD 
les parametres cinetiques, a savoir la chaleur de 
reaction, l'energie d'activation et l'ordre de reaction. 

A/787 HHAMR 

XHMHH HaeneYeHHH nnyroHHH H3 o6-
nyYeHHoro ronnHBa 
A. c. rxow MaayMAap et al. 

JlaBJie'leHHe ypaua, TIJIYTOHHH H CMemaHUhiX 

HpOIJ.YKTOB IJ,eJieHHH H3 HMHTHpOB31IIIOfO paCTBOpa 

o6Jiy•IeHHOf0 TOUJIHBa npH UOMOII.\H TpH-fl-6yTHJI

tpoc<fla Ta ( TB<I>) c ucnoJILaosanueM Kepocuna B 
Haqecrse paa6aBHTeJIH uayqaJIOCh c ~eJibiO noJiy

'IeHHH IJ,3HllbiX IJ,JIH npoeKTHpOBaHHH YCT3HOBKH 
IJ,JI.R nepepa6oTim orpa6orannoro TOIIJIHBa. Hoaq1-

<fln~HeHThl pacnpeAeJieHHH IJ,JIH ynoMHHyroii: 

yCTaUOBKH npH pa3JIH'IHbiX KOH~eHTpa~HHX TpH

n-6yTHJI<}>oc<}>aTa B Kepocnue onpe~J,eJIHJIHCb KaK 

<}>yHK~HH KOH~eHTpa~HH 330THOH KHCJIOThl B BOIJ,

HOH <}>aae H CTeiieHH H3Chlll.\eHHH ypaHOM <}>aahl 

paCTBOpHTeJI.R. ,lJ,aHHhle IIpHBOIJ,.RTCH B rpa<flnqe

CKOH <}>opMe BMecre c Koa<fl<J>n~neuraMn pacnpe

IJ,eJieHH.R IJ,JIR OTipe~J,eJieHHhlX IIpOIJ.YKTOB IJ,eJieHHH, 

UaiipHMep pyreHHH H ~HpKOHH.R. 06Il.\aH TeHIJ,eH

}\HH TIOJiy'leHHhlX peayJihT3TOB BMeC'fe C KepoCHHO

BhlM paa6asureJieM raKaH me, KaR 11 B ~J,pyrux 
ony6JIJIKOB3HHhlX pa6oTaX, BbiTIOJIHeHHhlX IIpH 

CXOIJ,HbiX YCJIOBHHX, HO ua6JIIO)l;3JIHCb pa3JIH'IHH B 

.n;eii:CTBHTeJibHhlX 3H3'1eHHHX Koa<}><fJHI . .\HeHTOB pac

npe.n;e.'leHHH H ll03TOMY HeJib3H 6biJIO npoBeCTH 
cpaBHeHHH HOBhlX )l;3HHhlX, TIOJiy'leUHhlX )l;JIH KO

a<}><fJH~HeHTOB pacnpe.n;eJieHHH, ITO CTeiieHH H3Cbl

l~eHHH ypaHOM IIpH pa3JIH'IHOH KOH~eHTpa~HH 
rpu-n-6yTHJI<floc<flara B <}>aae pacTsopnreJIH. 

C ~eJibiO ycTaHOBJieHHR OIITHM3JibHhlX ycJIOBHii 

6biJia HCCJie)l;OB3Ha OKOH'I3TeJibH3H O'IHCTKa TIJiy

TOHH.R nyTeM HOHHOfO o6MeHa B HeTIO,il;BH)I(HOM 

CJIOe )l;JIR Tpex pa3JIH111lhlX THTIOB CMOJI: .n;eaCH)l;HT

ff, aM6epJIHT IRA-400 H .n;ayaKc 1 X 4. IloJiy'le

Hhl )l;3HHhle 00 H3MeHeHHH Koa<}><}>H~HeHTOB pac

npe~J,eJieHHH KaK <}>yHK~HH KOH~eHTpa~HM; 330THOii 
KHCJIOThl AJIH ypaua (VI) H IIJIYTOHHH (IV) B 

cJiyqae ucnoJihaosannn cMoJI ~~eacHAHT- FF H aM-

6epJIHT IRA-400 u 6MJIH TaKme noJIY'IeHhl Koa<J>

WH~HeHTI>I pacnpe.n;eJieHHH npoAYKTOB ;r(eJieHH.R, 

H3BJie'leHHhlX npH IIOMO~H paCTBOpHTeJI.R C HC

JIOJib30B3HHeM cMoJihl .n;ayaKc 1 X 4. HccJie;r(oBani>I 

a6cop6~H.R, KpnruqecKaH roqKa a~J,cop6~uouuoro 
~HKJia H 3JIIOHpOBaHHe B KOJIOHHe npH TeMrrepa

rype 60° C H npH KOMHaTHOH TeMneparype. ,lJ,JIH 

cMOJihl ;r(ayaKc 1 X 4 onpe~J,eJIHJIOCh uaKorrJieHHe 

IIJIYTOHHH B CMOJie KOJIOHHhl B peayJihTaTe TIO

BTOpHbiX ~HKJIOB pa6oThl, a ~J,eKOHT3MHH3~HH UJIY

TOHHH H3 npOIJ.YKTOB ~J,eJieHHH onpe~J,eJIHJI3Cb llpH 

OTITHM3JihHhlX ~CJIOBHHX UOCJie aarpyaKH KOJIOHHbl 

ua TPH qersepTH ee eMKOCTH. 

MexaunaM nasJieqeunH mryroHHH B reKcoue, 6y

reKce H TB<I> nayqaJICH nyTeH onpe,n;eJieHHH Koa<J>

<J>n~uenros pacnpe~J,eJieHH.R UJIYTOHHR nocpe~J,CT
BOM H3MeHeHHH KOH~eHTpa~HH HOHOB HHTpaTa U 

HOHOB BOIJ,Opo~J,a. 113 3KCTpaK~HOHHhlX paBHOBecuii: 

CJie~J,yeT, qro UJIYTOHHH nepeXOIJ,HT B BH)l;e 

Pu ( N Oa) 4 ua BOIJ.HOii cpa aM B rei{COH H 6yTeKc, 

HO B opraHH'IeCKOH <}>aae C 6oJiee BhlCOKOii 

KHCJIOTHOCTbiO Pu(N0a)4 nepexo~J,HT B 
H2Pu(N03)s. CneKTpaJibHhle uaMeneHHH B opra

HH'IecKoii cpaae B BHIJ.HMOM ~J,Hanaaone no.n;TBepm

IJ.aiOT 3TH peayJibTaThl. B TB<I> HHTpaT nJiyToHHH 

aKcrparHpyercH u uu.n;e Pu ( N Oa) 4 • 2TB<I>, 'ITo 
TaKme 6hlJIO llO,ll;TBepm.n;eHO <}>aKTOM OTCYTCTBHH 

cneKTpaJibHbiX H3MeHeHHH npH H3MeHeHHH KHC

JIOTHOCTH opraHH'IeCKOH <}>aahl. 

IlpHBO)l;HTCH aHaqeHHH KOHCTaHT ycroii'IHBOCTI1 

J];JIH HHTpaTHhlX KOMllJieKCOB TIJIYTOHHJI (IV) npn 

pa3JIH'fHOH HOHHOH npO'IHOCTH, onpe.n;eJieHHhle Me

TO,ll;OM )l(lf;r(KOCTHOM 3KCTpaK~HH C HC110Jlb30B3HH
CM u Ka'leCTBe pacrsopHTeJIH TB<I>. HoncraHThi 

ycroii'fHBOCTH ,n;JIH cyJibcpaTHhiX KOMIIJieKcos onpe-
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l!;CJUIJIHCh Ta.Kme IIYTCM HCIIOJih30BaHJIH I)OH.Ky

peHTHOfO MCTOl!;a, IIOCKOJI:bKY P,JIH pa3l!;CJICHJIH 

IIJIYTOHHH BO BpeMH uepepa60T.KJI JICI10Jih3YCTCH 

cynhcpaMaT. 

B nacToHIIJ,eM rrpo~ecce nnyToHJlir ocam;~;aeTCH 
B BJIAC OKCaJJaTa Jl3 paCTBopa HHTpaTa If .K8Jib~H

HHpyeTCH AJIH IIOJiyqeHIHI 01\HCJI IIJIYTOHHH, llpf'A

IIU3H8'l.CHHOif AJIH npeBpaiiJ,eHHH B MeTaJIJI '1epe3 

tJJTopHA IIJIYTOHJIH. Ilo:.'JTOMy pa3JIO>KE.'Hlle OKCaJia

TOB H3Y'l.8JIOCb Hpll JIOMOIIJ,JI MCTOlJ;OB TepMorpaBn

MeTpii'JI~C.KOI'O If AllcpcpepeH~UaJibHOI'O TepMU'l.e

CKOI'O aHaJiuaa (.[J;TA). KuHeTn'l.ecime rrapaMeTpLr, 

a UMeHHO, TCIIJIOTa peaK~Ifif, aHepi'UH 31\THBaJJ;nn 

II IIOpHl!;O.K peaK~IIII paCC'l.HT:biBaJIJfCh JIO RpHBbiM 

i~n!J!cp('p('H~HaJlhHOro TepMnqec.Koro anaml3a. 

Af787 India 

Quimica de Ia separaci6n del plutonio del 
combustible irradiado 

por A. S. Ghosh-Mazumdar et al. 

Se ha estudiado la extracci6n de uranio, plutonio y 
productos de fisi6n mixtos a partir de una soluci6n 
simulada de combustible irradiado, por medio de 
fosfato de tri-n-butilo (TBP) empleando como dilu
yente el queroseno disponible en el mercado local. El 
estudio se emprendi6 con objeto de reunir los datos 
necesarios para el proyecto de una planta de regenera
ci6n de combustible irradiado. A tal efecto, se deter
minaron los coeficientes de distribuci6n de dichos 
elementos para diversas concentraciones de TBP en 
queroseno, en funci6n de Ia concentraci6n del acido 
nitrico en Ia fase acuosa y del grado de saturaci6n de 
Ia fase organica con uranio. Los datos se presentan en 
forma de graficos indicando los coeficientes de distri
buci6n correspondientes a ciertos productos de fisi6n 
como el rutenio y el circonio. La tendencia general de 
los resultados obtenidos con el queroseno coincide con 
la que se indica en publicaciones sobre trabajos 
realizados en condiciones similares, pero se han 
observado diferencias en los valores de los coeficientes 
de distribuci6n y no fue posible comparar los nuevos 
datos obtenidos para los coeficientes de distribuci6n 
en lo que ataiie al grado de saturaci6n del uranio a 
diferentes concentraciones del TBP en la fase or
ganica. 

La purificaci6n final del plutonio por intercambio 
i6nico con !echo fijo se ha investigado con tres tipos 
diferentes de resina, a saber, Deacidite-FF, Amberlite
IRA-400 y Dowex-lX4, con el fin de establecer las 
condiciones 6ptimas del proceso. Se ha determinado Ia 
variaci6n de los coeficientes de distribuci6n para el 
uranio(VI) y el plutonio(IV) en funci6n de la concen
traci6n del acido nitrico en los casos de Ia Deacidite
FF y Amberlite-IRA-400, asi como los coeficientes de 
distribuci6n de los productos de fisi6n separados con 
Dowex-IX4 y disolventes. Se han estudiado las pro
piedades de absorci6n, de paso y de eluci6n en una 
columna mantenida a 60 oc y a Ia temperatura ambi
ente. Se ha determinado Ia acumulaci6n de plutonio en 
una columna de Dowex-1X4 debida a repetidos ciclos 
de operaci6n y se determin6 Ia separaci6n del plu
tonio y de los productos de fisi6n despues de cargar la 
columna a tres cuartos de su capacidad en las con
diciones mas favorables. 

Se ha estudiado el mecanismo de extracci6n del 
plutonio en hexona, Butex y TBP determinando los 
coeficientes de distribuci6n del plutonio al variar las 
concentraciones del ion nitrato y del ion hidr6geno. A 
juzgar por los equilibrios de extracci6n, parece que el 
plutonio pasa de la fase acuosa a la· hexona y al Butex 
en forma de Pu(NOa)4, pero en la fase organica, de 
acidez mas elevada, el PU(NOa)4 se transforma en 
HzPu(NOa)6. Las modificaciones del espectro de 
absorci6n en la region visible confirman estos resul
tados. El nitrato de plutonio se extrae con TBP en 
forma de Pu(NOa)4.2TBP, lo que tambien se confirma 
por el hecho de que nose observan cambios espectrales 
al alterar la acidez de Ia fase organica. 

La memoria presenta los valores de las constantes 
de estabilidad para los complejos nitricos del plu
tonio (IV) a diversas fuerzas i6nicas, determinados por 
el metodo de extracci6n con TBP como disolvente. 
Tambien se han determinado las constantes de estabili
dad para los sulfatos complejos empleando el metodo 
competitivo, ya que durante Ia regeneraci6n se em
plean sulfamatos para separar el plutonio. 

Con arreglo al proceso descrito en la memoria, el 
plutonio se precipita en forma de oxalato a partir de la 
soluci6n de nitrato y se calcina para obtener el 6xido 
que se transforma en metal pasando por el fluoruro. 
La descomposici6n de los oxalatos se ha estudiado por 
analisis termogravimetrico y termico diferencial. A 
partir de las curvas obtenidas por este ultimo metodo 
se han calculado el calor de reacci6n, Ia energia de 
activaci6n y el orden de la reacci6n. 
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Le traitement des combustibles irradies - amelioration 
et extension du procede utilisant les solvants 

par P. Faugeras et A. Chesne* 

AMELIORATION DU PROCEDE CLASSIQUE 

Depuis bientot six ans, Ie Centre de production de 
plutonium de Marcoule utilise avec succes Ie procede 
de traitement d'uranium nature! irradie mis au point a 
l'usine pilote du Centre de Fontenay-aux-Roses 
(1953-1957) [1-3]. 

Parallelement, les services de recherche ont ame
Iiore et perfectionne ce procede, en particulier dans 
les domaines suivants: fonctionnement continu; 
conditionnement final des produits de fission en vue 
d'un stockage a long terme; telemanipulation appli
quee au demontage et a l'entretien. 

Vers le procede continu integral 

Le pelage chimique 

DansIe schema actuel, son role (degainage nitrique 

* Commissariat a l'energie atomique. 

Sol de lovage 
HN03 IN 

a froid) se limite a Ia dissolution du magnesium de Ia 
gaine qui adhere encore a l'uranium apres degainage 
mecanique. Ce dernier pourrait etre supprime par un 
pelage acide continu. Un tel procede a ete mis au 
point en collaboration avec Saint-Gobain Nucleaire. 
II utilise I'acide sulfurique dilue (:::. 1 N) et froid 
( < 50 oq. La vitesse de dissolution du magnesium est 
rapide (0,5 mm/h), le temps de passage court (quelques 
heures selon I'epaisseur de la gaine), Ia corrosion de 
!'uranium est faible ( < 1/10000 de !'uranium total 
dans notre cas). Par contre, I'ion S04- complique 
serieusement le traitement des effluents. 

La dissolution 

La dissolution continue a ete etudiee et mise au 
point a la suite d'une collaboration entre Ies ser
vices d'exploitation, de construction et de recher
che du Commissariat a I'energie atomique et de la 
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Figure 1. Concentration-purification du plutonium par extraction au TBP avec reflux. Reextraction 
sulfurique 
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Cie Saint-Gobain Nucleaire. L'usine de Marcoule et 
celle de La Hague s'equipent actuellement en dissolu
tion continue. 

La concentration du plutonium 
La concentration du plutonium est effectuee 

actuellement a Marcoule par precipitation discontinue 
dans des centrifugeuses pendulaires. Un cycle d'ex
traction avec reflux permet de cumuler purification et 
concentration du plutonium. 

Le premier schema envisage est represente sur la 
fig. 1. 

La solution de plutonium diluee en provenance de la 
reextraction reductrice du premier cycle, contenant du 
sulfate uraneux et de l'acide sulfamique, est ajustee a 
1M en nitrate d'aluminium et 2N en acide nitrique. 
Ces conditions assurent une valeur de coefficient de 
partage en plutonium tetravalent tres elevee, meme en 
presence de S04-. Le plutonium est prealablement 
ajuste a la valence IV par contact avec des vapeurs 
nitreuses. Un lavage important (lN acide nitrique) est 
necessaire pour !'obtention d'un bon facteur de 
decontamination, etant donne la non-saturation du 
solvant. On reextrait par une solution O,lN acide 
nitrique, 0,1 N acide sulfurique, ce dernier permettant 
une bonne reextraction et evitant !'hydrolyse du 
plutonium tetravalent. La solution de reextraction est 
recyclee en grande partie a !'extraction (a l'ajustage 
des valences) apres avoir subi un lavage au phosphate 
tributylique frais pour eliminer l'ion uo! +. 

Le facteur de concentration peut atteindre 100. On 
peut sortir a une concentration constante meme si la 
concentration a l'entree varie, en agissant sur le debit 
du reflux (possibilite d'asservissement). La separation 
de I' uranium est excellente (on arrive facilement a 
100 ppm d'uranium dans le plutonium). Le facteur de 
decontamination depend de l'activite initiale du 
plutonium. Dans tous les cas, l'activite residuelle en 
zirconium-niobium n'est que de quelques microcuries 
par gramme de plutonium. Le rendement en plutonium 
est d'environ 99,9 %. La presence du relargant nitrate 
d'aluminium permet de supporter facilement des 
variations de concentration de plutonium et l'ion 
S04- mais introduit de grandes quantites d'alumi
nium dans les effluents. 

Grace a l'utilisation du nitrate uraneux et a la 
reextraction reductrice du plutonium au premier 
cycle, on peut supprimer le nitrate d'aluminium a 
condition de monter l'acidite a }'extraction vers 3 a 4N 
en acide nitrique. 

On arrive ainsi au meme resultat que precedem
ment, mais cette methode ne supprime pas l'inconve
nient des ions S04- dans les pieds de colonne, 
empechant le recyclage eventuel au premier cycle 
d'extraction et le traitement a l'evaporateur des pro
duits de fission (corrosion). 

On peut eviter l'emploi de l'ion S04- si on 
reextrait le plutonium en le reduisant par le nitrate 
uraneux (2 fois la quantite stoechiometrique), mais ce 
procede est plus delicat a cause de l'instabilite des sels 
uv et Pum. On arrive a stabiliser U 4 + en solution 

P. FAUGERAS et A. CHESNE 

aqueuse en maintenant une concentration d'hydrazine 
de O,SM, mais U 4+ est soluble dans le solvant oil il 
s'oxyde par HN0 3, HN0 2 et 0 2 de l'air. On est done 
contraint d'alimenter en nitrate d'uranium tetravalent 
a peu pres au niveau d'arrivee du solvant charge. Le 
nitrate uraneux exige un debit de lavage au phosphate 
tributylique important si on veut reextraire quanti
tativement, a cause de son faible coefficient de partage 
(l /8 de celui de I' ion UO! +) (fig. 2). Ce procede est 
en cours d'experimentation a Fontenay-aux-Roses et 
parait en bonne voie d'aboutir. Son application, qui 
est envisagee en colonnes pulsees a l'usine de Mar
coule, permettrait d'abandonner la precipitation en 
decanteuses pendulaires. 

Precipitation- calcination- fluoration- elaboration 

Ces etudes sont egalement poursuivies par les 
exploitants de Marcoule en vue de !'amelioration de 
leur usine. Nous nous sommes plus particulierement 
attaches au probleme de l'usine de La Hague. La 
figure 3 rappelle le schema et le principe de l'ap
pareillage (mis au point en collaboration avec Saint
Gobain Nucleaire) de precipitation d'oxalate de 
plutonium en continu. On a recherche dans ces 
appareils les vitesses de passage maximales ( dimen
sions les plus grandes possibles compte tenu de la 
criticite) compatibles avec les pertes dans les eaux 
meres qui, bien que recuperees, ne doivent entrainer 
qu'un pourcentage faible de plutonium. Pour cela, les 
conditions de precipitation ont ete ajustees aux 
valeurs suivantes: 

T = 50°C 
concentration acide nitrique: environ 2,5N 
exces C 20 4 : environ O,lM 
temps de contact, 30 min 
vitesses de passage; 2 m/h pour decantation, 3 m/h 

pour lavage. 
Dans ces conditions, les pertes dans les eaux meres 

sont < 2 %. La decontamination en uranium et fer est 
bonne; on arrive a avoir 25 ppm de fer et moins de 
< 100 ppm d'uranium dans le plutonium. Par contre, 
on laisse dans le precipite de grandes quantites d'ions 
S04-. 

Le plutonium des eaux meres (plutonium hexa
valent, plutonium tetravalent, entrainement d'oxalate 
de plutonium) est recupere par concentration de la 
solution d'un facteur 10 ou 100 (ce qui detruit l'acide 
oxalique par l'acide nitrique concentre), puis dilution, 
ajustage et recyclage a !'extraction. 

L'appareil B est plus condense que A et permet 
d'obtenir les grains plus homogenes grace au reflux de 
fines au lavage, reglable a volonte. 

La calcination de !'oxalate s'effectue dans un four a 
vis en acier inoxydable chauffe a 300°C. La boue est 
epaissie avant !'admission et un gradient de tempe
rature est maintenu tout au long du four pour eviter le 
«bourrage>> (100 a 350°C). Le temps de sejour est 
d'environ 1 h. 

La fluoration du calcinat s'effectue a 650°C dans 
une goulotte de section carree oilla poudre progresse 
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Figure 4. Ensemble semi-industriel de precipitation, calcination 
et fluorat1on continues 

grace a un systeme vibrant (I/2 coup/s.) A contre
courant de l'acide fluorhydrique. Le temps de passage 
est de 0,5 h environ. 

Un ensemble capable de traiter 250 g/h de plutonium 
et comportant un precipitateur, un epaississeur, un 
four de calcination et un four de fluoration fonctionne 
de fac;:on satisfaisante sur du cerium et de !'uranium 
tetravalent. Il correspond a une chaine geometrique
ment sous-critique, a debit maximal (fig. 4). 

Le traitement final de Ia solution de produits de 
fission pour un stockage deflnitif 

La solidification des produits de fission par vitrifi
cation apporte une solution au probleme de stockage a 
long terme, du fait non seulement de 1' etat soli de assez 
bon conducteur de la chaleur mais aussi de l'in
solubilite notoire qu'elle confere aux differents 
elements. 

Les verres silicates sont les meilleurs du point de vue 
facilite de fabrication (corrosion, coulee) et tenue a 
l'eau. La composition adoptee resulte d'un compromis 
entre l'insolubilite et Ia fusibilite. 

Par e;;emple, le verre suivant: 
Si0 2 : 63,5- Al 20 3 : 4,5 - Na 20: 15 - K 20: 0,8-
Fe 20 3 : 0,7-B 20 3 : 4,6-CaO: 0,8 -divers 0,1, a un 
taux de lixiviation de 1.10 - 7 gjverre em 2 jour, il se 
coule facilement a 1100°C (v = 800 poises). 

Le magnesium (R:~ 15 g/1) provenant de la gaine 
rend le verre moins fusible. En reajustant les pro-
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portions des constituants, on peut confectionner par 
exemple le verre suivant: 
Si0 2 : 60,6- Al 20 3 : 4,7- Na 20: 15,1 - 8 20 3 : 6-
Fe 20 3 : 8 - K 20: 0,1 - MgO: 5,5 -, qui ale meme 
taux de lixiviation mais qui coule un peu moins bien a 
I 100°C (v = I 070 poises) mieux a 1200°C (v = 365' 
poises). 

Trois techniques industrielles peuvent etre mises en 
reuvre: Ia technique dite <<par gelification )) ; la tech
nique <<du pot)>; la technique <<continue)> (voir 
schema de principe fig. 5). 

Dans Ia technique <<gelification)>, on forme un gel au 
sein de la solution avec une argile gelifiante et les 
ingredients suffisants pour respecter Ia composition du 
verre final. On calcine ensuite lentement ce gel en 
montant Ia temperature (IOO)C/h) jusqu'a la tem
perature de fusion ( R:: I IOO''C). Le creuset pouvant 
recevoir 10 1 de solution de produits de fission semble 
etre Ia taille optimale pour ce procede qui est essen
tiellement discontinu. 

Dans Ia technique <<pot)), on calcine en continu Ia 
solution des produits de fission avec les ingredients du 
verre dans un cylindre en alliage refractaire a une 
temperature de 300-400°C jusqu'au remplissage. On 
eleve ensuite Ia temperature jusqu'a la fusion du verre. 
On stocke le verre dans le pot lui-meme ou on coule ce 
verre dans un autre recipient moins onereux [5]. 

Dans Ia technique <<continue)) on calcine en continu 
a 300-400 oc Ia solution de produits de fission dans un 
four tournant. La poudre seche tombe dans un 
creuset a debordement oil arrivent aussi les ingredients 
du verre. Le creuset peut etre en silicate de zirconium. 
II est chauffe a 1100-1200°C. On recueille Je verre 
dans des recipients metalliques [4,5]. 

Ces trois procedes ont ete essayes a Fontenay-aux
Roses. Le procede par gelification fonctionne sur 
solutions reelles a !'atelier pilote de Marcoule. Les 
procedes <<Pot)) (pot en inconel 4> 175 mm, h: 2 m, 
chauffage par induction) et continu, ont fonctionne 
sur traceur a l'echelle semi-industrielle au Centre de 
Fontenay-aux-Roses (pres de 1 000 h de fonctionne
ment). 

Du point de vue volatilisation de RuO 4, Ia methode 
gel est preferable, < 15% de RuO 4 volatilise contre 
80% dans les deux autres techniques. On peut re
cueillir le ruthenium sur de l'oxyde de fer depose sur 
des granules de verre; on arrive a fixer a 400-500°C, 
4 a 5 mg ruthenium par gramme de granules, pour une 
absorption de 88-90 %. La fusion ulterieure de cette 
composition ne donne pas lieu a un degagement de 
RuO 4 ( < 10 %). Dans le cas de forte volatilisation, on 
peut laver les gaz, concentrer la solution et recycler 
(si <50%), ou stocker. 

Du point de vue reduction de volume: avec la 
methode du pot et du continu, on atteint des valeurs de 
5 a 15; avec Ia methode gel, on est limite environ a 3. 

Du point de vue cadence de production, le continu 
semble le plus adapte, viendraient ensuite le pot, puis 
le gel. Pour de gros debits, en effet, pot et surtout gel 
demanderaient la multiplication d'appareils sem
blables. 
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Du point de vue technologique et surete de 
fonctionnement, par contre, l'ordre serait plutot 
inverse, c'est pourquoi le procede continu n'est 
envisage que pour des applications plus lointaines. 

Le teledemontage 

A !'oppose des installations de Marcoule et de La 
Hague a entretien direct, !'atelier pilote de Marcoule a 
ete con~u avec des appareils entierement teledemonta
bles [6-8]. Cette technique, qui permet une plus grande 
souplesse et rapidite dans !'intervention et les modifi
cations est pratique pour un ensemble pilate; elle peut 
etre interessante pour certaines parties de grandes 
installations industrielles. 

Un des principaux problemes est le raccordement 
des tuyauteries: il s'agissait de trouver un raccord 
facilement teledemontable, entierement metallique, 
parfaitement etanche [9). 

Un premier pas a ete franchi avec !'utilisation de 
<( manchettes telemanipulables>>, munies de raccords 
avec joint souple (teflon, polythene), serrables avec un 
quart de tour. Grace a Ia mise au point d'un joint 
necessitant un effort de serrage minimal (joint acier 
inoxydable biconique) on a abouti ensuite au raccord 
dit <( cabestan >> entierement metallique (fig. 6, 7). Ces 
deux types de raccords sont utilises a I' atelier pilate de 
Marcoule et donnent entiere satisfaction. 

Le second pas a franchir est I' etude de I' unite 
teledemontable oil les raccords ne seraient plus 
individualises mais rassembles sur une plaque serrable. 
Des essais sur plaque multi-joints, comme celle 
representee sur la fig. 8, usinee avec les normes 
classiques, ont ete couronnes de succes. De multiples 
demontages n'ont pas altere l'etancheite. 

ADAPTATION DU PROCEDE CLASSIQUE AUX 
NOUVEAUX COMBUSTIBLES 

Les alliages uranium-molybdene [10] 

Les piles EDFl., EDF2, EDF3 utilisent des alliages 
uranium naturel-molybdene a 0,5 et 1 %de molybdene, 
gaines d'un alliage magnesium-zirconium. On prevoit 
de traiter ces combustibles dans I' installation de l'usine 
de La Hague. 

Les effets dus au molybdene se repercutent sur 
differentes eta pes du procede classique: 

Degainage chimique: si on n'observe aucune 
difference appreciable pour le degainage sulfurique, on 
note une corrosion de !'uranium de 10 a 100 fois plus 
forte dans le degainage par une solution diluee et 
froide d'acide nitrique. 

Dissolution: l'alliage est plus reactif que !'uranium 
seul, et, si l'on veut eviter tout emballement, il faut 
operer a une acidite inferieure a 6N. La solubilite du 
molybdene dans la solution d'attaque est faible et 
depend de la concentration en nitrate d'uranyle et en 
acide nitrique. Elle atteint un maximum de 9 g/1 (a 
1,5N acide nitrique, 120 gjl U), elle descend au
dessous de 1 g/1 dans l'eau et pour des concentrations 
en acide nitrique superieures a 8N. [11]. 
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Cette faible solubilite dicte les conditions finales de 
la solution d'attaque: 
250-300 g/1 uranium 2,5 a 3,5N-acide nitrique pour 

U-Mo 0,5% 
150 gjl uranium 2,1, a 3,5N-acide nitrique pour 

U-Mo 1% 
Extraction: le molybdene ne s'extrait pratiquement 

pas et les concentrations en uranium et acide nitrique 
qu'il impose n'empechent pas d'atteindre Ia saturation 
du solvant. 

Concentration des solutions de produits de fission: 
elle s'effectue. par evaporation, en maintenant la 
concentration en acide nitrique aux environs de 2N 
grace a !'addition continue de formol. Afin d'eviter la 
precipitation d'anhydride molybdique on utilise un 
complexant du molybdene, soit l'ion ferrique, soit I' ion 
phosphorique. 

Avec le nitrate ferrique ajoute en continu au cours 
de !'evaporation, de maniere a sortir 1,5M fer, on 
arrive a concentrer jusqu'a 60 g/1 de molybdene (170 
1/t U-Mo 1% traites). La viscosite de la solution 
concentree est elevee et Ia presence du fer est cause de 
corrosion intergranulaire importante {0,5 mmjan sur 
l'acier uranus 1965). 

Avec l'acide phosphorique, on arrive a une con
centration de 100 g/1 de molybdene (env. 100 1/t 
U-Mo 1% traites), si on maintient un rapport 
molaire MojP04- = 4,25. Dans ces conditions (par 
exemple 100 g/1 de molybdene et 12,5 g/1 P04-) on 
precipite le cesium (99,9 %) so us forme de phos
phomolybdate et le zirconium (90 %) so us forme de 
phosphate. Le precipite obtenu, d'environ 10-11 g/1, 
par litre de solution concentree, est facilement 
en trainable par siphonnage. Dans ce milieu, Ia corrosion 
n'excede pas 28.10- 3 mm par an sur !'uranus 1965. 
C'est ce dernier procede qui sera utilise a La Hague. 

Vitrification: le verre silicate ne peut digerer 
l'anhydride molybdique qui se rassemble dans des 
cavites. Le verre phosphorique avec l'oxyde de zinc, 
par contre, digere jusqu'a 40% en poids d'anhydride 
molybdique. Son taux de lixiviation est d'environ 
10-6 mais il corrode fortement tous les materiaux. 

Des verres mixtes, silica-phosphates peuvent digerer 
!'anhydride molybdique dans les compositions sui
vantes: 
P 20 5 : 2,5 a 16%- Mo: 5 a 18%- Si0 2 : 30 a 50%
Al 20 3 : 10 a 20%. 

Les fortes teneurs en Al 20 3 sont necessaires pour 
compenser la lixiviation due aux phosphates. Par 
contre, un ajout de B20 3 (jusqu'a 20%) est necessaire 
pour diminuer Ia viscosite. Diverses compositions ont 
ete testees. Les premiers resultats mettent en evidence 
une plus forte lixiviation (10 a 100 fois plus) que les 
verres silicates. 

Les combustibles au plutonium [12] 

La pile sur generatrice a neutrons rapides RAP
SODIE utilise pour ses premiers chargements un 
combustible ceramique U0 2-Pu0 2 (75% d'uranium 
enrichi a 50 et 25% Pu0 2) gaine par de l'acier 
inoxydable. 
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Figure 6. Raccord teledemontable a joint metallique 

Figure 8. Plaque multi-joints teledemontable 

Un atelier de traitement de capacite 1 kg/jour est 
prevu a La Hague pour fonctionner au debut de 1968. 
Le schema adopte est represente sur 1a fig. 9. 

Dissolution: les aiguilles sont decoupees par une 
cisaille a trepan (fig. 10) puis on dissout selectivement 
l'oxyde dans une solution d'acide nitrique avec 0,05M 
d'acide fluorhydrique comme catalyseur et 0,05M 
d'ion AI+++ comme inhibiteur de corrosion. 

Cycles d'extraction: le choix des conditions d'acidite 
de Ia solution aqueuse initiate (4N acide nitrique) 
resulte d'un compromis entre !'obtention d'une bonne 
decontamination en zirconium (basse acidite) et 
!'obtention d'un bon facteur d'extraction du pluto
nium (forte acidite). Le lavage sur 8 etages, par une 
solution moins acide (2N), est necessaire pour 
ameliorer la decontamination en zirconium. 

A cause du risque d'hydrolyse et de dismutation, on 
ne concentre pas Ia solution entre chaque cycle. 

Remise en oxyde: on precipite simultanement 
l'uranate d'ammonium et l'hydroxyde de plutonium a 
pH 9 par NH 3 puis on calcine a 300°C. Avec le 
schema decrit precedemment, divers essais en 
activite specifique reduite (quelques Cijl) a partir 
d'ecl1antillons de U0 2-Pu0 2 irradies ont ete effectues. 
Les rendements en uranium et plutonium sont 
superieurs a 99,9% et l'activite residuelle apres deux 
cycles se situait a quelques tJ.Ci de zirconium niobium 
par gramme d'element. 

Figure 7. Manchette teledemontable avec l'appareil de serrage 
mis en position par le telemanipulateur 

Les essais sur solution a activite specifique reelle 
seront conduits des Ie debut de 1965. 

LES NOUVEAUX SOLVANTS [13-16] 
L'etude des nouveaux solvants a debute en 1951 en 

France avec !'utilisation d'ammonium quaternaire tel 
que Ie nitrate de didecyl-dimethyl-ammonium [13]; 
plus tard, I' etude a ete etendue au domaine des amines 
et, parmi ces dernieres, seule Ia trilaurylamine 
etudiee deja par Wilson et d'autres auteurs a fait 
l'objet d'une etude systematique. 

Propric~tes physiques 

La trilaurylamine, N [(CH 2) 11 CH 3Ja fournie par la 
societe Rhone-Poulenc a Ies caracteristiques suivantes: 
trilaurylamine, 99, I %; dilaurylamine, 0,5%; acide 
laurique, 0,2 %. On I' utilise le plus souvent en solution 
a 20% en volumes dans le dodecane. Mise en contact 
avec une solution d'acide nitrique, elle extrait ce 
dernier en quantite superieure a celle necessaire a sa 
neutralisation et le titre en acide nitrique du solvant qui 
en resulte influence Iargement la temperature de 
cristallisation commen\;ante du nitrate de trilaury
lamine (fig. I 1). 

Proprietes extractives 
Les essais effectues avec de Ia trilaurylamine diluee a 

20% dans du dodecane ont permis de tracer les courbes 
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Figure 9. Schema de traitement du combustible irradie de Ia pile RAPSODIE (U02-Pu02) 

de variation du coefficient de partage en fonction de 
l'acidite de la phase aqueuse a l'equilibre pour 
Pu 4 +, Np 4+, Th 4+, Pu02+, U02+ (fig. 12). 

Au cours de la charge de la trilaurylamine par des 
complexes metalliques, il peut se produire des 
phenomtmes de demixion dont le point commen~ant 
depend de l'ion metallique envisage (fig. 13). Cette 
demixion peut etre prevenue ou retardee par addition 
d'alcool octylique secondaire qui permet de plus un 
abaissement notable de la temperature de cristal
Iisation, et un abaissement du coefficient de partage de 
U0 2++ plus important que Pu 4 +. On a pu egalement 
retarder la demixion par utilisation d'un diluant 
aromatique tel que le Solvesso 150 (96% d'aromatique) 
qui est inerte chimiquement vis a vis de l'acide 
nitrique. L'apparition d'une troisieme phase n'a pas 
lieu avant la concentration de 14 g/1 de plutonium 
dans un solvant 75% dodecane, 25% Solvesso 150. 

Du fait de la valeur elevee des coefficients de partage, 
la reextraction des actinides peut etre difficilement 
realisee dans des solutions d'acide nitrique diluees 
(saufpour U0 2++) oil l'on risque en plus des hydro
lyses (surtout pour Pu 4 + ). On do it done, soit changer 

la valence de l'element par un reducteur approprie, 
soit complexer cet element en phase aqueuse, soit 
utiliser les deux. 

La reextraction reductrice pure et simple du pluto
nium tetravalent contenu dans le solvant par un 
reducteur soluble, uniquement dans la phase aqueuse, 
est d'un tres mauvais rendement et a une vitesse de 
reaction tres faible du fait de la presence de petites 
quantites de plutonium tetravalent dans la solution 
aqueuse oil s'effectue la reduction. 11 faut done 
diminuer le coefficient de partage du plutonium 
tetravalent par utilisation de complexants en solution 
aqueuse tels que l'ion S0 4--. Ainsi, avec l'acide 
sulfurique 0,25M, et Fe(S0 3NH 2) O,lN, on arrive a un 
coefficient de partage apparent du plutonium plus 
petit que 5 X 10-4 en 5 minutes de contact. 

Par !'utilisation de complexants en solution 
aqueuse tels que l'acide sulfurique, on parvient a 
reextraire quantitativement le plutonium. Le complexe 
sulfurique pur a toutefois un coefficient de partage non 
negligeable et on a avantage a operer en milieu 
sulfonitrique oil l'on a une valeur minimale du coeffi
cient de partage pour 10% H+ d'origine nitrique 
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Introduction des aiguilles Coupe 2.2. 

Coupe 1.1 
Introduction 
des aiguilles~ 

Dutil de coupe 

\ .. Joint d•etonchititit 

.._Sortie des tron4j:Ons d'aigui lie'--------

Figure 10. Appareil de cisaillage des aiguilles combustibles 

(fig. 14). Ce milieu a egalement l'avantage de maintenir 
la trilaurylamine sous forme nitrate et d'eliminer 
!'extraction du sulfate. Les coefficients de partage du 
thorium et du neptunium sont influences de la meme 
maniere par les ions S04--, seul l'ion UO! + se 
comporte differemment et donne lieu a la formation 
de complexes sulfuriques tres extractibles. 

La cinetique d'echange est tres lente et tend a 
condamner, surtout en ce qui concerne la reextraction, 
!'utilisation de colonnes pulsees; on atteint en effet des 
hauteurs d'etages de l'ordre de 1 m. 

Applications de Ia trilaurylamine 
Purification finale du plutonium. Un cycle de 

purification du plutonium avec la trilaurylamine est 
prevu apres le deuxieme cycle d'extraction au phos
phate tributylique a l'usine de La Hague. Le schema 
adopte est celui de la figure 15. 
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Figure 11. Courbe des solutions saturees des nitrates de TLA 
dans le dodecane en fonction de l'acidite nitrique totale extraite. 

Titre en amine 0,304M ( ~20 %) 

On effectue une extraction a partir de la solution de 
plutonium provenant de Ia reextraction reductrice. 
L'acidite de cette solution est environ 2,5N acide 
nitrique; elle contient en outre du fer (environ 700 
mg/1), l'ion S0 4- (0,25N) (reducteur sulfamate 
ferreux), )'ion uo2 + + (environ 500 mg/1) et une 
activite y d'environ 0,5 mCi/1. La trilaurylamine 
diluee a 20% dans du dodecane est prealablement 
equilibree avec une solution d'acide nitrique. On lave 
Je solvant charge par une solution d'acide nitrique 
0,5N. La reextraction a partir du solvant charge 
s'effectue avec une solution d'acide sulfurique I ,5N, 
acide nitrique 0,07 N. Le solvant reextrait peut servir 
un certain nombre de fois sans traitement special. 

Le plutonium est recueilli a une concentration 
d'environ 15 g/1 avec un rendement d'environ 99,9 %. 
On arrive a atteindre des teneurs de l'ordre de 1 000 
ppm en uranium. La decontamination est bonne, 
surtout pour zirconium-niobium (quelques fLCi/g de 
plutonium). 

Recuperation du neptunium 237. Les pieds de colonne 
du 2e cycle de purification du plutonium a l'usine de 
Marcoule contiennent des quantites non negligeables 
de neptunium 237 sous forme de Np5 + et Np 4 +. On 
reduit Np 5 + en Np 4 + par addition de fer ferreux, le 
coefficient de partage de Np 4+ etant tres eleve. Le 
schema adopte et essaye a grande echelle a ]'atelier 
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Figure 12. Extraction a Ia TLA. Variation du coefficient de 
partage des actinides en fonction de l'acidite de Ia phase aqueuse 
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pilote de Marcoule est represente sur la figure 15. On 
ajuste la solution a 1,7N acide nitrique, 0,05M acide 
sulfamique, O,OSM Fe 2 +. A pres extraction, le solvant 
trilaurylamine, dilue a 20% dans le dodecane, est lave 
par de l'acide nitrique 0, 7 N. On reextrait le neptunium 
par une solution d'acide sulfurique I,SN, acide 
nitrique 0,2N. 

Le facteur de concentration obtenu pour le neptu
nium est environ 20; le rendement superieur a 99,9 %. 
le facteur de decontamination y > 1 000. 

Recuperation du plutonium des scories d'elaboration. 
Les solutions de dissolution des scories dans le nitrate 
d'aluminium ont la composition moyenne suivante: 
HN0 3 : 4N- Ca++: 16 g/1 - Al(N0 3) 3 : 0,7M
Pu•v +environ: IOO mgjl- F-: 14 gjl. L'ion p-, qui en 
principe gene !'extraction du plutonium tetravalent 
dans la trilaurylamine est complexe par Al 3 7- sous 
forme AlF + +; ainsi, dans ces conditions, on a un 
coefficient de partage du plutonium tetravalent de 
l'ordre de IOO. On extrait avec la trilaurylamine diluee 
a 20% dans le dodecane, on lave le sovant charge a 
l'eau, on reextrait le plutonium tetravalent du solvant 
par une solution sulfurique ou mieux par une solution 
sulfurique contenant du sulfamate ferreux (fig. 15). Le 
rendement de recuperation du plutonium obtenu est 
superieur a 99 %. 

Recuperation du plutonium et de !'uranium des 
dechets metalliques provenant de Ia fabrication d' ele
ments combustibles au plutonium et a !'uranium. 
Principalement adapte au cas du combustible de la 
pile RAPSODIE, le procede, dont le schema est 
represente sur la figure I6 consiste successivement: 

a) a operer une extraction ~ Ia trilaurylamine du 
plutonium seul; 

b) a operer une extraction au phosphate tri
butylique sur l'uranium reste dans Ia solution 
aqueuse. 

Au cours de la premiere extraction (trilaurylamine) 
un lavage nitrique IN permet d'abaisser la teneur en 
uranium. Au coors de la deuxieme extraction (phos
phate tributylique) un lavage reducteur permet 
d' eliminer les traces de plutonium. 

Ainsi, avec des rendements superieurs a 99,9 %, on 
arrive a un plutonium a moins de 1 000 ppm en 
uranium; un uranium a moins de I ppm en plutonium. 

Les travaux decrits ci-dessus ont ete executes par 
A. Bathellier (nouveaux solvants), X. Talmont et 
Mme C. Lheureux (chimie et genie chimique du 
traitement des combustibles irradies), R. L. Bonniaud 
(traitement des produits de fission en vue de leur 
stockage a long terme) et J. Stratakis (telemanipu
lation appliquee au demontage et entretien). 
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A/65 France 

The reprocessing of irradiated fuels: 
Improvement and extension of the solvent 
extraction process 

By P. Faugeras and A. Chesne 

Improvements made in the conventional tributyl
phosphate process are described, in particular, con
centration and purification of plutonium by single 
cycle extraction using tributylphosphate with reflux, 
and the use of continuous operation apparatus for 

precipitating plutonium oxalate, calcining the oxalate, 
and fluorinating the oxide. 

The modifications proposed for the treatment of 
irradiated uranium-molybdenum alloys are described, 
in particular, fuel dissolution and concentration of the 
fission product solutions. 

Solvent extraction is also used in reprocessing fuel of 
the plutonium converter reactor (RAPSODIE). An 
outline of the process is presented and discussed, as 
well as the first experimental results and the plans for 
a pilot plant having a capacity of I kg/day. 

The possible use of trilaurylamine in the plutonium 
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purification cycle is now under consideration for the 
processing plant at La Hague. The flowsheet for this 
process and its performance are presented. 

The possibility of vitrification is considered for the 
final treatment of the concentrated radioactive wastes 
from the Marcoule (irradiated uranium) and La Hague 
(irradiated uranium-molybdenum) centres. Three 
possible processes are described and discussed, as well 
as the results obtained from the operation of the 
corresponding experimental units using tracers. 

A/65 dJpaHL\HR 

nepepa60TKa 06ny4eHHOrO TOnnHBa. 
YcosepweHcTsosaHHe H AanbHeAwee 
paasHTHe npo~ecca 3KcrpaK~HH pac
rsopHrem~MH 

n. Qlymepa, A. WecH 

)l;aeTCH OITHCaHHe ycoBeprneHCTBOBaHHH, BHe

CCHHhlX B 06hlqHbiH TpH6yTHJI!floclflaTHbiH npo

rt;ecc, a HMCHHO: KOHrt;eHTpHpOBaHHC H oqHCTKa 

ITJIYTOHHH 3KCTpaKrt;Heii TpH6yTHJI!floclflaTOM C 

rrpOTHBOTOKOM, HCIIOJIL30BaHHC ycTaHOBKH )J;JIH 

HerrpepbiBHOfO OCalR)WHHH OKCaJiaTa DJIYTOHHH, 

KaJILrt;HHHpOBaHHH OKCaJiaTa H lf!TopHpOBaHHH 

OKHCH. 
Coo6Irt;aeTcH o6 H3MeHeHHHX, BHeceuuwx B rrpo

u;ecc nepepa60TKH 06JiyqeHHbiX ypaH-MOJIH6)J;eHO

BbiX CDJiaBOB, B qaCTHOCTH 0 paCTBOpCHHH TOITJIII

Ba H KOHrt;CHTpHpOBaHIIH paCTBOpOB rrpO)J;YKTOB 

)J;CJICHHH. 

MeTO)J; aKcTpaKrt;HH paCTBopHTeJieM ncrroJILayeT

ca TaKme )J;JIH nepepa6oTKH o6Jiyqeuuoro nJiyTo

HHeBoro TOITJIHBa, rrpiiMCHHCMOfO B peaKTOpe-pa3-

MHOlRHTCJie ua 6wcTpwx ueiiTpouax RAPSODIE. 

OnncwBaiOTCH H o6cym)J;aiOTCH cxeMa TexuoJioru

qecKoro nport;ecca nepepa6oTKH, nepBwe aKcnepu

MeHTaJILHhle peayJILTaTLI H rrpoeKT OUhlTHOH yc
TaHOBKll rrpOH3BO)J;liTCJILHOCTLIO 1 K-e/cyr,;,u. 

B HaCTOHirt;ee BpeMH )J;JIH oqHcTKH rrJiyTOHHH Ha 
ycTaHoBKe no nepepa6oTKe o6Jiyqeunoro TOITJIHBa 
B Jla-Are npe)J;yCMaTpHBaCTCH rrpHMCHCIIHC TpH

JiaypHJiaMHHa. IlpHBO)l;HTCH TCXIIOJIOrHqecKaH CXe

Ma H ee OC06CHIIOCTH. 
)l;JIH OKOHqaTCJILIIOH o6pa6oTKH IWIIrt;CHTpHpO

BaHHbiX pa)J;HOaKTHBIIbiX OTXO,li;OB H,li;CpHbiX rt;CHT-

poB B MapKyJie (o6Jiy'lenuwii: ypau) n B Jla-Are 

( o6Jiy'ICHHLIH ypaH-MOJIH6)1;CIIOBhlH CIIJiaB) npef!y

CMaTpnBaeTCH HCITOJib30BaTI> OCTCKJIOBhlBaHue. 

OnHChlBaiOTCH lf o6cym,11;aiOTCH rpH B03Momuwx 

upou;ecca, a raNme peayJILTaTLI aKcnJiyarart;HH co-

01'BCTCTBYIOirt;HX OITLITHbiX ycTaHOBOK ua JIH)J;HI\a

TOpHbiX paCTBOpaX. 

A/65 Francia 

Tratamiento de combustibles irradiados: 
Perfeccionamiento y ampliaci6n del 
procedimiento de extracci6n mediante 
solventes 
por P. Faugeras y A. Chesne 

Se describen los perfeccionamientos introducidos en 
el procedimiento de extracci6n chisico mediante fos
fato de tributilo, en particular: la concentraci6n y 
purificaci6n del plutonio por un ciclo de extracci6n a 
reflujo con fosfato de tributilo, el empleo de un dis
positivo continuo de precipitaci6n del oxalato de 
plutonio, de calcinaci6n del oxalato y de fluoraci6n 
del6xido. 

Se exponen las modificaciones previstas para el 
tratamiento de aleaciones de uranio-molibdeno irradi
adas, principalmente en lo que concierne a la disolu
ci6n del combustible y a la concentraci6n de las solu
ciones de productos de fisi6n. 

El tratamiento mediante solventes se aplica tambien 
a los combustibles del reactor convertidor de plutonio 
(RAPSODIE). Se exponen y comentan el esquema de 
tratamiento, los primeros resultados experimentales y 
el proyecto de una instalaci6n piloto de 1 kg de 
capacidad diaria. 

En la instalaci6n de tratamiento de La Hague, se 
preve la utilizaci6n de trilaurilamina en el ciclo de 
purificaci6n del plutonio. Se exponen el esquema y las 
caracteristicas del procedimiento adoptado. 

Se proyecta recurrir a la vitrificaci6n como trata
miento definitivo de los desechos radiactivos con
centrados de los centros de Marcoule (uranio irradi
ado) y La Hague (uranio-molibdeno irradiado). Se 
describen y comentan tres posibles procedimientos, asi 
como los resultados de explotaci6n de las instalaciones 
correspondientes con elementos indicadores. 
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The sol-gel process for the remote preparation and 
fabrication of recycle fuels 

By D. E. Ferguson, 0. C. Dean and D. A. Douglas* 

This paper describes the sol-gel process being 
developed at Oak Ridge National Laboratory (ORNL) 
and its application to the recycle of power reactor fuels. 
The sol-gel process, while developed primarily for re
cycle of thorium reactor fuels, because of its simplicity 
and flexibility, promises to become an almost uni
versal method of preparing ceramic fuel materials for 
nuclear reactors. When compared with more con
ventional methods, the process has the advantages of 
simplicity, flexibility, easy control of the size and shape 
of product particles, a much lower calcination tem
perature required for densification, and superior 
adaptability to remote operation in a shielded facility. 
The last advantage is most important for recycle of 
233U and thorium fuels where handling is complicated 
by the gamma activity from decay products of 232U 
and 228Th. 

Initially, the sol-gel process was developed to pro
duce an oxide powder suitable for vibratory compac
tion in metal tubes. This application has been success
fully demonstrated on a 10 kg/day scale in the Kilorod 
Facility. More recently, the process has been adapted 
to the preparation of the carbides of thorium and 
thorium-uranium mixtures and to the production of 
microspheres. 

The Babcock and Wilcox Company has installed the 
sol-gel process in their pilot plant for the production 
of Th-233U recycle fuels at Lynchburg, Virginia. They 
will use this process along with vibratory compaction 
for the recycle of thoria fuels containing 233U to 
reactors such as the Spectral Shift Control Reactor. 

SOL-GEL PROCESS FOR OXIDE POWDERS 

The starting material for the sol-gel process is 
thorium nitrate in solution or crystalline form [1-3]. 
There are four steps (Fig. 1): (1) drying and denitra
tion of the nitrate to oxide; (2) dispersion of the oxide 
to a hydrosol; (3) conversion of the sol to a gel by 
evaporation of the water; and (4) densification of the 
gel by calcination. The desired particle size or shape 
can be produced in the gel state and maintained in 
subsequent steps except for shrinkage during calcina
tion. For mixed oxide preparation, the flowsheet shows 

• Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
Research sponsored by the SU Atomic Energy Commis
sion under contract with the Union Carbide Corporation. 

uranium added at the sol formation step. However, a 
satisfactory denitration product was obtained from 
mixed thorium-uranium nitrates with uranium con
tents of 10 % or less. Thus, mixed fuels may be pro
cessed without separating the thorium and uranium. 

The oxide for sol preparation is made from thorium 
nitrate by drying and denitration in an atmosphere of 
steam. This produces an oxide that is easily dispersible 
in water. The critical factors in this step are tempera
ture, which must be closely controlled to prevent local 
overheating, and agitation, which must be sufficient to 
permit good contact of the oxide with the steam. This 
drying--denitration step has been performed on an 
engineering scale in a rotary calciner, which is a stain
less steel drum of 14 in diameter and 31 in long that 
rotates inside a cylindrical 14 kW electrical heater. It 
has a tapered gas exit that serves as the charging and 
discharging port. The steam entrance and exit ports 
are baffled. Sufficient thorium nitrate is introduced to 
produce 15 to 20 kg of Th02, and the drum is heated 
to 200°C with about 150 1/min air flow. When this 
temperature is reached, the air is replaced with super
heated steam at a rate of 5 kg/h, and the temperature 
is raised to 475 °C. This usually requires about 3 h, and 
the denitrator is then held at 475 oc with the small 
superheated steam purge for an additional 3 h. The 
product is a free-flowing powder, which is easily dis
persible in very dilute nitric acid. More than a ton of 
this material has been produced with a residual nitrate 
concentration of 0.03 ±0.01 mole per mole of Th02. 
The specific surface area of this oxide is about 80 m2/g, 
and the Th02 crystal size, as determined by X-ray line 
broadening, is about 70 A. 

The Th02 product is dispersed in very dilute nitric 

THOitll/M NITRATE 
SOLUTION 

(H2M) 

%N:fz~!~ 

CALCINATION 

AIR, 300"C,Ih TO 1150"C 
llso-t:, I h 

VINATORY ---1 
COMPACTION ARGO~~OGfN 

ARGON - COOL TO 100"C 

Figure 1. Schematic flowsheet for sol-gel process 
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acid by agitation and digestion at 80°C for 1 hour. The 
conditions for forming a good sol of pure ThOz are 
not rigorous, a pH variation from 2.0 to 4.5, as 
measured on the sol, being satisfactory. Stable free
flowing sols can be prepared with up to 7 M ThOz. 

When uranium is added, the pH must be more 
closely controlled to obtain a uniform distribution of 
uranium in the thoria. Also, the mixed oxide sols 
above 2M in concentration tend to be viscous and 
difficult to handle. For preparing 97 %Th0z-3 %UOz, 
a measured amount of uranium, as dilute UOz(N03)z 
solution, is added to a blend tank. Sufficient nitric acid 
is added to produce a total nitrate to ThOz mole ratio 
of 0.107, the ThOz added as a concentrated slurry, and 
the sol blended for 1 h at 80 °C. A centrifugal pump 
recirculating the sol provides sufficient agitation. 
Under these conditions the uranium precipitates uni
formly over the surface of the thoria crystals. After 
dispersion is complete, the pH is increased to 3.9 ±0.1 
by addition of 0.015-0.02 mole of NH3 per mole of 
ThOz to stabilize the uranium oxide on the surface of 
the ThOz crystals during the subsequent evaporation 
to the gel. 

The sol is evaporated to gel in shallow trays. The 
drying temperature is not critical, and sols can be 
dried in 12 to 24 h without boiling in an ambient 
temperature of 90-135 °C. Upon reaching the solid 
state, the material breaks up into fragments, the size of 
which varies with the depth of material in the drying 
tray. With 0.75 in of 2M sol in the drying tray, the 
calcination product has been predominantly - 6 + 20 
mesh, which is suitable as the large fraction for vibra
tory packing in 0.5 in diam tubes. Fine particle-size 
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material has been obtained by grinding the gel in a ball 
mill for about 1 hour. 

Densification of the thoria or mixed oxide is essen
tially complete in 1 hat 1150°C, with an oxide particle 
density usually of 9.9 g/cc or greater. In reaching this 
calcination temperature, a heating rate as high as 
300 °Cjh may be used without harming the particles. 
For the mixed oxide, calcination in air gives a uranium 
oxide intermediate between UOz and U30s. Stoichio
metric UOz may be approached, in an inert atmos
phere, but reduction is more rapid in an atmosphere 
containing some hydrogen. Therefore the material is 
heated to 1150°C in air, the furnace is then blanketed 
with argon - 4 %Hz for 4 h at 1 150 oc, and finally 
cooled down to about 100 oc in argon. The final oxide 
approaches a homogeneous solid solution of U02 in 
ThOz. By adding PuOz(N03)2 solution to the sol in the 
same manner as UOz(N03)z, mixed ThOz-PuOz may 
be prepared by the sol-gel process. 

Mechanism of the sol-gel process 

The sol-gel process produces ceramic particles of 
nearly theoretical density at temperatures much below 
the accepted sintering point. While a detailed under
standing of the phenomenon is lacking, a qualitative 
description can be given. The ThOz used to make the 
sol is in the form of small crystals, about 70 A diam, 
agglomerated into particles 40-100 1-'- diam. In this 
agglomerated condition, only about half the crystal 
surface area is exposed, as measured by nitrogen 
adsorption. However, dispersion in dilute nitric acid 
breaks down the oxide almost completely to the 
individual crystals, doubling the exposed surface area. 

------------
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Figure 2. Kilorod Facility 
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As water is removed during evaporation, the crystals 
move more closely together until a solid form, the gel, 
is reached. The gel has a density of about 6 gjcc and is 
therefore about 55 % ThOz by volume. This is a 
remarkably close-packed form, which indicates a high 
degree of order in the packing of the crystals. As the 
temperature is increased to 560 oc, most of the residual 
water and nitrate are lost and the density increases to 
about 7 gjcc. Up to this temperature, no change in 
crystal size is detectable [4]. However, at higher tem
peratures sintering begins, apparently by grain boun
dary diffusion with an activation enthalpy of 41.5 kcal/ 
mole. Sintering is comparatively slow below 900°C, 
but is essentially complete in 1 h above 1 000 °C. When 
heating is rapid, there is little crystal growth until the 
temperature reaches 850-900 oc, at which point the 
70 A crystals begin to grow very rapidly. The final 
ThOz crystal size in material calcined at 1150°C is 
about 5000 A. Thus, the densification at low tempera
ture in the sol-gel process would seem to be due to the 
orderly close-packed form of the crystals of ThOz in 
the gel which permits rapid and complete sintering by 
grain boundary diffusion in the vicinity of 1 000 °C. 

KILOROD PROGRAM 

The use of the sol-gel process and vibratory com
paction to make fuel elements of oxide in metal tubes 
has been tested on an engineering scale in the Kilorod 
Program [5-7]. Nine hundred Zircaloy-clad rods, 
~ in diam. by 42 in long, and 200 similar rods 19 in 
long, containing 97 %Th02-3 %233U02, were fabri
cated and are now being used in reactor lattice para
meter studies at Brookhaven National Laboratory. 
The rods were manufactured at ORNL (Fig. 2) in a 
shielded fabrication line installed in an existing hot 
cell, which served as a secondary containment shell. 
The operators were protected by concrete and steel 
shielding, equivalent to 2 in of lead, installed on the 
sealed cubicles in which the process was performed. 
All sol-gel processing was done in a large cubicle on the 
third, or upper, level; the powder was sized in the 
vertical shaft connecting the three levels; and vibratory 
compaction, seal welding, cleaning, and inspection 
were performed in a series of cubicles on the ground 
level. A glove-box maintenance cubicle is on the 
second level. 

The thoria feed was prepared in the rotary denitrator 
described previously and delivered to this facility in 
10 kg batches. The 233U was freed of chemical im
purities and the decay products of 2320 by solvent 
extraction (see next section). 

The sol-gel process equipment was designed to pro
duce 10 kg of mixed oxide per day. The 2330 solution 
was accurately metered into the blend tank; the cor
rect amount of Th02 was slurried in and blended, and 
the sol thus prepared was transferred to a tray dryer 
and evaporated at 90°C to a gel. The gel particles were 
calcined in an alundum crucible in a standard labora
tory furnace remotely operated. Of the 1 000 kg of 
mixed oxide produced in the program, all but one 
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10 kg batch, in which excess 233U was inadvertently 
added, met all specifications. With this one exception, 
the product 2330 content was maintained at 3.00 + 
0.05%. 

The powder was sized for vibratory compaction in 
standard laboratory equipment remotely operated. 
Two sizes were used in this program. The fraction 
with larger particle size, -6 + 16 mesh, was prepared 
by a jaw-crusher and classified on screens. The smaller 
particles, with a wide distribution of sizes averaging 
140 fl-, were prepared by grinding the powder in a ball 
mill for a prescribed length of time and were used 
without classification. The weight ratio of large frac
tion to fine fraction was 55 to 45. With this mixture, a 
compacted density of oxide in the Zircaloy tubes of 
8.8 to 9.0 gjcc was routinely attained with a pneumatic 
vibrator, with a variation along the tube of less than 
0.2 gjcc. After being filled, the tubes were tested for 
density variation with a gamma scan and were then 
sealed by welding, cleaned, and inspected. Under 
optimum conditions, 15 rods per day were produced as 
a routine. The facility operated at an over-all efficiency 
of80 %. 

Radiation levels in refabrication of 233U fuels 

The 2330 used in the Kilorod Facility contained 
about 40 ppm of 2320. This uranium was purified, 
prior to use, by one cycle of solvent extraction with 
di-s-butylphenylphosphonate which removed more 
than 99.9 % of all the longer lived 232U daughters, 
except for about 0.3 % of the 212Pb. After purification, 
the high energy gamma activity, primarily 208Tl, 
decreased for about 4 days, then began to increase as 
the 228Th concentration built up. The 2330 was puri
fied only at 3-week intervals because the solvent 
extraction facility (Thorex Pilot Plant) used was quite 
large compared to the 10 kg/day sol-gel operation, and 
the average times between purification and oxide 
preparation and rod fabrication were 15 and 19 days, 
respectively. With the shielding used, equivalent to 
2 in of lead, the average exposure to the operators was 
100 mremjweek to the hands and 20 mrem/week to the 
whole body, about one-fifth the allowable weekly dose. 
With weekly chemical purification, the average elapsed 
times would be 7.5 and 12 days, respectively, and on a 
10 kg/day scale, feed containing 500 ppm of 2320 could 
be processed in a similar facility, whereas only 50 ppm 
could be tolerated with only the shielding provided by 
the equipment and containment. In a plant operating 
semicontinuously, so as to minimize hold-up times in 
all steps, the average elapsed times could be decreased 
to about 4.5 days and 6 days, respectively. Then 2aau 
containing 600 ppm of 2320 could be processed with 
2 in of lead shielding. Such a design would be reason
able for a plant with, for example, a capacity of 100 kg 
of oxide per day. 

In the Kilorod Program the solids-handling 
equipment and cubicles were decontaminated effec
tively with a vacuum cleaner and chemical treatment 
was not needed. This is contrary to previous experi
ence with ceramic-grade Th02 powders, which were 
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difficult to remove from surfaces. The dissimilarity is 
attributed to the refractory nature of the sol-gel oxide 
product. This experience indicates that equipment can 
be maintained in unshielded or lightly shielded glove 
boxes after relatively easy decontamination. 

IN-PILE EVALUATION OF SOL-GEL OXIDES 
FOR PACKED POWDER FUEL RODS 

A study is being conducted [2, 7-9] to (a) determine 
if the sol-gel oxide meets the basic performance re
quirements of a nuclear fuel and if variations in the 
oxide manufacturing process affected the irradiation 
performance; (b) compare the sol-gel fuel with the arc
fused product; (c) learn how vibratorily compacted 
powders behave under irradiation and correlate their 
performance with that of pressed and sintered pellets; 
and (d) establish the maximum performance charac
teristics of the vibratorily-compacted sol-gel fuel. The 
sol-gel oxide has been shown to meet nuclear require
ments; the other portions of the study are in progress. 

Early materials were irradiated in experiments at the 
Materials Test Reactor and at the NRX Reactor at 
Chalk River. The total fuel exposure was rather low, 
ranging from 4000 to 18000 MWdfton of uranium and 
thorium. The heat ratings were modest, the H~ Kd() 
ranged from 18 to 45 W /em, but are roughly equival
ent to those of pressurized-water power reactors now 
operating in the United States. Very little fission gas 
was released in these tests; from 2.5 to 4% of the 85Kr 
produced was measured in post-irradiation examina
tion. The only change in the fuel observed by metallo
graphic examination was the appearance of a second 
phase not observed in the control specimens. From 
numerous tests of these types, we concluded that the 
sol-gel fuel is an excellent nuclear material; that it is 
equivalent in performance to arc-fused material; and 
that the irradiation behaviour was not sensitive to 
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small variations in the processing steps. Several speci
mens have been irradiated to 75000 MWdfton with no 
detrimental results, and even higher exposures are now 
being attained. 

Experiments to examine the behaviour of sol-gel 
material at high heat ratings were conducted in the 
Oak Ridge Research Reactor under the following con
ditions: cladding temperature 260 to 705 °C, peak 
fJ~ Kd() from 50 to 60 W/cm and a maximum burn-up 
to 5200 MWd/ton. Sintering occurred in each fuel rod, 
but columnar grains and lenticular voids were found 
in only one of the capsules. Comparison of these struc
tures with those found in irradiated uo2 indicates that 
a similar structure in powder-packed uo2 would be 
produced at a peak value some 10 Wjcm lower. 
Fig. 3 is a photomicrograph showing cross sections at 
the peak burn-up region of two specimens exposed at 
different temperatures. In the upper sample, a tem
perature of 1925 oc was recorded at the center, and 
sintering across 75% of the fuel region is apparent. 
The center of the lower specimen was only 1425 oc and 
no change in the sol-gel oxide is apparent. The fuel was 
irradiated to about 5 000 MW dfton of uranium plus 
thorium, and fission gas release was about 18 %. All 
these results indicate that thoria-based nuclear fuels 
are superior in thermal performance to pure urania 
and that the fuels produced by the sol-gel process have 
excellent capabilities. 

In summary, the results of this over-all study suggest 
that vibratorily compacted thoria-base fuels produced 
by the sol-gel process have excellent irradiation proper
ties. The full extent of their capabilities is still being 
explored. Results support those at Hanford and else
where that vibratory compaction to achieve a uni
formly dense fuel column in a metal tube is an eco
nomical and controllable fabrication technique. Irra
diation tests extending to over 75000 MWd/ton burn
up and two years of reactor exposure, and tests at 

Center Temperature 1450°C 

Figure 3. Cross section of irradiated sol-gel oxide capsules 
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heat ratings of 100 Wfcm have failed to reveal any 
operating deficiencies. No marked differences have 
been noted in performance of vibratorily compacted 
fuel pins as compared to pins containing pellets. 

PREPARATION OF MICROSPHERES OF 
OXIDES AND CARBIDES 

In a more recent development, the sol-gel process is 
being adapted to the preparation of microspheres of 
the oxide or carbides of thorium or mixed thorium
uranium [7]. Particle diameters can be closely con
trolled and varied between 50 and 2000 11-· For the 
preparation of carbide, high surface-area channel 
black carbon is blended with the oxide sol in a carbon
to-metal atom ratio of 3.4-4.4 to I, according to 
whether the desired product composition is mono
carbide or dicarbide. 

Preparation of sols for microsphere formation 

Oxide sols are prepared by a procedure generally 
similar to that described above. The important differ
ence imposed by their use in forming microspheres is 
that higher oxide concentrations, 3 to 5 moles/litre, are 
required. That, in turn, requires closer control of sol 
conditions to avoid excess viscosity. 

For the preparation of carbides, fine-particle-size 
carbon (channel black) is blended at high shear with a 
2M oxide sol at room temperature. This is followed by 
mild agitation at 55 oc for 30 min to produce a suitably 
stable homogeneous suspension. The preparation of 
dicarbides requires that 4.4 moles of free carbon per 
mole of metal be added to the sol to react with oxygen 
and nitrate and provide 2 moles of carbon per mole of 
U plus Th. The high solids content enhances the non
Newtonian properties of the sol and increases yield 
stress and apparent viscosity. The sols must be sheared 
mechanically to promote stability and homogeneity 
with respect to U/Th and carbon metal/atom ratios. 
Sols prepared by this general procedure were used to 
make microspheres of uranium-thorium dicarbide 
having diameters of 30 to I 000 11- and containing 
0 to 20 at. % uranium. The channel black carbons used 
had particle sizes of 90 to 290 A, crystallite sizes of 
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Figure 4. Schematic of sol-gel microsphere preparation 
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10 to 40 A, specific surface areas for nitrogen adsorp
tion of 100 to 1100 m2/g, and 5 to 16% of a highly 
oxidized component volatile at 1 000°C in argon. 

Preparation of microspheres 

The formation of microspheres of oxide or carbide 
is accomplished by dispersing the sol into an immis
cible organic solvent, such as 2-ethylhexanol. This 
solvent partially dehydrates the sol droplets by extract
ing water, producing rigid gel microspheres. This 
operation is carried out in a spray column (Fig. 4). 
The sol is introduced through a small jet into a flowing 
stream of solvent whose linear flow rate is slightly 
greater than that of the sol. The sol is thus stripped off 
the jet into uniform-sized droplets, which gel in the 
column while suspended by an upflow of solvent. As 
water is extracted, the droplets increase in density. The 
column is tapered so that the solvent velocity decreases 
from the bottom to the top of the column, compensat
ing for the increase in settling velocity of the spheres as 
they become dense. Approximately 10% of the wet 
solvent effluent from the column is diverted and dried 
before being returned to the process. Water extraction 
removes only enough water to cause gelation. Before 
successful calcination of the gels to dense strong 
spheres, more water and much of the adhering solvent 
must be removed under mild drying conditions. Two 
hours drying in vacuum at 40 oc or 16 h in air at 
60 to 70 oc is optimum. 

After drying, oxide microspheres are calcined as 
previously described. The oxide-carbon gel is con
verted to dicarbide microspheres by heating in a 
vacuum or in a stream of argon for 6 h at 1750°C. 
Rates for conversion of thoria and mixed thoria
urania to the corresponding dicarbides were investi
gated at temperatures from 1445 to 1 750°C for 
carbon/metal atom ratios from 4.3 to 6.8 (excess 
carbon) and U/Th atom ratios of 0 to 0.05. Samples 
were slowly heated under vacuum to 1200 oc and held 
at that point until gas evolution was negligible. The 
sample was then raised to the reaction temperature 
and the volume of CO gas evolved was measured. An 
Arrhenius plot of the data indicates an apparent 
activation energy of 112 kcalfmole of Th02 for con
version to thorium dicarbide between 1718 and 
2 023 °K. Excess carbon up to 170 % of the stoichio
metric requirement for forming ThC2 and the presence 
or uranium up to 5 at. % had no significant effect on 
reaction rates. 

Properties of microspheres 

Microspheres of Th02 and Th02-U02 prepared by 
the sol-gel process show excellent size uniformity, 
surface smoothness, and sphericity (Fig. 5). These 
spheres can be coated with pyrolytic carbon with no 
detectable reaction between the oxide and coating, as 
shown by the polished cross section in Fig. 5. The 
density of coated microspheres is very near theoretical, 
and a force of about 5 x 106 dynes is required to crush 
one such sphere. The coated oxide spheres have shown 
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Figure 5. Above: Th02 microspheres coated with pyrolytic carbon; 
Be/ow: Polished cross section of same spheres at higher 

magnification 

satisfactory stability when heated to 1 700°C (above 
temperatures expected in power reactor fuel), and for 
short irradiation periods. Long irradiation tests are 
not yet complete. The dicarbide microspheres are less 
dense than the oxides, with porosity ranging from 10 to 
35 % of the sphere volume. The density was decreased 
from 90 down to 65 % of theoretical by increasing free 
carbon content, and increased by increasing surface 
area of the carbon used. The measured ratio of carbon 
to metal atoms (1.96 for ThC2) indicated that con
version to carbide was complete. Laboratory and in
pile irradiation evaluations of these materials are now 
in progress. 

DEVELOPMENT OF INTEGRATED FUEL CYCLES 
FOR THORIUM-URANIUM FUELS 

The Thorium-Uranium Fuel Cycle Development 
Facility [10] is being built to provide shielded space 
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for the engineering-scale development of integrated 
fuel cycle technology. This includes space for chemical 
processing of spent reactor fuel, fuel material prepara
tion, and fuel element fabrication. 

The facility is to be a 3! story structure having a 
gross building floor area, excluding hot cells, of ap
proximately 33000 square feet and a gross hot cell area 
of 5 500 square feet. The estimated cost of the facility 
including both building and process equipment is 
$7275000. The shielded process cell system will con
sist of four cells arranged in a line, each of which is 
20 ft wide with the length varying from 16 to 41 ft. 
The first cell is intended for chemical processing, the 
next two for fuel preparation and fabrication, and the 
fourth for inspection. Each cell is shielded by 5l ft of 
normal concrete. The two central cells will have a 30 ft 
inside height. Two shielded service cells will be pro
vided; the first will be used as a radiation lock and for 
decontamination of used equipment; the second will 
be used for storage of used equipment, which is to be 
re-used at some future date. Entry of large equipment 
to the two central cells will be through an equipment 
air lock and a glove maintenance area, both of which 
are unshielded. Transfer of large equipment items into 
and from the two central process cells will be by means 
of an overhead remote crane system. The two central 
cells will be remotely operated and maintained, 
whereas the chemical processing cell is to be con
structed so that it can be maintained either by direct 
or by remote techniques. In addition, television equip
ment will be provided to permit visibility in areas 
which cannot be seen through the windows. 

The initially installed process equipment will fabri
cate oxide-filled fuel rods by the sol-gel vibratory com
paction processes. Less than half the available cell 
space will be occupied by this fabrication line. The 
remaining space will be available for installation of 
coated particle fuel fabrication equipment, and chem
ical process equipment lines for future work on inte
grated fuel cycles. This facility is scheduled for com
pletion in 1967. 
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A/237 Etats-Unis d'Amerique 

Le procede sol-gel pour Ia preparation et 
Ia fabrication a distance des combustibles 
recycles 

par D. E. Ferguson et a/. 

Le procede sol-gel transforme les solutions de 
nitrates des produits provenant du traitement par 
extraction aux solvants des combustibles de reacteur 
irradies en materiaux combustibles utilisables pour 
une fabrication a distance en quatre etapes simples et 
economiques. Ces eta pes sont: la denitration pour 
obtenir un oxyde reactif; la dispersion de cet oxyde 
dans l'acide nitrique dilue pour former un hydrosol; la 
gelation par evaporation ou extraction de l'eau du sol; 
et la calcination pour obtenir la forme finale ceramique 
desiree. Le procede peut produire les oxydes ou les 
carbures de thorium, d'uranium, ou de plutonium. Il 
peut donner une poudre susceptible d'etre compactee 
par vibration dans des tubes metalliques, ou des micro
spheres qui seront ensuite enrobes et utilises dans 
des reacteurs a haute temperature refroidis au gaz. En 
raison de cette souplesse, le procede sol-gel promet de 
devenir une methode pratiquement universelle pour la 
preparation de materiaux combustibles ceramiques 
pour reacteurs. 

L'utilisation la mieux au point dans le programme 
est la preparation d'oxyde mixte thorium-uranium 233 
que l'on charge dans des tubes de combustible par 
compactage par vibration. On a prepare une tonne de 
ce combustible qui a ete charge dans 1 000 tubes de 
Zircaloy, de 40 pouces (101,6 em) de long et 0,5 pouce 

(1,27 em) de diametre dans }'installation Kilorod du 
Laboratoire national d'Oak Ridge. Cette installation 
comprend des appareils proteges et telecommandes 
pour la preparation de particules denses de Th02/U02 

par le procede sol-gel, le conditionnement de la poudre 
par broyage et tri en fonction de la taille, le charge
ment par compactage par vibration dans les tubes de 
Zircaloy, et la soudure et Ie contr6le de !'element 
termine. Une fois les difficultes mecaniques initiales 
surmontees, }'installation a fonctionne regulierement a 
90 ~~ de la capacite nominale, moins de 3 % des 
elements necessitant un recyclage pour defauts de 
densite. Cette installation, qui est notre premiere 
installation telecommandee, integree pour la prepara
tion et la fabrication de combustible a precede 
!'installation de recyclage de combustible thorium
uranium actuellement en construction pour la mise au 
point de procedes integres de recyclage du combustible. 

De l'analyse des niveaux de rayonnement observes 
dans !'installation Kilorod, on peut conclure qu'a 
l'echelle de lots de 10 kg, on peut fabriquer en securite 
des elements combustibles pour reacteur contenant de 
l'uranium 233 contamine par environ 500 ppm 
d'uranium 232, en utilisant une protection d'environ 
2 pouces (5 em) de plomb. Cependant, }'assemblage 
final de la grappe combustible, le travail a plus grande 
echelle, ou des niveaux plus eleves de contamination 
par l'uranium 232 necessiteront une protection com
plete et la telecommande. 

Un programme d'essai d'irradiation est en cours sur 
des combustibles en oxyde de thorium sol-gel, com
pacte par vibration. Les resultats indiquent que cette 
forme de combustible convient pour }'utilisation dans 
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des reacteurs de puissance. Des irradiations jusqu'a 
18000 MWjft a des flux thermiques peu eleves, corres-

pondant a une valeur des;: Kd8 de 18 a 45 Wfcm, 
n'ont produit que des changements negligeables dans 
l'oxyde. Plusieurs echantillons ont ete irradies sans 
dommage jusqu'a 75000 MWjft. A des flux thermiques 
plus eleves correspondant a des pies de valeur de 

(• Kd8 de 50-60 W/cm et des taux de combustion 
To 

maximaux de 52000 MWjft, on observe une recristal-
lisation et un frittage de l'oxyde, mais sans effet nui
sible notable. Le degagement des gaz de fission de 
l'oxyde sol-gel est comparable au degagement a partir 
d'oxyde fondu. 

Un progres recent est !'adaptation du procede sol
gel a Ia preparation de microspheres d'oxydes ou de 
carbures de thorium ou de thorium et uranium. En 
introduisant du carbone en fines particules dans le sol 
d' oxyde, on peut preparer un gel mixte oxyde-carbone; 
a pres sechage, celui-ci peut etre converti, par chauffage 
dans l'argon a 1750°C environ, en carbure de haute 
purete. On a ainsi prepare du dicarbure mixte de 
thorium-uranium d'une densite convenable et d'une 
purete suffisante pour !'utilisation comme combustible 
de reacteur. 

A/237 CWA 

3onb-renb npo~..tecc AnR AHCTaH~..tHOH
HOro H3rOTOBneHHR pereHepHpOBaH
HOrO TOnnHBa 
,ll,. S. llleprycoH et al. 

3oJI~>-reJib rrpon.ecc paapaooraH ~JIH rrpeBparu,e
Hnn rrpo~yKTOB HHTpaTHLIX paCTBOpOB, IIOJiy'JeH
IILIX rrpu aKcrpa«n.uu pacrBopureJieM orpaooraH
Horo peaKTOpHOfO TOIIJIHBa, B Cblpbe ~JI.JI ~HCTaH

J~HOHHOfO 113fOTOBJICHH.JI TOIIJIHBa 'JCTLipbM.JI 
lieCJIOH\HbiMH II He~oporHMH MCTO~aMn: ~CHHTpO
BaHHe ~JI.JI m>Jiy'JCHH.JI peaKTHBHOH OKHCH; ~HCIICp
rupoBaHHe aTOM ORliCH B paa6aBJICHHOH 330THoii 
KHCJIOTe l-(JI.JI o6pa30B3HH.JI flll-(p030JIH; meJiaTHHII
poBaHHe rroJiy'leHHoro rHl-(poaoJIH rryreM ucrrape · 
HJI.JI HJIH JI3BJIC'JCHJI.JI 113 Hero BOl-(LI If, HaKOHC:U., 
IIpoKaJJHBaHHe l-(JJ.JI IIOJJY'JCHH.JI menaeMOH KOHC'J
HOH KepaMuqecKoii lflopMLI. 3onh-rCJib rrpon.ecc 
MOffiHO HCllOJih30BaTb l-(JIH H3fOTOBJICHH.JI KaK OKH
ceii, TaK II KapOHl-(OB TOpHH, ypaHa II IIJIYTOHHH. 
8THM MCTOl-(OM MOffiHO IIOJIY'J3Tb IIOpOJIIKH, rrpn
ro~Hhle AJIH aarroJIHeHHH MeraJJJIH'JecKnx rpy6oi{ 
MCTOl-(OM BHOpa:U.HOHHOfO YllJIOTHCHH.JI, a TaKme 
MHKporpaHyJJLI, rrpuroAHLie AJIH uocJie~yiOru,ero 

IIOKpLITH.JI OOOJIO'JKOH II ynorpeOJICHHH B BhiCOKO
TCMneparypHLIX peaKropax c raaoBwM oxJiaml-(e
HHeM. Bnarol-(apn raKoii: ruupoKoii 11puMeHHMocrn 
aoJih-reJih npon.ecc o6eru,aer eraTh rro'lTH yHuBep
caJJLHLIM MCTO~OM 113f0TOBJICHHH KepaMH'JCCKHX 
BHJTOB peaKTOpHOfO TOllJJHBa. 

HauooJiee BamHwM aranoM B Hameii: 11porpaMMC 
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paaBHTli.H aroro upol_\ecca HRJJ.Herc.H nony•wmw 
CMf'TII<lHHoii ORHCII TOpHH II ypaHa-233 ~JIH 33llOJI
IIf'Hl1H rpyooK c JioCJJl1AYIOJJV1M nMopan.noHHhlM 
ynJIOTHPHneM nopomKa. B 0Kpn~mci\Oii Hal_\no
JHlJJLHoir JJaoopaTOJI.IHJ H3J'OTOBHJJH O~HY TOIUIY 
!lTOfO JlCil~CCTBa II 3aJIOJIHHJJH lfM 1000 rpyOOK ~JJIJ
IJOii 101,6 C.M II AH3MCTpOM 12,7 .M.M YCT3HOBKH 
d\unopo~>>. 8ra aKpaunpoBauuaa ycrauonKa c 
~~ncrann.noHHbiM ynpanJientteM npe~naauaqeua ~JIH 
naroroB,jJf'liHH nJioTHhiX 'lacrun. cMecu Th02/U02 
110 Mero~y aoJIL-reJIL. Ilonyqenuhlii: rropomoK ua
MeJJJ>'lator u· coprnpytor 110 paaMepaM, aareM rro
pomKoM aanoJIH.HIOT rpy6KH ua n.ttpKaJioH u yrrJioT
HHIOT BHOpa:U.HOHHbJM MCTO~OM, rpyoKH 33Bapll · 
B3IOT II llO~BepraiOT KOHC'JHOii HHCIJCK:U.HH. IlOCJie 
ycrpaHCilHH IIepBOHa'laJJLHbiX MCX3HH'JCCKHX aa
TPYAHCHHH npouaBo~ureJILHOCTh ycraHOBKH co
craBuna 90% OT paC'JCTHOH, IIJlH 3TOM Ha ~OIIOJI
IIHTCJILHYIO nepepaOOTKY BCJIC~CTBHC HC~OCTaTO'J
HOfO yrrJioTHCHHH rrpumJIOCh c~aTh TOJILKO 3% 113-
roTOBJICHHhlX aJie:MeHTOB. OrrncaHHa.JI ycraHOBKa 
HBJIHCTCH rrepBOH ClfCTCMOH C ~IICTaH:U.HOHHhlM 
ynpaBJICHifCM, npe~Ha3H3'JCHHOH ~JIH H3fOTOBJie
HifH rouJiuBa lf3 ropnH n ypaHa. 0Ha HBJJ.HercH 
npe~mecrBeHunn.eii: TOIIJIHRHo-pereHepan.uounoii: 
ClfCTCMhl, CTpOHIIJ,CHCH B HaCTOHIIJ,CC apeM.JI ~Jill 
COBeprueHCTBOB3HifH rrpO:U.CCCOB nepepaOOTKH CMe
ceii: OKHCH TOpHH H ypaHa. 

AnaJIH3 ypoBneii H3JJy'leHHH, aa6niO,n;aeMhlX n 
ycraHOBI<e «l\uJiopo~>>, noKa3hlnaer, qro npu aa
rpy3Ke 10-KHJJorpa:MMOBhlX napTHH ~OCT3TO'JHaH 
OC30IIaCHOCTL H3fOTOBJieHHH TOllJIHBHhlX CTepmHeii: 
H3 U 233, co~epmaru,ux oKoJio 0,05% U 232, ~ocru
raerca npu ycraaonKe CBHH:U.OBoro a«paaa TOJIIIJ,H
aoii: 50,4 .MM. O~HaKo npu o«oaqareJILHoii: c6opKe 
rorrJIHBHhiX crepmaeii, pa6ore c 6oJiee aHa'lnreJih
HbJMH rrapTHHMH TOllJIHBa HJIH npH HaJIH'IHH OOJiee 
BhlCOKoro co~epmanHH U 232 rpe6yercH rroJIHaH aK
paHupoBKa H ynpaBJICHHC Ha paCCTO.JIHifH. 

B aacroHru,ee BpeM.JI rrpoBo~HTCH ucrrhlraHHJI ou-
6pan.uoHHo-ynJiorHeaaoro TOIIJIHBa H3 OKHCH TO
pHH, rroJiy'leHHoro aoJih-reJIL Mero~oM. ABrophl 
YCTaHOBHJIH, 'JTO 3TOT BH~ TOllJJHBa BllOJJHe llO~XO
~IfT ~JIH ynorpe6JJCHHH 8 3HepreTH'JCCKHX peaKTO
pax. CKopocrL BhlropaHHH 18 000 Mer· cyrnu/r 
npH MaKCHMaJibHOH CKOpOCTH TCllJIOBhl~CJICHHH 
Tc 
.f kd 8 OT 18 ~0 45 er/c.M IIpOH3BO~IfT JJHillb He

To 
3H3'JifTCJibHbJC H3MCHCHHH B OKHCH. 06JJY'lCHHe B 
Kanc.yJiaX ll03BOJIHCT ~OCTHqh BLtropaHUH 
75 000 Mer· cyr1£u/r. Ilpu cKopocru renJIOBhl~eJie-

Tc 
HH.JI J kd 8 50-60 er/c.M II MaKCIIMaJibHOM Bhl-

To 
ropaHHH 52 000 Mer· cyr1£u/r aa6Jito~aercH nepe
KpucraJIJIH3a:U.HH H cneKaHHe OKHCH, HO OC3 
aaMeTHhlX ~elfle«roB. Bhl~eJJeHue ra3oo6pa3Hhlx 
rrpo~yKTOB ~eJICHHH B OKHCHX, IIOJIY'ICHHhlX 30Jib
reJib MCTO~OM, CpaBHHMO C raaOBhl~CJICHHCM llJiaB
JICHOH OKHCH. 

I\ IIOCJie~HHM paapa6oTKaM OTHOCHTCH IIpHMe
HCHHe 30Jih-reJIL rrpon;ecca ~JIH noJiy'IeHHH MHKpo
clflep OKHCeii HJfH KapOH~OB TOpHH HJJH CMCCH 
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TOpHH C ypaHOM. feJJI,. CMecH OKHCH TOpHJI .u yrJie

po]J.a MO»mo llOJIY'IHTh nyTeM BBC]J,CitHJI ·MeJIKHX 

•taCTH~ yrJicpo~a B 30Jih OKHCH. lloCJie CyillKH 

TUKHe reJIH MOryT BCTYITHTb B peaK~HIO B aproue 

HpH TCMIIeparype OKOJIO 1750° C C BbiXOjJ.OM Bt.I.

COKOKU'ICCTBCHHOfO Kapou]J.a. aruM MeTOIJ.OM oLI

JIU IT<>JIY'JCHbl CMCIITaUHhiC IJ.Hl\apOH,i.(bl TOpHH H 

ypaHa, IIJJOTHOCTh H 'IJICTOTa KOTOpbiX ]J,OCTaTO'I

Hhl ]J,JJJI HX HCIIOJJh30BUHHJI B KU'ICCTBC peaKTOp

HOfO TOllJIHBa. 

A/237 Estados Unidos de America 

Aplicaci6n del proceso sol-gel 
a Ia preparaci6n y elaboraci6n a distancia 
de combustibles recirculados 

por D. E. Ferguson et at. 

Se describe un procedimiento sencillo y economico 
basado en el proceso sol-gel, que transforma los 
nitratos solubles obtenidos por tratamiento del com
bustible nuclear agotado mediante extraccion por 
disolventes, en materiales adecuados para la elabora
cion a distancia. Los pasos a seguir son los cuatro 
siguientes: obtencion de un oxido reactivo por 
desnitrificacion; dispersion de este 6xido en acido 
nitrico diluido para formar un hidrosol; transforma
cion del sol en gel por evaporacion o desecacion; 
calcinacion para obtener Ia forma cenl.mica deseada. 
Por este procedimiento se pueden obtener oxidos o 
carburos de torio, uranio o plutonio, tanto en forma 
de polvo para el llenado de tubos metalicos por 
vibracion como en microesferas que, despues de 
recubiertas, puedan utilizarse en reactores de alta 
temperatura refrigerados por gas. El proceso sol-gel, 
debido a su flexibilidad, esta llamado a constituir el 
metodo casi universal de preparacion de materiales 
ceramicos para el combustible de los reactores. 

La aplicacion mas reciente de los trabajos en curso 
es Ia preparacion de una mezcla de oxidos de torio y 
uranio-233 para rellenar, por vibracion, tubos de 
elementos combustibles. Una tonelada de este material 
se ha empleado para cargar 1 000 tubos de Zircaloy de 
40 in (101,6 em) de longitud y tin (1,27 em) de dia
metro en Ia instalacion Kilorod del Laboratorio 
Nacional de Oak Ridge, que cuenta con equipo 
maniobrable a distancia para Ia preparacion de la 
mezcla de Th02-U02 mediante el proceso sol-gel, 
pulverizacion del material, clasificacion del mismo y 
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carga de los tubos de Zircaloy por vibracion, asi como 
soldadura e inspeccion del eleniento terminado. 
Despues de corregir algunas dificultades mecanicas 
iniciales, Ia instalacion funciona normalmente al 90 % 
de su capacidad con menos del 3 % de elementos 
devueltos por defectos de densidad. La instalacion en 
cuestion, que es Ia primera en su genero maniobrada a 
distancia para Ia preparacion y elaboracion integral 
de combustible, constituye el prototipo en el que ha de 
basarse.la futura instalaci6n integral del ciclo de com
bustible torio-uranio actualmente en construccion. 

El examen de los niveles de radiacion observados en 
Ia instalacion Kilorod indica que pueden elaborarse 
sin riesgo partidas de 10 kg de barras de combustible 
conteniendo 233U contaminado con unas 500 partes 
por millon de 232U, utilizando simplemente Ia pro
teccion de un blindaje de plomo de unas 2 in de espesor. 
Sin embargo, el montaje final de los grupos de ele
mentos combustibles, la producci6n en gran escala o 
niveles mas elevados de contaminacion por 2a2u, 
requerinin un blindaje total y manipulacion e dis
tancia. 

Actualmente se llevan a cabo ensayos de irradiacion 
sobre material de oxido de torio obtenido por el 
proceso sol-gel y compactado por vibracion, indicando 
los resultados que se trata de una forma adecuada para 
su utilizacion en reactores de potencia. Con irradia
ciones de hasta 18 000 MW dfty modesto grado de calen
tamiento (Ia f~:KdO oscil6 entre 18 y 45 W/cm) solo 
se han producido cam bios insignificantes en el oxido, y 
en probetas actualmente en irradiacion se han alcan
zado grados de combustion de 75000 MWdft sin 
resultados perjudiciales. Para grados de calentamiento 
mas altos (el maximo de f~:KdO osci16 entre 50 y 
60 W/cm) y un quemado maximo de 52000 MWd/t, se 
observa una recristalizacion y sinterizacion del oxido 
pero aparentemente sin efectos perjudiciales. Por otra 
parte, el escape de gases del 6xido obtenidos segun el 
proceso sol-gel es comparable al escape de gases de los 
oxidos obtenidos por fusion. 

Un progreso reciente es la adaptacion del proceso 
sol-gel a Ia preparacion de microesferas de los oxidos 
o carburos de torio e de una mezcla de torio y uranio. 
Aiiadiendo particulas muy finas de carbon al oxido en 
forma de sol se puede preparar un gel, mezcla de oxido
y carbon, que, despues de desecada, puede dar un 
carburo de elevada pureza calentando en atmosfera de 
argon a unos 1 7 50 °C. De esta man era se ha preparado 
una mezcla de carburo doble de torio y uranio de 
densidad y pureza suficientes para su empleo como 
combustible nuclear. 
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Advances in aqueous processing of power reactor fuels 

By F. L. Culler, Jr., and R. E. Blanco* 

The development of aqueous reprocessing methods 
in the United States for fuels and for the recovery of 
valuable radioactive materials has reached the stage of 
either pilot plant or production plant use during the 
past six years. These methods provide promise of over
all processing capability of great diversity and relative 
simplicity. The separation processes used are organic 
solvent extraction and ion exchange and are based 
primarily on the well-established production processes 
employing tributyl phosphate (Purex, Thorex, TBP-25) 
for recovery of fissionable and fertile material. 

For special recovery processes involving fission 
products, isotopes of plutonium, special heavy iso
topes in the atomic mass range above 242 and 233U 
protactinium, and neptunium, techniques using io~ 
exchange resins, amine solvents, neutral phosphate 
extractants and inorganic adsorbents have been 
developed. The stability of organic solvents and dilu
ents has been intensively investigated. Stable solvents 
or solvent purification systems can be used to assure 
operability in high radiation fields. 

The applied effort for reprocessing power reactor 
fuels has concentrated on the development of feed 
dissolution a~d preparation methods. Although many 
fuel types exist, the principal load will come from 
metal clad ceramic core fuel. About 80 % of the 
~000 MW(e) stationary nuclear generating capacity 
mstalled or being built in the United States uses this 
type of fuel and contributes over 90% of the fuel load. 
Stainless steel clad partially enriched U02 is most 
widely used, with Zircaloy-2 clad U02 accounting for 
only 7% of the total. Reactors using fully enriched 
fuel, such as U-Al, U-Zr, or U02-stainless steel 
cermets, account for a small fraction of the total 
fuel load. 
. On!~ a c~rsory description of recent developments 
Is. possi?le m this paper. An abbreviated summary of 
diss?l_utwn. and separations processes containing 
additional mformation was published recently [1]. A 
tabular summary is given in Table 1. Of necessity, the 
authors have made an arbitrary selection of topics for 
further discussion in this paper. Much of the work 
done at Brookhaven, Hanford, Phillips Petroleum 
Company (hereafter called Idaho) Nuclear Fuel 
Services, Argonne, Berkeley, Los Al;mos and ORNL 
c~uld not be included in the paper or bibliography. We 
Wish to acknowledge specific contributions from 
Savannah River, Idaho, and Hanford. 

* Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

PROCESSES FOR. POWER. REACTOR. FUELS 

Shear-leach 

For metal clad ceramic core fuels the most useful 
feed preparation process appears to be shear-leach (or 
chop-leach) [2]. In the shear-leach process, spent fuel 
assemblies are dismantled by sawing off end fittings, 
sheath, and tube sheets. The resulting tubular array is 
sheared, segments of tubes collected in a perforated 
basket, and batch leached, using boiling nitric acid or 
Thorex dissolvent (Figs. 1 and 2). The empty cladding 
hulls are monitored, then sent to underground waste 
storage. The leached product is recovered by solvent 
extraction. The empty pieces of cladding can be stored 
as a solid waste at a cost at least 20 times cheaper than 
its liquid counterpart [3]. 

A 2?0-ton prototype shear was designed, fabricated 
of stamless steel, and successfully demonstrated with 
prototype assemblies (Fig. 3). Conditions for success
ful batch leaching of sheared fuel in a perforated 
basket have been determined but not optimized 
(Table 2). 

The shear-leach process at present is applicable to 
first and second generation stainless steel clad or 
Zircaloy-2 clad fuels containing U02 or U02-Th02· 
processing of stainless steel clad sodium or NaK: 
bonded U-Mo or UC fuels has not been evaluated. 

Dejacketing of the SRE Core-l fuel was accom
plished, but none of the three dejacketing methods 
evaluated appeared to be sufficiently versatile to 
accommodate abnormal fuel and thus cannot be 
guaranteed as reliable methods for liquid-metal
bonded fuel [28]. Shearing and leaching of this fuel 
probably can be accomplished if the bulk of the liquid 
metal bonding agent is withdrawn prior to the shearing 
step. 

Zirflex and Sulfex processes 

These processes for aqueous decladding of Zircaloy-
2 or stainless steel clad U02 or Th02-U02 were 
successfully demonstrated at ORNL on a laboratory 
scale at irradiation levels as high as 28 200 MWdjton 
[14]. Zircaloy jackets were dissolved in boiling 
6M NH4F-lM NH4NOa. Stainless steel jackets were 
dissolved in refluxing 4M H2S04. Many stainless tubes 
were initially passive to acid attack after irradiation 
and re~uired contact with a less noble metal (steel 
wool, Iron rod) to initiate the decladding reaction. 
Loss:s of uranium and plutonium to the decladding 
solutiOn were about 0.05% in both processes for uo2 
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250-ton 

PERFORATED BASKET 

Figure 1. Shearing and leaching of spent nuclear fuels 

CONTROL 
CCN»OLE--....a: 

UNCLASSIFIE!J 
~Nl-PHOTO 55390 

Figure 2. Prototype fuel bundle and sheared section 

Figure 3. ORNL 250 ton prototype shear 

fuel. Losses were less than 0.3% for Th02-U02 fuel. 
In the Sulfex process, air must be excluded from the 
dissolver to restrict loss of U and Pu to decladding 
solutions. Oxide core pellets with an initial density of 
less than 93% of theoretical shattered during irradia
tion; centrifugation or filtration and careful control of 
criticality (soluble poisons possible) must be designed 
into the Zirflex and Sulfex processes. Complete disso
lution of irradiated declad U02 in 4M HNOa requires 
5 to 6 hours, producing a feed ~olution satisfactory for 
solvent extraction after clarification to remove a small 
quantity of insoluble residues. Irradiated Th02-
5 %U02 dissolved in boiling 13M HNOa-0.04M 

HF-0.04M Al(NOa)a in 8 to 12 hours. The Zirflex 
process has been tested on a plant scale at Hanford 
where several tons of Zircaloy-2 clad U02, irradiated 
to approximately 1500 MWd/ton, have been pro
cessed successfully [98]. 

Electrolytic dissolution 

The development at Idaho and Savannah River of 
electrolytic dissolvers which require no contact be
tween the fuel and either electrode has added a signifi
cant unit operation to fuel processing. The fuel rests in 
an electrically insulated basket between submerged 
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Table 1. Summary of head end and separation processes for power reactor fuels 

Head end feed preparation Separation processes 

Fuel type Method Decladding reagent Core dissolution reagents Bibliographical Development status and Name Solvent used Bibliographical 
references user references 

UOz-SS clad Shearing None HNOa [2] [3] [4] Large scale cold; Purex 30 %TBP in [5] [6] [7] [8] [97] 
small hot cell tests. Amsco n-
NFS, Inc. and dodecane, VI 

m 
Japanese Atomic Ultrasene VI 

VI 
Fuel Corp. Alkane-12 0 

Sulfex 4MH2S04 in HNOa [9] [10] [11] Large scale cold; Purex 30% TBP in any z 
N Nionel [12] [13] [14] small hot to of above-named 0.. 

28200 MWd/ton. diluents 
Eurochemic 

"'tt 
Electrolytic HNOa HNOa [15][16][17] Large scale cold; pilot Modified Purex <30%TBP in [5] [20] [14] -N 

dissolution Nb basket [18] [19] [20] plants at Savannah suitable diluent ~ -o ss tank River and Idaho 
Pt electrodes Chern. Proc. Plant 

Darex 5MHNOa-2MHCl 5MHNOa-2MHC1 [21] [22] [23] Engineering test scale Modified Purex <30%TBPin [5] [20] [14] :-n 
in titanium cold; small hot to suitable diluent r 

20 000 MWd/ton () 
c 

ThO~rU02-SS clad Similar to U02-SS Similar to UO~rSS 13MHNOa--0.04MHF Similar to Similar to U02-SS Tho rex, [24] I'"" 
I'"" 

0.04M Al(NOa)a U02-SS Acid Thorex, m 
Acid lnterim-23 ~ .._ 

UO~rZircaloy-2 Shearing None HNOa [2] [3] [4] [25] Large scale cold; Purex Same as U02-SS Same as UO~rSS ?' 
clad batch leach. NFS, Inc. "' :::l 

Zirfiex 5.5MNH4F HNOa [26] [27] [14] Large scale cold; small Purex Same as U02-SS Same as U02-SS 
c.. 

O.SMNH4NOa [98] hot to 17700 MW d/ ?' 
inSS ton. Eurochemic !'" 

Electrolytic HNOa (Zr02 ppt) HNOa [18] Large scale cold Purex Same as UO~rSS Same as U02-SS 
OJ 
I'"" 

disintegration > z 
U-Mo, Zircaloy-2 Remote disassembly Na reacted with 6MHNOafor3 %Mo [28] [29] Laboratory tests only; Modified Purex Same as U02-SS Same as U02-SS () 

(orSS)clad steam 4MHNOa-1M no hot work 0 
Fe(NOa)a for 10% Mo 

Electrolytic Na reacted with Same as electrolytic [18] Large scale cold Modified Purex Same as UOz-SS Same as U02-SS 
dissolution HNOa dissolution 

Dilute Niflex 1MHF(added 1MHNOs [20] Laboratory scale cold Modified Purex Same as U02-SS Same as U02-SS 
continuously) 
inSS 



Head end feed preparation Separation processes 

Fuel type Method Decladding reagent Core dissolution reagents Bibliographical Development status and Name Solvent used Bibliographical 
references user references 

U-Zralloy Hydrofluoric acid or lOMHFin Monel HF-HNOa-Al(NOa)a [30] [31] Plant use; ICPP TBP25 5-12 %TBPin [30] [32] [33] 
Zircaloy-2 clad HF-HNOa Hexone25 Amsco dodecane 

Modified Zirflex 6MNH4F HNOa and Al(NOa)a [34] [35] [36] Small cold and hot Modified TBP <30%TBPin 
lMNH4NOa added after tests suitable diluent 

H202inSS dissolution 
Modified Zirflex [37] Laboratory scale cold "' m 

forTRIGA "' "' 
Neuflex 6.5MNH~ 10 % H202 added [38] Laboratory scale cold Dapex 0.1MD2EHPA [37] 0 

6.1MH202inSS continuously (product only acid plus z 
N 

stable pH 6 feed 0.05MTOPO 0. 
solution) 

U02 cermets, H2S04,HNOa 6.5MH2S04in 6MHNOa [39] [40] Plant use; ICPP Modified Purex -o 
SS clad Carpenter 20 -N 

...... 
Electrolytic HNOa HNOa [15] [16] [17] Large scale cold Modified Purex -a 

dissolution [18] [19] [20] 

Darex :n 
(UO~Sclad) r 

ThC2-UC2 particles, Disintegration-leach 90%HNOaor HNOa (boiling) [41] [42] [43] Laboratory scale, Modified Purex 
() 
c 

graphite matrix anodic disintegration [44] [45] [46] small eng. scale, cold r 
and clacl in4tolOMHNOs r 

m 

Fixed bed 02 at 700-1 ooooc 13MHNOa-0.04MHF [ 4 7] (includes Large scale cold tests, AcidThorex 
?' 
'-

combustion-leach in nickel O.lM Al(NOa)a many other lab hot tests to '(!J 
references) 10000 MWd/ton II> 

(Work in progress) ::J 
a.. 

Fluid bed 02 at 700 oc in Periodic HNOa-HF WorkatBNL Engr. scale at BNL AcidThorex '(!J 
combustion-leach nickel Leach of alumina bed andORNL and ORNL (work in !"" 
(alumina inert bed) progress) Ill 

r 
Combustion- 02 at 700°C to Combustion ash, or [47] Small scale cold at NaF sorption (gas [48] [49] [50] )> 

fluorination 1 000 oc in fixed alumina coated with (BNLwork) BNL; large scale phase UF &) and z 
(U recovery only; bed and fluid bed ash, treated with F2 (fixed bed) at ORNL, distillation () 

Th discarded) L-nickel or at400°C cold 0 
INOR-8 

UCx,ThCx Hydrolysis with H20 Mechanical H20,HNOa [51] [52] [53] Lab scale cold, lab Purex 
uncoated, clad in orHNOa disassembly or [54] scale hot to 
ss shearing 16000 MWd/ton 

forUC 

U02-Pu02 and Dissolution in Mechanical HNOaandHF [55] Work in progress at Purex 
Pu02 pellets, SS HNOawith disassembly or ORNL and Hanford 
or Zircaloy-2 clad additives shearing (,) 

--" 
-a 
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platinum electrodes; the fuel element, basket, and 
solution are thus part of a series electrical circuit, and 
electrical contact with an anode by the fuel piece is not 
required. At Idaho, a trough-type pilot plant dissolver, 
operating at 550 A and 20 V de, has been used to 
dissolve (in HNOa) about 10 kg of fully enriched 
uranium/day, contained in about 100 kg of stainless 
steel as a clad cermet; other nickel-chromium based 
cladding materials have been dissolved [15, 16, 17]. At 
Savannah River, a 10000 A, 50 V de dissolver has been 
designed which can be installed in an existing stainless 
steel tank in the process canyon. This unit has the 
potential of dissolving about 110 kg of stainless steel/ 
day (equivalent to about 400 kg Ujday in a Yankee 
reactor fuel element) [18]. Experimentally, Savannah 
River also has dissolved stainless steel clad, sodium
bonded fuel in the series electrolytic dissolver. By 
maintaining the temperature of the acid below 97 oc 
(melting point of Na), the Na remains solidified in the 
fuel rods. Since dissolution in a series dissolver occurs 
only on the end of the fuel nearest the cathode, con
trolled dissolution of the "face" of the fuel and Na 
occurs; 2.7 kg ofNa were dissolved safely at 1.2 gjmin. 
Zircaloy-2 cladding on fuels with oxide cores can be 
removed by anodic disintegration in HN03 , but solid 
ZrOz precipitates and requires removal from the 
process streams [18]; uranium loss to the precipitates 
is negligible. With Zircaloy clad, Zr-U alloys, the 
precipitates contain significant quantities of non
leachable uranium, thus rendering electrolytic disso
lution unfeasible. 

Darex process 

The electrolytic dissolvers offer excellent competi
tion to the Darex process for stainless clad uranium 
cermets. The Darex process [21], now adequately 
developed and demonstrated, suffers in that aqua regia 
is used, requiring dissolution and chloride removal 
equipment to be made of titanium. Both electrolytic 
dissolution and Darex are inferior to the chop-leach 
process for stainless steel clad ceramic core fuels 
because the iron, chromium, and nickel are dissolved, 
thus reducing the uranium capacity of solvent extrac
tion facilities and increasing the solids content of the 
wastes. However, for an existing plant with stainless 
steel dissolvers already installed, and with unused 
liquid waste storage capacity, conversion to electro
lytic dissolution may be more economical than con
version to the more efficient shear-leach system. 

Centrifugal liquid-liquid solvent extraction 

The advent of centrifugal liquid-liquid solvent 
extraction contactors that can be operated with radio
active solutions has gone practically unnoticed by the 
reprocessing community. Two such contactors are 
emerging from development. They have high volu
metric capacity, low space requirements, low hold-ups, 
short contact time, and offer many desirable operating 
characteristics. A centrifugal contactor (one centrifuge 
per stage) has been developed to the stage of full-scale 

plant testing at Savannah River [56, 57]. A unit of 
different design, employing a stacked series of liquid
liquid hydroclones, has been developed to the stage 
of plant prototype testing at Oak Ridge National 
Laboratory [58]. Centrifugal contactors will reduce 
the over-all size of a solvent extraction facility, pro
vide greater process versatility, and reduce contact 
time of organic solvents with highly radioactive fuels. 

Combustion 

Combustion, followed by ash dissolution and sol
vent extraction or volatility purification, appears to be 
the best method for processing [47] the graphite 
matrix fuels proposed for gas cooled reactors. Grind
leach and disintegration processes probably are not 
satisfactory for matrix fuels containing coated fuel 
particles. Engineering development work at Brook
haven and ORNL with fluidized and fixed bed burners 
indicate that combustion can be accomplished satis
factorily. However, volatility of fission products is a 
serious potential problem. In small scale burning 
experiments with HTGR fuel irradiated to 10000 
MW djmetric ton, the volatility of ruthenium and 
cesium increased with temperature (Table 3). Hence a 
temperature close to 800 oc is recommended. Decon
tamination factors for Ru and Cs were > 104 when 
gases were filtered through a 40-micron porosity nickel 
filter; filters followed by a condensing scrubber should 
provide adequate decontamination. 

EXTENSION AND MODIFICATIONS OF 
SOLVENT EXTRACTION TECHNOLOGY 

TO NEW SEPARATIONS 

The solvent extraction methods originally developed 
for uranium, thorium, and plutonium recovery have 
been modified and extended in their application. 

Purex and Thorex processes 

Few changes have been made in the Purex process, 
with possibly the most significant being the proposed 
use of uranous ion to eliminate ferrous sulfamate as 
the partition cycle reductant for plutonium [59, 60]. 
Research and extensive tests indicate that TBP 
solvent-diluent systems will perform satisfactorily 
under radiation and process conditions imposed by 
power reactor fuels [61, 62, 63] if either pure saturated 
aliphatic or aromatic diluents are employed. Simple 
solvent clean-up procedures will remove deleterious 
degradation products from recycled solvent streams. 
At Hanford, the Purex process has been converted 
from a three-cycle to a two-cycle solvent extraction 
system, with backcycling of waste and anion exchange 
for plutonium final decontamination and recovery [98]. 

New feed adjustment and solvent extraction tech
niques have been developed to correct certain obvious 
shortcomings of the original Thorex process. These 
include steam stripping to reduce corrosion during 
feed adjustment [64], use of HNOa rather than 
Al(NOa)a as a salting agent (Acid Thorex Process) 
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Table 2. Typical shear-leach data 
(With stepped blade, moving 1.22 in/s, 4.5 cuts/min) 

Force Sheared Core Clad 99.9% 
Fuel Clad length dislodged dislodged leach time 

(tons) (inches) (%) (~{) (h) 

uo2 (pellets) Stainless steel or 50-90 1 36 2 1! 
Zircaloy-2 1! 28 2! 2 

U02-Th02 (pellets) Stainless steel 50-75 ! 85 8 8 
1 36 2 12 

Table 3. Per cent of fission products volatilized in 6 h combustions of HTGR fuel (47) 

Temperature (°C) Ruthenium Cesium Zirconium Rare earths 

800 
1200 

78 
99 

[65,66], bisulfite complexing to increase ruthenium de
contamination, and the use of di-s-butylphenylphos
phonate (DSBPP) as a substitute for tributylphosphate 
(TBP). An acid process (Acid Interim-23) for recovery 
of 233U also has been developed. Perhaps the most 
significant improvement is the substitution of HN03 
for Al(N03)3 in the Acid Thorex Process; this allows a 
tenfold decrease in the high-level waste volume. The 
stage height in a pulsed extraction column also is 
reduced approximately 50%. 

The repurification of aged 233U ( 40 ppm 232U) to 
remove 22BTh and its very radioactive decay daughters 
was accomplished using 2.5 % DSBPP in diethyl
benzene; decontamination factors of greater than 104 
were obtained. 

Protactinium chemistry 
The chemistry of protactinium was summarized in 

the special symposium in 1963 [67]. Recovery of pro
tactinium in macro quantities from short-cooled 
irradiated thorium is one of the unsolved reprocessing 
problems for thermal breeder reactors. In the Thorex 
process, protactinium is precipitated in the acid feed 
solution and does not extract into the organic phase. 
Past process work for protactinium has included 
carrier precipitation from nitrate solutions with zir
conyl phosphate, thorium iodate, thorium hydroxide, 
and manganese dioxide [68]; uranium and thorium in 
nitrate solution have been extracted from protactinium 
with TBP [69]; protactinium has been extracted from 
uranium and thorium with di-isobutylcarbinol [70], 
but not in high concentrations. Recent laboratory 
studies at ORNL have centred on an adsorption pro
cess for protactinium. Pulverized unfired Vycor glass 
has removed 99 % with high separation factors from 
thorium (6 x 103), uranium (1.6 x 104), ruthenium 
(4 X 103), and rare earths (5.8 x 105). Silica gel may be 
as effective as Vycor glass as an adsorbent, if the 
erratic behaviour of commercially prepared silica gel 
can be corrected. Protactinium can be eluted from 
either adsorbent with oxalic or tartaric acids [71]. 

24 
88 

0.008 
0.02 

0.02 
0.01 

Plutonium and neptunium recovery 
The recovery of plutonium from highly irradiated 

Pu-Al alloy is a subsidiary part of two efforts in the 
United States, the Transuranium and the Plutonium 
Recycle Programs. Plutonium-239 is the starting 
isotope for the production of americium, curium, 
berkelium and californium. Pu-Al alloy has also been 
irradiated to produce isotopic mixtures of plutonium 
rich in 240Pu and 241Pu for the Plutonium Recycle 
Reactor Program. 

The first relatively large irradiation of Pu-Al alloy 
was made in the Materials Testing Reactor. In 1959, 
ORNL processed by TBP extraction eight assemblies 
irradiated to 60 % burn-up of 239Pu by TBP extrac
tion [72]. In 1961, approximately 675 g of a mixture of 
the higher isotopes of Pu were recovered by anion 
exchange with Permutit SK resin from Pu-Al alloy 
dissolved in 6M HN03 catalyzed with Hg(N03)2 and 
containing 0.03M HN4N03 [73]. Because the 239Pu 
burn-up exceeded 99 %, the alloy was difficult to 
dissolve; maximum dissolution rate was 1.6 g Pufh in 
the presence of a large metal "heel". During separa
tions, the anion exchange resin suffered severe radia
tion and chemical damage. More recently, Savannah 
River has used TBP solvent extraction to recover 
heavy Pu isotopes from Pu-Al alloy. 

Plutonium-238 (89.6 year alpha emitter) was used as 
the heat source for the auxiliary power unit of the first 
two transit satellites. Because of its long half-life and 
low background of penetrating radiation, it promises 
to provide useful auxiliary power for space vehicles. It 
is produced by the neutron irradiation of 237Np, which 
is a by-product of the irradiation of 235U(n,y) and 
23BU(n,2n) in either natural or enriched uranium 
reactors. Neptunium-237 is routinely recovered at 
Hanford by slight modification of the basic Purex 
solvent extraction process, so that neptunium is co
extracted with uranium through the first cycle to the 
second cycle where it reports to the raffinate. This 
raffinate is concentrated and split to form a recycle 
stream (two-thirds) to the first cycle feed and a 
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neptunium draw-off stream which is further purified 
and then recovered by TBP extraction in a separate 
set of neptunium recovery columns [74]. 

At Savannah River, Np1V is recovered from a con
centrated Purex (natural uranium) process waste 
stream in an agitated bed of anion exchange resin, 
followed by two additional anion and one cation 
exchange cycles for purification (Dowex-1 and 
Permutit SK resins were used). At the same plant, by
product 237Np is recovered from irradiated enriched 
uranium in a TBP solvent extraction process by co
extracting Npiv with the U, then preferentially 
stripping the neptunium. Neptunium nitrate is further 
purified by solvent extraction, converted to Np02, 
blended with aluminum powder, and compacted into 
irradiation targets. Plutonium-238 is separated from 
residual 237Np with 99% efficiency and from fission 
products by a factor of 5 x 104 in three cycles of anion 
exchange (using Permutit SK) [75]. 

A single cycle tertiary amine solvent extraction pro
cess for the simultaneous recovery of neptunium, 
technetium, and uranium from uranium fluorination 
feed plant residues was developed at ORNL and 
operated at the Paducah Gaseous Diffusion Plant [76]. 

Transuranium program 

The objective of producing gram quantities of 
californium-252 (2.2 years) and other isotopes of 
atomic weight greater than 242 was established' by the 
United States Atomic Energy Commission in 1959. 
This Transuranium Program [77] started with the 
irradiation of 10 kg of 239Pu in the Savannah River 
reactors to produce about 900 g of 242Pu, 243Am, and 
244Cm. At Savannah River, 242Pu has been recovered 
and purified; similarly, 243Am and 244Cm have been 
isolated along with about 3 kg of rare earth fission 
products. Separation of the Am and Cm will be done 
from rare earths at ORNL. These isotopes and 242Pu 
will serve as target nuclei in the light water flux trap 
(5 x 1015 neutrons cm-2 s-1 unperturbed thermal flux) 
of the 100 MW High Flux Isotope Reactor (HFIR) 
[78]. After approximately 16 months' irradiation at a 
perturbed flux of 2 X 1015 neutrons cm-2 s-1, the 
target nuclei will be processed to isolate the curium 
isotopes and heavier elements in the Transuranium 
Processing Facihty at ORNL [79, 80]. Curium isotopes 
will be recycled for irradiation periods of 0.4 year to 
produce maximum quantities of 252Cf. By 1969, about 
one gram of 252Cf will have been recovered; at equi
librium, this complex will produce about 0.8 g of 
252Cfjyear, along with sma,ller quantities of einstein
ium-252 and isotopes of fermium and mendelevium. 

Steps in the transuranium element production cycle 
are shown in outline in Fig. 4 along with the chemical 
processing methods to be used. At Savannah River 
(a) the Pu-Al alloy was dissolved in NaNOa-NaOH 
solution, followed by HN03 ; (b) silica precipitated 
with gelatin and centrifuged; (c) plutonium separated 
from aluminum, americium, curium, and fission 
products by four cycles of anion exchange (alternate 

process could be solvent extraction with TBP); and 
(d) americium, curium, and rare earths were precipi
tated from the raffinates as double sulfates using car
rier lanthanum metathesized to hydroxides, then 
dissolved in HNOa. 

At ORNL, the americium-curium will be isolated 
by the Tramex process. This process uses tertiary 
amine (Alamine-336 hydrochloride in diethylbenzene) 
extraction from highly salted acidic lithium chloride 
solution. Methyl alcohol is added to the feed solution 
to suppress radiation decomposition of the aqueous 
phase. A separation factor of 100 between the actinides 
and lanthanides is obtained [81]. This process will be 
used to recover americium, curium, berkelium and 
californium from the HFIR targets. The Am-Cm 
fraction will be separated from berkelium and cali
fornium by preferential extraction with 2-ethylhexyl
phenylphosphonic acid (2-EH(.f>P)A) from dilute 
hydrochloric acid solutions. Solvent stability has been 
found satisfactory to 100 watt hours/liter exposure; 
the processes will be operated at exposure levels of 
about 10 watt hours/liter. Berkelium can be separated 
from californium by solvent extraction into di-2-
ethylhexylphosphoric acid (D2EHPA) from a 10M 
HNOa solution after Bkiii is preferentially oxidized to 
Bk1V by 0.1M potassium bromate. 

No satisfactory solvent extraction system exists for 
the separation of californium, einsteinium and fer
mium. Separation of einsteinium and fermium from 
0.1 g to 1 g of flux trap irradiated californium probably 
will be done by chromatographic ion exchange using 
Dowex-50 and elution with NH4-a-hydroxyiso
butyrate 20 vol % CH30H. Using 241Am and 242Cm 
(as stand-ins for californium and einsteinium), curium 
separation has been demonstrated at 1000 watts/liter. 
In microchemistry tests, the single stage separation 
factor for Cf-Es was measured to be 1.46; for Es-Fm, 
1.8. 

Fission product recovery 

For years relatively small quantities of fission pro
duct elements have been recovered routinely by batch 
precipitation techniques and ion exchange; details of 
processes used are available in the literature [82]. Now, 
increasingly large quantities of certain fission products 
(e.g., 90Si, 144Ce, 147Pm, 137Cs) are being requested for 
industrial, military, space and other applications. Con
sequently, during the past three or four years, atten
tion at ORNL and Hanford has been directed at 
development of methods that are applicable to large
scale recovery of these elements. Some rather remark
able advances have been made using solvent extraction 
and ion exchange. Fission product recovery is being 
described by Tomlinson et a!. in this meeting. New 
solvent extraction processes for the recovery of most 
of the important fission products are shown in Fig. 5 
[83]. 

Criticality control 
The control of criticality in reprocessing plants has 

been accomplished by designing equipment of safe 
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Table 4. Fuel cycle costs for 1000 MW thermal partially enriched converter at fuel 
cycle capacities of 1 and 10 tonnes Ufday (92) 

Burn-up and inventory 
Uranium bum-up . 
Less Pu credit $8/g 

Net bum-up charge . . 

I tonne/day 
$/kgU % 

96.20 
52.80 

10 tonnes/day 
$/kgU % 

96.20 
52.80 

Use charges for 4. 8 year cycle (reactor plus recycle) 
43.40 
17.40 

43.40 
17.40 

Feed plant charges 
Conversion U02(NOa)2 to UFa . 
Conversion UFa to U02 and fuel fabrication 

Reprocessing and waste disposal 
To tanks and losses . 

Fuel shipment 
Standard charge, not estimated 

(10% contingency on 10 tonne/day) 

Total . . . . . . 
Cost in mills/kWh electricity 

geometry, by concentration control, and by batch 
fissionable material limits. In certain equipment, such 
as an evaporator or a solution storage tank, fixed 
poisons in the form of borated glass Raschig rings 
(about 4% boron) [84] or stainless steel plates con
taining 1 % boron have been used to raise the critical 
mass limit [85]. Cadmium-covered vessels (20-30 mills) 
have been used to increase the total critical mass of 
fissionable material that can be stored in a close array 
of individually safe but interacting vessels [86]. Fixed 
poisons are helpful, but their use is limited by the 
practical considerations of design and cost. Therefore, 
soluble poisons such as boric acid, cadmium nitrate, 
gadolinium oxide and samarium oxide have been 
explored and tested [87]. The chemical performance of 
soluble poisons in the Purex, Thorex and TBP-25 
systems is satisfactory [88, 89]. Recently, Idaho has 
used boric acid as a soluble poison in the reprocessing 
of 235U fuel as a provisionally acceptable procedure. 
For economical processing of power reactor fuels, 
particularly in the dissolution and feed preparation 
steps, use of soluble poison is required. 

Secondary containment 

Because of a relatively large number of accidents 
involving radioactive materials, safety in radio
chemical plants has been studied intensively (McBride, 
this Conference). At ORNL and other sites, some form 
of secondary containment has been incorporated into 
the plant design. Basic containment criteria used at 
ORNL are given by Gresky, Arnold and Nichols [90]. 
Recently a study of the possibilities and consequences 
of major accidents in 233U and 239Pu fuel fabrication 
and radioisotope processing plants, containing infor
mation also applicable to fuel reprocessing plants, was 

61.80 

5.60 
107.60 

32.00 

10.00 

42.00 

217.00 
1.81 

28 

52 

20 

61.80 

0.95 
37.25 

6.30 

10.00 

16.30 
117.65 
11.76 

129.41 
1.08 

48 

30 

13 

9 

prepared by ORNL. Tentative conclusions of this 
study are that with properly engineered safeguards and 
containment accidents that have "more than a theo
retical possibility of occurring would not result in a 
monetary loss due to damage to the surroundings in 
excess of the limits of private insurance now available 
in the United States ($60 000 000). 

"It is possible to postulate accidents in plants which 
process streams containing the more hazardous 
isotopes (e.g., 90Sr, 23BPu, 239Pu, 244Cm) which would 
theoretically result in off-site damage in excess of 
$60000000. Such accidents with containment have 
such an extremely low probability of occurrence as to 
be considered incredible" [91]. 

FUEL CYCLE COSTS 

The cost of fuel, and the over-all fuel recycle, is 
normally expressed as a contribution to the unit cost 
of electricity produced by a particular po~er reactor, 
i.e., in mills/kWh of electricity (hereafter, kWhe). It 
has become common practice to include the net burn
up costs; inventory charges on fuel in irradiation and 
in process; fabrication costs of fuel elements; chemical 
reprocessing costs, and unirradiated and irradiated 
fuel shipping charges. 

The partial enriched uranium fueled pressurized 
water reactors in the United States require fuel re
processing to recover both uranium and plutonium. 
At the present time, no US power reactor uses the 
inherently cheaper natural uranium fuel cycle. Fuel 
elements are manufactured in small quantities in facili
ties that are far below economically optimum capacity. 
Most reprocessing will be done in a new plant being 
constructed by Nuclear Fuel Services, Inc. This plant 
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will have a capacity of one metric ton of uranium per 
day, again at a capacity below economically optimum 
size. 

In spite of these scale disadvantages, fuel cycle 
charges will be low enough to allow nuclear electricity 
to be sold for about 4.0 to 5.5 millsfkWhe. Of this, the 
fuel cycle cost is currently about 1.6 to 1.9 mills/kWhe. 
These costs can be reduced to about 1.05 mills/kWhe 
with a fuel cycle capacity increase to 10 tonne Ujday. 
These estimates, given in Table 4 were made using the 
Bodega Bay Reactor as the estimating base: "toll" 
enrichment at $30/kg of separative work; U30s avail
able at $5/lb; inventory charges on fuel 4.75 %/year. 
The reactor uses 2.02% enriched U, discharging fuel 
containing 6.6 g Pufkg U after 16 550 MWd/tonne 
burn-up; reactor thermal efficiency 30.1 %. Standard 
USAEC charge of $5.70/kg U for converting U02 
(N03)2 to UFa for return to diffusion cascade was used 
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in the 1 tonne/day estimate, but was reduced for 
capacity factor at 10 tonnes/day. Reprocessing charges 
are based on Nuclear Fuel Services proposed rates, 
fabrication on first core fuel costs at 1 tonne U/day. 

Since we are reasonably certain that the costs of 
both natural uranium as U30 8 concentrate and 
partially enriched 235U already are near minimum 
because of the large US production capacity, then cost 
reduction in fuel cycle may occur only with mass pro
duction. The striking decreases in cost (estimated) with 
increasing capacity in the feed, fabrication, and re
processing plants for partially enriched uranium oxide 
contained in Zircaloy or stainless steel tubes are given 
in Fig. 6 [93], Fig 7 [94], Fig. 8 [95], and Fig. 9 [96]. 

From these estimates, several conclusions can be 
drawn. (a) For partially enriched water-cooled con
verter reactors of current design, fuel cycle costs at 
production rates of 1 tonne U/day or less will be about 
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1.7 mills/kWhe; at large fuel recycle capacity, possibly 
1.0 mill/kWhe. (b) For high performance (25 000 
MWd/tonne) partially enriched converters operated in 
conjunction with large-scale fuel recycle, over-all fuel 
costs will not be less than about 0.8 mill/kWh because 
of significant burn-up and inventory charges for 
partially enriched fuel. (c) Net burn-up and inventory 

charges for partially enriched fuel are controlling in 
fuel cycles operated at large capacity. (d) Chemical 
reprocessing costs, even at 1 tonne/day capacity, are no 
more than 20% of the total fuel cycle expense and are 
less than the value of the plutonium that is recovered. 
(e) Fuel fabrication is the most costly element in fuel 
cycle costs at small scale. 
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A/249 Etats-Unis d'Amerique 

Progres dans le traitement chimique par 
voie aqueuse des combustibles de 
reacteurs de puissance 

par F. L. Culler, Jr., et R. E. Blanco 

Les procedes de recuperation des matieres fissiles et 
fertiles contenues dans les combustibles irradies, par 
dissolution aqueuse et extraction par solvant orga
nique, ou par echange d'ions, sont maintenant appli
cables a Ia plupart des combustibles de reacteurs de 
puissance grace aux nouveaux procedes de dissolution 
des combustibles mis au point. On a concentre 
l'essentiel des efforts de recherche et de mise au point 
sur les etapes de preparation de Ia solution initiale, et 
sur les effets du niveau d'irradiation du combustible 
sur les solvants. On a mis au point de nouveaux pro~ 
cedes pour la recuperation de Ia plupart des materiaux 
radioactifs, y compris les produits de fission et les 
transuraniens. 

On dispose de methodes de degainage et de dissolu
tion pour les combustibles les plus courants, oxydes 
gaines d'acier inoxydable ou de Zircaloy, ainsi que 
pour les alliages moins usuels uranium-zirconium 
gaine de Zircaloy-2, les cermets U02-acier inoxydable 
gaines d'acier inoxydable, et les alliages d'uranium et 
de molybdene. 

La preparation de Ia solution initiale pour les 
oxydes gaines d'acier inoxydable peut se faire par 
a) cisaillage et attaque chimique; b) degainage par Ia 
methode Sulfex; c) dissolution electrolytique et 
d) dissolution a l'eau regale. Pour les oxydes gaines de 
Zircaloy-2, on peut utiliser le cisaillage suivi d'attaque 
chimique et le procede Zirflex. Un melange d'acide 
nitrique et d'acide fluorhydrique peut dissoudre a la 
fois le gainage et le combustible. 

Pour les cermets composes d'oxydes et d'acier 
inoxydable, il faut utiliser l'eau regale (dans des 
appareils en titane), ou une dissolution electrolytique 
dans l'acide nitrique. L'acide fluorhydrique ou les 
solutions de fluorure d'ammonium contenant HNOa 
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ou H202 peuvent dissoudre les alliages uranium
zirconium. 

La combustion, suivie de Ia dissolution des cendres 
et de }'extraction par solvant ou Ia purification par 
evaporation, apparait comme Ia meilleure methode de 
traitement des combustibles avec matrice de graphite 
proposes pour les reacteurs refroidis au gaz. 

Les methodes d'extraction par solvants (Purex et 
Thorex) peuvent etre modifiees pour recuperer le 
thorium, l'uranium, le protoactinium et le plutonium 
des solutions ainsi preparees. Le tributylphosphate 
(TBP) est le solvant organique le plus utilise, bien que 
d'autres puissent etre equivalents. Les essais de labora
toire sur des combustibles prototypes pour reacteur de 
puissance irradies a 50000 MWj/t montrent que le 
TBP possede une stabilite satisfaisante. On a mis au 
point de nouveaux diluants et de nouveaux cycles de 
purification des solvants. 

Des methodes d'extraction par solvant et d'echanges 
d'ions ont ete mises au point pour la recuperation du 
neptunium. On a recupere le plutonium 242 et une 
fraction americium-curium-terres rares a partir de 
plutonium 239 completement brUle par extraction au 
TBP et echanges d'ions. On etudie la recuperation des 
transuraniens par des amines tertiaires, des phospho
nates, le TBP et des acides alkyl-phosphoriques. Les 
methodes d'extraction par solvant et d'echanges d'ions 
pour la recuperation et Ia separation de tous les pro
duits de fission interessants sont etudiees et essayees. 
La recherche fondamentale permet une meilleure 
comprehension de la chimie, des mecanismes et des 
applications. Des contacteurs centrifuges a grande 
capacite ont ete essayes en vue de leur utilisation en 
usine; on etudie d'autres contacteurs a grand debit et 
faible retenue. 

Les elements principaux du cout du cycle de com
bustible, parmi lesquels le traitement chimique repre
sente un facteur important mais non decisif, ont ete 
estimes. On presente ces elements de prix en fonction 
de la capacite de l'usine. 

A/249 CWA 

Y cnexH BOAHO~ nepepa60TKH TOnJJHBa 
3HepreTH~eCKHX peaKTOpOB 

OJ. 11. Hannep, P. 3. 5naHKO 

Ilpon;eccbl pereHepan;uu p,eJIHIIJ;HXCH li Bocnpo
H3Bop,nw;nxca MaTepnaJIOB ll3 o6Jiy'leHHoro ap,ep
Horo TOITJIHBa paCTBOpeHHeM B BOP,e H 3RCTpaRli,H
eii opraHnqecRHMH pacTBOpHTeJIHMH uiHJIH uoHo
o6MeHoM 6Jiarop,apH pa3BHTHIO HOBbiX MeTOP,OB 
paCTBOpeHHH TOITJIHBa CTaJIH IDllpORO rrpHMe
HHThCH P,JIH nepepa6oTRH 60JibiDHHCTBa BHP,OB 
TOITJIHB ::mepreTH'IeCRHX peaRTopoB. Han6oJiee 
aHa'IHTeJibHble HCCJieP,OBaHHH H pa3pa60TRH 6biJIH 
narrpaBJieHbl Ha pa3BHTHe MeTOP,OB IIpHrOTOBJie
HHH HCXO.D;HhiX 3RCTpaRIJ;HOHHbiX paCTBOpOB H Ha 
ycTaHoBJieHue BJIHHHHH cTerreHH ooJiy'leHHH Torr-

JIHBa Ha cucTeMbl pacToopuTeJieii. PaapaooTaHbl 
HOBble rrpon;eccbl H3BJie'leHHH ooJihiDHHCTBa pap,uo
aKTHBHbiX MaTepuaJIOB, BKJIIO'IaH rrpop,yKTbl ,o;e
JI~HHH H TpaHcypaHOBble aJieMeHTY. 

PaapaooTaHbl MeTOP,bl CHHTHH oooJio'leK c rorr
JIHBa H/HJIH HX paCTBOpeHHH rrpHMeHHTeJihHO R 
naHOOJiee IDHpOKO yrroTpeOJIHeMbiM BHP,aM TOITJIH
Ba aHepreTH'IeCRHX peaRTOpOB, TaRHM, RaK ORHC
Jibl B Tpy6RaX H3 HepmaBeiOw;eii CTaJIH H B 060JIO'I
RaX ua n;upRaJioH, a TaKme R MeHee yrroTpeou
TeJihHbiM ypaH-li,HpROHHeBbiM CITJiaBaM B 060JIO'I
l{aX H3 li,HpRaJIOH-2, R RepMeTaM H3 P,BYORHCH 
ypaHa u Hepmauero~n;eii cTaJIH B oooJio'IRe ua He
pmaBero~n;eii CTaJIH H R CITJiaBaM ypaHa C MOJIHO
,n;eHOM. 

IIo.n;roTOBKa R H3BJie'leHHIO ORHCHoro TOITJIHB
noro cep,n;e'IHHRa B o6oJIO'IKe ua Hepmaoero~n;ei1: 
CTaJIH MO>ReT OCyin;eCTBJIHTbCH rryTeM: 1) pe3RH
Bb1In;eJia'IHBaHHH; 2) yp;aJieHHH o6oJIO'IRH cyJih
cfJeKc-rrpon;eccoM; 3) aJieRrpoJIHTH'IeCRoro pacTBo
peHHH H 4) paCTBopeHHH B n;apCKOH BOP,Re. ,lJ;JIH 
ORHCHbiX TOITJIHBHbiX cep,n;e'IHHROB B 060JIO'IKe 
H3 ll,llpKaJIOH-2 rrpHMeHHeTCH pe3Ra-Bbiin;eJia'IUBa
HHe u n;uplfmeRc-rrpon;ecc. CMech aaorHoii u lfiTo
pucTooo.n;opo.n;Hoii KHCJIOT pacroopneT KaR oooJioq
Ry, TaR H cepp,e'IHHR. 

1\epMeTbl, COCTOHIIJ;He H3 ORHCJIOB H HepmaBe
IOin;eii CTaJIH, paCTBOpHIOT B n;apCROH BO]l;Re (B CO
cy,n;ax H3 THTaHa) HJIH IIO)l;BepraiOT aJieKTpOJIHTH
"'IeCROMY paCTBOpeHHIO B a30THOH RHCJIOTe. <f>To
pHCTOBO,ll;OpO,n;HaH RHCJIOTa HJIH paCTBOpbl tPTO
pliCTOro aMMOHHH, co,n;epmain;He a30THYIO RHCJIO
TY HJIH rrepeRHCh oo.n;opo.u;a, pacroopHIOT crrJiaBhi 
li,HPROHHH C ypaHOM. 

Mero,n;bl nepepaooTRH Rapoup,HbiX rorrJIHB BKJIIO
qaroT rHP,pOJIH3, RHCJIOTHOe paCTBOpeHHe H 06-
)1\Hr, a TOITJIHBa Ha ocHooe rpalflura- o6mur, 
paaMoJI-Bblrr~eJia'IHBaHHe u paaJiomeaue. 

CucTeMhi aRcrpaRIJ,UH pacTBopuTeJIHMH (rry-
peRc- H TOpeRC-IIpon;eccbl) MO>RHO MOP,HtPHli,HpO
BaTh P,JIH H3BJie'leHHH TOpHH, ypaHa, IIpOTaK'J;HHHH 
H IIJIYTOHHH H3 HCXO)l;HbiX paCTBOpOB yRa3aHHLI
MH MeTop,aMH. Hau6oJiee ynoTpe6uTeJibHhiM opra
HH'IeCRHM paCTBOpHTeJieM HBJIHeTCH TpH6yTHJI-
1Joc1JaT (TB<J>) H HeROTOpble p;pyrue coep,HHeJIHH. 
JJa6opaTOpHble Ol1b1Tbl C IIpOTOTHIIHbiMH TOIIJIH
HaMH, o6Jiy'leHHbiMH .u;o 50 000 Mer·cyr~£u/r, no
ImaaJin y.IJ;OBJieTBOpHTeJihHYIO CTa6HJihHOCTb paCT
BOpHTeJIH c TB<I>. Paapa6oTaHhi HOBbie paa6aBH
TeJIH H HOBble li,HRJibl O'IHCTKH paCTBOpHTeJieii. 

,lJ;JIH H3BJie'leHHH HeiiTYHHH paapaOOTaHbl MeTO
llhl 3RTpaRli,HH paCTBOpHTeJieM H HOHHOI'O o6Mc
Ha. Pu242 u <lJpaRli,HH B unp,e cMecn aMepHIJ,HH, 
1\IOpHH H pe)l;R03eMeJihHbiX 3JieMeHTOB U3BJieRa
IOTCH H3 couepmeHHo <<Bblropeumero» Pu239 rrpu 
noMow;u TB<I> u uoHHoro o6MeHa. Paapa6aTbiBa
IOTCH npon;eCCbi H3BJie'leHHH TpaHcypaHOBbiX :me
MeHTOB TpeTH'IHbiMH aMHHaMH, WOCWOHaTaMH, 
TB<I> u aJIRHJI<lJoc<lJopHbiMH RHCJioTaMu. Paapa6a
ThiBaiOTca H HCIThlTbiBaiOTCH IIpOIJ,eCCbl 3RCTpaHIJ;HH 
paCTBOpHTeJieM H HOHHOrO o6MeHa ,!I;JIH H3BJIP'-le
lllJH ocex IJ,eHHbiX rrpo.u;yKTOB p,eJieHHH. TeopeTH-
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'IeCKHe HCCJie~oBaHHH II03BOJIHIOT Jiy>IIIIe IIOHHTL 

XHMHIO H MexaHH3MLI rrpon;eccoB, a TaKme paapa

tioTaTL crroco6hl rrpHMeHeHHH. CKoucTpyupoBaHbl 

u;eHTpo6eatHble KOHTaKTOpLI BbiCOKOH MO~HOCTR 
~JIH IIpHMeHeHHH B aaBO~CKOM MaCmTa6e; pa3pa-

6aTLIBaiOTCH ~pyrHe KOHTaKTOpLI C BLICOKOH rrpo

IIYCKHOH crroco6HOCTbiO H MaJihiM aua'IeHneM Bpe

MeHH Bhl~epmKH OTXO~OB. 

On;eHHBaJIHCb OCHOBHLie COCTaBJIHIO~He CTOH

MoCTH pereHepaD;HH TOIIJIHBa B 3aBHCHMOCTH OT 

IIpOH3BO~HTeJibHOCTH ycTaHoBKH. 

A/249 Estados Unidos de America 

Progresos en el tratamiento qulmico por via 
acuosa de combustibles para reactores de 
potencia 

por F. L. Culler, Jr., y R. E. Blanco 

Los tratamientos encaminados a recuperar los 
materiales fisibles y fertiles contenidos en los com
bustibles irradiados, por disoluci6n acuosa y extrac
ci6n mediante solventes organicos o intercambio 
i6nico se han podido extender a casi todos los tipos de 
combustibles para reactores de potencia gracias a Ia 
elaboraci6n de nuevos procedimientos de disoluci6n. 
Las investigaciones y trabajos experimentales se han 
concentrado principalmente en torno a las fases de 
preparaci6n de Ia soluci6n inicial y a los efectos del 
grado de irradiaci6n del combustible sobre los sol
ventes. Se han perfeccionado nuevos procedimientos 
para Ia recuperaci6n de Ia mayor parte de las sustan
cias radiactivas, incluidos los productos de fisi6n y los 
elementos transuranicos. 

Se han elaborado metodos para desenvainar y 
disolver el combustible, aplicables a los combustibles 
mas corrientes, tales como 6xidos con revestimiento 
tubular de acero inoxidable o de Zircaloy, y a los 
menos usuales, como aleaciones de uranio-circonio 
con revestimiento de Zircaloy-2, cermets de UO:r 
acero inoxidable con revestimiento de este ultimo 
metal y aleaciones de uranio y molibdeno. 

Para los combustibles en forma de 6xido con 
revestimiento de acero inoxidable, Ia soluci6n inicial 
se ·prepara por 1) cizallamiento y ataque quimico; 
2) desenvainado por el metodo Sulfex; 3) disoluci6n 
electrolitica; 4) disoluci6n mediante agua regia. Para 
los combustibles en forma de 6xido con revestimiento 
de Zircaloy-2, pueden utilizarse el cizallamiento seguido 

de ataque quimico y el metodo Zirflex. Una mezcla de 
acido nitrico y fiuorhidrico permite disolver a Ia vez 
el revestimiento y el combustible. 

Para los cermets de 6xido y acero inoxidable es 
preciso recurrir al agua regia (en aparatos de titanio) o 
a Ia disoluci6n electrolitica en acido nitrico. El acido 
fiuorhidrico o las soluciones de fiuoruro de amonio 
que contienen HNOa 6 Hz02 pueden disolver las 
aleaciones de circonio-uranio. 

La combustion, seguida de la disoluci6n de cenizas 
y de extracci6n por disolvents o purificaci6n por 
volatilizaci6n, constituye al parecer el mejor metodo 
para el tratamiento de los combustibles de grafito 
propuestos para los reactores refrigerados por gas. 

Los metodos de extracci6n por disolventes (Purex y 
Thorex) pueden modificarse para recuperar el torio, el 
uranio, el protoactinio, y el plutonio de las soluciones 
preparado segun esos procedimientos. El disolvente 
organico mas comunmente utilizado es el fosfato tri
butilico (FTB), aunque otros pueden dar resultados 
igualmente satisfactorios. Se han realizado ensayos en 
laboratorio con combustibles prototipo para reactores 
de potencia, irradiados hasta 50000 MWd/t, a juzgar 
por los cuales la estabilidad del FTB como disolvente 
es satisfactoria. Se han preparado nuevos diluyentes y 
nuevos ciclos de purificaci6n del disolvente. 

Por otra parte, se han elaborado procedimientos de 
extracci6n por disolventes y de intercambio i6nico 
para Ia recuperaci6n del neptunio. Por extracci6n con 
FTB e intercambio i6nico, se ha recuperado plutonio 
242 y una fracci6n compuesta por americio-curio
tierras raras procedentes de plutonio-f39 completa
mente «quemado)). Se estan estudiando procedimien
tos de recuperaci6n de los elementos transuranicos 
mediante el empleo de aminas terciarias, fosfonatos, 
FTB y acidos alquilfosf6ricos. Asimismo se estan 
preparando y ensayando procedimientos de extracci6n 
por disolventes y de intercambio i6nico para recuperar 
y separar todos los productos de fisi6n utiles. Las 
investigaciones fundamentales proporcionan gradual
mente un conocimiento mas amplio de Ia quimica, de 
los mecanismos y de las aplicaciones. Se han ensayado 
contactores centrifugos de elevada capacidad con 
miras a su empleo en escala industrial. Se estan 
examinando otros contactores de elevado rendimiento 
y escala retenci6n. 

Por ultimo, se han calculado los elementos princi
pales del costo de la regeneraci6n del combustible, en 
el que el tratamiento constituye un factor importante, 
pero no decisivo. Dicho costo se examina en funci6n 
de la capacidad de la instalaci6n. 
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HacTonm;nii AOKJiaA rrocnnm;eu nccJieAOBaHHHM 
no rrpo6JieMe 31\CTpaKu;nouuoii rrepepa6oTKn o6Jiy
'!eHHbiX TeiiJIOBbiAeJIHIOID;HX 3JieMeHTOB 3HepreTH
<IeCKHX ycTauonoK. B HeM naJiaraiOTCH peayJILTaThl 
UCIIbiTaHUM TeXHOJIOfH'!eCKOM CXeMbl, rAe B Ka<Ie
CTBe 31\CTpareHTa HCIIOJib30BaJICH TpHOYTHJI(pOclflaT 
(TB<l>) B cMecn c CCl4. Ilpn<InHhl, o6ycJionunmne 
rrpnMeHeune TB<l> n pa~uoxnMn<IecKoii rrpoMhlill
JieHHocTH, o6m;enanecTHhl; 3TOT norrpoc Heo~Ho
RpaTHO o6cym~aJicH n uay<~uoii rre•mTn. B 6oJIL
rnnucTne rrpou;eccon pa~uoxnMn<IeCKoii TexHoJiorun 
HCIIOJILayeTCH 0,2-1,5 M pacTnop TB<l> B <<nuepT
HOM)> paa6annTeJie Borrpoc o npenMym;ecTnax TO
ro HJIH IIHOfO paa6aBUTeJIH em;e OKOH'IaTeJibHO He 
pemeu. BHHMauue nccJie~onaTeJieii rrpnnJieK <IeThl
pexxJiopncTbiH yrJiepo~ 1• 2 BCJieACTBHe ero ~ocTyrr
HOCTU B JIIOOOH CTeiieHH 'IUCTOTbl, HeropiO<IeCTH, 
MaJIOH BH3ROCTH H B03MOil\HQCTH JierKOH pereHe
pai.J;HH. OrrTnMaJibHLie ycJionnH paa~eJieHnH n o<In
CTKH IIOJie3HbiX KOMIIOHeHTOB H ~pyrne BOIIpOCbl 
npuMeneunn 3KCTpareHTa TB<l> + CC14 n pa~uo
xnMn<IecKoii TexHoJiornn MorJIH: ObiTb orrpe~eJieHLI 
TOJibKO IIpH lJ:JlHTeJihHbiX HerrpepbiBHblX 31\CIIepu
MCHTaX C 3aMKHYTbiM TeXHOJIOfH'IeCKUM I.J;HKJIOM. 
CJiolliHOCTL rrpo6JieMhi 3KCTpaKI.J;HOHHOH rrepepa-
6oTKII TeiiJIOBbilJ:e.'IHIOID;HX 3JieMeHTOB H IIO)J;'IaC 
IIpOTHBOpe<IHBbiH IIOflXO)J; pa3JIH'IHbiX aBTOpOB K ee 
pemennro )J;eJiaiOT u;eJiecoo6paaHbiM naJiomeHne 
HeKOTOpbiX OOID;UX IIpHHI~UIIOB, IIOJIOil\eHHbiX B OC
HOBY )J;aHHoii TexnoJioru<IecKoii cxeMbl. 

f. J(JIUTCJibHOCTb Bbi)J;eplliKU TeiiJIOBbi)J;eJIJIIO
ID;UX 3JieMeHTOB )J;O rrepepa6oTKn ~OJiil\Ha orrpe~e
•IHTLCH ~OCTaTO'IHOCTbiO Tpex 31\CTpaKI.J;IIOHHbiX 
u;nKJIOB n o~noii oca~nTeJII>Hoii alfllflunamHoii orre
pau;uu IIO Kail\~OMY IIOJie3HOMy KOMIIOHeHTY ~JIH 

~OCTlla\eHHH ero pa~HOXHMU'IeCKOH 'IHCTOTbl, 

,LI;aJII>Heiimee yneJin<Ienue <IUCJia 3KCTpaKu;IIoHHhlX 
orrepau;uii cnepx Tpex conepDieHHO He31fllfleKTHBHO. 

2. IIon~>xmeHHoe co~epmaune ~eJinm;nxcn nao
TOIIOB B HCXO~HbiX MaTepnaJiaX IIO COOOpameHIIHM 
o6ecrre<IeHHH H~epHOH 6eaorraCHOCTU He TOJibKO 
ocJiomHneT arrrrapaTypHoe olflopMJieune rrpou;eccon 
110 H CYIIWCTBeHHO IIOBhlillaeT TpeOOBaHIIH R TeX
HOJIOfH'!eCKOM Ha~emnocTn Kam~oii orrepau;nii. 

3. TerrJIOBbl~eJIHIOm;ne 3JieMeHTbl :mepreTn<Ie
CKHX peaKTOpOB HBJIJIIOTCH, KaK rrpaBHJIO, MaJIO
OOOram;eHHbiMII (~o 5% U235) II co~epmaT MaJio 
HarroJIHHTeJieii n cnnayrorr~nx MaTepnaJioB. BcJie~
CTBIIe 3Toro paCTBOphl, rroJiyqarom;necn rrpn pacT
nopeunii TeiiJIOBbl~eJIHIOID;UX 3JieMeHTOB B aaOT
tiOM KHCJIOTe, rrpaKTH'IeCKII He CO~epmaT COJieBbiX 
BLrcaJinnaTeJie:if; KoHu;euTpau;nn ypaua ~OCTIIraeT 
1,1 M. Ilpn naJIH'IHH 2-3 M aaoTuo:H KIICJIOThl n 
11CXO,lllb1X paCTBOpaX ~JIH IIOJIHOfO H3BJie<IeHHH 
ypaHa n IIJIYTOHHH Han6oJiee rrpneMJieM 3KCTpa
renT, coAepmam;n:H 1,0-1,1 M TB<l>. J(ocTIIraeMaH 
rrpn 3TOM MaKCIIMaJII>HaJI KOHI.J;eHTpau;UH ~eJIJIID;UX
CH MaTepiiaJIOB B <IKCTpaKTaX ypaHa OKa3biBaeTCH 
Hp:epno6eaorracHoii. II piiMeHeune 0,2 M pacTnopon 
TB<D u;eJiecoo6paaHo TOJII>Ko rrpn rrepepa6oTI\e 
BbiCOKoo6orarr~euuoro ropro<Iero, co~epmam;ero 
Muoro HarroJIHHTeJieii. 0Ho orrpaB)J;biBaeTCH coo6-
pamennnMn JI)J;epHoii 6eaorracnocTn, Ho npii npo
•xnx panni>Ix ycJioBIUIX He .u;aeT npeuMym;ecTB B 
O'IHCTKe oT nau6oJiee Tpy.u;uo OT)J;eJIJieMbiX npo)J;yK
TOB )J;eJieHHH, oopaayiOm;nx, IIO)J;OOHO ypauy II IIJIY
TOHHIO, AHCOJII>BaThl c TB<l>. 

4. Heo6xo~~HMOCTL Bbl~eJieHIIJI 6oJII>moro KOJIII
qecTna KOMIIOHeHTOB IIOMUMO ypaHa H IIJIYTOHHH 
ycyryOJIHeT TpeOOBaiiHH K COKpam;eHIIIO 'IIICJia Bbl
BO;.\OB c6pocu1>1x pacTnopon na ciicTeMbl. Tpe6yeT
CH TaKoe IIOCTpOeHIIe I.J;UKJIH'IeCKOH CXeMbl ITO 060-
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poTIIhlM pacTnopaM, RoTopoe llCRJIIO'IaJIO Obi Ha
RomreHne npe~IIhiX P,JIH rrpo~ecca rrpop,yRTon cnepx 
.n;ouyc1·nMoro yponnH. 

5. Ram1~hiH rroJie3Hhlii RoMrroHeHT n:;1,epnoro 
ropiO'Iero (a HMeHHO, ypaH, IIJIYTOHHH, HeiiTYHHii) 
l\OJimeH OhiTh O'lli:IIJ,eH oT rrpo~yRTOB ~eJieHHH n 
~eCHTllH 11: COTHH llfllJIJIHOHOB pa3 C O~HOBpeMeHHhlM 
OTP,eJieHneM n:x ~pyr oT ~pyra n ThlCH'lH paa. EcJIH 
lVIH rrepnoii aa~a'lll: TpeoyeTcH 'leTblpe cTa~nll: rre
pepaooTRH, TO ~JIH paap,eJieHHH HX TpeoyeTCH He 
MeHee p;nyx CTaf),HH. IJpn: TUI\OH IIOCTaHOBRe BO
rrpoca ;:J.JIH Mai\CIIMaJibHOrO CORpaiiJ,eHHH 'lHCJia 
OCHOBHbiX TCXHOJIOrli:'ICCI\li:X orrepa~HH ~eJieCOOO
pa3HO IIp0li3BOf],HTb COBMeCTHOC H3BJIC'leHHe DCCX 
IIOJlt'3HhiX I\OMIIOHeHTOB Ha rrepBOM ;mcTpaR~HOH
HOM ~HI\Jie H Ha'IHHaTb HX pa3p;eJieHHe Ha 3TOM 
me I~U~>Jie. 

OnHCAHHE TEXH0110n14ECKOVI 
CXEMbl YCTAHOBKH 

ll piiHI),HIIHaJibHaH TeXHOJIOrH'leCI\aH CXCMa yc
raHOBI\H I1pOH3BO~HTCJibHOCThiO 8-12 1\:Z ypaHa 
B cyTRH n OCHOBHhle ycJIOBHH rrpone~eHHH orrepa
~ufr rrpune~eHhi Ha puc. 1 n: n TaoJI. 1. 

1. IJop;rOTOBRa UCXO,[J;HhlX paCTBOpOB TeiiJJOBhl
~eJIHIOIIJ,HX 3JieMeHTOB I\ :mCTpaR~HH 3aRJIIO'laJiaCb 
n ~one;:r.eHnn ROHIJ,eHTpaiWH ypaHa n Hn:x p;o 1,1 M 
u aaoTHo:ii RIICJIOThl p;o 2 M. RoHIJ,eHTpa~HH coJie
BhlX nhlcammaTeJieii rre rrpenhimaJia 0,3 z-lme/J£. 
fiJiyTOHHH HaXOf],HJICH B COCTOHHHH OI\HCJICHIIH 4 
n: 6. CyMMapHaH ~-aRTIIBHoeTh pacTnopa 50-
200 RlOpU/.11, 11:3 HIIX ~n:piWHIIH 10-25 11:10pU/J£, 
pyTeHn:H 3-8 nropu/J£, ~>OMIIJiei\ca pep;RoaeMeJib
HhlX 3JieMeHTOB 20-100 11:10pU/J£; y-ai\TIIBIIOCTb 
ncxof),HhlX pacTnopon 10-35 z-a11:e Ra/J£. llocJie 
;:J.OBC~CHIIII I\OH~CHTpa~HII ITO COCTany paCTBOp OT
CTaHBaJICH B Te'leHne 4-6 'l. 

2. Bee 31\CTpaR~noHHhle o11epa~n:n: rrponop;u
JIIICb n oaTapenx eMecnTeJieii-oTCTOHHnRon *. Ha 
rrepBOM ~III\JIC ~H\CTpaK~llll 31\CTpareHT HaCbiiiJ,aJI
CH ypaHoM Ha 85 %. lJncJio eTyiieHe"ii m n rrepno:ii 
31\CTpaR~IIOHHOH oaTapee f],OCTHraeT Tpex, 'ITO 
rapaHTn:pyer n:anJie'leHne nenTyHn:H Ha 85-90% 
n: IIJIYTOHIIH Ha 99,9%, p;ame ecJIH oH nech ohlJI n 
mecTunaJieHTHOM cocToHHn:n:. Cpe.n;Huii R.II.p;. cry
HeHn CMCCIITCJICH-OTCTOHHHI\OB COCTaBJIHJI 0,95. 
CooTnomeHne oo'beMOB tf>a3 n 3RCTpaR~IIOHHhiX 
aiiiiaparax - OROJIO 2. BpeMH cMemeHHH opraHn
qec~>oii: lflaahl c nop;Hoii - He MeHee 2 Mun. 

3. 8RcTpaRT IIpOMhiBaercn 3 M HN03 n 'leThl
pexcTyiieH'laTOM arrrrapaTe rrpn cooTHomeHn:n: tf>aa 
Vopr : V BOI\H = 15. B peayJII>TaTe :mcTpaR~un: u 
rrpOMbiBI\H f],OCTHraJIIICb CJiep;yiOIIJ,He IIOI\a3aTeJIH 
rro O'lHCTKe: OT Zr-Nb 250; oT Ru 500-600; or 
pe.n;RoaeMeJibHhiX aJieMeHTOB 1500, OT Cs u Sr 104• 

Ilonef),eHne Tc RaR aHnona OIIpep;eJIHeTCH ero 
co:mcTpaR~ueii c ypaHoM; n yRaaaHHhiX ycJionunx 
~I\CTparupyeTCH IIpHMCpHO IIOJIOBHHa ero ROJIH'le
CTBa. IlocJie nepnoro ~HRJia npop;yRTaMn: p;eJieHHH, 

* Ananorn'InLie nccnel\oBannH, npoBel\eHnLie B BepTn
KaJibHLIX HaCal],OqHLIX KOJIOHHaX C nyJibCaJ:\Heii:, llOKaaaJIH 
Hl],eHTHqHL16 peayJibTaTLI. 
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JIHMIITHpyiOIIJ,HMH O'IHCTRY ypaHa H IIJIYTOHHH, 
OI\a:JhiBUIOTCH ~HpKOHHH H pyTeHHH. 

4. Orll,eJieHne IIJIYTOHHH oT ypaHa u HeiiTYHIIH 
11pOI13BO,[J;IITCH nyTeM BOCCTaHOBIITeJibHOH pe3I\
CTpaR{\IIH IIJIYTOHHH paCTBOpOM a30THOKHCJIOrO 
aai\ncHoro meJieaa c rn:p;paanHOM n nocJiep;yiOIIJ,eii 
,[J;OIIOJIHIITeJibHOH 31\CTpaKIJ,Hll ( OTMbiBI\H) ypaHa 
n: HenryHHH (IV) n:a pacrnopa nJiyToHIIH (II I). 
,ri;JIH o6ecne'ICHHH HCOOXOf],IIMOH 3tf>!fleKTHBHOCTH 
OTMhiBI\ll I\OH~CHTpaiJ,HH a30THOH I\IICJIOTbl B BOp;
HOH tf>aae Ha aroii onepa~nn nop;l),epmnnaeTCH n 
rrpell,eJiax 2,5-2,8 M. BpeMH KOHTai\TnponaHuH 
lf>aa Ha pe3I\CTpaKIJ,HII 11: OTMbiBI\e He MeHee 3 MUn, 
cooTHomeHn:e oo'beMon lflaa n annapare noccTaHo
BHTeJibHOii pe3I\CTpaRIJ,HH OI\OJIO 4. 81fl!fleRTHB
HOCTb: BOCCTaHOBJICHHe Pu Ha 99,5%; OTMbiBRa U 
oT Pu Ha 99%; Coll,epmaHue Np n ROHIJ,eHTpare 
Pu He ooJiee 3% OT rrocTyrrunmero Ha onepa~uro; 
pacnpel),eJieHue npoll,yRTOB p;eJieHHH Memp;y ypaHo
BhlM H IIJIYTOHIIeBbiM IIOTOI\aMn: COCTaBJIHCT COOT
neTCTBCHIIO 1 : 3 ll,JIH Zr u 1 : 50 l),JIH pell,RoaeMeJib
nr,rx aJieMeHTon. 

5. Pe3RCTpaR~HH ypaHa u HenTyHHH npono
,IJ,HTCH n 8-cTyneH'IaToM annapaTe. RoH~enTpa~HH 
ypaHa n pe3RCTpaRTe 0,3 M. 

6. l];aJII>Heiiman O'lHCTRa ypaHa u paap;eJieHn:e 
ypaHa H HeiiTYHIIH, a TaRme OTp;eJieHHe OCTaTI\OB 
IIJIYTOHHH IIpOII3BOAHTCH Ha p;nyx IIOCJiep;onaTeJib
HbiX I],HRJiaX. fipu 3TOM 31\CTpaRIJ,HH ypaHa Ha 
nTopoM IJ,IIRJie nponOlJ.HTCH ua pacrnopa, cop;epma
IIJ,ero 0,5 H. a30THOH I\IICJIOTbi H 0,1 H. rHl),pa3HHa 
(ypaHa 1,1 M). Ha TperbeM IJ,HRJie ucxol),Hhlii 
paCTBOp BOCCTaHOBHTeJieH He COp;epmHT, KOHIJ,eH
TpaiJ,IIH ypaHa H a30THOH I\HCJIOTbi Ta me, 'ITO R 
Ha BTOpOM IJ,HRJie. Y CJIOBHH rrponel),eHHH 31\CTpaR
IJ,HH H pe3I\CTpaRIJ,HH Ha 3THX IJ,HRJiaX He OTJIH'la
IOTCH OT TaROBhlX Ha nepBOM IJ,HKJIC 3a HCKJIIO'le
HHeM TOrO, 'ITO CTerreHb HaChiiiJ,eHHH TpHOYTHJI
cf>oclflaTa ypaHOM IIOBhlllieHa ll,O 92-96%. 

BJiarol),apn OTl),eJieHHIO ocHOBHOH Macchi nJiy
TOHHH Ha rrepBOM IJ,HRJie CTaHOBHTCH B03M0if{HOH 
MemiJ,HRJIII'lHaH yrrapRa ypaHonoro pe3RCTpaRTa 
npu HH3ROH KOHIJ,eHTpaiJ,HH a30THOH RHCJIOTbi 
( ~ 0,3 M) , 'I eM ooecno'lunarorcH xopomue ycJio
BHH f],JIH OOpa30BaHHH HC3KCTparupyeMbiX f11:ll,pO
JIH3HbiX cf>opM IJ,HpKOHHH. l.Jepep;OBaHHe OKIICJIH
TeJihHbiX .II BOCCTaHOBHTeJibHbiX 31\CTpaRIJ,IIH CIIO
COOCTnyeT O'lHCTRe or pyTeHHH. YRaaaHHble ycJio
nun nponep;eHHH onepaiJ,HH Ha BTopoM H TperbeM 
ypaHOBhiX IJ,IIKJiax o6ecrreqiinaiOT oTp;eJienue N p oT 
U Ha 99% ; Pu OT U Ha 97-98% ( OT IIOCTYIIHB
mero Ha BTOpoii IJ,HRJI); U or Zr n 2 ·103 paa, oT 
Ru B 5 ·103, oT pel),RoaeMeJibHhlx 3JieMeHTon 6oJiee 
'leM n 104 paa, OT Tc n 2 paaa. 

7. l];JIH atf>tf>nHama ypaHa ucnoJib3onaHo ocam
p;eHne ypaHHJITpHRapOOHaTa aMMOHHH C IIOCJiep;y
IOII),HM npoRaJIHBann:eM ocap;Ra p;o p;ByoRHCH ypa
Ha. fipn: ocaml),CHHH TeXHei),HH OCTaeTCH B MaTO'l
HLIX paCTBOpax, OTRyp;a rrpn: Heo6xop;HMOCTH MO
a\eT oMn .nanJieqeu. 

8. fiJiyTOHHH, OTf],eJieHHbiH Ha nepBOM I],HKJie 
OT ypaHa 11: HeiiTYHHH, O'lHIIJ,aeTCH OT npop;yRTOB 
p;eJieHHH Ha ABYX IIOCJiel),OBaTeJibHbiX I],HKJiax. 3R-



1118 

2Pu12l I Zt/13 

JPul~ I JW2. 

R6 t:Wov 1 

«.tVUU 
• I 1U7 I'\. I R1 ,, I I -:I - 2Np3/2Pu5~3Pif.5} 2ti,QZ, 2N1!_7 

P~o~c. 1. TexHonorH&~ecKa.A cxeMa ycTaHoBKH. XapaKTepHCTHKM noroKoa npHa~eHbl a ra6n. 1 

1U20! 

us 

I 

- 3UI2! 

2Np9 2/tD/0 2N!Jff 

(,) 
(,) 
N 

(A) 
)> 
0 
m 

li :s: m 
1\l 
(» 

"'0 --It 

~ 

~ 
::J 
'< 
E 
:::a 
m 
J: 

J::E: 
0 
OJ 
~ .,., 

I~ 



IlOTOK 

1 u 1 

1 u 2 
1 u 3 
1 u 4 
1 u 5 
1 u 6 

1 u 7 

u 8 

1 u 9 

1 u 10 

1 U H 
1 u 12 

1 u 13 
1 u 14 
1 u 15 
1 u 16 
1 u 17 
1 u 18 

1 u 19 
1 u 20 

1 u 21 

2 u 1 

2 u 2 

2 u 3 
2 u 4 
2 u 5 

2 u 6 
2 u 7 

2 u 8 
2 u 9 
2 u 10 
2 u 11 
2 u 12 
2 u 13 

3 u 1 

3 u 2 
3 u 3 
3 u 4 
3 u 5 
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Ta6nH1.1a 1. 06o3Ha'leHHe noToKoa 
rexHonorH'IeCKOH cxeMbl' 

CocTaB Ot'i'beM 

I ypaHOBhlH ~HKll 

McxoJJ;Hhlii pacTBop I ~HK- 100 na, 1,1 M U, 2M HNOa, 
Pu, Np, II,U 

3KcTpareHT, 1,1 M TB<D 230 
3KcTpareHT, c.neJJ;hl U, Pu 10 
3M HN03 16 
CCI, 5 
CCI, 5 

BhlCOKOaKTHBHhlii Bonao- 108 
XBOCTOBoii paCTBOp, 

HcnoJibRO· 
BaHHe 

Pereaepa
D;HR: 

II,U, 2,1 M HNOs 
3KcTpaKT, 0,47 M U, 

0,1 M HNOa, Pu
-99,9%, Np-90% 

248 BoccTaHoB-

PaCTBOp BOCCTaHOBHTe
llR:, 0,10 M Fe (NOa)2, 
0,05 M N2 H,, 0,1 M 
HNOa 

3KCTpareHT )J;l'IR: OTMbiB· 
KH u H Np, 1,1 M TB<D 

CCI, 

neane 

16 

20 

1,0 
PacTBOp Pu (III), 2,8 M 16,5 0RHCJ19HH9 

HNOa 
3KcTpaKT U H Np 
3KcTpaKT U H N p 
CCI, 
CCI, 
Bona (pH= 2+3) 
3KcTpareHT, 1,1 M TB<D 

248} 20 
1,0 
20 

384 
260 

CCI, 20 
Pe~mcTpaKT, 0,28 M U 392 

RoaneacaT ynapKH 1 U 20 292 

II ypaaoBhli D;HKll 

Mcxo)J;Hhlii: pacTuop 100 
II ~HKlla 1,1 M U, 
0,3 M HN03, Pu- cne-
Ahl 

3KcTpareaT, 1,1 M TB<D 230 
B CCI, 

CCI, 5 
1,0 M HN03 15 
3KCTpaKT ypaHa, 238 

0,48 M U 
CCI, 5 
BoJJ;HOXBOCTOBoii pacT- 107 

uop II D;HKJJa 
CCI, 20 
BoAa 352 
3KCTpareHT 230 
CCI4 20 
PeaKcTpaKT, 0,3 M U 360 
RoHJJ;eacaT 260 

III ypaHOBhlii: D;HKll 

McxonHhlii pacTuop 100 
III D;HKlla 1,1 M U, 
0,3 M HN03, Pu- cne-
Ahl 

3KCTpareHT (cBeiKRH) 230 
CCI, 5 
1,0 M HN03 15 
3KCTpaKT ypaua, 238 

0,48 M U 

(2 R 1) 

PeaKcTpaK
D;HR: 

Pereaepa
D;Hll 

¥napKa 
(2 u 1) 

PeaKcTpaK
n;Hll 

(1 u 5) 
(1 w 1) 

(1 u 2) 
(1 u 16) 

YrrapKa 
PeaKcTpaK

D;Hll 
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IlOTOK 

3 u 6 
3 u 7 

3 u 8 
3 u 9 
3 u 10 
3 u 11 
3 u 12 

2 Np 1 

2 Np 2 

2 Np 3 
2 Np 4 

2 Np 5 

2 Np 6 

2 Np 7 
2 Np 8 

2 Np 9 

2 Np 10 

2 Np 11 
2 Np 12 

2 Np 13 

2 Np 14 

2 Pu 1 

2 Pu 2 
2 Pu 3 
2 Pu 4 
2 Pu 5 
2 Pu 6 

2 Pu 7 

2 Pu 8 
2 Pu 9 
2 Pu 10 
2 Pu 11 
2 Pu 12 

3 Pu 1 

3 Pu 2 
3 Pu 3 
3 Pu 4 
3 Pu 5 
3 Pu 6 

3 Pu 7 
3 Pu 8 
3 Pu 9 
3 Pu 10 
3 Pu 11 
3 Pu 12 

CocTan 

CCI, 5 
BonHoxuocToBoi pacT- 107 

Bop III D;HKlla 
CCI, 20 
BoJJ;a 352 
3KCTpareHT 230 
CCI, 20 
PeaKcTpaKT, 0,3 M U 360 

II H9DTYHH8BhiH D;HKll 
Mcxo)J;Hhlii pJJCTBop, U, 10 

Pu, Np B conocTaBH-
MhiX KOHD;8HTpa~JIX, 

5 M HNOa 
3KcTpareHT 1,1 M TB<D 5 

(cuemnii) 
CCI, 2,0 

HCUOJlb80· 
HHe 

(2 u 3) 
(1 w 1) 

(2 u 2) 
(2 u 8) 

OcamneHHe 
(NH,),X 

X [UOaCOo)o] 

ConeBoi c6pocHhlii pa- 10 Xpaaeaue 
CTBOp 

CCI4 2,0 Pereaepa-

3KcTpaKT, U, Pu, Np, 
0,9 M HNOa 

HnTpHT aaTpHll, 0,1 M, 
3KCTpareHT 

PeaKcTpaKT U, Pu, 
Np (V) 

3RCTpareHT )J;llll OTMhiB· 
KH U H Pu 

CCI, 
3KcTpareHT 

CCI, 

Roau;eaTpaT aenTyHHJI 
(V), 0,7 M HNOa 

5 

5 

D;Hll 

5 2 Np 15 
(1 u 3) 

5 

10 

0,5 
10 2 Np 15 

(1 u 3) 
0,5 Pereaepa

D;Hll 
5 Aiflifluaam 

Np 

II Dl1YTOHH8Bhlii D;HKll 
Mcxonahlii pacruop (IV, 

VI), 2,5 M HNOa 
3KcTpareHT, 1,1 M TB<D 
3,0 M HNOa 
CCI, 
CCI, 
Bo;~~;aoxBOCTOBoii: pacT

Bop II n;HKlla 
3KCTpaKT Pu, 0, 

6 M HNOa 
Bo;~~;a 
CCI, 
CCI, 
3KCTpareHT 
PeaKcTpaKT Pu, 

0,6 M HNOa 

16 

10 
1,0 
1,0 
1,0 

17 

10 

10 
1,0 
1,0 

10 
10 

III Dl'IYTOHH9Bhlii D;HKll 
Mcxo)J;Hhlii pacTBOp, Pu· 16 

(IV), 2,0 M HNOa 
3KCTpareHT 
2,0 M HNOa 
CCI, 
CCI, 
Bo;~~;;mxBocTOBOii: pacT-

Bop III D;HKlla 
3KCTp8KT Dll)TOHHH 
0,05 M mnpaaHH 
CCI, 
CCI, 
3KCTpareHT 
Roa~eHTpaT rrnyTOIIHJI 

0,03 M Pu (III) 

10 
1,0 
1,0 
1,0 

17 

10 

1,0 
1,0 

10 

(2 Np 3) 
(1 w 1) 

(1 u 11) 
(1 u 10) 
(3 Pu 1) 

(2 Np 3) 
(1 w 1) 

(2 Pu 9) 
(1 u 10) 

0KCallaT
H080C8lK· 
neuHe 



334 3ACE,ll.AHI-1E 2.6 P/344 

npOAOnll<eHHe Ta6n. 1. 

TIOTOK CocTao I O(j 

I 
liCIJOJib30Ba-

'LeM HUe 

Ilepepa6om~>a c6pocnb!X pacmBopoB 
1 w 1 06oe):IHHeHHWe MaJioaR- 260 

TIIBHWe BO):IHOXBOCTO-
awe pacTaophl, 
-1,0 M HNOs 

0,8-

1 w 2 ,Il;IICTIIJIJiaT ynapKII 255 (R 1) 
(1 W 1.) 0,7 M HN03 

1 w 3 Ry6oawii OCTaTOK ynap- 6 Paa6aaJie-
KII MaJioaKTIIBHWX pa- HIIe 
CTBopoB, 9,0 M HNOs, (2 Np 1) 
coJIII, U, Ilu, Np 

108 1 u 7 BwcoKoaKTIIBHhlii pacT-
BOp, P,IJ;, Cl', 
2,1 M HN03 

2 w 1 BhlcoKoaKTIIBHwii KOH- 6 Paa6aBJ1e-
~eHTpaT, 9 M HN03 HIIe, xpa-

HeHIIe 

2 w 2 ,Il;IICTIIJIJiaT yrrapKII 2 W 1, 103 (R 1) 

R 1 
2M HN03, Cl' 

IIIITaHIIe KOJIOHHW peR- 360 
TII!fJIIKa~IIII, HNOs, 
1,1 M HNOs 

R 2 Ry6oBhlii ocoraTOK peK- 40 PacT»ope-
TII!fJIIKa~IIII, 10M HNOs HIIe 

TB3JIOB 
R 3 ,Il;II< TIIJIJiaT peKTII!fJIIKa-

~IIH, 0,02 M HN03 , 

330 

Cl' 
R 4 IlpOMhiBHOH paCTBOp, 

1,0 M NaOH 
7 

R 5 IlpOMWBHOH paCTBOp, 11 Bop;oc6poc 
NaCl, NaNOs, NaNa 

R 6 hOH):IeHCaT 325 PeaKcTpaK-
~lUI 

CTpaKIJ;HH Pu nponaBO,li;HTCH aKcTpareHTOM ynoMH
HyToro cocTaBa. B ocaoBy aToii nepepa6oTKH no
Jiomea npHHD;Hn nOCTOHHCTBa MaTepHaJibHOrO nO
TOKa 3KCTpareHTa, 'ITO n03BOJIHeT nepepa6aThlBaTb 
Oe3 p;onOJIHHTeJibHOH KOppeKTHpOBKH COCTaBa nJiy
TOHHeBhle KOHD;eHTpaThl OT pa3JIH'lHbiX TenJIOBhl

p;emiiOin;HX aJieMeHTOB. B peayJII>TaTe p;Byx D;HKJIOB 
3KCTpaKD;HOHHOH o6pa60TKH nJiyTOHHH O'lHin;aeTCH 
OT Zr B 2 ·103 paa, oT Ru B 1·104 paa, oT pep;Koae
MeJII>HhlX aJieMeHTOB B 5 ·104 pa3. 

9. PeaKcTpaKD;HH aa BTOpoM nJiyToaneBOM n;nK
Jie npOH3BO,li;HTCH B paCTBOp rnp;pa3HHa npH COOT
HOilleHHH cpa3, o6ecne'lHBaiOin;eM nOCTOHHHYIO 
( 0,03 .M) KOHD;eHTpan;HIO ITJIYTOHHH B paCTBOpe, 
Bhl,ll;aBaeMoM aa acpcpnaamaoe ocamp;eane oKcaJia
Ta Pu (III). Ha oKCaJiaTHOM ocamp;eann ITJIYTOHHH 
O'lH:rn;aeTCH OT Zr n Ru B 20-40 paa, a TaKme 

OCBOOOa<,ll;aeTCH OT OCTaTKOB ypaHa. 
10. HenTyHIIH Bhlp;eJJHeTCH H3 ypaaoBoro no

TOKa C BO,li;HOXBOCTOBbiMII paCTBOpaMII BTOpOrO H 
TpeTbero ypaHOBhlX D;IIKJIOB, KOTOpble cop;epmaT 
KpOMe HenTyHHH COnOCTaBIIMbie KOJIH'leCTBa ITJiy
TOHIIH II ypaaa. Roan;eaTpiipoBaHIIe aTIIX pacTBO
poB 6yp;eT paccMoTpeao HIIme. lloJiy'laeMhlH npn 
DTOM KOHIJ;eHTpaT CJIY>KIIT IICXO,li;HhlM ,li;JIH HenTy
HIIeBOH BeTBII cxeMhl. llaBJie'leane II o'lliCTKa N p 

llpOH3BO,li;HTCH CJiep;yiOin;HM o6pa30M. lla nepBH'l
HOrO Koan;eHTpaTa, cop;epma:rn;ero 5 M HNOs, npo-

M. Q}, nYWnEHHOB et al. 

H3BO,li;HTCH 3KCTpaKD;liH IDeCTHBaJieHTHLIX ypaHa, 
IIJIYTOIIHH H HeH1'YHHH, KOTOphle 3aTeM pe3KCTpa
rupyiOTCH B 0,1 M pacTBop HHTPHTa aaTpiiH. lla 
rroJiy'leaaoro peaKcTpaKTa, cop;epma:rn;ero ae 6o
Jiee 0,8 M HN03, nponaBO,li;HTCH OTMhlBKa U II Pu, 

a Np (V) ocTaeTcSI B pacpnaaTe. 8KcTpaKT nepe
lWeTCH Ha 3KCTpaKD;HIO nepBoro D;HKJia, a palf>H
IIaT- Ha acpcpHHaa<HyiO O'IHCTKY HenTyHHH OT 
rrpop;yl\TOB p;eJieHHH H OCTaTKOB nJiyTOHIIH. 0'1HCT
Ha nenTyHHH na yrroMHHYTOii orrepan;nn neBeJIHKa 
u cocTaBJIHeT OT Zr OKOJIO 5, oT Ru 5-10, OT pep;
K03eMeJibHhlX 3JieMeHTOB ,!1;0 500. 

11. Roacpcpnn;neHTLI OTp;eJieHHH n;eHHLIX KOM
noaeHTOB p;pyr OT p;pyra H noKa3aTeJIH HX O'IHCTKH 
OT npop;yKTOB p;eJieHHH, ,li;OCTHraeMble aa BeCb TeX
HOJIOrH'leCKHH D;HI\JI, npep;CTaBJieHbl B Ta6JI. 2. 

Ta6n111.1a 2. ,ll,ocTHraeMoe Pa3AeneHHe 3neMeHTOa (no 

6anaHcy) 

0T qero OTiJ:eJifieTCH 

Zr-Nb 
Ru 

Pep;RoaeMeJibHhle 
3JieMeHThl 

Cs, Sr 

~ 

u 
Pu 
Np 

ypaH 
(noCJie 

llRCTpaR
D;HH) 

-106 

-107 

>107 

>103 

>2·106 

1()4 
>100 

Qqurn;aeMbllt eJieMeHT 

DJIYTOHHlt DJIYTO· 
(noCJie HHlt (noc-

l!RCTpaR- Jie alflfPH-
D;HH) Hama) 

5·105 >107 

5·106 -103 

-103 -108 

>103 >108 

-108 

2·103 >105 

30 30 

HenT}'HHJt 
(DOCJie 

l!RCTpaR
n;HH) 

2·103 
~1()4 

-106 

-107 

-10' 

>107 

-104 

flpHBe,ll;eHHble 3Ha'leHHH p;aHLI B pac'leTe Ha COOT
HOIDeHHe aJieMeHTOB B ncxop;aoM pacToope. EcTe

CTBeaao, 'ITO CYMMapHble ITOKa3aTeJIH O'IHCTKH no 
BCCM npop;yKTaM p;eJieHHH 3aBHCHT OT Bll,ll;a nepe
pa6aThlBaeMoro MaTepiiaJia. B Ta6JI. 2 p;aahl TaKme 
:ma'leHHH p;JIH aan6oJiee ae6JiaronpnSITHhlX cocTa
BOB HCXO,li;HhlX paCTBOpOB II cneKTpOB CO,ll;epma
In;HXCH B HHX npop:yKTOB p;eJieHIIH. 

nEPEPA50TKA 050POTHbiX 
PACTBOPOB 

B TexaoJiorn'lecKoM D;IIKJie ycTaHOBKH Momao 
UhlHBIITb 'leThlpe THITa OOOpOTHhlX paCTBOpOB: 

a) 3KCTpareHT, 6) MaJIOaKTHBHble BO,li;HOXBOCTOBLie 

paCTF'lphl, 8) KOHp;eHCaTLI, e) pereaepllpOBaHHyro 
a30THYIO KIICJIOTy. 

1. 8KCTpareHT n;npKyJIHpyeT no aaMKHyToMy 
n;nKJiy. Oa nocJiep;oBaTeJII>Ho ncnoJII>ayeTCH B noJI
noM o6'heMe na TpeTbeM ypanoBoM n;nKJie, aaTeM 
6ea KaKOH-JIHOO o6pa60TKII nocTyrraeT Ha BTOpOH 
ypanoBhl:ii I~HKJI n p;aJiee TaKHM me o6paaoM aa 
nepBhlii n;nKJI. Ha ITJIYTOIIIIeBhle n;nKJihl nop;aeTCH 
'CBea<HH 3KCTparenT, KOTOpbiH 3aTeM nocTynaeT 
Ha rrepBbiH D;HKJI ,li;JIH OTMhlBKII ypaHa II HenTyHIIH 
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ua pacTBopa nJiyTOHHH (I II) . llo npoxom.o;eHHH 
nepnoro n;nrma 3KCTpareHT no.o;nepraeTCH pereHe
pan;nn, COCTOHID;eii H3 Kap6oHaTHOH npOMLIBKH H 
~HCTHJIJIHD;HOHHOH O'IHCTKH OOOHX KOMllOHeHTOB 
opraHn'lecKoii cMecn. Paa~eJieHne CCl4 n TEll> 
npOH3BO)J;IfTCH nyTeM peKTiflf>HKaD;HH C BO)J;HHLIM 
napoM. JJ:ncTHJIJIHD;HH TEll> nponano~HTCH npn 
OCTaTO'IHOM ~aBJieHHH He Bhlille 5 MoM pT. CT. qe
TLipeXXJIOpiiCTLIH yrnepo.o;, HCllOJIL3YCMhlH )J;JIJI 
npOMhlBOK peaKCTpaKTOB If BO~HOXBOCTOBhlX pacT
BOpOB OT pacTnopeHHoro B Hnx TEll>, nepeMe-
111;aeTCH no cxeMe aaaJiorn'IHO 3KCTpareHTy n o6'L
e.o;nnJieTcH C HHM nepe~ Kap6oHaTHOH npOMhlBKOH. 

2. flo~ MaJIOaKTliBHhlMH BO~HOXBOCTOBLIMH pa
CTBOpaMH HMCIOTCH B BH~Y BO~HOXBOCTOBLie pa
CTBOphl II-III ypaHoBLix n II-III nJiyTonnenLix 
ll;HKJIOB, MaTO'IHHKH OKCaJiaTHOrO OCa:IK,!I;CHHH IIJIY
TOHHH H KapOOHaTHLIC paCTBOphl npOMhlBKH 3KCTpa
reHTa. PerneHne nonpoca o noanpaTe rroJieaHMX 
KOMllOHCHTOB, CO,!I;epma111;HXCH B 3THX paCTBOpaX, 
HBJIHeTcH Han6onee cnomHLIM na-aa 6oJILmoro TIH
cJia pacTnopon, paaHoo6paanH o6'LeMoB n necTpo
TLI XHMH'IeCKOrO COCTaBa. flo MHeHHIO aBTOpOB, 
n;eJiecoo6paaHo o6'Le)J;HHHTL pacTBOpLI, cocTan KO
TOpLix 3TO noanoJJHeT, ynapnTL 6oJiee HJIH MeHee 
rJiyOOKO, H3BJie'IL llOJie3Hhle KOMllOHeHThl If Bep
HYTL nx B cncTeMy. 0KcaJiaTHLie MaTO'IHHKH oo'L
e~nHHIOTCH C OCHOBHOH MaCCOH OOOpOTHhlX paCTBO
pOB IIOCJie npe~BapHTeJILHOrO OHHCJJeHHH OKCaJiaT
HOHOB, a ypaH H3 HapOOHaTHhlX paCTBOpOB B03Bpa-
111;aCTCH nocJie OT,U:eJieHHH ero OT ammJI!f>oclf>opHLIX 
KHCJIOT. TaKoe nocTpoeHne cxeMLI YTHJinaan;nn 
MaJIOaRTHBHhlX OOOpOTHLIX paCTBOpOB ll03BOJIHeT 
JierKO llpOBCCTJf KaK KOHTpOJILHOe )J;OH3BJie'leHHe 
ypaHa H llJIYTOHHH, TaK H BLI~eJieHHe HenTyHHH. 

3. RoH~eHcaTLI, noJiy'laiOin;neca npn ynapKe 
ypanonLix peaHCTpaKTOB, o6Jia~aiOT ~ocTaTo'lnoii: 
'IHCTOTo:ii, 'ITOOLI 6MTL ncnoJILaonaHHLIMH )J;JIH pe-
3HCTpaKr~nn. Ron~eHcaT OT peKTn!f>nKan;nn HNOa 
HCllOJIL3YCTCH ~JIH 3THX n;eJie:ii llOCJie O'IHCTHH OT 
TaKnx nerHoJieTyTinx nein;eCTB, KaK HCl (npo~yHT 
paapymeHHH CCI~) nJin HNa (npo~yKT OKncJieHHH 
N2H4) H T. A· 

4. ITpn rny6oHoii ynapKe BLICoKoaKTHBHLIX n 
MaJioaKTHBHhlX XBOCTOBhlX paCTBOpOB IIOJiy'IaiOTCJI 
naponLie lf>aaLI, co.o;epma111;ne aHa'lnTeJILHLie KoJin
qecTBa 830THOH KHCJIOThl. 8TH ~HCTHJIJiaTLI (6ea 
ROH)J;eHcan;nn) o6'Len;nHHiqTCJI u nocTynaiOT Ha 
peHTn!f>nKan;niO KHCJIOTLI. PeKTn!f>nKan;nJI HNOa, 
HaK H ynapKa BO)l;:!IOXBOCTOBhlX paCTBOpOB, IIpOBO
)J;JfTCH IIpH KHCJIOTHOCTH KYOOBOrO OCTaTKa He Bhl
me 10 M no na6emaHne JieTy'IeCTll Ru04. 

Heo6xo~nMo TaKme paccMoTpeTL none.o;eHne 
xJiop-noHa, o6paayiOin;erocJI npn pa~noJinae 3KCT
pareriTa Ha nepBOM n;nKJie. XJiop-noH HeaHa'IH
TeJihHO C03KCTparnpyeTCJI C ypaHOM H OOJiee qeM 
Ha 90% OKa3LIBaeTCJI B BLICOKOaKTHBHOM BO)J;HO
XBOCTOBOM pacTnope. YrrapKa n peKTH!f>nKan;nH 
IIpOBO,lVITCH IIpH aTMoclf>epHOM ,ll;aBJieHHH. XJiop
CO)J;epmaJI.~He npOJlYKTLI BhiBO)J;JITCJI B ~HCTHJIJiaThl. 
B peayJioTaTe xJiop-noH BLIBO)J;HTCJI Ha 85-90%, 
n HaKonJieHne ero B cncTeMe He npenLimaeT 15 % 
OT OopaayiOII1;el'OCH Ha nepBOM ll;HKJie. 
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PA,lJ,J.'iOJH-13 SKCTPArEHTA J.-1 BOnPO
C~ KOPP03J.1J.1 AnnAPATYP~ 

OcHOBHLIMH npo.o;yKTaMn paapymeHHH Tpn6y
TnJJ!f>oclf>aTa n qenrpexxJiopncToro yrJiepo~a, KO
Topnre MorJIH 6Lr OKa3LIBaTL HemeJiaTeJILHOe noa
.o;eii:CTBHe Ha npone.o;eHne npon;ecca, JIBJIJIIOTCH aJI
KnJI«f>oclf>opHLie KHCJIOThl H COJIJIHaJI KHCJIOTa. 
HaKonJieHne aJIKHJI!f>oclf>aToB npn pa.o;noJinae 
3KCTpareHTa nponopn;noHaJihHO ,u:oae o6Jiy'!eHHJI: 
Bbixo.o; paneH 5-7 MoJieKyJiaM Ha 100 38 3Heprnn, 
IIOI'JIOII1;eHHOH Tpn6yTimlf>oclf>aToM B a30THOKHCJIOH 
CHCTeMe, H yMeHhmaeTCJI ,!1;0 ""'4 II pH HaCLIII1;eHHH 
aKCTpareHTa ypaHoM. B ycJIOBHJIX npon;ecca 3TO 
npnno.o;nJio K o6paaonaHHIO .o;o 1 • 10-4 M .o;n6yTHJI
cf>oclf>opHoii KHCJIOTLI (JJ:Ell>). TaKoe KOJIH'IeCTBO 
Jl:Elt> ern;e He HapymaeT HOpMaJihHOI'O TC'IeHHJI 
npon;ecca, H HaKOIIJieHHH Jl:Elt> B CHCTeMe He npo
HCXO~HT. BLixo~ xJJop-noHa paneH 25-50 aToMaM 
Ha 100 38, norJIOU-\eHHLIX CCh. MaKCHMaJioHaJI 
ROHil;CHTpan;nH COJIJIHOH KHCJIOThl B BO~HOXBOCTO
BOM pacTnope nepnoro n;nRJia npn 3KcnnyaTan;nn 
ycTaHOBKH ~ocTnraJia 4 ·10-3 M. 

B OTCYTCTBHe HaROllJieHHJI XJIOp-HOHa B CHCTeMe 
TaKaJI KOHil;eHTpan;HH COJIHHOH KHCJIOThl He Bhl3hl
BaeT 3aMeTHOH ROpp03HH BhlllapHOH H :=IKCTpaKil;H
OHHOH annapaTypLI, BhlllOJIHeHHOH H3 Hepmane
IOin;eii: CTaJIH 1X18H9T. llocJie ro~H'IHOii: paoOThl 
Ha aKTHBHLIX pacTBopax, OhiJI rrponane)J;eH ocMoTp 
cocTOJIHHJI annapaTypLI n cnen;naJihHLIX o6paau;on 
HepmaBeiOin;eii: CTaJIH, IIOMein;eHHhlX B annapaThl 
nepe~ Ha'!aJIOM pa6oThl. EMJIO OTMe'!eHo, 'ITO cKo
poCTL IWppoann He npenLirnaJia 0,1 MM/2o8, B TOM 
'IHCJie n B cnapHLIX mnax. 

PABHOBECHOE PACnPE,lJ,EflEHJ.'iE 
nonE3HbiX KOMnOHEHTOB 

~~JIH paC'!eTa alf>lf>eKTHBHOCTH CTyiieHeii: :=IKCT
paKTOpOB H MaTeMaTH'IeCKOI'O paCCMOTpeHHJI npo
n;eCCOB Heo6xo.o;nMo nMeTn nH!f>opMan;niO o pacnpe
~eJieHnn ypaHa, llJIYT~>HHJI H HeiiTYHHJI Mem.o;y 
opraHn'lecRoii: n no~Hoii: <f>aaaMn. TaKoro po.o;a 
)J;aHHLie npn ncnoJioaonaHnn pacTnopa TEll> B CC14 
H a30THOKHCJihlX BO~HhlX paCTBOpOB, CO,ll;epmain;HX 
nepeMeHHLie KOJIH'ICCTBa uo2 (NOah H HNOa B 
OTCYTCTBife )J;pyrnx BhiCaJIHBaTeJieii:, MO:IKHO npe.o;
CTaBHTh B BH~e 3aBHCHMOCTH KOHCTaHT :=IKCTpaK
Il;IfH OT HOHHOH CHJihl paBHOBeCHOrO BO)J;HOro pa
CTBOpa I. RoHn;eHTpan;noHHLie ROHCTaHThl aRcTpaK
Il;HH K cnJiaaHLI c alf>lf>eKTHBHLIMH KOHCTaHTaMH 
aKcTpaKn;nn K cooTHomeHneM K = Ky±v, rp:e 
V± - cpe.o;Hnii: Koalf>lf>nn;neHT aKTHBHOCTH aJieKTpo
JIHTa B BO~HOM paCTBOpe, a V - 'IHCJIO HOHOB, Ha 
KOTopoe .o;nccon;nnpyeT aJieKTpoJinT. B pH~e cJiy
qaen oKaaLinaeTCH y~o6Hee aa.o;aTh aHa'!eHnH Ko
alf>lf>nr~nenTOB aRTHBHOCTH KOMIIOHeHTOB B BO,ll;HOH 
<f>aae V± n aHa'IeHnJI KoHcTaHT K, xapaKTepHLIX 
)J;JIJI ~aHHoro cocTana aKcTpareHTa. B Ta6JI. 3 npe)J;
cTaBJieHLI 3Ha'leHHJI a<f><f>eKTHBHhlX KOHCTaHT 31\
CTpaKI~HH ypaHa, IIJIYTOHHH H HCIITYHHH, Bhi'IHC-
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0 L--!---':-2~3:--":4--:-1, M 

a 
OL-~-72~9~~4~~8~1,M 

J 

PHC. 2. 
II - 3aBHCHMOCTb K03!Jl!JIHI.\H8HTOB IIKTHBHOCTH ypaHa (I) H 

nnyTOHHJI (IV)2 B BOAHOM 1130THOKHCnOM pacTBOpe OT HOH

HOH CHnbl paCTBOpa; 6- 311BHCHMOCTb KOHI.\8HTpai.\HOH

HOH KOHCTIIHTbl 3KCTp11KI.\HH 1130THOH KHCnOTbl TpH6yTHn-

!JIOC!JlaTOM OT HOHHOH CHnbl piiCTBOpa: 

1-0,111 M 2- 0,37 M; 3- 1,1 M TB<ll B CCl4 

JieHHhle rrpu ,o;orrym;eHun, 'ITO Y±Pu(VI) H Y±Np(VI) 

DJIH3KH K Y±U(VIh a Y±Np(IV) 6JIH3KO K Y±Pu(IV)· 
llo,o;o6Hoe ,o;orrym;eHue yrrpom;aeT pac'leTM, TO'l

HOCTb KOTOphlX OCTaeTCH ,ll;OCTaTO'lHOH ,ll;JIH rrpaKTH

qecKUX n;eJieii:. Ha puc. 2, a rrpe,o;cTaBJieHM aanu-

'JHNs 
0,6 

0,4 

0,2 

1234CS678 

a 

-1 
-2 
-3 
-4 
-cs 

M. dl. nYWnEHKOB et aZ. 

Ta6nHLIII 3. 3!J!!Jl8KTHBHbl8 KOHCTIIHTbl 

3KCTp11KI.\HH ypaHa, nnyTOHHJI H HenyYHHJI 

npH Hcnonb30BaHH·It pacraopa TScP 

a '18Tb1pexxno.pHCTOM yrnepoAe 

0,11 66±8 
0,37 70±8 
0,10 63±7 
1,40 60±10 
3,67 

6,7±1,1 
7,3±0,6 
6,9±0,6 

1190±70 
1160±100 360±50 

6,2±1,4 1300±200 

HhlX CTyrreHeii: 31\CTpaKTOpOB, KOTopaH ORa3aJiaCb 

~ocTaTo'lHO 6mmRoii: K 100%. 
IT pu rrpone,o;euuu peaJibHoro rrpon;ecca oMJIH 

HCIIhlTaHhl pa3JIH'!Hhle TeXHOJIOI'H'leCKIIe pemiiMhl. 

J};JIH OOJiee CTpororo OTOopa OIITHMaJibHhlX YCJIO

BIIH oMJIII rrpone,o;eHbi KOHTpOJibHhle pac'leThl paa

JIII'!Hhlx napHaHTOB C IIOMOIII;biO :meKTpOHHOH n;u<f>
pOBOH ·nhl'liiCJIIITeJibHoii MarrmHM << Ypam>. Harrpu

Mep, oMJIO pacc'lnTaHo pacrrpe,o;eJieHne aaoTHOii 

KIICJIOThl, ypaHa II IIJIYTOHHH (VJ), KaK HaHOOJiee 

rpy,o;uo aKcTparupyeMoro, rrpu ocyrn;ecTBJieHnn 

0 

-1 
-2 
-3 

lg.IPuvl 
2 
1 

0 
-1 
-2 

-3 

8 

PHc. 3. PacnpeAeneHHe a30THOH KHCnOTbl (a), ypaHa (6) H nnyroHHJI (IV) (a) no cryneHliM 3KcrpaK1.1HOHHo

npOMbiBHOro KaCKIIAa (pe3ynbTIIT MIIWHHHOrO paC'18Ta) 

CHMOCTII Y±U(VI) II Y±PU(IV), a Ha puc. 2, 6- aarBH

CIIMOCTII KHNo, oT IIOHHoii CIIJibi pacTnopa rrpii He

eKoJibKHx KOHn;eHTpan;HHX TB<l> n CCI~o. 
Ha oeHonaHHII 3THX ,o;aHHbiX no MeTO,ll;HKe rrpH

Moro C'leTa rryTeM rrocJie,o;onaTeJibHbiX rrpu6Jiume

HHii 3 paCC'liiTaHO pacrrpe,o;eJieHIIe KOMIIOHeHTOB ITO 

TeopeTH'leCKHM CTyiieHHM 3KCTpaKD;HII. 113 cpaB

HeHHH IIOJiy'leHHhlX ,ll;aHHhlX C 3KCrrepHMeHTaJib

HhlMH ,ll;JIH pa3JHJliHbiX orrepan;HH TeXHOJIOfH'leCRO

ro rrpo1~ecca orrpe;:~;eJieHa a<f><f>eRTHBHOCTb oT,o;eJib-

npon;ecca aKCTpaKn;nii B auuapaTe ua 8 cTyneHeii 

(m) rrpu uerrpephlBHoti rrpoMhiBKe ai\CTpareHTa 

a30THoii: 1\HCJIOToii: Ha 4 cTyrreHHx (iii). PaccMoT

peHM pa3JIH'lHbie BapuaHThl, OTJIII'laiOIII;HeCH 1\0H

n;eHTpan;IIHMH ypaHHJIHIITpaTa B RCXO,ll;HOM BO,ll;

HOM paCTBOpe (Xoo, U) II •KIICJIOTbi B HCXO,ll;HOM 

(Xoo, HNo,) II IIpOMhlBHOM (.io, HN0 3 ) BO,ll;HhlX pa

CTBOpax. BapbiipOBaJIIICb Tai<me COOTHOIIIeHJm IIO

TOKOB HCXOJIHOM opraHHqeci\OM <f>aabl K HCXO,ll;HOMY 

BO,ll;HOMy paCTBOpy (no) H opraHJiqecROH <f>a3I.J K 



SESSION 2.6 P/344 

rroToRy rrpoMhiBHoro aaoTHORHCJIOro pacrnopa 

(no). 
Ha pnc. 3, a, 6, 6 rrpe,n;cTaBJieHM pacrrpe,n;eJie

HHH ROH~eHTpa~HH ROMIIOHeHTOB B BO)l;HOH (x) H 
opraHH'IecRo:ii: (y) <flaaax ,ll;JIH cJiy'IaH xoo, u = 
= 1,09 M, Xoo, Pu(VI) = 100%, Xo,HNo, = 4 M, 
Xoo, HNo, = 2 M (RpHBhle 1), Xoo, HNo, = 1,5 M 
(RpHBMe 2), Xoo, HNo,, = 0,5 M (RpHBhle 3), no= 
= 2,4 H no = 15. MaBJielJ:eHHe IIJIYTOHHH Ha rrpaR

THRe 6hiJIO JIY'IIIIe, '!eM ITO pac'IeTy, HO xyme, '!eM 
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)l;JIH 'IHCToro IIJIYTOHHH (IV). PeayJihTaThi pame

TOB ITO RHCJIOTe H ypaHy )l;OCTaTO'IHO XOpOIIIO IIO)l;

TBepm,n;aiOT IIpHBe,n;eHHhle Bblille OIIhlTHhle ,n;aHHhle. 

JU1TEPATYPA 
1. Symposium on Reprocessing of Irradiated Fuels. 

Brussels, TID-7534, 1957. 
2. Reactor Handbook, 2 ed., 2, 17'9 ( 1961). 
3. 0. H. III y B a JI o B H M. $. IT y m JI e H RoB. Pa~no

XHMHH, 3, 6, 667 (1961). 

ABSTRACT -RESUME-AHHOTALtvt.R-RESUMEN 

A/344 USSR 

Processing of irradiated fuels by extraction 
using a mixture of tributylphosphate and 
carbon tetrachloride 

By M. F. Pushlenkov et a/. 

This paper is concerned with processing on the 
pilot-plant scale of solutions of irradiated fuel elements 
from power reactors using a solution of l.lM TBP in 
CCk The reasons for the choice of ftowsheet and 
order of operations are explained. The ftowsheet 
allows for simultaneous extraction of uranium, plu
tonium and neptunium with two stages for uranium 
separation, two for plutonium and one for neptunium, 
and for processing aqueous raffinates and extractant 
regeneration. During development of the process, par
ticular attention was given to solution recycling. The 
decontamination factors for the fission products (Zr, 
Ru, rare earths) are given for the different processing 
stages. 

A/344 URSS 

Traitement par extraction du combustible 
nucleaire irradie a !'aide d'un melange de 
tributylphosphate et de tetrachlorure de 
carbone 

par M. F. Pushlenkov eta/. 

Le memoire est consacre au traitement de solutions 
de combustible irradie provenant de reacteurs de puis
sance avec une solution l,lM de TBP dans CCl4. On 
expose les raisons du choix du schema technologique 

et l'ordre de deroulement des operations. Le schema 
technologique comprend un cycle d'extraction simul
tanee de l'uranium, du plutonium et du neptunium, 
deux cycles uranium et deux cycles plutonium, un 
cycle neptunium, le traitement des solutions aqueuses 
residuaires et un cycle de regeneration de !'extractant. 
Lors de la mise au point du procede, on a particuliere
ment etudie les solutions recyclees. On donne les 
facteurs de decontamination des divers cycles relatifs 
aux produits de fission qui limitent le processus d'ex
traction (Zr, Ru, terres rares). 

A/344 URSS 

Tratamiento extractive del combustible 
nuclear irradiado utilizando una mezcla de 
fosfato de tributilo y tetracloruro de 
carbono 

por M. F. Pushlenkov eta/. 

La memoria versa sobre el tratamiento de disolu
ciones de elementos combustibles irradiados de reac
tores de potencia mediante una soluci6n l,lM de 
TBP en CCk Se justifica la elecci6n del esquema del 
proceso y del orden en que se efectuan las operaciones. 
El esquema consta de un ciclo de extracci6n conjunto 
del uranio, del plutonio y del neptunio; de dos ciclos 
de uranio y dos ciclos de plutonio; de un ciclo de nep
tunio, de un ciclo de tratamiento de soluciones acuosas 
residuales y de un ciclo para la regeneraci6n del agente 
de extracci6n. AI montar el proceso, se presto atenci6n 
especial a las soluciones en contracorriente. Se dan los 
coeficientes de purificaci6n por ciclos, de los productos 
de fisi6n que limitan el proceso extractivo (Zr, Ru, 
tierras raras). 
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npoL\eCCbl 3KCTpOKL\MM M MX MOTeMOTM'IeCKOe 

OnMCQHMe• 

A.M. Po3eH, A.M. &e33y6oaa, B. A. BacMnbea, &. B. EnaTOMI.Iea, 
A. M. HeMMpOBCKMM, 3. M. HMKOnOTOBa, M. CD. nywneHKOB, 
10. B. PeweTbKO, 3. r. TeTepMH, n. n. XopxopMHa, 
0. H. Wyaanoa, B. r. IOpKMH 

B uacTOHII(eM AOKJia)J;e, HBJIHIOII(eMca o6o6rqe-· 

HHeM H p33BHTHeM pa6oT 1- 15, HayqaiOTCH H HH

TeprrpeTHpyiOTCH KOJIHqecTBeHHble 33KOHOMepHO

CTH 3KCTpaK~HOHHOH XHMHH H TeXHHKH. 

1. SKCTPAKU.HOHHbiE PABHOBECHfl 

06~He IIOJIOmeHHJI. 3aKOHOMepHOCTH 3KCTpaK

~HOHHLIX paBHOBeCHH paccMaTpHB3IOTCH Ha IIpH

Mepe aKCTpaK~HH HHTpaToB ypaHHJia H APYrHx 

aKTHHH]J;OB HeiiTp3JII>HhlMH cpoccpopoprauHqecKHMH 

coe)J;HHeHH.IIMH ( 6oJiee o6Il(ee paccMoTpeuHe 

Borrpoca yKaaauo B pa6oTe ~) • 8TH CHCTeMM -

IIpHMep paBHOBeCHH aJieKTpOJIHT - HeaJieKTpOJIHT, 

IIpH KOTOpOM )J;JIH rrpeO]J;OJieHHH aJieKTpOCT3THqe

CKOf0 B3aHMO)J;eHCTBHH B BO)J;HOH cpaae Heo6XO)J;HMa 

XHMHqecKaa CBH31> 3KCTpareHTa C H3BJieKaeMbiM 

COe)J;HHeHHeM, O)J;H3KO CB.fl31> )J;OCTaToquo CJia6aH, 

qTo6hl He 33TPYAHH'fl> peaKCTpaK~HIO (aueprH.fl 

BBaHMo)J;eiicTBHH Meuee 10 -n-na.tt/Mo.ttb). CooTBeT

CTBeHuo )J;JIH HHTeprrpeTa~HH aKCTpaK~HOHHOU 
CIIOC06HOCTH paCTBOpHTeJieii Heo6XO)J;HMO IIpliBJieqL 

TeopHIO XHMHqecKOH CBH3H, a B CHJIY CJia60CTH 

XHMHqeCKHX B3aHMO)J;eUCTBHH rrpu OIIHCaHIUI 3aBH

CHMOCTH paBHOBeCHH OT YCJIOBHH aKCTpaK~Hll 
ueo6XO)J;HMO yqHThlB3T:b BKJia)J; BaH-)J;ep-BaaJIDCOBhlX 

(AO 3 KKa.tt/MO.Itb) H oco6eHHO aJieKTpOCTaTHqeCKBX 

B33HMO)J;eiiCTBHH B XHMHqeCKHH IIOTeH~HaJI, qTO 

IIOBBOJI.fleT C)J;eJiaT:b TeopHH paCTBOpOB. lloaTOMY 

OIIHCaHHe IIpon;ecCOB B BO)J;HOH cpaae )J;OJiiKHO rrpo

H3BO)J;HTI>CH Ha OCHOBe TeopBH paCTBOpOB aJieK

TpOJIHTOB, B opraHHqecKOH - C IIOMOII(I>IO TeOpHH 

MHOfOKOMIIOHeHTHhlX paCTBOpOB HeaJieKTpOJIH1'0B. 

8KCTpaK~HH, He OCJIOiKHeHHa.fl o6pa30B3HHeM 

aHHOHHhlX KOMIIJieKCOB HJIH fH]J;pOJIH30M, OIIHChl

BaeTCH ypaBHeHHeM 

Men+ + n A- + q S + n H20 = MeAn · q S · n H20, 

• Bonee nonuoe uano~Keuue Marepuana 6y~eT ony6nu
KOBaHo B c60pHHKe Tpy~OB Broporo BCeCOI03HOro COBe
m;aHHJI llO 31iCTpaK~H. 

r)J;e A - aHHOH, S - aKcTpareHT. CooTBeTCTBeuuo 

)J;JIH uerH)J;paTHpoBaHHMX coJII>BaToB (A= NOa) 

KoacpcpH~HeHT pacrrpe)J;eJieHHH 

~ = y 1 x = K (NOstr"±+lSqri/rc, (1.1) 
r)J;e K - TepMO]J;HHaMHqecKaa KOHCTaHTa pacrrpe

)J;eJieHHH, y H X - KOHIJ;eHTpa~HH H3BJieKaeMOfO Be

Il(eCTBa B opraHHqecKOH (o.cp.) H BO)J;HOH (B.cp.) 

cpaaax, KpyrJIMe CK06KH 03HaqaiOT KOH~eHTpa~HH, 

y - KoacpcpH~HeHT aKTHBHOCTH ( V± - HOHOB B 

BO)J;Hoii cpaae, Vc - coJI»BaTa B oprauHqecKoii cpa

ae, Vs - aKCTpareuTa; TOqKoii CBepxy o6oauaqeuM 

KOH~eHTpa~HOHHhle KOacpcpH~HeHThl 3KTHBHOCTH; 

V = 1 rrpu x = 0 HJIH y = 0; Vs = 1 rrpH 
Ns = 1}. 

Bxo]J;HII(He B ypaBHeHHe BeJIHqHHhl xapaKTepH-

ayroT: K- aKCTparHpyeMOCTI>, (NOa)nt±

rrpo~eccM B BO)J;HOH cpaae, BhlC3JIHBaHHe, Sq -
BJIHHHHe paa6aBJieHHH, o6yCJIOBJieHHOe COJII>BaTa-

~Heii; B CJiyqae 3KCTpaKD;HH HeCKOJII>KHX COe)J;H

HeHHH- KOHKypeH~HIO aa CB060)J;HhlH aKCTpareHT; 
'a • r 8 I Vc = dil - BJIHHHHe HH)J;HBH)J;yaJI:bHOCTH paa-

6aBHTeJIH ( CJI36hle B3aHMO)J;eHCTBHH B opraHHqe

CKOH cpaae). PaccMoTpHM rrocJie)J;oBaTeJI»HO aTH 

a«P«PeKThl. 

8KCTp8fHpyeMOCTb 33BHCHT OT 3KCTp3KD;HOHHOH 

CIIOC06HOCTH paCTBOpHTeJIH H CHJI, y]J;epiKHB3IOII(HX 
coe)J;HHeHHe B Bo]J;Hoil: cpaae. CorJiacuo ~. 5 

KN = exp [~:onH- ~:pr) I RT] = 
= Y"±+l (0)80)\H I r opr (0) = Y"±+l (O}BO)\H ( 1 + Ks). 

r)le J.l. d) - auaqeuue XHMHqecKoro rroTeH~HaJia B 

CT3H)J;apTHOM COCTOHHHH, V (0} - 3HaqeHHe "( IIpH 

uyJieBoii Koun;euTpa~HH, Ks - KOHCTaHTa COJII>Ba

Ta~HH B oprauHqecKoii cpaae. 3uaqeuHH V±(O), 
uaii)leHHMe uaMH noRa TOJibKO )lJIH HCI H HNOa, 

oqeHb M3Jibl (COOTBeTCTBeHHO 3 ·10-5 H 2,1·10-2), 
TO eCTb HOHhl CHJII>HO CBH3aHbl C BO)J;OH, OC06eHHO 

uouhl HCI, 6Jiaro)J;apa qeMy oua xyme aKcTparH

pyeTCH TB<I> (Kuci ~ 2 ·104 , KuNo3 ~ 0,2), xo-
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Tll rrpo'IHOCTh .KOMIIJie.Kcoa o6eux .KHCJIOT c TB<l> 

It OJIH3.Ka: Ks, HCI ~ 7, Ks, HN0 3 ~ 10. TioaToMy 

~Jill 009CII9'19HHll 3.KCTpa.K~HH Hy»ma CHJibHall 

COJihBaTa~Hll B opraHH'I9C.KOH <Paae. 

3KCTpaKD;HOHH8JI CIIOCOOHOCTb MaKCHMaJibHa y 

<f>oc<f>uaoKuceii RaPO H rra~aeT rrpu aaMeae 

aJIKHJihHhlx rpyrrrr Ra 6o.Jrtle aJieKTpoHo<f>HJibHhlMH 

(RO, Ph, Cl) 16• 17 qTOObl HaRTH KOJIH'IeCTaeH

Hhle aa.KoHoMepHoCTH, Heo6xo~HMO YJIY'IIDHTh Kpu

Tepuu aKCTparupyeMOCTH H CTpoeHHll. B .Ka'leCTae 

TaKOBhlX Ob!JIH rrpHHliTbl 6 a<f><f>eKTHBHall .KOH

CTaHTa K = Ky~ / Yc = K dil H aJieKTpooTpH~a
TeJibHOCTh (80) rpyrrrr X. OnhiTbl npoao~HJIHCb 

• 
HaMeHHeMaH rpynna ORa 
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ro aJIKHJILHoro pa~uKaJia, l!t..X = X - Xa, J.L ~ 
~ const ~ 2 *. 
O~uoii ua npH'IHH OTJIH'IHll Xacttt~~ OT X MomeT 

Ob!TL ~eiicTBue aHTponuiiHhlX HJIH cTepH'19CKHX 

lf>aKTOpOB, TaK KaK 80 OTB9TCTB9HHa TOJILKO aa 

uaMeaeuue aaepruu CBli3H, a He aceii cao6o~HOH 
aHeprHH. ,lJ;eiiCTBHT9JILH01 OTKJIOII9HHll OT OO~eii 
aaKOHOMepHOCTH M9HLme ~Jill flH, '19M ~JIJI /1// 
(puc. 2, C, d), TO eCTL 

-l!t.H = A3 - B3!.X = A,- B,ropo· 

flpH YB9JIH'I9HHH )l;JIHHbl yrJieBO~OpO~HOH ~9IIO'I
.KH nc 80 C;KOJILKO-HHOY~L 3aMeTHO CHHm:aeTCJI 

• 
OPh Ra Ph CICH1 Cl (CH,)1 CCI, 

e~toclflaTiil 
(RaOloROPO 

IIIOctllaTiil 

KoucTaHTa a:KcTpaK~HH ypaHHJIHHTpaTa 
XcneKTP no ypaBueunro (1.2) 
X94141 no ypaBHeHHIO (1.3) 
G no Ta!IJTy 
!L = (Xalfllfl - Xa)f(X- X a) 

1271 

43 
2,90 
2,90 
1,45 

npn ucnoJIMOBaHnn B .Ka'leCTBe paa6aanTeJill CCI, .. 
~Jill .KOTOpOrO dil ~ 1 H BJIHliHHe Hen~eaJibHOCTH 
opraHH'I9C.KOH lf>aahl H9B9JIHKO; ~Jill Ha~em:HOCTH 
pac'I~Ta K cHnMaJIHCL uaoTepMLI aKcTpaK~Hlf 
ypaHHJIHHTpaTa n HN03, !'!.H onpe~eJI.IIJIOCL no 

TeMnepaTypHoii aaancnMOCTH lg K. C ~eJILIO yJiyq

meHHll mKaJILI 80 18 Ob!JIH uccJien;oaaHhl MI\
cneKTpLI p.11~a lf>oclf>opopraHlf'19CKHX C09~HH9HHH 
R1RzRaPO n TIOJIY'I9Hbl mKaJibl (pnc. 2, a, b) 

1:. x = x R, + x R, + xR. = 
= 6,13 + 0,0237 ( (j)PO -1170). ( 1.2) 

RaK BH~Ho na pnc. 1 lg K (cao6o~Hall aHeprMll) 

npn aaMeHe aJI.KHJihHhlx pa~n.KaJioB Ha a<f>upHhle 

rrpuMepHo JIHHeiiHo rra~aeT c aoapacTaHHeM 80, 

'IHCJia pa~HKaJIOB noR H Wpo : 

lg K = A-B !.X = A1 - B1n0 R = A2 - B2rop0 , 

(1.3) 

r~e .KOHCTaHTbl A H B aaBHCliT OT npupo~hl aK

CTparupyeMblX C09~HH9HHH, HaiipHMep ~Jill ypa

HHJIHHTpaTa Au = 18,05, Bu = 1,88, ~Jill aaoTHOii 

KHCJIOTbl Aa = 1,19, Ba = 0,68 (puc. 1, a, b, c). 
BoJiee CHJihHoe CHHm:eHHe aKCTparupyeMoCTlf 

npH BB9~9HHH lf>eHHJibHblX H XJIOpMeTHJibHblX pa

~HKaJIOB npHOJIH3HT9JibHO OIIHCb!BaeTCll TOH me 

aaKOHOMepHOCTLIO (eM. pHC. 1, b) C IIOMO~biO alf>

lf>eKTHBHOH (rrOBbliDeHHoii) 80; Xat~~lfl = Xa + 
+ l!t..Xalfllfl = Xa + J.A.LlX, r~e Xa - 80 aaMeHlleMo-

(RaOJ.RPO 

1246 1258 1269 1258 1286 

3 1750 110 14,7 110 0,05 
3,30 2,00 2,34 2,60 2,35 2,95 
3,60 2,00 2,60 3,12 2,64 4,28 
2,38 0,10 0,60 1,05 0,39 2,65 
2,00 1,90 1,90 1,90 2,30 

TOJib.KO ~Jill nepBb!X 'IJI9HOB pll)l;a, a CT9pH'19C.KHe 

aaTpy~HeHHll aoapacTaiOT, 'ITO ~aeT HaoJiro,n;aeMble 

.KpHBble CO CJiaOblM Ma.KCHMYMOM rrpH nc = 5 + 6 
( CM. pH C. 2, d) . ,lJ;Jill OllHCaHHll BJIHliHHll nc, TO 8CTL 

~9HCTBHll 3H'l'pOITHHHblX H CT9pH'19CKHX cpaKTOpOB, 

MO)I(HO HCITOJIL30BaTL Haii~eHHYIO ~Jill acpHpOB 

aaancnMoCTL lg K = p- q(C I 0) 20, TaK KaK 

naJJ.eHne KOHCTaHTbl ueJIL3ll OO'hliCHHTL naMeHe

HHeM 80, a C I 0 = 2n0 • Y'IHTLIBall, 'ITO ~Jill 
CHJibHO pa3B9TBJI9HHbiX pa~HKaJIOB acpcpeKTHBHall 

~JIHHa yrJieBO~OpO)l;HOH ~eiiO'IKH l > nc 1 ITOJIY'IHM 

o6~ee ypaaHeHHe aKcTpaK~HOHHoii crroco6HOCTH 

- !'!.F0 I RT = lg K, A -B~XaC!t41-ql = 
= A3 -B3~X -ql'. (1.4) 

AHaJiorH'IHblX aaaucuMocTeii Momao omu~a'rL 
rrpH 3KCTpaK~HH aMHHaMH H KHCJiblMH 3KCTpareH

TaMH (a aTOM cJiyqae B < 0), o~HaKo c e~e OOJIL

IDHM OTJIH'IHeM Xat~~tll OT X BCJie)l;CTBHe noJIHMepH

aa~HH6. 
flpH OTC'I9T9 KOHCTaHT OT HX 3Ha'I9HHJI ~JIJI 

H9KOTOpOrO CTaH~apTHOrO C09)l;HH9HHll ypaBH8HH9 

(1.4) npHM9T BH~ 

lgKfKo = -B!.(Xa4141-Xo)-q!.(l-lo)· (1.5) 

8TO Bblpam:eHHe aHaJIOrH'IHO H3B9CTHOMY ypaB

H9HHIO faMMeTa- Tacf>Ta lg K / Ko = p*!.u* + 
+ tJ'!.E8 , npe~JIO)I(9HHOMY ~Jill OTIHCaHHll BJIHliHHll 

rpymi-aaMeCTHTeJieii Ha peaK~oHHYIO crroco6-

* B npeAe.rrax OAUoro KJracca (uanpnMep, cfloccfloBaTOB) 
MOlKHO He BBOAHTb acflcfleKTHBHble ao: AaHHble YAOBJieTBo

pHT9JlbHO KOppennpyiOTCJl no cueKTpaJibHbiM ao. 
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P11c. 1. BnHJIHHe crpoeHHJI Ha 3KCTpaK4HOHHYIO cnoco6HOCTb Heiir-
panbHbJX (j:loc(j:lopopraHI1'18CK11X C08A11HeHI1M: 

a, c - BJIBHHHe 80 rpynn-aaMecrnreJie:ii: H ropo npn aaMeHe aJI
Kli:.TibHbiX rpynn Ra Ha aqmpuble ORa; b- o6m;a.11 KoppeJI.II~H.II 
(aqupeKTHBHble 90); I- cpoc!fJarbl (RO)aPO; II -!fJoccpouarbl 
(R0)2RPO; III -!fJoccpnuarbl ROR2PO; IV -!fJoc!fJnuoKBCB R3PO; 
1- (R0)2PhOPO, r,n;e Ph- cpeHIIJI; 2- (C2H~ClO) 3PO; 3-

g'0)2PhPO; 4- (R0)2CClaP.O; e- .n;aBHble aBropoB 6, R = CsHn; 
- pacc'IHTaHo no ,n;aHHbiM pa60Tbl te, r,n;e R = c~Hg; --

lliKaJia no ypaBHeHBIO (1.2); - lliKaJia B3 pa60Tbl 6; d- BJIH.II
Hlle J(JIHHbl yrJieBo,n;opo,n;Boil: ~erro•IKH, paCC'IHTaHo no ,n;aHHbiM: 
1 -- na pa6oTbl 8; 2, 4- na pa6orbl 18; 3- na _pa6oTbl 2~ @oc!fJoua-

Tbl); 5, 6 - na pa6orhl 18 ( !fJocl!>aTbl) 
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P11c. 2. 3neKrpooTp114arenbHOCTb 11 ee anHJIHHe Ha 3KCTp11K41110: 

a- nocrpoeune mKaJibl no ypaBHeHHIO (1.2), XF = 4, Xc1 = 3,0, 
XBr = 2,8; b- nocrpoeune mKaJibl B pa6ore 8, XF = 3,9, Xc1 = 
= 3,1 Xur = 2,9 (coOTBeTCTBeHHo XRa = 2,25); c H d- 3aBHCH
MOCTb 3HeprHH CB.II3H (-f1H K:K:aA/.MOAb) IIpH 3KCTpaKD;HH ypaHHJI
HHTpaTa or cyMMbl 90 B ropo; A H B - mKaJibl no ypaBHeunro 
(1.2) H na pa6orbl 6; 0- TB<I>, TpHOKTHJI!fJoc!fJaT; 1- MeTHJinao
aMHJrcpoc!fJouar 2- OKTHJI,ll;HOKTHJicpOClPHHaT; 3- TpHOKTHJicpOC
lPBHOKBCb TO<l>O; 4- TpH!fJeunJiiflocar; 5 - ,n;nreKcnJI!fJeHHJI!fJoc-

!JJouar; 6 - .n;nreKCHJIXJIOpMeTHJr!fJoc41ouar 
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HOCTL coep;B:HeHII:H, ,[l;eHCTBBTeJILHO, KOHCTaHThl 

Ta<J>Ta a npB6JIB3BTeJII.HO nponopn;BoHaJII.HLI 

(Xa~~tlft- Xa) = (Xa~~tlft - 2). TaKBM o6paaoM, co

OTHOIIIeHHH ( 1.4, 1.5) no3BOJIHIOT o60CHOBaTL 

ypaBHeHBe raMMeTa H cp;eJiaTI. BhlBOp;, 'ITO KOH

CTaHThl 'Ta<J>Ta xapaKTepH3YIOT lJ:aCTB'IHO 3HTpO

nHHHYIO cocTaBJIHIOID;YIO (Xalftlft- X) H MoryT 

6LITL BCnOJIL30BaHLI fl;JIH KoppeJIHD;HB p;aHHLIX 06 

3KCTpaKD;HOHHOH cnoco6HOCTH. 

TeopHJI BbiC3JIBB3HHJI'. Ha BLipameHHH A nV± n+t' 
onHCLIBaiOID;ero npon;ecCLI B BOfJ;HOH <J>aae, CJiep;yeT, 

'ITO BLlCaJIHBaTeJIL COp;eHCTByeT 3KCTpaKD;HH aa 

ClJ:eT: a) yneJIH'IeHBH KOHD;eHTpan;BH Oll;HOHMeHHLIX 

HOHOB A = XMe + ~ZBLicXBhiC H 6) HaMeHeHHH XH

MH'IeCKoro noTeHn;HaJia (Koa<J><J>Hn;HeHTa aKTBB

HOCTH V±) , o6yCJIOBJieHHOI'O MemBOHHhlMH H Mem

MOJieKyJIHpHLIMH B3aHMOp;eHCTBHHMH; IIOCJiep;Hee 

onHCLinaeTCH C nOMOID;LIO TeOpHH paCTBOpOB 3JieK

TpOJIBTOB. B peayJII.TaTe yp;aeTca KOJIH'IecTneHHO 

npep;cKaaaTL p;eiicTBHe BLlcaJmnaTeJIH. IIpH aTOM 

KYJIOHOBCKHe naaHMop;eiicTBHH HOHOB Y'IHTLinaroT

ca TeopHeii ,[J;e6aa - XroKKeJIH, a naaHMop;eiicTnBe 

BOHOB C paCTBOpHTeJieM MO>KHO npB6JIB>KeHHO OIIH

caTb KaK rHp;paTan;Bro no Po6IIrrcorry II CToKcy. 

Torp;a p;JIH npe;a;cKaaaHIIH ;a;eiicTBIIH BLicamiBaTeJIH 

p;OCTaTO'IHO 3HaTb a<J><J>eKTIIBHblH p;HaMeTp 3KCTpa

riipyeMLIX IIOHOB do, I'II;rJ;paTHLie 'IIICJia 3KCTparii

pyeMLIX IIOHOB nMe B BblCaJIIIBaTeJia nB~>Ic· Hanpii

Mep, ;rJ;JIH IIH)J,IIKaTOpHLIX KOHD;eHTpan;IIH MeTaJIJia 

I = 0,509ztZ2 VT _ nMe lg a + 
g y ± 1 +0,33aoJf [ v H,O 

1 
+ lg 1 - 0,018 (nBLIC- V) mBLIC t 

r;rJ;e J - HOHHaH CIIJia, V - 'IIICJIO IIOHOB, Ha KOTO

phle ;rJ;Hccon;IIIIpyeT aKcTpariipyeMoe coe;a;IIHeHBe, 

Zt II z2 - IIX l!aJieHTHOCTb, m - KOHD;eHrpaD;HH BLI

caJIIIBaTeJIH. PeayJILTaTLI pac'leTa no npiinep;eHHOH 

<J>opMyJie y;a;onJieTBOpiiTeJILHO corJiacyrorca c aK

cnepHMeHTOM 4• 3Ha'leHIIH I'II;rJ;paTHblX 'IIICeJI HaH

neHLl II3 :Koa<J><J>IIn;IIeHTOB aKTIIBHOCTH: 

Coep;nHeHHe U02(NOa)2 LiNOa NaNOaNH,NOa Ca(NOa)21 
fnp;paTHOe 
qHCHO 12 5 0 0 

Ha <J>opMyJILI BII;rJ;HO, 'ITO yneJIH'IeHIIe rii;a;paTHO

ro 'IHCJia nOBhliiiaeT a<J><J>eKTHBHOCTb BhlCaJIHBaTe

JIH. IIocKoJILKy rHp;paTan;Ha - JIHIIIL npH6JIIImeH

HhlH cnoco6 onHCaHHH IIOH-p;IInOJibHOI'O B3aHMO;rJ;eH

CTBHH, TO I'Hp;paTHOe 'IHCJIO ;rJ;OJilliHO B03paCTaTb 

c arreprHeii aToro naaiiMop;eiicTBHH u. H p;eiicTnH

TeJILHO 6hlJIO IIOKa3aHO 4, 'ITO 

n = c(u -uo} = c' (P-Po) = 

= c" [(r + rH.ot2
- r02], 

rp;e u = Zf.te2 I (r + rH 2o) 2, z- Koopp;Hrran;HoHHoe 

'iHCJIO, fl - fl;HnOJILHLIH MOMeHT, r - pa;a;nyc BOHa, 

p - nJIOTHOCTb paCnOJIO>KeHBH MOJieKyJI B KOOp;rJ;B

HaD;BOHHOH c<J>epe IIOHa, c, c', c", r0, Uo- KOHCTaH

Tbi. HaH6oJILIIIyro nJIOTHOCTL aJieKTpocTaTII'IecKoii 

:meprHH H COOTBeTCTBeHHO HaH60JihiiiHe I'H;rJ;paT

Hhle 'IBCJia IIMeiOT BOHhl MaJibiX pa3Mepon, KOTO

pbie II HBJIHIOTCH HaHJIY'IIIIHMB BblCaJIHBaTeJIHMH. 
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IIpB pac'leTe Ha 3BM yp;o6rro BLipamaTL Koa<J>

<I>Hn;HeHThl aKTHBHOCTH no ypanrreHBIO Xaprrep;a, 

a B npe;a;eJiaX JIHHeHHOH 3aBHCHMOCTB lg "( OT KOH

n;eHTpan;HB - no ypanrreHHIO Poaerra 1 

g r.(xMe' XBLIC) = lg r (xMe' 0) + (6.- fJ) I BblC, 

(1.6) 
,[I;JIH ypaHHJia H nJiyTOHHJla lg V ( XMe, 0) = 
= -0,46 + 0,116/, T. e. 6~(Vl)~ 6*Pu(Vl) = 0,116. 
llpB6JIH3BTeJILHhle aHa'ieHBH Koa<P<I>Hn;HeHTOB Xap

rrep;a 6 yKaaaHhl HHme: 

HaTHOH H+ Na+ NH,+ 

AJIH U (VI) 0 +0,06 0,08 
p;JIHPu(VI)O 0,13 

Be, Mg,ca++ 
0,033 
0,053 

AJ+++ 
0,054 
0,078 

BJIHJIHHe paaoaouTeJieii t, 2, 4• 5• 06paaonarrHe 

COJILBaTOB npHBOfJ;HT K H3BeCTHOH aaBHCHMOCTB 

31\CTpaKD;BH OT KOHD;eHTpan;HB 3KCTpareHTa 

S {a ,.., Sq). 3ToT a<J><J>eKT He aanBCHT oT HHfJ;HBH

p;yaJILHOCTH paa6aBBTeJIH, nOCJiep;HSH onpep;eJIHeT 

neJIH'IHHY KoMnJie:Kca paa6anHTeJIH dil = Vz2 / Va· 
Bxop;HID;He n ni.IpameHBe dil Koa<J><J>Bn;HeHThl aK

THBHOCTH BO MHOI'OKOMnOHeHTHhlX CHCTeMaX C IIO

MOID;biO TeOpBH paCTBOpOB MOI'YT 6hlTb BhlpameHLI 

H 06'bHCHeHbl 11epea CBOHCTBa 6HHapHhlX CBCTeM. 

HaMepeHHLle 5 Koa<J><J>Bn;IIeHThl aKTHBHOCTH n 6H

rrapHblX CBCTeMax paa6aniiTeJIL - TB<l> H paa6anH

TeJIL- COJILBaT ypaHHJIHHTpaTa {Ta6JI. 1) 1IpB6JIH

il<eHHO oniiCbiBaiOTCH ypanHeHHHMH c IWYMH KOH

CTaHTaMH 

a p;aHHhle fl;JIH TpeXKOMnOHeHTHhlX CBCTeM B nepBOM 

I1pB6JIHil\eHHH Y;rJ;OBJieTBOpHTeJILHO OnHCbiBaiDTCH 

llO p;aHHhlM 0 6BHapHbiX CHCTeMaX npH C = 0 ( CM, 

pHC. 4, e). 

Ig Y1 =( 1-<pl)[<p2( bl2-2<plllll!)+<pa( bla-2<ptllta)l + 
+ <i'2<i's [(Ll12- c) (1- 2<pl)- b2av2 1 v tl, (1. 7) 

r;a;e C- KOHCTaHTa TpOHHOI'O naaBMO/WHCTBHH; 

<p - o6'beMHaH ;ri;OJIH; V - MOJibHhlH 06'beM; HOMepa 

KOMIIOHeHTOB: 1- paa6aBBTeJib, 2- 3KCTpareHT, 

3 - COJILBaT. 

C y'leTOM KHCJIOThl II BOfl;hl BbipameHHe ;rJ;JIH dil 
CTaHOBHTCH rpOM03;rJ;KHM H CO;rJ;epmHT 20 KOHCTaHT, 

OnHChlBaiDID;HX BCe B03MO>KHhle 6HHapHble B3aHMO

;a;eHCTBBH; COOTBeTCTBeHHO dil aaBBCHT OT HH;rJ;HBH

;rJ;YaJILHOCTH paa6aBHTeJIH H 3KCTparHpyeMOI'O Be

ID;eCTBa (pHC. 3, a H d), a TaKme OT KOHD;eHTpan;BH 

KHCJIOThl (eM. pH c. 3, c) • II pocTI.Ie BhlpameHBH 

noJiy'laiOTCH ;ri;JIH CJiy'laH 3KCTpaKD;HH MHKpOKOJIH

'IeCTB MeTaJIJia (ya-+ 0) CHJILHO paa6anJieHHhlM 

aKcTparerrToM (yz = 0). Hx BHA aanHCHT oT Bhl-

6opa CTaH;a;apTHOI'O COCTOHHHH ;rJ;JIH COJibBa'fa. ECJIII 

BM6paTL ;rJ;JIH coJILBaTa, KaK H ;rJ;JIH TB<l>, 'IHCToe 

neiD;eCTBO, nOJiyq:HM dil1 = y2 {1, 0, 0) Iva ( 1, 0, 0); 
B CK06KaX yKa3aHhl 3HalJeHHH KOHD;eHTpau;Hii pa3-

6aBHTeJIH, TB<l> H cOJILBaTa. CooTl!eTcTnerrrro 

lg dil1 = 2b:H - bat. 
qT06hl oxapaKTepH30BaTb BJIHHHHe HeH;a;eaJibHO

CTH paCTBOpOB B CHCTeMe 31\CTpareHT- COJibBaT, 

CJiep;yeT Bhl6paTL aa CTaH;a;apTHOe COCTOHHIIe COJIL-
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P~tc. 3. BnH.IIHHe .pa36aBHTeneii H a30THOM KHCnOTbl Ha 3KCTpaKI.IHIO 

MHKpOKOnH'I8CTB MeTannOB TpH6yTHn~oc~aTOM: 

a, b - aRcTpaK~HH ypannJIHHTpaTa na 2 M NaN03. Paa6annTeJin: 
1 - CCI,; 2 - Repocnn; 9- 6enaoJI; 4- CHCh; NT - MOJILHaH 
~OJIH TE<ll; a' - Koacfif>n~nenT pacnpe):(eJieHHH n cyxoM TEll>, 
- - - H~eaJILHLIH paCTBOp; C - BJIHHHHe KHCJIOTHOCTH BO)J;HOH 
tJ~aaLI n ROH~eHTpa~nn TE<ll na xoa(JK~ln~nenr pacnpe~eJiennH 
ypaBHJIHHTpaTa (AB.HBLie Jl. A. EJiecKHnoii:); d- BJIHHHBe c~e~ 
clln'leCKHX CBOHCTB 3JieMeHTOB Ba dil npn 3KCTpa~HH H3 aaOTHo
RHCJILIX p3CTBOpOB, XH = 1,5 MO.ttb/.tt, paa6aBHTeJIL- 6eH80JI (;JJ;aH
BLie Jl. A. EJieCKHHoii:): 1- U (VI); 2- Np (VI); 3- Pu (IV); 4-

Np(IV); 5- Th(IV); -·-·- xnaann~eaJILHLiii: pacrnop 
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P~tc. 4. XapaKTepHCTHKH B3aHMOAei4cTBHJI pa36aBHTenei4 c 3KCTpareHTOM 

H COnbBaTOM ypaHHnHHTpaTa: 

a, b - Koacllclln~nenrLI aKTHBHOCTH B cncTeMax paa6annTeJIL - TE<ll 
(a) H paa6aBHTeJIL - COJILB3T (b). 1\pHBLie C TO'IK3MH - Koacll!fJH~HeHT 
3KTHBHOCTH paa6aBHTeJIH )'1, 6ea TO'IeK - Roa!fJ!fJn~HeHT 3KTHBHOCTH 
TEll> )'2 n coJILBaTa y3; ·-·- · Koacll!fJn~eBT aKrnnnocTn arepMn'le
cKoro paCTBOpa; 1-8- HOMepa CHCTeM; YR333BHLIX B Ta6JI. 1; d
H36LITO'IHLie TepMO~HB3MH'IeCKHe !fJyHi<~HH TeX .lKe CHCTeM B TOa.tt/MO.ttb, 

gE- cno6o~naH aneprnH; T ~ - anrpomm; hE- renJioco~epmanne; 
C - BJIHHHHe 33Mem;eHHH 3JIKHJILHLIX rpynn a!fJnpHLIMB Ba Koacllclln
~BeBT aKTHBBOCTH paa6annTeJIH y,; 1- TE<l>; 2- ~EE<I>; 3- E~E<ll; 
4- TE«<>O; e - onucanue TpexKoMnonen-rnLix cucTeM no •xapaKTepn
CTHKaM 6BnapBLIX CBCTeM (TO'IKH- 3KCIIepHMeHT3JILHLie AB.HHLie, 
cnnomnLie JIHHHH- pacC'IBTaBo no ypanneHHIO (1.7). N~, N2, N3-
MOJI»nLie ~onn paa6annreJIH, TEll> n con»nara cooTBeTcTnenno; (j)3-

ofu.eMB3H )J;OJIH COJihBaTa 

(I) 
)> 
0 
m 
]:::! 
)> 
J: 
::s: 
m 
!\) 

a, 
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Ta6n114a 1. XapaKrepHCTHKH anHJJHHJJ pa36aaHrene.:i 5 

a) Cao.:icraa 6HHBptlloiX cHcreM 

HOMC[J H H3HMCHOB3HHC CHCTCMbl 

X apaRrepl!CTBRa 2 3 4 5 6 7 8 

CHCTeM 
re11cau- Xnopolj)opM- CCI, - COJib· BeH30JI- reKcau- Xnopolj)opM -

CCI,-TB<ll Beuson- TB<ll _ TB<ll BB.T ypB.HHJI· -TB<ll 
HIITpara 

COJibBaT COJibBaT COJibBaT 

bl2 -0,54 -0,51 0,5 -2,6 
b21 -0,85 -0,98 1,47 -4,5 

r2 (O) * 0,38 0,38 4,36 0,01 
b.s -0,8 0,4 -1,29 
bat -1,56 2,5 -4,85 

ra (0) * -0,15 0,06 12,3 0,008 
K•• 

AB 0,1 0,05 6 0,91 0,5 

KA.B 0,16 0,19 16 0,4 1,0 

• Y• (0) H Ya (0) - KOll\1)\l)lUIHCHThl 3KTHBHOCTH TB<ll H JIHCOJibBaTa 'ypaHBJIHHTpaTa npH HyJieBOit ICOHIICHTpaqHH (TB<ll BJIH COJib• 
nara). 

•• A- paa!iaBHTeJib, B- TB<I> HJIII COJibBar. 

6) ConocraaneHHe xapaKrepHCTHK pa36aaHrenJJ dil, pacc'IMTIIHHioiX 
no KO:J!p!pHI.IH8HTIIM aKTHBHOCTH 6MHapH1oiX CHCT8M1 C 3KCTpiiKLIHOHHioiMH AIIHHioiMH 

Pas!iaBBTenb 

3Ha'ICHIIC dil II KOHCTaHThl l'lKCTpaKqBB 

CCI, feKC3H Beuson Xnopolj)opM IIpaMe'lauue 

<iil1 =r~ (O) /rs (O) 0,999 1,55 2,42 0,013 ITo RoatfltflHn;HeHTaM aRTHBHOCTH 

K 0 (10%-Hhlii TB<l>) * 55 113 120 0,9 

KN=Kc'J:.C 525 820 1240 10,3 ~ : ¥pau, MaRpoRoan;eaTpan;uH 
K NfKccJ, = dilfdilc01, 1 1,55 2,35 0,02 ==-=::<:: 
a 0 (10%-nhlii TB<l>) AJifl MHRpoRoa- 0, 716 1,5 1,6 0,034 ..s..S 

1=t ~ ¥paH, MHRpOROHD;eHTpan;HH 
n;eHTpan;Hii oQ 

dilfdil001, = a"J;C001Ja001,"J;C 1,0 2,77 2,07 0,04 t=:; 
aPu (10%-Hhlii TB<l>) 0,155 0,41 0,355 0,0022 

Pu (IV), MHRpoRonn;eaTpan;HH dil{dil001, 1 3,5 2,0 0,012 

° Kc II K N - KOHCTaHTbl 9KCTpaK[(IIII np~ BhlpamCI!IIH KOHIIeHTpaqHA B 0, lj). B MOAb/ II (Kc) H B MOJibllbiX JIOJIIIX (K N), llC -
CyMMa KOHqeHTpaquil: KOMllOIICHTOB (B MOJ!b/11), 

DaTa ero OeCKOHeqHo paa6aBJieHHhlH paCTBOp B 

cyxoM aKCTpareHTe. Torp;a Vs = y3 I vr II 

diln = r1. 1 r1.u.11 = r~ (1, 0, 0) r~ (0, 1, 0)/rs (1, 0, 0); 
lg dil11 = 2bu- bat+ bs2• (1.8) 

TO eCTL OTKJIOHeHHe OT Hp;eaJILHOCTH OOYCJIOBJieHO 
B3aHMOp;eHCTBHHMH 3KCTpareHT - paa6aBHTeJIL 
( b21), COJILBaT - paaOaBHTeJIL (bat) H 3KCT
pareHT - COJILBaT ( b23). 

HaKoHen;, ecJIH aaMeHHTL cyxoii aKcTpareHT pe

aJILHhlM, CO):~epmaiii;HM BO,li;Y II KHCJIOTY B KOJIHqe
CTBe y4° H Y•}, TO dil xapaKTepnayeT OTKJIOHeHHe 
OT KBa3HH,ll;eaJILHOH npHMOH, npoBep;eHHOH no npe
p;eJILHOMY aaKOHY Sq B TOqKy ,li;JIH Hepaa6aBJieHHOI'O 

aKcTpareHTa (eM. pnc. 3) 

dilm = r~ (1, 0, 0) rs (0, ygb 0, y~. Y~) 
rs(1, 0, O)r~(O, y~, 0, y~, y~). 

CoBnap;eHne aHa"'eHHH dil1 6nHapHMX cncTeM, 
paCC'lHTaHHhlX no aKCTpaKII;HOHHhlM p;aHHhlM II no 
Koalfllflnn;neHTaM aKTHBHOCTH, OhlJIO BnOJIHe yp;oBJie
TBOpHTeJILHhlM 5 ( CM. TaOJI. 1) . 

3a IICKJIIOqeHHeM CHCTeMhl C XJIOpolflopMOM ,li;JIH 
ocTaJILHhlX paa6aBHTeneii dil HMeeT 6nna1we aHa-

'IeHne, XOTH 3HaK HeHp;eaJILHOCTH B paCTBOpe 
TB<l> - paa·6aBHT·eJIL paaJIH'leH II v~ 113M6HHeTCH 
npnMepHo B 100 paa (eM. Taon. 1). iho o6'hHCHHeT
CH nop;o6neM CBOHCTB TB<l> 11 coJILBaTa ( c ycnne
HHeM HeHp;eaJILHQCTH npH nepexQp;e K COJILBaTy), 
Ha-aa KOToporo BaanMop;eiicTBHH TB<l> - paa6aBH
TeJIL ( b2t) II COJILBaT - paa6aBHTeJIL (bat), npOTH
BOnOJIO)I{HO BJIHHIOIII;He Ha dil (ypaBHeHHe 1.8)', B 
OCHOBHOM KOMneHCHpyiOTCH, bat ~ 2b2t· llOBhlme
HHe dil p;JIH reKcaHa no cpaBHeHHIO c CCI,. (eM. 
pnc. 3, a, b) o6ycnoBJieHo npeo6n~aHneM BaanMo
p;eiiC'l'BHH C 3KCTpareHTOM, ,li;JIH OeHaOJia - npeOO
Jiap;aHHeM B3aHMOp;eii:CTBHH C COJILBaTOM. llOJIO)I{H
TeJILHaH Henp;eaJILHOCTL pacTBopoB TB<l> 11 coJIL
BaTa B npep;eJILHhlX yrneBop;opop;ax o:maqaeT, 'ITO 
B3aHMOJ);eHCTBHe Memp;y OJ);HHaKOBhlMH MOJieKyJia
MH CHJILHee, 'leM Memp;y pa3HhlMH, 'lTO xapaKTepHO 
,li;JIH BaH-p;ep-BaaJILCOBhlX CHJI. CHJILHaH oTpnn;a
TeJILHaH Hen.n;eaJILHOCTL B cncTeMe TB<l> - xnopo
lflopM o6'hHCHHeTcH o6paaoBaHHeM Bop;opop;Hoii 
CBH3H, 'lTO nop;TBepmp;aeTCH cneKTpaJILHhlMH p;aH
HhlMH tlo, 2t H 60JILillHM 3HaqeHHBM TenJIOThl C~feme
HHH (pnc. 4, d). OcHOBHoii npH'lHHoii yMepeHHOii 
oTpnn;aTeJII>Hoii Henp;eaJILHOCTH B cHcTeMax c CC14 
11 6eHaonoM (KaK 11 B CHCTeMe CHCia- coJILBaT) 
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HBJIHeTCH aTepMIIlJ:eCKIIH 3lf>lf>eKT - B03paCTaHIIe 
3HTpOI1IIII paCTBOpa II3-3a pa3JIIIlJ:IIH B paaMepax 
MoJieKyJI KoMnonenToB (eM. piic. 4, a, b). Op;naKo 
OTpiirt;aTeJILHaH HeH)l;eaJILHOCTL He liC'Iepm.IBaeTCH 
aTepMIIlJ:eCKIIM 3lf>lf>eKTOM, TaR KaK TeUJIOTa CMe
rneHIIH oTpiirt;aTeJILHan (eM. piic. 4, d). TaKIIM 
o6pa30M B 3TIIX CHCTeMaX HaOJIIOp;aeTCH <<MOJieKy
JIHpHaH» OTpiirt;aTeJILHaH Henp;eaJILHOCTL (y' == 
== y I )'aTePM < 1), KoTopyro Momno IIHTepnpeTn
poBaTL KaK o6paaoBanne nenpo'IHLIX coep;IIneniiii 5 

(KOHCTaHTLI p;aHLI B TaOJI. 1); BepOHTHO, IIMeeT 
MeCTO CJia6oe B3aiiMO)J;eHCTBIIe n-3JieKTpOHOB 6eH-
30Jia II nycTLix 3d-op6IIT Cl c TB<D. 

CncTeMa coJILBaT ypaHIIJIHIITpaTa - TB<D TaKme 
xapaKTepiiayeTCH OTpiirt;aTeJILHOH Heiip;eaJILHOCTLIO 
( b211 ::;:;;;; -0,6) II 6oJILillHM anatJ:eniieM TenJIOTLI 
CMerneHIIH (hE== -775 IW.tt/MO.ttb), 'ITO MOiReT 
IIHTepnpeTIIpOBaTLCH KaK o6pa30BaHIIe TpiiCOJILBa
Ta U02 (NOa}z · 3TB<D c KOHCTaHTOH o6paaoBaHIIH 
""' 1 + 2. BaaiiMop;eilcTBIIe paa6aBnTeJieii c coJIL
aaTaMII HHTpaToB Th II Pu (IV) KatJ:eCTBenno Ta
Koe me, KaK II C COJI:bBaTOM ypaHIIJIHIITpaTa (eM. 
Ta6JI. 1), no )J;JIH Th CHJI:bnee noJIOiRIITeJILHaH 
Heiip;eaJI:bHOCT:b B CHCTeMaX C rrpep;eJI:bHLIMII yrJie
BO)J;OpO)J;aMII, rrpiiBO)J;Hm;aH K o6paaoBaHIIIO )J;BYX 
opraHIItJ:ecKnx «f>aa. PacTBopLI coJI:bBaTa Th B TeT
paxJiopyrJiepop;e II 6enaoJie OJIH3KII K aTepMII'Ie
CKIIM; )J;JIH HHX hE ~ 50 1W.tt, TO eCT:b HMeeTCH p;ame 
He3HalJ:IITeJI:bHaH (<MOJieKyJIHpHaH>> liOJIOiRHTeJI:bHaH 
Henp;eaJI:bHOCT:b. 

llpii aaMeHe 3lf>IIpHLIX rpynrr aJIKIIJI:bHLIMH (p.H)J; 
TB<D- TB<DO) Ko3«f>«f>IIrt;IIeHTLI aKTIIBHOCTII CC14, 
C2H4Ch II CHCla II, cJiep;oBaTeJI:hHO, aaaiiMop;eii
CTBIIH 31\CTpareHT - paaoaBIITeJI:b 3aMeTHO MeHH
IOTCH TOJI:bl\0 )J;JIH TB<DO 15 ( CM. piiC. 4, c). 

PacqeT II30TepM aKcTpaKD;HII 1• 2• 4• 8• B cJiylfae 
COBMeCTHOrO pacrrpep;eJieHIIH MIIKpOKOJIIIlJ:eCTB U, 
Pu II HNOa Momno narriiCaT:b ypaBHeHIIH ( 1.1) )J;JIH 
Kamp;oro II3 coep;IIneniiii. 06oana'IIIB f == 
== K(NOa) ny±n+ldil, rp;e )J;JIH U (VI) n == 2, q == 
== 2, p;JIH Pu (IV) n == 4, q == 2, p;orrycKaH, 'ITO 
a30THa.H KIICJIOTa 31\CTpariipyeTCH B BII)J;e COJI:bBa
TOB HNOa·S II 2HNOa·S II 'ITO S ==So- 2yu
- 2yPu - Ym - Y2H, II coaMeCTHO perna.H ypaane
HIIH c ytJ:eToM II3Meneaiiii o6':heMOB rrpii 3KCTpaK
rt;IIII,rroJiy'IIIM 

Yu = fuS
2
, Ypu = fPuS2, Yn = (/IH + 2/2H) S, 

(1.9) 

s = 2So I (1 + /m + /2H) (1 + v-1-+_S_F_oS=-o); 

S0 = S0 I (1 + ~u I 2); 

Fo = fu + /pu) I (1 + /1H + /2H)2, (1.10) 

r]l;e y II X - KOHrt;eHTpart;HH COe)J.HHeHIIH B 0. cp. II 
B. «f>., S II So- Konn;enTpart;IIH cao6op;noro II ncxop;-
noro 3KCTpareHTa, 

/ 0 = (1 + ~0 )K0x0 (N03 )2 ; 

fPu = (1 + ~Pu) j(PuXPu (NOa)"; 

fm = Km(1 + ~n)xn(N03); 

/2H = K2H (1 + 2~n) x~ (N03)2; 

(N03) = xH + 2x0 + 4xPu + ~zixBhlc, i; 
~u = ~Pu = 0,024780 1 (0,747 + 0,023280 ); 

~u;:.:;::: ~u I 2, 

rrpii'IeM )J;JI.H TB<D Ku == K~± == 7,1 X 
X 10°•65<xu+xn/3+xpu>, KPu ~ 1,0, Km == 0,19, 
K2n == 0,0004. EcJIII Konn;enTpart;IIH oTnecena K 
o6':heMaM paCTBopiiTeJieii, TO rrorrpaBKa na IIaMene
HIIe OO':beMOB ~=0, Ku==5,95 ·10°·625<xu+xH/3+xp11>, 
Km == 0,174, K2n == 0,0002. 

lloKaaano 1• 
2· 4· 8, 'ITO <J>opMyJILI ( 1.9), ( 1.10) 

rrpaBIIJI:bHO OTIIICLIBaiOT p;aHH:ble 0 COBMeCTHOM pac
rrpep;eJieHIIII ypaHIIJIHIITpaTa II a30THOH KIICJIOTLI, 
ITOJiy'leHHLie aBTOpaMII II p;pyriiMII IICCJie)J.OBaTe
JIHMII 30• 

2. 3KCTPAK~VIOHHbiE KACKA)J.bl 

Pac'ler 1Wc1wiJoe c paa.ttU'lllbZMU cxeMaMU. EcJIII 
'IIICJIO arrrrapaTOB II peiRIIMOB HeB8JIIIKO, paC'leT 
pacrrpep;eJieHIIH MIIKpOKOMITOHeHTOB ITO CTyrreH.HM 
31\CTpaKTOpa yp;OOHO I1pOH3BO)J;IITL rpalf>IIlJeCKH 
(piiC. 5, a) MeTO)J;OM l10CJI8)J;OBaT8JI:bHLIX rrpiiOJIH
meHJIH 9• Pacrrpep;eJienne 3JieMeHTOB, cop;epmam;nx
CH B MIIKpOKOJIII'IeCTBax, paCClJ:IITLIBaeTCH aHaJIII
TII'l8CKII (TaOJI. 2). <DopMyJILI ITOJiy'leHLI COBMeCT
Hl>IM perneniieM ypaBHeHIIii paBnoBeCIIH Yi == aiXi 

II MaTepiiaJI:bHOro OaJiaHca, KOTOpLiii )J;JIH HeKOTO
poiJ: i-ii CTyrreHII JIM88T BUJJ; 

Li-Ixi-1 + Vi+IYi+I = Lixi + FiYi. (2.1) 

rp;e L n V- o6':beM Bop;noii n opraHII'lecKoii <J>aa. 
113 WOPMYJI BII)J;HO, 'ITO K03Wlf>IIrt;II8HT OlJ:UCTI\11 
B 31\CTpaKrt;UOHHOH C8KIJ;UII rrpn a1n < 1 Orrpep;e
JIHeTCH ycJIOBUHMU 3KCTpaKIJ;IIII na rrepBoii cTyrren.u 
n He aaancnT OT p;JIHH:hl KacKap;a (KoJIOHH:bi). Ha
o6opoT, B rrpoMLIBHOii ceKn;nn rrpn a'n' < 1 Koa<J>
<J>nn;neHT O'IUCTKU 3aBHCIIT OT lJHCJia CTyrreHeii; 
ecJin a' ~ const, TO 

K ,....., (1 I"' n) 1 I ("''n')N'. RaCR ,_., v.-1 '-"' (2.2) 

EcJin a'n' > 1, T<? rrpoMLIBKa aea<J><J>eKTUBHa n 

Knp,....., 1 + 1 I a~~'+ 1 I (a~n') · (a~n') + ... < 2. 

(2.3) 

HarrpnMep )J;JI.H Ru rrpn a' == 0,2 n n' == 10 naii
p;eM Knp::;:;;;; 2. 

EcJin aKcTpaRI~HH corrpoBomp;aeTC.H XIIMnlJecKoii: 
peaKrt;neii:, TO KOHIJ;8HTpan;U.H 3JieMeHTa B paCTBOpe 
Ha i-iJ: CTyrre.an, KOTOpaH B OTCYTCTBne peaKIJ;UU 
cocTaBnJia 6:bl Xi0 == Xi-1 + n(Yi-1- Yi), 6yp;eT 
Xi == Xi0e-k;t,, rp;e ki H ti - KOHCTaHTa CKOpOCTH * 
H Bp8MH rrpOTeKaHHH peaKrt;IIII. 

* 3Ha'leHne KOHCT3HT CKOpOCTll: MOlRHO OD;eHHTh ITO 
J13HHhlM 22, COfJI3CHO KOTOphlM k = 2000 (Fe]Pu4+, II yqH
ThiB3H, 'ITO PuH = LPu(IV)]/(1 + ~~. N03) = 
= (Pu(IV)]/(1 +So), r)"le ~i- KOHCTaHThl KOMIIJieKco
oopa30B3HIIfl C HHTpaT-IIOHaMII. MHTepeCHO, 'ITO IIpii HC
H0Jih30B3HIU1 ~' Haif)l;eHHhiX 3KCTpaKD;IIOHHhlM MeTO)l;OM 3 ,. 

UOJiy'laiOTCH CJIIIIIIKOM HII3K1Ie 3Ha'l!'HHH KOHCTaHT CKO
pOCTH: npii Fe = 0,04 M II XH = 2 MO.!tb/.!t, S = 360, 
1/Kpac•I = 4 MUH, TOf)"la K3K 1/Kohcll < 10 ceK II rrpH 
t ;;;, 1 :ltUH ekt > 10. fJo-BUJIHMOMy, aKCTpaKD;HOHHLIH Me
TOJI 3Ha'IIITC'JihHO 33Bhllll3eT KOHCT3HThl 13. 
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PHc. 5. Pac4eT pacnpe.qeneHHR MaKpoKoMnoHeHTOB no CTyneHRM 31<-
crpaKropa: 

a- a30THa.fl 1\llCJIOTa, MO.Itb/.tt; n;mppbi y RpBBLIX paBHOBeCB.fl- ROH
n;eRTpaD;lUI ypaaa, e/.tt; b- ypaHBJIHBTpaT, e/.tt; ---- pac'leT 6ea 
y'leta naMeaean.R ofu.eMoB; c- pacnpe,o;eJieane ypaanJIHntpata 
(.6., •) B RHCJIOTLI (0, e) IIO BLICOTe KOJIOHHLI (.6. B 0- 8KCnepn
MeHT, • n e- pac'leT); d- pa6o'la.R JIBHB.fl aectan;noaapaoro (1) 

n ctan;noaapnoro (2) npon;eccon 

Xo 
X..,: f+A 

(!lo =0) 

0 c 

xr xN{t+fi:.t•t +ii:.t+/~:.t•2+.- .. +C?.t.,oci+2 .. .cx.N), .¥, ·o 

x; =:!It r:~ + ot(Or.2 + ... +a; ~2- .. ~)' X~= 0 

d 

X v ft-A,-n, !/, 
w=L f+A1+R,A2 

(~1 ·0; x0 =0) 

K. "f+A1+D,Az 
"' fl,(t•Az) 

{!1111 Oi X,•OiXK:~~o 

S'=t-n'+A' 

PHc. 6. CxeMbl KOnOHH pa3nH4Horo THna (cjlopMyn~ol A"" pac'leTa CM. s ra6n. 2): 
a - 8RCTpaKD;BOHHaH KOJIOHBa; b - <IKCTpaKD;HOHBO-IIpOM.;biBHa.fl KOJIOHBa; C -

3KCTpaKD;HOBHO-npOMLJBBa.fl KOJIOBHa C ,Il;ByMH BBO/;'IaMB nepepa6aTLIBaeMOrO 
paCTBOpa; d- KOJIOBHa BOCCTaHOBHTeJILHOH pe8KCTpaKD;IIB 
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Ta6nHI.Ia 2. <J)opMym.• AIIJI pac&.~era pacnpe,qeneHHJI :tneMeHTOB, npHcyTCTBYIOU4HX 
8 MHKpOKOnH"'8CTBIIX1 ,qnJI 3KCTpi1KTOp08 C pa3nH"'HbiMH CX8MIIMH 

:3KCTP8~UOHH811 

Tun KOJIOHHbl 

llKCrp8K(lUOHHO•DPOMbiBH8R 

(cxeMbl - eM. puc. 6) 

:31<CT\)8K(lHOHHO·R\)OMbiBH8R C ~YMR 
BBOA8VU nepepa08TbiB8eMoro p8CTBOp8 

npH Yo = 0: xo' = 0 
To me ~JIJI IJ;eHHOrO KOMUOHeHTa B aipipeKTHBHOM 3KCTpaKTOpe C rny60KHM 

Xo 

XN = 1 +A 

yofl + (LJV) x0A 

L 1 + R' 1 [ Lt , 
xN = 'i:.L · 1 + A x0 xN = D Xot 'i:.L (1 + R) + 

+ x02 :~ • (1 + At + R') J 
lnpu Yo=O; x0 0; IltAs ~At> 1 

BYXO~Hall KOHD;eHTpan;Hll 3JieMeHTa B opraHH'IeCKOH cflaae 

BoccTauoauren:&uolt 
peaKCTp8K(lUU 

npH Y02 = 0: x0 = 0 
HaBJie'leHHeM 

Yt= 1 +A 
, L II'Ax0 , Il'D[ Lt( 1)+ Vt IIJ(1+As) 

Yt=v·<1+A'+II'A) Yt=p xot-y 1 -75 Yt=J:.v--:-1-+~A,....t-:-+--:H~t:.!.A,....s-

Ls IltAs] 
+x02-y·-n 

npH Yo = 0; x~ = 0 npH Y02 = 0; x0 = 0. 

To me ~Jill n;euaoro KOMUOHeHTa B acflipeKTHBHOM 3KCTpaKTOpe C rJiy6oKHM HaBJieqeaHeM 

1 1 
K=1+-A~-=at 

npH Yo=O; 

Lxo • Lt Ls 
Y1 = y Y1 = Xot y + X02 V 

1\oaipipHD;HeHT O'lrtCTKH 

1 +A' 1 
K=1+ II'A ~ ll'cu 

X~= 0 

1\oan;eaTpan;H.ll aa npoMemyTO'IHYX cTyneH.liX 

1+At+IltAs 1 
K lit (1 + As) ~ llt 

YoJ = 0; x0 = 0; npH 

x~=O 

xi = xN (1 + ai+l + ai+lai+t + ... + iii+l'Cii+ll ... +aN) npH Yo= 0 

xi = J. y~ ( -~ + -• !, + ... + , , 1 
-• ) npH x~ = 0 

' a1 a1 a 2 a1 ·a2 • ··a, 

06oaaa'leHHll 

II - - - - R' 1 + A' - II• S' -- 1 - II' + A' = Cltelt ... ai .•. aN; = II' ; 

A ="Clt +Cit~+ ... + Citeit ... iii ... liN; D = 1 +At+ IltAs; P = 1 +A'+ II' (At+ IltAs) 

L - OOTOK BOAHOit Clla3bl; V - OOTOR opraHH'IeCKOit Cll8Bbl; n- OTBomeuue DOTOROB B COOTBeTCTBYIOI!lelt ceRilUD (n = VjL); 
11i- ROe4JcllUilUeJIT pacnpeAeJieBHR B8 i-ll: CTyneuu; ai- KOilellellHilHeHT llKCTP8KilHH i-ll CTyneHH (ai = <Xi n); N - 'IIICJIO CTYneuell:; 

A - KOilellcflHilUeBT 9RCTp8KnHH K8CR8A8; R' - R09CilellllllUeHT penupKyJIRnHII npu npOMbiBKe; K - ROe4JcllHnUeHT O'IHCTKII; ' - 0003B8· 

'leBHe BeJIII'IHBY, OTHOCRI!leli:CR K npOMYBHOll: eeKnHII 9KCTp8KTOp8. 

,D;orrycKaH, 'l'l'O Yi = aixi, rroJiy'lHM ypauHeHue, 

orrHCLIBai<nn;ee npo~ecc B KacKa,u;e, 

- k·l -
xi (ex,+ e \ i )= Xt-1 +nYi+l = Xt-1 + CXt+1xi+l· (2.4) 

EcJiu BOCCTaHOBJieHue HAeT atJ>.PeKTHBHo 
(ek;t; ~ 10), TaK 'ITO KOH~eHTpa~llH Pu(IV) B 

BOAHOH tJ>aae, IIOCTyiiaiO~eii Ha i-10 CTyiieHL, 

O'leHL MaJia (Xi-1 ~ 0), TO IIOJiy-qaeTCH IIpOCTOe 

COOTHOilleHHe, CBH3LIBaiO~ee KOH~eBTpa~HIO He

BOCCTaBOBJieBBOrO 3JieMeHTa C HCXOABOH (YN+t), 
Yt = YN+l/ AtA2 ... ')..N; Yi = YN+l/ ')..i+l')..i+2"•')..N, (2.5) 

rAe Ai = 1 + ek;t; I ai- a.P.PeKTHBHhiH Koa.P.Pn
~HeHT BOCCTaHOBJieHHH Ha CTyiieHH. 
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ManomeHHhiH MeTO~ pacqeTa, ocnosannhlii ua 
MO~eJIH CTyneuqaToro KOHTaKTa, ~aeT y~OBJieTBO
pHTeJihHOe onucauue npo~ecca B Konoaae 
(puc. 6, c). 

Ecnu ~Ba aKTHHH~HhiX aJieMenTa npucyTCTBYIOT 
B M.':lKpOKOJIHqeCTBax, a TaKme npH MaCCOBhiX pac
lJeTaX, uanpuMep npu onpe,n;eneauu cTaTH'leCKHX 
xapaKTepucTHK, aeo6xo~HM pac'leT aa 8BM. HaMn 
OhiJIH peanuaosanhl nporpaMMhl npHMoro 
( << Ypan-1») u nocTynea'laToro ( <<MuacK-1») c'le
ora. B nocne~aeM cny'lae ucnoJILayiOTCH ypasneHHH 
pasuosecu:H ( 1. 9), ( 1.10) , Ma'i.'epuam.aoro 6anauca 
(2.1) u c:MemeHHH. Pac'leT se~eTCH oT cTyneau 
BhiXO~a BO~HOrO paCTBOpa; 38~810TCH BhiXO~HhiMH 
KoH~eHTpa~HHMH u paccquThiBaiOT sxo~Hhle. IIpo
rpaMMa npe~yCM8TpHBa8T MHHHMH3a~HIO OTKJIOHe
HHH paCC1JHT8HHhiX BXO~HhiX KOH~eHTpa~HH OT 
aa,n;aHHhiX nyTeM B03,!J;eHCTBHH Ha npHHHMa8Mble 
ana'leHH:H c6poCHhiX KOH~eHTpa~Hii XN. Mero~ 
np:HMOrO C'leTa aaKJIIO'lJaeTCH B COBM8CTHOM peme
HHH ypaBH8HHH, CBH3hl!aiOID;HX HOH~8HTpa~HH B8-
ID;8CTB C B8JIH'lHHaMH a Ha BC8X CTyneHHX HaCKa
~a 15. Roa~eHTpa~uu MHKpoKoMnouenTOB Bhi'IHC
JIHIOTCH nOCJie onpe~eJieHHH ypaaa H KHCJIOThl no 
~onOJIHHT8JihHOH nporpaMMe. 

CraTH'leCKHe xapaHrepHCTHKH npo~eccos B aKc
TpaKTOpe onpe~eJIHIOTCH pH~OM nepeMeHHhiX (Lo, 
L', V0, xu0, xn°, T u T. ~.), BJIHHHHe KOTOphlx Mom
no npHOJIHffieHHO onHCaTb K8K ,n;eiiCTBHe O~HOrO 
o6o6m;eunoro napaMeTpa - cTeneuu npH6nume
HHH K npe~eJibHOMY pemuMy * (HJIH OTHOmeHHH 
noTOKa K TeopeTuqeCKH MHHHMaJibHOMy): 

1') = yfyp = VmlniV = 11 (an)t, (2.6 

r,n;e y 11 yp- pa6o'laH u paBHoBecnaH KOH~eHTpa
~HH B 0. cp. Ha BhiXO,!J;e H3 aKCTpaK~HOHHOH CeK~HH 
KaCKa,n;a, V H V min - pa6oquii II MHHHMaJibHhiH 
nOTOKH O. cp. lloKameM <ITO HJIJIIOCTpaTHBHhiM paC
lJeTOM <lKCTpaK~HOHHo-npOMhiBHOH KOJIOHHhl CXeMhl 
nypeHc-npo~ecca (N = 4, N' = 1, L 0 = 76,5, 
L' = 56,2, V = 383, xu0 = 1,8 MOJ£b/J£, xn° = 
= 0,95 M, xn°' = 2 MOJ£b/J£, To= 1,2 MOJ£b/J£). 

McnoJILaosaJIHCh ~aHHhle o pacnpe~eJieHHH U2, 
HN03 7a, Pu3, Zr70 H Ru23. 01JHCTKa OT Ru paCC'lli
ThiBaJiach no pacnpe~eJieHHIO TPH- 11 ~HHHTpoao
HHTpaToB RuT u RuD B oT,n;eJILHOCTH (cyMMapuo 
anu = CRuTaRuT + CRuDaRuD, r~e C - ,li;OJIH cpopMhl 
B BO~HOH cpaae). ,[(aHHhle 23 nepecqHThiB8JIHCL ~JIH 
pacrsopos, co~epmam;11x ypau (puc. 7, g). 

IlpHHHMaJioCL, 'ITO ucxo~Ha:H KOH~earpa~HH RuT 
COCTaBJI:HeT CRuT0 = j(Xn°) = /(0,95) = 0,025, B 
npoMhiBHoii 'laCTH CRuT = 1, anu = anuT· BapLH
poBaJIHCh noTOKH L0, V, Ho~eHTpa~uu xv0

, T. RaK 
BH,li;HO H3 pHC. 7, 8, C pOCTOM 1') pacmHp:HeTCH ypa
HOBa:H aoua, soapacTaeT aaKonneaue Ru 11 Pu (cnH
meaue aaKonneHHH npu 1') > 99% o6'hHCHHeTCH 
c6pocoM 11a-aa ue,n;ocTaroquoro 'lHCJia cTyneaeii), 
O~HOBpeMeHHO BOapacTaiOT COpOCHhie KOH~eHTpa
~HH ~eHHhiX aJieMeHTOB H KOacpcpH~HeHThl O'IHCTKH 
or Zr H Ru. IIpas~a, noCKOJILKY anuT > Gpu, TO 
RuT noJIHOCTLIO aKcrparHpyerc:H 11 Knu = 

• IIpe,n;eJibHLiii pelKHM cooTBeT~TBYBT TVO'IK~ nepec.e'le
HHH KpHBOH paBHOBBCHJI C pa60'IBH JIHHHeH (pmch pomt) • 
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= 1 I CnuT0 ~ 50 He aaBHCHT or 1'). O~naKo HaHon
neuue RuT 01J8Hh seJIHKo, u ecnu cKopocrL peaK
~HH HuT -+ RuD B npucyrcTBHH ypaua ~ocraro'l
ua, TO K Ru BoapacTaeT c ysenuqeuueM 'l'J· 

Ma puc. 8 BH~Ho raKme, 'ITO craTH'leCKHe xapaK
repucTHKH <lKCTpaKTOpa onpe~eJIHIOTCH CTeneHbiO 
npu6numeHHH K npe~enLHoMy pemu:My u cna6o 
aaBHCHT OT CIIOC06a npHOJillffi8HHH K HeMy. 8TOT 
BhiBO~ cnpase~JIHB TaKme npll H3M8H8HHH 'lHCJia 
<lKCTpaK~HOHHhiX CTyneHeH. , 

OnruMuaa~HII peacuMa. BoaMomnhlii nyrL onru
MHaa~HH - no~~epmaHHe MaKCHMaJibHOfO T) H 
KOacpcpH~H8HTa O'IHCTKH npH ~onyCTHMhiX c6pOC
HhiX KOH~8HTpa~HHX ~eHHhiX KOMnOH8HTOB. ,[(py
roii nyTL - sse~eHHe KpurepHH onru:Muaa~uu. IIo
naraH, 'ITO onTHMaJihHhiMH HBJIHIOTCH pemHMhl, 
o6ecne'lHBaiOm;He MaKCHMaJihHhiH KOacpcpH~HeHT 
O'IHCTKH np11 MHHHMaJILHOM COpoce ~eHHhiX KOMnO
HeHTOB XN H MHHHMaJihHOM HaKOnJI8HHH nnyTOHHH 
q, MOffiHO BB8CTH KpHT8pHH 11 

Opt= K~~u I (x~u)r (qPu)8
, (2. 7) 

r~e m, n, r 11 s - Koacpcpli~HeHThl, xapaKTepuay
rom;He 3Ha1JHMOCTh Kam~oro Ha cpaKTOpOB npH ne
pepa60TKe paaJIH'lHhiX BH~OB ronJIHBa. Bse~eaue 
noacpcpH~Hearos O'IHCTKH or Ru u Zr B Ka'lecrBe 
OT,li;8JILHhiX MHO)KHTeJieif HMeeT CMhiCJI 113-38 paa
JilllJHOrO BJIHHHHH Ha HHX KHCJIOTHOCTH1 TeMnepa
Typhl npoMbiBKH 11 T. A· 

Bo Mnorux cJiy'la:Hx see cpaKrophl pasuoana'lahl, 
m = n = r = S = 1 ( CM. pHC. 8, d, KpHBa:H J). 
1Ip11 nepepa6orKe ecrecrseuaoro ypaua aaKonne
HHe Pu ae 11rpaer pon11, s = 0 (KpHBaH 2). Ecn11 
nepepa6aTbiBaeTCH BhiCOHOaKTHBHhiH MaTepHaJI, TO 
nOBhlmaeTCH 3Ha1J8HH8 O'IHCTKH, noaTOMy MOffiHO 
npHHHTL m = n = 2 (Kpusa:H 3). Murepsan onTH
MaJILHhlx pemHMOB COCTaBJI:HeT f) = 0,90 + 0,99, 
f)opt reM Bhlme, lJeM 6oni>mee ana'leHHe npHJJ;aercH 
O'lHCTKe. Ocym;ecrsnea11e pemHMOB, 6JIH3KHX n 
npe~eJlLHOMy, B03MOffiHO JlllillL np11 HaJIH'lJHH 'lYB
CTBHTeJihHOii CHCTeMbl peryJIHpOB8HHH (aanpHMep, 
cpHKCHpyrom;eif noJIO)K8HHe ypaHOBOrO cppOHTa B 
<lKCTpaKTOpe). 

,I(unaMHHa sKcrpaH~HH. Ecn11 dyp I dx = a = 
= const, ro ypasueaHe aecra~uoaapnoif Maccone
pe~a'IH * MOffiHO peillHTh (npH6JIH)KeHHO- MeTO
~OM no~OOHH 13• 24 HJIH TOquo - onepa~OHHLIM Me
TOJ];OM 24). II p11 t > to aaBHCHMOCTL KOH~enTpa~HH 
x(z, t) B KOJIOHHe Ha BhiCOTe Z OT BpeM8HH t onpe
~eJIHTCH ypaBH8HlleM: 

x0 -x(z, t)~(x0 -xp)(1-e-111•), (2.8) 

rJJ;e xp(z) = x(z, oo)- paBHOBecuaa Koa~eurpa
~HH, a Bp8MH peJiaKCa~HH to (nOCTOHHHa:H BpeMe
HH) onpeJ];eJIH8TCH COOTHOill8HH8M 13• 24 

• a~+ (n oyp -t)ax -('t" +n oyP't"ll) OX+ 
Oz2 OX OZ X OX Ot 

iJ2x o2x + ('t',-'t"v) -_--'t",'t"y~=O, oz ot ut 
r,n;e YP = ax- paBHOBBCHaJI KOH~BHTpa~HJI, Z = z/h, 
h = BEII; 't'- BpeMJI BEII ( = ¥. C. BLICOTLI e,n;HHH~LI 
nepeHoca/nOTOK), n = V/L- OTHOWBHHB TIOTOKOB opra
HH1IBCKOH H BO,li;HOH lflaa. 
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t: BldHeCeHHOe HJIII HaKOIIJieHHOe KOJIHqecTBO Be~eCTBa 

aaqaJILHWii: IIepeHoc 

M 
=~o· (2.9) 

npH'IeM B CJiy'lae, eCJIH ROJIOHHa BHa'laJie 3aiiOJI

HeHa paCTBOpOM C ROH~eHTpa~Heii MeTaJIJia Xo 
(nycR OT pa6o'lero pacTBopa), TO 

io = Vyp(x0 ) = Lxor:x.n, M = M0 -Mp = 
= Q~OJI (Xo- x) + Q~oJI (Yo- y), 

r~e Qx.KoJI H QYHon - y~epmnnaro~aJI cnoco6HOCTL 

(Y. C.) ROJIOHHLI no .pa3aM x H y, x H y- cpe~J;
HHe ROH~eHTpa~HH no BhiCoTe ROJIOHHLI. Hanpn

Mep: 

X~[~ xdzJ/ H ~ x, (1-A)/eN; 

I!J. = e ( N + 1 )[ ( 1 + e) e•N - 1] ~ 1; 

Y ~ Yablx I eN; 
Xp (z) = x0 [(1 + e) e<N-z) -1 ]/[(1 +e) e•N -1] ~ 

~ Xoe-•z; 

e = an - 1; N = H I h - 'IHCJIO e,n;HHH~ nepeHo

ca B ROJIOHHe. 

BoJiee TO'IHO to = ( 1 - A.) t~, nonpanRa A. BLT

'IHCJIJieTcJI H3 TO'IHoro pemeHHJI 24• KaR H n cJiy...ae 

JII06LIX pa3)];6JIHT6JILHLIX RaCRa)l;OB, ypaBH6HHIO 

(2.8) COOTBeTCTByeT nO)l;06He H6CTa~HOHapHLIX H 

CTaUHOHapHOrO npo.PHJieii ROH~eHTpa~HH, CTeneHL 

npn6JinmeHHJI R panHonecnro tp = (xo- x) I 
I (xo- xp) = 1- e-tlto 3aBHCHT oT npeMeHH H 

cJia6o 3aBHCHT oT Roop~J;HHaTLI. BpeMJI ycTaHOBJHl

HHJI CTa~HOHapHOTO peiKHMa paBHO (3 -7- 5) to, 'ITO 

COOTB6TCTByeT npH6JIHiKeHHIO R paBHOBeCHIO Ha 

0,95-0,99. 
8RcnepHMeHTaJILHO Haii)l;eHHaJI RpHBaJI pa3TOHa 

ROJIOHHLI )l;HaMeTpoM 200 MM, H = 2,8 .M, c ROJIL

~~MH Pamnra 25 X 25 X 4,5 MM, (x0U = 35 e/.tt, 
Xo = 0,5 .MO.ttb/.tt, n = a= 1) 6JIH3Ra R 9RCnO

HeHTe (pnc. 9, a), a lJpeMJI peJiaRca~HH- R pac

C'IHTaHHOMY no ypanHeHHIO (2.9). 

B3TT 
to, .Mun. pa,cq, 
to, .MUH. BKCII. 

L=230 A/'1.; "'ooM= 
14,6 .MUH. 

L=300 A/'1.; "'ooM= 
=11,2 MUH. 

HHTeHCHBHOCTb ny.TibC81\HH a•f MM/MU1! 

0 4x78 4x108 o 4x54 4x108 

1,11 
4,35 
3,3 

0,95 0,65 1,11 0,905 0,565 
2,8 5,6 3,3 3,7 4,33 
4,8 5,6 2,6 3,2 4 

EcJin ROJIOHHa BHa'laJie 3anoJIHeHa RHCJIOToii 

(nycR OT XOJIOCTOTO paCTBOpa) 1 pemeHHe )l;JIJI BLI

XO)l;HOH ROH~eHTpa~HH Xab!x 6JIH3RO R 9KCnOHeHT9, 

orrpe,n;eJIHeMoii ypasHeHHeM (2.8), (rrpH'IeM to= 
= M I io, M = Qx.Konx + QYKony; jo = Lxo) c 
3aiia3)l;LIBaHH9M /!J.'t. 

B cJiyqae HeJIHHeiiHLIX H30TepM aRcTpaR~HH 
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(ypaHHJIHHTpaT B illHpORHX )l;Hana30HaX ROH~eH
Tpa~HH H RHCJIOTHOCTeii) ypaBH9HHH npo~ecca * 
pemaJIHCL c noMO~LIO 8BM. 0~J;HonpeMeHHO 6LIJIH 

CHHTLI (pHC. 9, 10) IJ;HHaMH'I9CRHe xapaRT9pHCTHRH 

nyJILcnpyro~eii ROJIOHHLI )l;HaMeTpoM 200 M.M JI 

BLICoToii 4,2 M c Haca)l;Roii 15 X 15 X 1 MM npn 

HHTeHCHBHOCTH nyJILCa~HH 700 MM/Mun npn nycRe «0; paCTBOpa>> (x~ = 250 e/.tt, X "f! = 1,55 .MO.ttb/.tt, 

YN+t = You = 0,2 e/.tt, To = 0,8 .MO.ttb/.tt, L = 
=75 .ttlll, V = 315 .ttlll) H (<OT RHCJIOTLI)) (:z·U = 0 

H o ' 
X0 = 2 .MO.ttbl.tt). KpHBLie pa3roaa )l;JIJI ypaHHJI-

HHTpaTa 6JIH3RH R 9RCnoHeHTaM ( CM, pHC. 9, C
1 

d) 
C 3ana3)J;LIBaHHeM i!J.T, JIHH9HHO B03paCTaiO~HM no 

Mepe YAaJieHHH OT HH3a ROJIOHHLI (RoTopLiii JIB

JIJieTcJI TO'IROH no)J;a'IH B03My~eHHJI - HeHaCLI

~eHHOH opraHH'IecRoii .pa3LI). Hao6opoT, npH ny

cRe <<OT RHCJIOTLI>>, ROr)l;a 4JpoHT ROH~eHTpa~HH 
)J;BHraeTCJI BHH3 no ROJIOHHe, 3ana3)J;LIBaHHe i!J.T ~ 
~ z I We B03pacTaeT cnepxy BHH3 (eM. pnc. 9, 
e, f). 3aMeTHM, 'ITO BLIHOC Mp = 19 ne, j0 = 
= 27 neltt H paCC'IHTaHHOe no ypaBHeHHIO (2.9) 
to = 0,7 ll > to3Kcn = 0,4 ll. IlpH nycRe OT RHCJIO

TLI Mp = 7 ne, io = 17,5 neltt H to= 0,4 't 
( toiJKCIT = 0,3 't) • 

Pac'leT nepexo)J;Horo npo~ecca Ha 8BM )l;aJI pe-

3YJILTaTLI, 6JIH3RHe R ;mcnepHMeHTaJILHLIM )l;aH

HhlM. 

3. MACCOnEPE,ll,AYA 
/( BU31CyUfaR cu.tta. B cJiyqae HeJIHHeiiHoii H30Tep

MLI 9RCTpaR~HH H3 ypaBHeHHH )J;JIJI nOTORa Be~e
CTBa '1epe3 )J;H«l>«l>Y3HOHHLIH norpaHH'IHLIH CJIOH He 

y)J;aeTCJI npOCTLIM cnoco60M HCRJIIO'IHTL rpaHH'IHLie 

KOH~eHTpa~HH Xi H Yi = aiXi. ,ll;eiicTBHTeJILHO, 

j=~x(X-Xi) =~y(yi-y), r)J;e ~=Dif>
Roa.P.PH~HeHT MaCCOOT)J;a'IH, {) - TO~HHa )J;H.PcPY-

3HOHHOfO norpaHH'IHOTO CJIOH 25 (npH'IeM {) = 
=/(D)]. 0TCIO)J;a j='k(aix-y), r)J;e 1l'k= 
= 11 ~Y + ai I ~x; HCRJIIO'IHTL ai MOiKHO JIHillL, 

ecJIH a = const R a;x = ax = YP· B cJiy'lae me, 

H3o6pameHHOM Ha pnc. 13, a =I= const R IJ;BHiKy~aH 
CHJia aix - y 6oJILme, 'I eM YP - y. IloRa3aHHYIO 

RpHBYIO paBHOBeCRJI H9JIL3JI RyCO'IHO annpORCRMH

poBaTL H ypanHeHneM npHMOii yp = a + mx = 
= a + yp' X, TaR RaR OHO He YAOBJieTBOpJieTCH B 

o6JiaCTH rpaHH'IHLIX ROH~9HTpa~HH (CM. pHC. 13). 
II OSTOMY H9JIL3H HanHC.a TL H j = k ( YP - Y) , 
11 k = 1 I ~Y + m I ~x, TO ecTL o6LI'IHOe ypanHe

HRe Macconepe,n;a'IH CTaHOBRTCH HeBepHLIM. 

B cJiy'lae pacnpe)J;eJieHHH HeaJieRTPOJIHTOB 3a)l;a

'la MOiKeT 6LITL pemeHa Ha OCHOBe TepMOIJ;HHaMHRH 

Heo6paTHMLix npo~eccon, corJiacHo RoTopoii )J;H.P

.PY3ROHHLiii IIOTOR nporrop~HOHaJieH rpa)J;ReHTY XH.

MH'IeCROTO IIOTeH~HaJia; nOCROJILRy !J. = !J. ¢ + 
+ RTlna, TO 

j =- D0cd!J- / dz = [r(a- ai), 

r)J;e ff = DoRT I rf> = (~I r), 
da I dz ~ (a - ai) I 6, 

* D.Xidxi I dt + nYidyi I dt = L (xi-1- x,) + v (yi+l

-yi), r~e fii- ¥. C. i-ii: CTyneHH. 
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'PHC. 9. ,IJ,HHaMHKa 3KCTpaK!,4MOHHOH KOnOHHbl AHaMeTpOM 200 MM {KpM-

Bble pa3rOHa AnJI ypaHHnHHTpaTa B pa3JIH'IHbiX C8'18HHJIX KOnOHHbl): 

a, b, c, d- nycK or pa6oqero pacrsopa; e, I- nycK or xoJiocroro pac
TBopa (a, b- cucreMa c a= n = 1 npu I= 4 X 78 MM/MuH; c, d, e, 
1- cucreMa c ueJIHHeii:uoii 11aorepMoii: aKcrpa~ll); xu - Ko~eu
Tpa~JI ypaua, a/A.; t - speMH; 11, H- Bldcora ce'leHHJI or sepxa 

KOJIOHHid, M. 

Xu 

u~~~~~P-~~~

Z¥xrw~~~--.----.--~ 
~2~~~~~---4--~ 

6 

t2~--+---~--~~~ 

~~--~--~~~~~l'V~~~r---~--_L--~ 
2.5~rH7--;"----Tzo __ ~r-~, , e 

H=J,05 

-...,..._ H•ll,t '11 I.O 

f 2 3 t " 
PHC. 10. nepeXOAHble np0!,48CCbl B 3KCTpaK!,4HOHHOH KOnOHHe. 

Pacnpe)WJieHIIe KOH~eurpa~11ii: ypaHIIJIHIITpara (a, b) 11 HNOa 
(c, d) no BldCOTe KOJIOHHid B paaJIH'IHide MOMeHTid Bpel!rl'I!HH: 
a 11 c - nycK OT IICXOAHOrO paCTBOpa; b B d - nycK OT XOJIOCTo
ro pacrsopa; e u f- KPIIBide paaroua no aaoruoii: KIICJIOTe npu 
nycKe OT BCXOAHOro (e) II Xl•JIOCTOro (/) paCTBOpa; xu- KOH
~eHTpa~BJI ypaua, a/A.; xa- KOB~eurpa~BH aaoruoii: KIICJIOTid, 
MOA-b/A.; t- speMH, 11; H BJIH z - paccroHBHe ceqeuHH or sepxa 

KOJIOBBid, M 
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C ytJeToM ycnoBHH paBHoBecun ay • = Kax nony
tJaeTcH o6o6m;eHHoe ypaBHeHHe Macconepe.n;atJH, B 
1\0TOpOM JJ;BHa<ym;aH CHJia BLipaa<eHa qepea aKTHB
HOCTH 

j = Ay(a~ -a11 ) =Ax (ax -a~); 
1 I Ay = 1 I [ry + K I 'i3x; 

Ax= KA11 • 

,[(pyroii nyTL, none3HLiii npu aKcTpaKQHH aneK
TponHTOB (Kor.n;a ycpe.n;Heuue ~ 3aTpy.n;HeHo),
<ITO pactJeT rpaHH'IHLIX KOHQeHTpaQHii. llycTL 
YP = F(x) u x- x; = L\x. Tor.n;a y; = F(x;) = 
= F(x- L\x) H nOTOK j = ~xL\X = ~y[F(x
- L\x) - y]. 3uan F H ~. H3 aToro ypaBueuun 
Momuo HaiiTH Ax, x;, y; u j (unu uerrocpe.n;cTBeuHo 
j. 3aMeHHB L\x Ha j I ~x). Momuo, uarrpuMep, pa3-
JIOa<HTL F(x- L\x) B pn.n; no CTerreunM L\x = 
=jl~x, 'ITO .n;aeT j=ky(yp-y); 1lk11 = 
= 1 I ~11 + (yp' + L\) I ~x. llonpaBKa L\ ~ 
~ n(yp- y) I (yp' +~xI ~y} * 3aBHCHT OT ~11 H j, 
TaK 'ITO COnpOTHBJICHHH <f>a3 He BnOJIHC a,D;,D;HTHBHLI. 

Macconepe.n;aqa u peani>HhiX annapaTax ocnom
HHCTCH MOJieKyJIHpHOH U Typ6yJICHTHOH npO.D;OJIL
HOH .n;u<J><J>y3ueii ( T) , npo.n;onLHLIM nepeMemuBanu
eM (on) 3a C'ICT MaKpOnOTOKOB H nonepe'IHOH HC
paBHOMCpHOCTLIO (n). Bee 3TH a<f><f>eKTLI Momno 
IIpH6JIU3HTCJILHO OIIHCaTL KaK IIpO.D;OJILHYIO .n;u<J><f>y-
3UIO c a<f><f>eKTHBHLIM Koa<f><f>HQHCHTOM Da<P<P = 
= DT + Dun + Du, npHBO.D;Hlll;YIO K B03pacTaHHIO 
BEll 

ha = hk + Da(jt(jt, xI Vx + Da(jt(jt, y I Vy = 
= hk + hD, x + hD, y = hk + hD **, 

r.n;e hx = v / kS- cocTaBJIHIOIIl;aH BEII, o6ycnoB
JieHuan Koa<f><f>HQHCHTOM Maccorrepe.n;aqu ( v - JIH
HeiiHaH CKOpOCTL) , a .n;u<f><f>yaHOHHaH COCTaBJIHIO
IUaH hD = hT +hun+ hu; hT = Dxl Vx; hu = 
= Du, x I Vx + Du, y I Vy U T. A· 

Oco6oe 3Ha'leHue uMeeT nonepequaH HepaBHO
MepnocTL (HenOCTOJIHCTBO CKOpOCTCH nOTOKa no 
CC'ICHHIO KOJIOHHLI), HBJIJIIOIIl;aJICH OCHOBHOH npH
'IHHOH yxy.n;meHHH a<f><f>eKTHBHOCTH arrnapaTOB npH 
yBenH'IeHuu .n;uaMeTpa H JJ;JIHHLI; o6ycnonneuuan 
rrorrepe'IHOH HepaBHOMepHOCTLIO ,D;OnOJIHHTCJILHaH 
cocTaBJIHIOm;an BEll, hu MomeT rrpeBLimaTL hk B 
5-10 pa3 10• ,[(u<J><f>y3HOHHaH rrorrpaBKa hD = D I v 
oco6eHHO BeJIHKa npH MaJILIX Harpy3KaX, DO<ITOMY 
a<f><f>eKTHBHOCTL KOJIOHH 6oJILillOrO .n;uaMeTpa C po
CTOM uarpy3Ku B03pacTaeT T (eM. puc. 11, a), r.n;e 
rrpuunro hu = h - hk, hk ~ BBTC KononHLI .n;ua
MeTpoM 25 MM. Ecnu Dy yMenLmaeTCH rrpu ynenu
qenuu 'IHCJia TO'ICR rro.n;a'IH, a Dx yMCHI>maeTCH rrpu 
ceKQHOHupoBaHHH H n rrocne.n;HeM cnyqae D 11 = 
= Dx = 1,5 .M,2/11., TO Kpnnan 1 COOTBCTCTByeT 
D11 = 5,5 M2l11., Dx = 3,5 M2l11., TO ecTL B oprauu
qecKoii <f>a3e rrorrepe'IHan HepaBHOMepHoCTb 6onL
me, 'ICM B BO,II;HOH <f>a3e. 

• To'IHee A= -(j/~x)yp"/21 + (j/~x) 2yp"'/31-... , rAe 
yp" ""d"F(x)dx". 

•• Bonee TO'IHO h011 "" h, + hdx[i + (an -i)h,/ha] + 
+ ha 11[1 + (an -i)hax/ha]/[1- (an- i)hall/ha]. 

A. M. ROZEN et a/. 351 

Oco6euuocTL Mo.n;enu - 6onLmoe pa3JIH'IHe Mem
.n;y KOa<f><f>HQHeHTOM JJ;HWWY3UH B IIpO,D;OJibHOM 
(Da<P<P) H rrorrepetiHOM (D .1. = DT + Drrrr) uarrpaB
neHHH Da<P<P = D .1. + Du > D .L· IIocKOJILKY rrpu 
ycuneuuu rrepeMemuBaHHH rrorrepe'IHilH uepaBHO
MepHOCTb yMenLmaeTcn, Momuo omu.n;aTI>, 'ITO 
Du = Ct I D .1. m (r.n;e ':t pacTeT c .n;uaMeTpOM KO
JIOHH (eM. puc. 11, 6), Ct ,...., dJ HJIH exp d) U 
Da<P<P = D .1. + c1 I D .Lm, TaK 'ITO 1) npu Typ6ynu-
3aQHH Da<P<P u D .1. .n;onmHLI c6numaTLcn; rrpaBHJib
uocTL <ITOrO BLIBO,D;a TCOpUH He,IJ;aBHO IIO,I:ITBepm.n;e
Ha ODLITOM (eM. puc. 11, c); 2) B OTJIH'IHe OT Ma
JILIX Konouu, B 6onLmux anrrapaTax Da<P<P .n;onmeu 
yMeHLillaTLCH C rryJILCaQueii U3-38 yMeHbilleHHJl 
rrorrepe'IHoii uepaBHOMepuocTH, XOTH DT pacTeT 
(yMeHI>maeTCH Du = Ct I (Do+ c2daaca;rJ.KH/)m, a 
3Ha'leuue Ct BCJIHKo, Du > DT). ,[(eiicTBHTeJILHO, 
JJ;JIH KOJIOHHLI ,IJ;HaMeTpOM 500 M.M IIpH V = 7 Mill 

MLI rrony'IHJIH: 6e3 rryJILCaQHH Dx = 2 .M,2/11., a rrpu 
I= 500 MMIMun Dx = 1 M2l11.. ,lJ;nH KOJIOHHLI me 
.n;uaMeTpoM 100 M.M HMeeM cooTBeTCTBenuo Dx = 
= 0,5 H 0,85 M2l11., 'ITO 06'LHCHHCTCH pOCTOM Koa<f>
WHQHCHTa Typ6ynenTHoii .n;u<f><f>Y3HH DT = DT0 + 
+ c2daaca;rJ.HH/, B TO BpeMH KaK Ct u Drr MaJILI. 

,[(nn pa3pa6oTKH arrrrapaToB 6oni>mux pa3MepoB 
»amuo (eM. puc. 10, 6, b), 'ITO norrepeqnaH HepaB
uoMepuocTL - HBJICHHC 'IHCTO ru.n;paBJIH'ICCKOe, U0-
3TOMY H3Y'ICHue H ycTpaHCHHe ee B03MOa<HO Ha 
rH.n;paBJIH'ICCKUX MO.D;CJIHX, 6e3 OIILITOB C MaCCOIIC
pe.z:~aqeft *. RoucTpyKTuBHLie MepLI BLITeKaiOT ua 
TCOpHH, OCHOBaHHOii Ha MO,I:ICJIH KaHaJI006pa30Ba
HHH 24, 

hu = lx (L\Lx I Lx) + ly (L\Ly / L 11), 

r,~:~e L\L I L - .n;onH rroToKa, yKJIOHHBmerocn OT Mac
coo6Meua, l - JJ;JIHHa :KaHana. 3TH MepLI 3a:KJIIO'Ia
IOTCH B yMCHLIUCHHH L\L IIYTCM ¥CTaHOBKH pacrrpe
D;CJIHTCJieii <f>a3 U r.oKpam;eHHH ,I:IJIHHLI 6aiinaCOB 
IIYTCM CCKQHOHHpOBaHHH, o6eciiP.'IHBaiOIIl;CrO IIODC
pe'IHOC rrepeMemuBanue rroToKa; xopomee nepeMe
muBanue .n;aiOT maJII03uiiuLie Bpam;aTeJibHLie Ta
penKH 28. 

MeTo.n;oM ru.n;paBJIH'IeCKoro Mo,~:~enupoBaHuH 

6Lino H3y'leno pacrrpe,~:~eJienue .n;ucrrepc.uoii <f>a3Lt 
B uaca,IJ;O'IBOH KOJIOBBe .n;uaMeTpOM 700 M.M U BLICO
TOH 1 ""· Haii.n;euo, 'ITO c ysenu'lenueM unTencuB
uocTH rrynLCaQHH Konyc rro.n;aqu pacmupneTCH, a 
'IUCJIO TO'IeK IIO,IJ;a'IH, BC06XO,II;UMOe ,II;JIH paBHOMep
HOrO pacrrpe.n;enenue o. <J>., yMen:r:.maeTCH 
(puc. 12, b). BLipaBHHBauue rrnoTHOCTH rroToKa 
c rrynwaQueii ua6niO.n;anocL TaKme JJ;JIH pacnpe.n;e
JiuTeneii TUIIa ru.n;paBJIH'ICCKUH 3aTBOp ( CM. 
puc. 12, c, d). ,[(ocTHrHYTYIO CTeneu:r, paBHOMepHO
CTU ,IJ;Bua<eBHH CIIJIOillBOii <f>a3LI MOa<BO npoBepuTL 
HMIIYJibCBLIM MCTOJJ;OM; IIpH 9TOM Baa<BO CMOJJ;9JIU
poBaTL rpa.n;ueBT IIJIOTHOCTeii, YBCJIU'IHBaiOIIl;UH 
.n;nuuy KananoB u cooTBeTCTBenuo BBTT B ypauo
Boii 30119 ( CM. pHC. 5, C H TaKa<e 28). 

MexauuaM unTeucu«f>uKa~HH BKCTpas~u 'laCTO 
CBH3LIBUIOT C o6HOBJieHHCM IIOB9pXHOCTH, TO eCTL 

* TaKHM cnoco6oM 6:&ma, uanpuMep, IIOB:&Imeua 24 ua 
50% acf>cf>eKTHBHOCT:& .n;ucTHJIJIJI~HoHH:&Ix TapenoK AHaMeT
poM 5 M. 
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PHc. 11. XapaKTepHcTHKH nonepe'IHOH HepaaHOMepHOCTH :tKCTPIIKTopa: 

a - Harpy30'IHLie XapaRTepHCTHRH H8C8AO'IHLIX ROJIOHH AHaMeTpOM 40() H 
25 MM (RpHBa.R 4) 12 npH 3RCTpa:K~HH ypaHH.IIHHTpaTa 116; 1- pacnpeAeJIH
TeJib C 50 OTBepCTH.RMH; 2 - pacnpeAeJIHTeJib C 200 OTBepCTH.RMH; 3 - CeK
~OHHpOBaHHe 28; h - BSTC, M; v - HarpyaKa, M/'1; b - npHMeHHMOCTh 
~ucfllflyaHOHHOii: MOAeJIH (JIHHeiHa.R aaBHCHMOCTh hn OT 1 I v); c- aaBHCH
MOCTh 27 DaiPiP (KpHBa.R 1) H DT (KpHBa.R 2), cM2/cen, oT 'IHCJia o6opoTOB 

n (Mun-1) pOTOpHOH KOJIOHHLI AH8MeTpOM 20() MM 
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PHC. 12. rHApaanH'I8CK08 MOAenHpOBIIHHe pacnpeAeneHHJI AHCnepCHOH cj)ll3bl 
B :tKCTpaK4HOHHOH KOnOHHe: 

a - OTHOCHTeJibHa.R llJIOTHOCTb pacnpeAeJieHH.R AHCnepCHOH lflaaLI ( OAH
HO'IH8.R TO'IKa llOA8'1H B ~eHTpe H Ha nepulflepHH); r- paCCTO.RHHe OT 
~eHTpa ROJIOHHLI, MM; J- HHT9HCHBHOCTb llYJibCa~HH, MM/Mun; b- 38BH
CHMOCTb AH8M9Tpa cflaKeJia llOA8'1H d, OM (KpHBa.R 2) H He06XOAHMOrO 'IHC
Jia TO'I9K llOA8'1H n (RpHB8.R 1) OT HHT9HCHBHOCTH nyJibC~HH; c, d
pacnpeAeJieHHe AHCnepcHOH lflaaLI no Ce'leHHIO ROJIOHHLI npH BCllOJib30Ba
HHH pacnpeAeJIHTeJI.R THna rHAP038TBOp (c) H MHOrOTO'Ie'IHOrO pacnpeAe-

JIHTeJI.R (d) 
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PMc. 13. MacconepeAil'lil npM HenHHeHHOH M3orepMe 

3KCTpi1KI.VIM: 

KPHBaH - HsoTepMa aKcTpaKn;HH~ nyHKTHe- npe~cTaBJie
HHe yqacTK8 HSOTepMLI npHMOH JlHHHeH; Y H ~- KOH· 
n;eHTpRD;HH B H,l(pe llOTOKa; ~i H Yi- rpaHHqHLie KOH· 
n;eBTpaD;HH; <Xi H ~- KOScMlHn;HeHTLI pacnpe~eJieHHH HR 

rpaHHn;e pas,l(eJia cflas H B H,l(pe noTOKa 

c uoapacTaHHeM Koa<P<flun;ueuTa Macconepe.n;aqn. 
O.n;HaKo aHaJIHa aJieMeHTapHLIX cocTaBJIHIOID;HX 
npon;ecca H aKcnepUM8HTaJibHLIX .n;aHHLIX ,ll;JIJI CHT
qaTOH H Haca.n;oquoii nyJILCall;HOHHOH KOJIOHH llOKa
saJI 11, qTo B03paCTaHHe a<fl<fleKTHBHOCTII OOYCJIOB
JieHO poCTOM llOBepxHOCTU KOHTaKTa cflas, a acfl<fleK
TUBHbiH Koa<fl<fiHn;ueHT Macconepe,!J;aqu .n;ame 
yMeHLmaeTcJI (p11c. 15, a), Km < 1 (Ka = hoI h, 
KR = do I d, Ka = Q I Do, Ks = S I So 11 Km = 
= k I k0 - Koa<fl<flnn;neHTbi a<fl<fleKTHBHOCTU, 
.n;po6JieHHJI, H3MeHeHHJI 3a,!J;epa<KH, IIOBepXHOCTII 

H Roa<fl!f>un;ueHTa Macconepe.n;aqu; uu.n;exc «o» 
yKa3LIBaeT 3HaqeJiue JI('JJHqHHbl ,!1;0 HHTeHcH<fiHKa-
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D;HH, d- ,D;llaAfeTP KaiTJIB; Ka = KRKQKm = 
= KsKm<Ks). 

B nepuoM npu6JIHmeHHH uaMeHeHHJI Q H K B 

nyJibCall;HOHHLIX H pOTOpHLIX KOJIOHHax JIBJIJUOTCH 
BTOpHqHLJMH U onpe.n;eJIHIOTCJI yMeHLilleHH8M ,D;Ha
M8Tpa KanJiu. Tor.n;a .D;JIJI rrocTpoeHHJI KoJiuqecTueu

uo:H TeO{)HH ,D;OCTaToquo 3HaTb aaBUCUMOCTb 1) pa

,!VIyCa KallJIH OT napaMeTpa IWT8HCU<fiHKall;UH 
(quCJia o6opoTOB n, HHTeHCHBHOCTH nyJILcan;HH I); 
2) CKOpOCTH BCITJILIBaHHJI ·H Koa<fMIIun;HeHTR MaCCO
nepe.n;aqH oT ,D;HaMeTpa KanJiu d. 

2 

Haii.n;euuLie .D;JIJI paaJIHqHLJX THllOB annapaTOB 
aaBHCHMOCTH 11• 12 d oT HHTeHCHBHOCTU Turra 1 I d""' 
.- v1- 1•5 I o0·5 cooTBeTcTBYIOT TeopeTHqecKHM 25

, 

TO ecTL paaMep KanJIH onpe.n;eJiaeTCJI o6ID;HMH aaKo
HoMepuocTHMH ,D;pOOJieHUJI B Typ6yJieHTHOM ITOTOKe. 

3aBHCUMOCTb CKOpOCTH ,ll;BHffieHHJI KaiTeJib OT HX 
.n;uaMeTpa noKaaaua ua puc. 14, a (o6o6ID;eHHLie 

Koop.n;uuuLI, Q = U11 I o, R = aygllp I 0' ~ 
~ d I dmax, S = dpo I~J-2 ~ d I dmm; T = 
= po•t. I 112l'gllp = S I R = dmax I dmm = yP, 

r.n;e P - xpuTepnii RuHTuepa 29• BeJIBqnua 

l'o I gllp rrporropn;uouaJILHa uoaMO'«HOJriY MaKcH
MaJILHOMYAHaMeTpy KaiiJIH, a J.L2 1 pO'- MHHHMaJIL
HOMy, YCToiJ:qBJJOMY DpOTBB TypoyJieHTHLIX llYJib
CaiJ;HH 25). HarpyaKa aaxJieOLIBaHBH Wf nponop
n;uouaJILHa CKOpOCTU BCITJILIBaHHJI KaDeJib U B npH 
,lJ;pOOJieHHU ,l{OJI)KHa CHHmaTLCJI. 3aBHCHMOCTb Wj 

OT I .n;oJimua noBTopHTb puc. 14, a B aepKaJILHOM 

uao6pameHHH, qTo H HaOJIIO,D;aeTCJI (eM. puc. 15, 
b, c) 12 : Wf ~ w/ / [1 + 0,265(cia«<uJt) 3]; npu pac
qeTax CJie,D;yeT yquTLIBaTL, qTO B HaCa,!J;OqHLIX 
nyJILcan;uoHHLIX KOJIOHHax uaca.n;Ka ynJioTHHeTCH 
u wl cuumaeTcJI 12• BoapacTaHHe aa,!l;epmxu c HH
TeucuuuocTLIO MOmHO OIIUCaTb C TIOMOJn;biO ypaBHe
HHJI IJpaTTa, TIOCKOJibKY xapaKTepHCTHqecRaJI CKO
pOCTb (v) aaBHCHT OT I. CJie.n;ouaTeJILHO, aauucu
MOCTH aa.n;epmKH OT I u uarpyaKH auaJioruquLI u 
onpe,I~;eJIJIIOTCJI cTeneHLIO npu6JinmeHHJI K npe
.n;eJILHoMy pemuMy 11 cp = w I Wf • 

Roa<fl4>un;neHT :Macconepe.n;alJu rrpu yMeHLmeHHH 
,!I;HaMeTpa KaDeJib HecKOJibKO CHHmaeTCJI, OCOOeHHO 
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PHC, 14. fHAPOAHHiiMHKa 14 MiiCCOOTAII'Iil OT OAHHO'IHbiX Kllnenb: 

a- SaBHCHMOCTL CKOpOCTH I(BHlf\eHHfl KallJIH U OT ee ,1\HaMeTpa d (o6o6meHHLie KOOpAHHa
TLI, paccqHTaHO no AaHHLIM pa6oTl>l 111); CHCTeMLZ: BO~a + TeTpa6poM9TaH (,6), I(H6pOM-
8TaH (.), 9THJI6pOMH~ (0), 6pOM6eH80JI (e), HHTpo6eH80Jl (Q), HHTpOTOJIYOJI (+), 
XJIOp6eH80Jl (.A.); J, 2, 3 -MeJIKHe, Cpei(HHe H KpynHLie (CllJIIQID;eHHLitl) KallJIH; --
TBepi(Lie ccflepLI; b- SaBHCHMOCTL KOa«M»Hn;HeHTa COllpOTHBJieHHII OT 'I)HCJIR PeiiHOJILI(Ca 
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PHc. 15. BnHSIHHe HHTeHCHBHOCTH nynt.C81.1HH Ha xapaKTepHCTHKH :tKCTpaKTopoe: 

a- Ro:JcpclJnu;neHTPI Km, Ka H KR (HacaAOtrHaJI ROJIOHHa 12 AHaMeTpoM 100 .M..~t); 
b Jl C - rrpeAeJILHLie Harpy3RH CHTtraTOH H HaCaAOl!HOH ROJIOHH (RpHBaJI ua 
puc. 15, C - RoppeJIJID;HJI 12); d- 3cJicpeRTHBHOCTL HacaAOl!HLIX ROJIOHB; 0, /:::,. 
H + - ROJIOHBLI AHaMeTpoM 100, 200 H 400 MM, HacaARa 15 X 15 X 0,6 MM 12, 28 

(RpHBaJI- RoppeJJJID;HJI 12); IatjJ <1> - 3cpcpeRTHBHaJI BHTeHCHBHOCTL IIYJILcaD;HH, 
IatfJtfJ = Ie•U-100>, M/Mun; I= af, rAe I- HHTeHCHBHOCTL nynLcan;nn, a- aM-

DJIHTYAa, I - tracTo-ra 

npu nepexo~e oT Kpynnhlx (,u;etJ>opMupoBaHHhlx) 
KaneJib K Cpe~HHM, qTO Hapnp;y C pOCTOM npO~OJib
HOH p;utJ>tJ>yaHH o6'bJICH.JieT 11 aaBKCHMOCTb Km OT I. 
CyMMapnoe BoapacTaHue a.P.PeKTHBHOCTH naca,u;oq
Ho-nyJII.ca~HOHHhlX KOJIOHH ,IJ;JIJI p;ByX CHCTeM npH 
I < 2 MIMun npu6JIH3HTeJibHO onucMBaeTC.JI 12 

ypaBnenueM Ka = 1 + bJa<pifJ2 (eM. puc. 15, d), 
rAe ba ~ 1,7, eCJIH dRoJI I daac < 7, TO b = 
= 0,25dJ<oJI I daac· 

Ilpu oqenn BhlCOKHx I BEII cnumaeTc.JI na-aa 
KoaJiec~eH~HH KarreJib H BoapacTaHH.JI rrpop;oJibHoro 
nepeMeiDHBaHHH 11. J];JI.JI Bhl6opa OllTHMaJibHhlX yc
JIOBHH CJiep;yeT HCllOJib30BaTb 11• 24 KpHTepHH <f) = 
= w/h. 
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ABSTRACT-RESUME-AHHOTA~Ir1.R-RESUMEN 

Extraction processes and their 
mathematical description 

By A. M. Rozen et a/. 

A/346 USSR 

The present work was undertaken to investigate and 
interpret quantitatively the laws governing extraction 
processes: extraction equilibria, material distribution 
in multi-stage radiochemical extractors and mass trans
fer processes. 

The equilibria study includes the investigation of the 
effects of extractant composition and structure, the 
action of salting-out agents and the influence of diluent 
on the extraction of certain actinides by neutral 
organophosphorus compounds. 

An attempt was made to establish the quantitative 
relationship between extractability and solvent struc
ture. An approximately linear relationship was found 
between the free energy of extraction for the actinides 
and the sum of the effective electronegative functional 
groups entering into the composition of the extractant. 

The characteristic feature of extraction, i.e., the rela
tive weakness of the principal chemical interaction of 
the extracted species and the extractant, requires that 
the contributions from electrostatic and from Van der 
Waals' interactions to the chemical potential should be 
taken into account, i.e., the theory of solutions should 
be applied. Thus, taking into consideration electro
static forces and hydration in electrolyte solution 
theory, it is possible to interpret theoretically and des
cribe quantitatively the effect of salting-out agents (it 
being sufficient to know the diameter of the ions and 
the degree of hydration of the compound and salting
out agent). 

The quantitative description of the diluent effect is 
attained using the theory of multicomponent non
electrolyte solutions. The need to calculate pair inter
actions between all the components of the organic 
phase (diluent, extractant, metallic solvate, water, 

HN03) is revealed. The interactions are investigated 
by measurements of the activity coefficients in binary 
systems. Physicochemical interpretation of the devia
tions observed from ideality and their influence on 
extraction are given. 

In conclusion, the form of the extraction isotherms 
were studied and the formulae for calculating them are 
given. 

Studies of the laws governing extraction cascades 
include techniques for calculating material distribu
tion at each stage. The determination of recovery and 
decontamination in the extractors for different flow
sheets and the combination of extraction performance 
and optimization methods are discussed; it is shown 
that the influence of the change of different para
meters (flow, concentration) can be described in terms 
of a variation of one generalized parameter, namely, 
the degree of approximation to the limiting condition. 
Optimization of extraction conditions is attained by 
using criteria which show the relative value of decon
tamination factor, loss of valuable constituents and 
accumulation of elements in reprocessing different 
materials. 

In conclusion, static and dynamic characteristics, 
experimentally determined and computed, of extract
ors are discussed. 

Mass transfer. The general rules of mass transfer are 
modified by the non-ideality of solutions and non
linearity of distribution isotherms (as, for example, is 
typical of extraction of actinides by TBP). The in
constancy of distribution coefficients does not allow 
elimination of the interface effects from simple expres
sions for diffusion controlled flow; in view of this the 
typical equation for mass transfer is no longer useful. 
A more general equation is deduced taking into ac
count that diffusion controlled flow is proportional to 
the chemical potential gradient rather than to the con
centration gradient. Some other possibilities for elim
inating interface effects are reviewed; mass transfer 
data for extraction of uranium by TBP are interpreted. 
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Some problems are discussed of hydrodynamics and 
mass transfer from single drops and in the extractors, 
as well as the criteria facilitating data correlation. The 
mechanism of extraction intensification was studied. 

The effect oflongitudinal mixing and transverse non
uniformity on extractor efficiency was examined and 
the additive limits of effects were determined. The 
possibilities of extractor calculations are discussed. 

A/346 URSS 

Processus d'extraction et leur description 
mathematique 

par A. M. Rozen et a/. 

Les auteurs etudient et interpretent des lois quanti
tatives des processus d'extraction: equilibres d'extrac
tion, repartition des substances dans les extracteurs 
radiochimiques a plusieurs etages, transfert de masse. 

L'etude des equilibres comprend celle de !'influence 
de la structure et de Ia composition des agents d'extrac
tion, !'action des relargants et des diluants sur I' extrac
tion de certains actinides par des composes organo
phosphoriques neutres. 

On a essaye d'etablir une relation quantitative entre 
le pouvoir d'extraction et Ia structure des solvants. On 
a trouve une relation approximativement lineaire entre 
l'energie libre d'extraction des actinides et Ia somme 
des groupes fonctionnels electronegatifs effectifs 
entrant dans Ia composition de !'agent d'extraction. 

La faiblesse relative de !'interaction chimique princi
pale entre Ia substance extraite et !'extractant, carac
teristique de I' extraction, exige le calcul de Ia contribu
tion au potentiel chimique des interactions electro
statique et de Van der Waals, c'est-a-dire !'application 
de Ia theorie des solutions. Ainsi, en tenant compte des 
forces electrostatiques et de l'hydratation a !'aide de Ia 
theorie des solutions d'electrolytes, on peut donner 
une interpretation theorique et une description quanti
tative de !'action des relargants (pour Ia decrire, il 
suffit de connaitre le diametre de l'ion, les degres 
d'hydratation du compose et du relargant). 

La description quantitative de !'action des diluants 
est obtenue au moyen de Ia theorie des solutions a 
plusieurs composants de non electrolytes. II apparait 
necessaire de calculer les interactions paires de tous les 
composants de Ia phase organique (diluant, agent 
d'extraction, produit de solvatation du metal, eau, 
HNOa). Les interactions sont etudiees en mesurant les 
coefficients d'activite dans des systemes bin aires; on 
donne !'interpretation physico-chimique des ecarts 
observes par rapport au cas ideal et de leur influence 
sur !'extraction. 

En conclusion on etudie Ia forme des isothermes 
d'extraction et on donne les formules pour les calculer. 

L' etude des lois des cascades d' extraction fait inter
venir les methodes de calcul de la repartition des sub
stances par etage, la determination de I' extraction et de 
Ia decontamination pour diff"erents schemas d'extrac
teurs et compte tenu de Ia combinaison de !'extraction 
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et de la reaction chimique (au cours de la reextraction 
reductrice). On etudie les caracteristiques de fonction
nement de l'extracteur et les methodes d'optimisation; 
il est montre que la variation des differents parametres 
(debits, concentrations) peut etre decrite comme la 
variation d'un seul parametre generalise, a savoir le 
degre dont on se rapproche du regime limite. L'opti
misation du regime d'extraction se fait a l'aide de 
criteres caracterisant !'importance des coefficients de 
decontamination, des pertes en composants de valeur 
et de !'accumulation interne d'elements dans le traite
ment de differents materiaux. 

En conclusion on examine les caracteristiques 
statiques et dynamiques des extracteurs, obtenues 
experimentalement ou calculees sur machines elec
troniques. 

Transfer! de masse. Les solutions n'etant pas ideales 
et les isothermes de partage n'etant pas lineaires (ce 
qui est caracteristique, par exemple, pour }'extraction 
des actinides par le TBP), les regles generales du trans
fert de masse sont modifiees. Le coefficient de partage 
n'etant pas constant, on ne peut eliminer d'une far;on 
simple les concentrations limites des expressions du 
courant de diffusion, et, en consequence, !'equation 
usuelk du transfert de masse n'est plus valable. On 
deduit une equation plus generale en tenant compte du 
fait que le courant de diffusion est en realite propor
tionnel au gradient du potentiel chimique et non au 
gradient de Ia concentration. D'autres possibilites 
d'eliminer les concentrations limites sont egalement 
examinees et Ies donnees sur le transfert de masse dans 
!'extraction de !'uranium par le TBP sont interpretees. 

On etudie certains problemes d'hydrodynamique et 
de transfert de masse a partir de gouttes isolees et dans 
les extracteurs, et aussi les criteres facilitant Ia correla
tion des donnees. On etudie le mecanisme d'intensifica
tion de !'extraction. 

On examine !'influence d'un brassage longitudinal et 
d'une non-uniformite transversale sur l'efficacite de 
l'extracteur et on determine les limites de l'additivite 
des effets. Les possibilites du calcul des extracteurs 
sont discutees. 

Los procesos de extracci6n y su 
descripci6n matematica 

por A. M. Rozen et a/. 

A/346 URSS 

Los autores estudian e interpretan las !eyes cuanti
tativas de los procesos extractivos: equilibrios extrac
tivos, distribuci6n de los materiales en los extractores 
radioquimicos de varias etapas y transferencia de 
masas. 

El estudio de los equilibrios incluye Ia investigaci6n 
de Ia influencia de Ia estructura y composici6n de los 
disolventes, de la acci6n de los agentes salinos y de los 
diluentes sobre Ia extracci6n de algunos actinidos por 
compuestos fosforoorganicos neutros. 

Se ha tratado de establecer una relaci6n cuantitativa 
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entre la capacidad de extracci6n y la estructura del 
disolvente. Se encontr6 que la energia libre de extrac
ci6n de los actinidos depende de manera aproximada
mente lineal de la suma de los grupos funcionales 
electronegativos efectivos que entran en la composi
ci6n del extractante. 

Una particularidad de la extracci6n: la interacci6n 
quimica fundamental entre la sustancia extraida y el 
extractante es relativamente debil, lo que exige el 
calculo de la contribuci6n al potencial quimico tanto 
de las interacciones electroestaticas como de las de 
Vander Waals, es decir, aplicar la teoria de las disolu
ciones. Asi, teniendo en cuenta las fuerzas electro
estaticas y la hidrataci6n con ayuda de la teoria de las 
disoluciones de electrolitos, se puede interpretar 
te6ricamente y describir cuantitativamente la acci6n 
de los agentes salinos (basta conocer el diametro del 
ion y los grados de hidrataci6n del compuesto y del 
agente salina). 

La descripci6n cuantitativa de Ia acci6n del diluente 
se consigue mediante Ia teoria de las disoluciones con 
varias componentes de no-electrolitos. Se pone de 
manifiesto la necesidad de calcular las interacciones 
pares de todas las componentes de Ia fase organica 
(diluente, extractante, solvato del metal, agua y 
HNOa). Las interacciones se estudian midiendo los 
coeficientes de actividad en los sistemas binarios y se 
da una interpretacion quimicofisica de las desviaciones 
observadas con relacion al modelo ideal y la influencia 
de estas sobre Ia extraccion. 

Para terminar, se analiza Ia forma de las isotermas 
de extraccion y sedan formulas para calcularlas. 

El estudio de las !eyes de las cascadas de extracci6n 
incluye metodos para el calculo de la distribuci6n de 
las sustancias por etapas, Ia determinacion de la 
extraccion y purificacion para distintos esquemas de 
extractores cuando se une Ia extraccion a una reaccion 
quimica (reextraccion reductora). Se consideran las 
caracteristicas de funcionamiento del extractor y 
metodos para su optimizacion. Se demuestra que Ia 
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variaci6n de los diferentes parametros (flujos, con
centraciones) puede considerarse como cambio de un 
solo panimetro generalizado, a saber: del grado de 
aproximacion al regimen limite. La optimizacion del 
regimen de extracci6n se lleva a cabo mediante criterios 
que caracterizan la importancia de los coeficientes de 
purificaci6n, la perdida de componentes valiosos y la 
acumulacion interior de elementos en el tratamiento de 
diferentes materiales. 

Finalmente, se examinan las caracteristicas estaticas 
y dinamicas de los extractores, determinadas experi
mentalmente o calculadas con calculadoras elec
tronicas. 

Transferencia de masas. El hecho de que las disolu
ciones no sean perfectas ni las isotermas de distribu
cion lineales ( caracteristica, por ejemplo, para Ia 
extraccion de actinidos por el fosfato de tributilo 
(TBP) cambia las leyes generales de Ia transferencia de 
masas. Por no ser constante el coeficiente de distribu
cion, no se pueden eliminar de manera simple las c'on
centraciones limite en las expresiones de Ia corriente 
de difusion y, como consecuencia, Ia ecuacion ordin
aria de Ia transferencia de masas no es valida. Se 
deduce una ecuacion mas general teniendo en cuenta 
que la corriente de difusion es, en realidad, propor
cional al gradiente del potencial quimico, no al gradi
ente de Ia concentracion. Se consideran tambien otras 
posibilidades de eliminar las concentraciones limite y 
se interpretan los datos relativos a la transferencia de 
masas en la extracci6n del uranio por TBP. 

Se examinan algunas cuestiones de hidrodinamica y 
de transferencia de masas de gotas aisladas y en 
extractores, como tambien algunos criterios que 
facilitan Ia correlaci6n de datos. Se explica el mecan
ismo de intensificaci6n de Ia extracci6n. 

Se considera Ia influencia de Ia mezcla longitudinal 
y de la no uniformidad transversal sobre el rendi
miento del extractor y se establecen los Iimites dentro 
de los cuales los efectos son aditivos. Se examinan las 
posibilidades del calculo de extractores. 
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3KCTpaK~MII HeKOTOpbtX 3neMeHTOB 

~OC~OpCOAeplKOW.MMM OAHOOCHOBHbiMM 

KMCnOTQMM* 

E. c. rypeea, c. lit. Kapna'leBa, lit. H. PbllKOB, 
3. r. TeTepMH, B. r. TMMOWeB, M. K. Wae-..oa 

B. C. CMenoa, 

illnpoKoe npnMeHeane B aKcTpaKn;noHHhlX npo

n;eccax KHCJihlX ,Poclf>opopraHH'IeCKHX COe}J;HHeHHH 

onpe}J;eJIHeT HHTepec K MeXaHHSMy aKCTpaKD;HH H 

CBH3H ::IKCTpaKD;HOHHOH CnOCOOHOCTH ::ITHX peareH

TOB C HX CTpoeHH9M. 

B cocTaB paccMaTpnBaeMhlX aKCTpareHTOB Bxo-

}J;HT rpynna )P <~H , B KOTOpOii: KHCJIOTHhlH 

BO}J;OpO}J; SaMm:n;aeTCH Ha KaTHOH, a lf>oclf>opHJih

HhlH KHCJIOpO}J; cnocooeH K KOOp}J;HHaD;HOHHOH CBH-

3H C H3BJieKaeMhlM ::IJieMeHTOM. 8THM MeXaHH3-

MaM COOTBeTCTBYJOT CJie}J;yiOm;He CXeMaTH'IeCKHe 

ypaBHeHHH: 

MeZ+ + z (H2R2 ) ~Me (HR 2)z + zH+, (1) 
MeZ+ + zX + mS ~ MXzmS. (2) 

HecMoTpH aa saa'lnTeJII>Hoe 'IHCJio paooT, noc

BHm;eHHhlx ::IKCTparnpoBaHHIO pasJIH'IHhlX ::IJieMeH

TOB aJIKHJilf>oclf>opHhlMH KHCJIOTaMH 1-20, MHOrHe 

BOnpOC:bl MeXaHH3Ma H3BJie'leHHH O}J;HO-, }J;ByX- H 

nOJIHBaJieHTHhlX KaTHOHOB HCCJie}J;OBaHhl He}J;OCTa

TO'IHO noJIHO. EcJin aKcTpaKn;nH cJiaoonoJIHpnsye

Mhlx aJieMeHTOB YAOBJI"eTBopnTeJII>HO onnchlBaeTCH 

ypaBHeHHeM C SaMem;eHHeM KHCJIOpO}J;HOrO BO}J;O

po}J;a, TO }J;JIH ypaHHJI-noaa ohlJIO ycTaHOBJieHo 

y'laCTHe lf>oclf>opHJihHOrO KHCJIOpO}J;a B KOOp)J;HHa

D;HOHHOH CBH3H. IloJiy'leHH:ble HeKOTOpLIMH HCCJie

}J;OBaTeJIHMH }J;aHHhle 19•2° CBH)J;eTeJibCTBYIOT 0 B03-

MOiRHOCTH ::IKCTpaKD;HH ypaHHJIHHTpaTa KaK no 

KaTHOHOOOMeHHOMy, TaK H no COJihBaTHOMy Mexa

HHSMy, npH'IeM npeooJia}J;aHne KaKOrO-JIHOO H3 

aTux aanpaBJieauii: npon;ecca saBHCHT OT ycJioBnii 

ero npoBe}J;eHHH. EcJIH me npn aKcTpaKn;nn O}J;HO

BpeMeHHo HaOJIIO}J;aeTCH SaMem;eane HOHOB BO}J;O

po}J;a H KOOp}J;HHHpoBaHHe qepes lf>oclf>opHJibHhlH 
KHCJIOpO}J;, TO oopasyeTCH XeJiaT. 

AJIH paccMoTpeHHH BJIHHHHH Ha aKcTpaKn;noH

HYIO CnOCOOHOCTb CTpoeHHH H COCTaBa lf>oclf>opop

raHH'IeCKHX KHCJIOT D;eJieCOOOpa3HO HCCJie}J;OBaTb 

;mcTpaKD;HIO TeX aJieMeHTOB HJIH COe}J;HHeHHH, KO-

* B ;o;oKna;o;e HcrroJihaonaBhl pa6orhl 10. H. Bepe~arH
Ba, B. C. HJib.llmeBKO, B. H. Koc.IIKOBa, K. II. JlyBHqKu
Boii, JI. A. MaMaeBa, B. r. MocKaJieBoii, A. B. CrpaxoBoii. 

TOphle pearHpyiOT no KaKoMy-JIHOO O}J;HOMY Mexa

HH3MY (HanpHMep, aSOTHaH KHCJIOTa ::IKCTparH

pyeTCH TOJihKO no COJihBaTHOMy MeXaHH3My, 

a TpexBaJieHTHLie aKTHHH}J;hl H JiaHTaHJI}J;M - no 

KaTHOHOOOMeHHOMy). 

MEXAHH3M SKCTPAK~HH 
3KC1'p8KD;HJI 830THOH KHCJIOThl. AsoTHaH 

KHCJIOTa H3BJieKaeTCH H3 paCTBOpOB O}J;HOBpeMeH

HO C K8THOHaMH HJIH KOMnJieKCaMH H KOHKypH

pyeT C HHMH Sa ::IKCTpareHT. IloaToMy B nepByiO 

O'lepe)J;b HCCJie}J;OBaJiaCh ::IKCTpaKD;HH a30THOH KHC

JIOThl lf>oclf>opopraHH'IeCKHMH KHCJIOTaMH, pa3JIH

qaiOID;HMHCH Mem}J;y coooil: }J;JIHHoil: u cTpoeaneM 

paAnKaJia n KOJIH'IeCTBOM CBHseii: C-0-P. 1\oJIH

qecTBeHHaH XapaKTepUCTUKa ::IKCTpaKD;HH a30THOH 

KHCJIOThi npe}J;cTaBJieaa B TaoJI. 1. RaK cJie}J;yeT us 

npUBO}J;HMhlX pesyJII>TaTOB, a30THaH KHCJIOTa Ha

'IHHaeT U3BJieKaTbCH npu ee UCXO}J;HOH KOHD;eHT

paD;HH oKoJio 4 M. 

KoH
neHT
panna 
HN01 

Ta6n1114a 1. PacnpeAeneHHe a30THOH KHcnoTbl 

c. c, c, c, c, c, c, 

Co].(epmauHe aaorHoii KHCJIOThl n opraHHqecKoii cpaae 
4 AI 0,023 0,02 0,023 0,023 0,096 0,058 0,098 0,107 
6 A! 0,059 0,054 0,046 0,061 0,15 0,113 0,170 0,170 
8 A! 0,095 0,112 0,110 0,111 0,21 0,174 0,231 0,240 

10 A! 0,151 0,156 0,156 0,186 -- 0,25 0,285 0,278 

B~>~pameaHaH B Jiorapnlf>Mu'lecKnx Koop}J;HHa

Tax 3aBHCHMOCTh KOalf>lf>nn;HeHTa pacnpe)J;eJieHUH 

asoTHoil: KHCJIOThl oT Koan;eaTpan;uu A28rO<I>R 

OnHCLIBaeTCH ypaBHeHHeM npHMOH C HaKJIOHOM, 

oJIH3KHM K e}J;HHnn;e, 'ITO npnBo}J;nT K BhlBOAY o6 

OOpa30BaHHH MOHOCOJII>BaTHOrO KOMnJieKca. 
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ManJie'leiiHe aaoTHOii RHCJIOTLI npaRTH'IeCKH He 

38BHCHT OT lJHCJia yrJiepO,li;HLIX HTOMOB B pap;nKa

Jie RO-. Op;HaRo, ecJIH aJIRoRcn-pap;nKaJI aaMe

HJl:eTCH Ha rpynny - CHa, TO ecTL na MoJieKyJILI 

3RCTpareHTa yp;aJIH8TCH 3lf>HpHLIH KHCJIOpop;, 

3RCTparnpyeMOCTL a30THOH KHCJIOTLI yBeJIHlJH

BaeTCH. 8TO H8XO)J;HTCH B COOTB8TCTBHH C H3B8CT

HLIM pH,li;OM nOBLiilleHHH 31\CTpaKil;HOHHOH Cnoco6-

HOCTH lf>oclf>opopraHH'I8CKHX C08)J;HH8HHH: 

R 3PO > (RO) R 2'PO > (R0)2 R'PO > (RO)s PO 

8KcTpaKIJ;HJI mecTHBaJieHTHoro ypaua. Pac

CMOTPHM p;aJiee noJIYtJeHHLie anTopaMn p;aHHLie o 

M8X8HH3Me 3KCTpHRIJ;HH ID8CTHB8JI8HTHOrO ypaua 

H3 830THO- H COJIHHOKHCJILIX paCTBOpOB. 3aBHCH

MOCTb Ro31f>lf>niJ;H8HTOB pacrrpep;eJieHHH Kv oT 
ROHIJ;8HTpHIJ;HH MHHepaJILHOH KHCJIOTLI, npep;cTaB

JieHHYIO Ha pHC. 1, MOl«HO o6'L-HCHHTL, HCXO)J;H H3 

cJiep;yiOIIl;HX coo6pameHnii. 

llpn HH3KHX KOHIJ;8HTp81l;HHX 830THOH RHCJIOTLI 

H3BJI8'18HHIO ypaHa COOTB8TCTBY8T RaTHOHOOOM8H

HbiH MexaHH3M (pnc. 2), ROTOpLIH MOlR8T 6LITL 

OnHCaH ypaBH8HH8M 

UO~+ + 2H2R2 ~ U02 (HR2)2 + 2H+. (3) 

Ha6JIIOp;aeMoe rrpn KOHIJ;eHTpall;HH aaoTHOH KHC

JIOTLI CBLime 3 M IIOBI>ImeHB:e nanJie'leHHH ypaBa 

06'LHCHH8TCH H3MeHeHH8M M8XHHH3Ma 3KCTparH- . 

ponaHHH. ManecTHO, 'ITO yneJin'leHne KOHIJ;eHTpa

ll;HH aaOTHOH KHCJIOTLI B BO)J;HOM paCTBope CYIIl;8CT

B8HHO CHHmaeT CTeneHL )J;HCCOIJ;H81l;HH lf>oclflopop

raHHlJeCKHX RHCJIOT; B 3THX YCJIOBHHX (HN03 > 
> 3 M) Hep;n:ccoiJ;n:n:ponaHHLie MOJieRyJILI p;n:aJI-

RHJI!floclflopuLix RHCJIOT HalJHH8IOT npOHBJIHTL 

cnoiicTna HeiiTpaJILHLIX lf>oclf>opopraHn:'lecRn:x 
peareHTOB. MexaHHaMy 3RCTpaRIJ;HH B 3TOM cJiy

'lae COOTB8TCTBY8T ypaBH8HHe 

uo:+ + 2NO; + 2H2R2 ~ U02 (NOa)2·2H2R2. (4) 

Tpyp;Ho orrpep;eJIHTL cTporn:e rpaHH'IHLie ROH

IJ;8HTpaiJ;HH aaOTHOH RHCJIOTLI, npn: ROTOpLIX O)J;HH 

M8XaHH3M 3RCTpaRIJ;HH CMeHHeT p;pyroif, TaR RaR 

cylll;eCTByeT HHTepnaJI naMeHeHHH RHCJIOTHOCTH, 

B ROTOpOM, nO-BH)J;HMOMy, p;eifCTByeT RHR RHTHOH0-

06MeHHLIH, TaR II COJibBHTH.biH M8XHHH3M. 

MaRCHMaJILHoe aHa'leHne Ro31f>lf>HIJ;HeHTa pac

npep;eJieHHH ypaHa npH 3RCTp8Ril;HH no COJILBaT

HOMY MexaHH3MY OTBelJaeT KOHil;eRTpaqn:H 

aaoTHOii RHCJIOTLI oRoJio 5 M. llocJiep;yrolll;ee 

yMeHLill8HHe H3BJielJeHHH ypaHa 06'LHCHH8TCH 

ROHKypnpyiOIIl;HM )J;8HCTBHeM 830THOH RHCJIOTLI. 

Paap;eJILHO o6a MexaHHaMa - coJII.BaTHLiii n Ra

THoHoo6MeHHI.Iii - MOiRHO Ha6JIIO,ll;8TL npH pac

npe,n;eJieHHH cJia6ocoJILBaTnpyeMoro XJiopn:p;a 

ypaBnJia Mem,n;y pacTnopaMn p;n-n-renTnJI!floclflop

Hoii RHCJIOTLI, TpH-n-renTHJIIf>oclf>aTa H BO)J;HLIMH 

pacTnopaMn coJIHHoii Rn:cJioTLI (pHc. 3). ManJie'le

HHe xJiopHp;a ypaHnJia p;nrerrTHJIIf>oclf>opuoii RHc

JIOToii YB8JIH'IHB88TCH C nOHHlli8HH8M ROHil;8HTpa
ll;HH COJIHHOH RHCJIOTLI H YM8Hbill88TCH B CJiytJae 

3RCTp8Ril;HH TpnrenTHJIIf>oclf>aTOM. 8TO COOTB8T-

E. S. GUREEV et at. 359 

CTByeT B nepBOM CJiy'lae RaTHOH006MeHHOMy, BO 

BTOpOM - COJibBHTHOMy M8XaHH3MaM. 

}J,JIH IIO)J;TBepmp;eHHH BLIBO,ll;OB 0 XapaRTepe 

3RCTp8Ril;HH HHTpaTa ypaHHJia 6LIJIH HCCJI8)J;OBaHLI 

MR-cneRTpLI norJiolll;eHn:H 0,5 M pacTBopa 

(n-C7Hts0)2POOH B CCl4 p;o n nocJie aRcTpaKIJ;HH 

ypaHa 113 BO,ll;HLIX paCTBOpOB, Cop;epmalll;HX 0,1; 

0,5; 1,0; 2,0; 4,0; 6,0; 8,0 M aaoTHoii RHCJIOTLI. 

}J,JIH cpaBH8HHH npoBepHJIHCL aHaJIOrH'IHLie paCT

BOpLI (H-C1H1sO)aPO B CCI4. 

CneRTpLI ncxop;HLIX pacTBopon (n-C7Hts0)2POOH 

H (n-C7Hts0)aP0 B8Cb'Ma CXO,li;HLI, n: oc

HOBHLIM OTJIH'IHeM cneKTpa (n-C7H1s0)2POOH 
HBJIH8TCH H8JIH'IH8 nOJIOC B o6JiaCTH 2300-

2700 CM-1, xapaRTepHLIX )J;JIH B8JI8HTHLIX ROJie6a

HHH -OH, H nOJJOCLI -1655 CM-1, COOTB8TCTByiO

IIl;HX, IIO-BH)J;HMOMy, ,n;elf>opMall;HOHHLIM ROJie6a
HHHM TOH me rpynnLI. qaCTOTa BaJieHTHLIX 

ROJIOOaHnii P = 0(H-C7H1s0)aP0 1262 CM-1 (cnJI:b

HaH) n: 1277 CM-1 (cnyTHHK), (n-C7H1s0)2POOH 

1228 CM-1 ( CHJI:bHaH), ROJie6aHHH (P) -- 0 -- C 
COOTB8TCTB8HHO 993 CM-1 (cnyTHHR), 1016 CM-1 

( CHJI:bHaH) , 1050 CM-1 ( cnyTHHR) H 1026 CM-1 

(CHJibHaH), 1063 CM-1 (cnyTHHR). 

llp11 aKCTpHRIJ;HH paCTBOpOM (H-C7H1s0) 2P00H 

na 0,1 M pacTBopoB HNOa noJioca P = 0 cMe
lll;aeTCH )J;O 1200 CM-1 (pn:C. 4) H HapHp;y C OCHOB

HOH IIOJIOCOH 0-C nOHBJIH8TCH CM811l;8HHaH ITOJIO

ca 1070 CM-I npnMepHO paBHOH HHT8HCHBHOCTH. 

B cneRTpe noHBJIHeTCH TaRme noJioca 937 cM-1, 

COOTB8TCTBYIOIIl;8H aHTHCHMM8TJl'li'IHOMY B8JI8'HT

HOMY ROJie6aHHIO Va rpynnLI ypaHHJia. 

AuaJiorn:'IHLie n:aMeHeHn:H ua6JIIO)J;aiOTCH n: 

B CJIY'I8HX BC8X OCT8JibHLIX paCTBOpOB )J;O T8X nop, 

noRa ROHil;8HTp8IJ;HH aaOTHOH RHCJIOTLI B BO)J;HOM 

paCTBope He p;ocTn:rueT IIpnMepHo 2 M. llp11 p;o

CTn:meunn 3TOH ROHil;8HTpaiJ;HH RHCJIOTLI H npH 

)J;8JILH8Hill8M ee nOBLiill8HHH BH)J; CneRTpa M8HH8T

CH. Onpep;eJieHHo naMeHHeTCH xapaRTep rroJIOCLI 

p = 0. qaCTOTa aTOH nOJJOCLI nOBLiill88TCH ;1\0 
1210 CM-1, a ee HHT8HCHBHOCTb yM8Hbill88TCH. 

HapHp;y c 3TOH noJiocoii noHBJIHeTCH n ycn:JIH

naeTCH rrpn nepexop;e R 6oJiee RHCJILIM pacTBopaM 

811l;8 O,li;Ha CM811l;8HHaH IIOJIOCa, COOTB8TCTBYIOIIl;8H 

BaJI8HTHLIM ROJie6aHHHM 6oJiee CHJibHO CBH38HHOH 

rpynnLI p = 0 ( 1170 CM-1). Y CHJIHBaeTCH TaRme 

nOJIOCa norJIOIIl;8HHH 1255 CM-1, COOTB8TCTByiO

IIl;8H CHMMeTpH'IHLIM BaJieHTHLIM ROJie6aHHHM 

N02-, n noJioca 939 cM-1, cooTBeTCTByiOIIl;aH au
Tn:cn:MMeTpn:'IHLIM B8JI8HTHhlM ROJie6aHHHM Va 

rpynnLI ypaanJia. RoHTYP noJIOChl 0-C ynpo

lll;aeTCH n CTaHOBHTCH nop;o6HLIM KOHTYPY noJio

CLI HCXO)J;HOrO paCTBopa. 

8TH peayJILTHThl CBH)J;8T8JibCTByiOT 0 TOM, 'ITO 

npH nOBhlill8HHH RHCJIOTHOCTH HCXO)J;HbiX paCTBO

pOB ypaHHJIHHTpaTa oT 2 M n BLime Mexaun:aM 

aRCTp8Ril;HH npeTepnenaeT H3M8H8HHH, ROTOphle 

CTHHOBHTCH , 6oJiee aaMeTHhlMH IIpH nepexop;e R 

BhlCORHM RHCJIOTHOCTHM pacTBOpOB. 

PeayJI:LTaTLI nccJiep;onaHHH cneRTpoB norJiolll;e
HHH 8BTOpb1 COIIOCTaBHJIH C aHaJiorH'IHhlMH p;aH

HhlMH, IIOJIY'I8HHLIMH npn H3BJI8'18HHH ypaHHJI

HHTpaTa (n-C7H1s0)aP0 (pnc. 5). llpn ::>RCTpaR-
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PHc. 1. KoJcj)cj)HI.IHeHTbl pecnpeAeneHHJI HHrpara 
ypaHHna B 3aBHCHMOCTH OT KOH1.18HTpai.IHH a30THOH 
KHCnOTbl B BOAHOH cj)a3e H KOH1.18HTpai.IHH AH-2-3THn-

reKCHncJIOCcJIOpHOH KHCnOTbl B A8KaHe: 
1-5% ~29fO«DK; 2-2,5% ~29fO«DK; 3- 1,0% 

~29f0«DK; 4-0,5% ~29fO«DK 

KJ) 
20 

PHc. 3. PacnpeAeneHHe xnopHAa ypaHHna 
MeJKAY 0,5 M HCI H 0,5 M pacraopaMH: 

1- (C7Hu0)2POOH; 2- (C7H150) sPO B 
CCJ, 

E. C. rYPEEB et aZ. 

+1,0 -J 

0 -2 

-1.0.4~.o=-~-J~.o=----_--=2~-_:'.0---~~.p~-~o 

f1 [Jr], t,fHR} 
PHc. 2. 13KcrpaK1.1HJI ypaHa H3 xnopHoKHcna.lx 

pacraopoa: 

1- KOHU6HTpauHH HOHOB (H+) 1M, 2- KOH
ueHTpauHH ~29fO«DK 0,005 M B naooKraHe 

3 

PHc. 4. lo1Hcj)paKpltCHble 
cneKTP"'' nornoll.\eHHIII 

pacraopoa: 
1 - (n-C7Hu0)2POOH; 
2 - (n-C7H150)2POOH 
IIOCJI6 H3BJI6'16HHJI ypa
HHJIHHTpara Ha 0,1 M 
paCTBOpa 330THOH KHCJIO
TLI; 9 -(n-C7H150)zPOOH 
IIOCJI6 H3BJI6'16BHJI ypa
HHJIH~TpaTa Ha 2,0 M pac
TBopa 330THOH KHCJIOTLI; 
4 - (n-C7H150)2POOH 
IIOCJI6 H3BJie'leHHJI ypa
HHJIHHTpara Ha 8,0 M pac
TBopa 330THOii KHCJIOTLI. 



SESSION 2.6 P/347 

~HH ypaHHJIHHTpaTa ua BO~Horo pacTBopa 0,1 M 
Ha6JIIO~aeTCJI IIOJIBJieHHe HapHp;y C OCHOBHOH p;y6-

JieTHOH IIOJIOCOH p = 0, HHT6HCHBHOCTb KOTOpoii 

yMeHbmaeTCJI, CJIOmHOH CMe:rqeHHOH IIOJIOCbi C 

MaKCHMYMOM IIpH 1185 C.M-1• liHTeHCHBHOCTb 

3TOH IIOJIOCbi B03paCTaeT npH yaeJIH'leHHH KOH

~eHTpa~HH aaoTHoii: KHCJIOTbi ~o 0,5 M. llpn 

~aJII>Heii:meM llOBLiilleHHH KHCJIOTHOCTH HHTeHCHB

HOCTb OCTaeTCJI npHMepHO Ha TOM me ypoBHe. 

RoHTYP rroJiocw rrocTeneHHO ycJiomaJieTCH BCJiep;

CTBHe HaJiomeHHJI ~OITOJIHHTeJibHbiX IIOJIOC HHT

paTHOH rpyrrnbl, HHTeHCHBHOCTb KOTOpbiX paCTeT 

0/];HOBpeMeHHO C pOCTOM HHTeHCHBHOCTH IIOJIOCbi 

939 c.M-1 ( v 3 rpynrrLI ypaHHJia). 

TaKHM oopaaoM, KaK B CJiy'!ae 3KCTpaK~'If ypa

HHJIHHTpaTa paCTBopaM'If (n-C7H1s0)2POOH H3 

KHCJibiX pacTBopoB (ablme 2M HNOa) TaK me, KaK 

H rrpH 3KCTpaK~HH paCTBOpaMH (n-C7H1s0)aP0 

Ha6JIIO)l;aiOTCJI CMe:rqeHHJI IIOJIOC, COOTBeTCTByiOiqHe 

BaJieHTHLIM KOJieOaHHJIM p = 0, B 06JiaCTb 6oJiee 

HH3KHX 'laCTOT. Eho caup;eTeJII>CTByeT o6 ocJia6Jie

HHH CBJI3eii: p = 0 H 06 y'laCTHH <f>oc<f>opHJibHO

I'O KHCJiopop;a MOJieKyJibi 3KCTpareHTa B o6pa30· 

BaHHH H3BJieKaeMLIX KOMIIJieK·COB. lloJIOCbi llOI'JIO

IqeHHJI 0-C IIpH o6pa30BaHHH KOMITJieKCOB 

paCCMOTpeHHLIMH 3KCTpareHTaMli npeTeprreBa

IOT 6oJiee cJiomHLie IIaMeHeHHJI, KoTopLie Tpyp;Ho 

COIIOCTaBHMLI, YlJHTLIBaJI pa3JIH'IHJI B CTpOeHHH 

CaMHX MOJieKyJI (H3MeHeHHJI 'laCTOT H XapaKTepa 

KOJIOOaHIIif rpyrrrr C1H1sO-P B o,n;HoM cJiy'!ae 

H C1H1sO-P H HO-P B cJiy'lae p;HrenTHJI<f>oc

<f>opHoii: KliCJIOTbi) • 
IIonyTHO Momuo OTMeTHTb, 'ITO oTcyTCTBHe 

CKOJibKO-HH6yp;L 3aMeTHLIX H3MeHeHHH B o6JiaCTH 

BaJieHTHLix KOJie6aHH:ii: OH- B cneKTpax pacT.aopoa 

KOMITJieKCOB ypaHHJia c (n-C7H1s0)2POOH no 

cpaBHeHHIO co cneKTpOM 'IHCTOH (n-C7H1s0)2POOH 

corJiacyeTCJI c ~aHHLIMH CaTo 19• Op;HaKo 

npe~JiomeHHoe HM o6'bJICHeHHe 22 - o6paaoBaHue 

HOBLIX CBJiaeii: c aToMoM nop;opop;a HNOa, npuno
)l;JIIqHX K IIOJIBJieHliiO CIIeKTpa, Hp;eHTli'IHOI'O 

CIIeKTpy i'J;HMepOB <f>oc<f>opopraHH'leCKHX KHCJIOT, 

rrpe~CTaBJIJieTCH COMH}ITeJibHbiM. 

TaKIIM o6paaoM, p;aHHLie liR-crreKTpon JIBJIJIIOT

CH ~OIIOJIHHTeJibHLIM IIOi'J;TBepmp;eHHeM cy:rqeCTBO

BaHHJI ~BYX pa3JIH'IHbiX MeXaHli3MOB 3KCTpaK~HH 

ypaHa: KaTHOHOOOMeHiiOI'O rrpH HH3KOH KOHD;eH

Tpa~HH a30THOH KliCJIOTbi B BOi'J;HOH <f>aae H COJib

BaTHOI'O rrpll KOHD;eHTpa~HH a30THOH KHCJIOTbi 

CBblme -2M. 
3KcTpaKD;HJI Np(V) H Pu(IV). lloaep;eaue 

Np (V) IIayqaJioCb rrpH aKcTpaKn;HH pacTBopoM 

A28f0<I>R H M28fO<I>R B na·ooKTaHe. Ha pnc. 6 
H 7 npHBO)l;HTCJI aaBHCHMOCTb KOa!P<f>Hn;HeHTa pac

rrpe~eJieHHJI uerrTyHHJI oT Konn;enTpan;HH HNOa. 

AuaJIH3HpyH rroJiy'leHHbie peayJII>TaT.bl, cJie~yeT 
y'IHTLIBaTI> ueycTOH'IHBOCTb rrJITHBaJieHTBoro uen

TYHHH. IIpH Koun;euTpan;IIH aaoTHOH KHCJIOThl 

BLime 2 M HMeeT Meoc·To aaMeTuoe ~Hcrrporropn;Ho
HHpoBaHHe IIJITliBaJieHTHOI'O HeiiTYHHJI. lloaTOMY 

3KCTpaKIJ;HIO HeiiTYHHJI B ITJITHBaJieHTROM COCTOJI

HHH MOmHO paCCMaTpHBaTb TOJibKO 113 CJiaOOKHC

JibiX pacTBopoB. B cJiy'lae KOHIJ;eHTpa~HH aaoraoii 
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KHCJIOThl cBhlme 5 M a~eKT )l;Hcnporrop~HOHH
poaaHHJI HaCTOJibKO BeJIJIK, 'ITO IIOJIY'IeHHble 3Ha

'IeHHJI KOa<f><f>Hn;HeHTOB pacnpe)l;eJieHHJI OTHOCHTCJI 
K CMeCH 'leTbipex-, IIHTH- H meCTHBammTHLIX 

HOHOB HeiTTYfiHJI. 

:JKCTpaKIJ;HJI 'leTbipexBaJieHTHOI'O llJiyTOHHJI 

H3y'IaJiaCb rrpH H3BJie'leHHH ero H3 XJIOpHOKHCJibiX 

paCTBOpoB ~H-2-aTHJII'eKCHJI<f>ociJ>opHOH KHCJIOTOH 

B HaooKTaHe. PeayJII>TaTbi ~ayx cepHii: onLJTOB, 

B KO'IOpLIX orrpe~eJIJIJiaCb 3aBHCHMOCTb KOa<f>!f>HUH

eHTa pacrrpe~eJI()HHJI OT KOH~eHTpa~HH 3KCTpareH
Ta H HOHOB BO)l;OpO~a (pHC. 8), rrpHBOp;JIT K aaKJIIO

'leHHIO, 'ITO Koalf>!f>un;ueHT pacnpep;eJieHHH nponop

IJ;HOHaJieH KoHn;eHTpa~HH A28fO<I>R BO BTopoii: 

CTeiTeHH H o6paTHO rrporrop~oHaJieH KOH~eBTpa
D;HH H+. Ha ocnoBaHHH noJiy'IeHHLIX aaBHCH•MO

cTeii: peaKD;HH MomeT 6LITL rrpep;cTaBJieaa ypaBHe

HHeM 

PuR;+ 2H2R 2 ;:! PuR (HR2)3 + H+, (5) 

'ITO, UO-BHi'J;HMOMy, CBHp;eTeJibCTByeT 0 KOMUJieKCO

o6pa30BaHHH 'leTMpeXBam~H'THOI'O IIJIYTOHHJI C JJ;H-
2-aTHJII'eKCHJIIPoc<J>opHOH KHCJIOTOH B BO)l;HOH lf>aae. 

lia npHBe)l;eHBLIX peayJII>TaTOB BH,li;HO, 'ITO Me

XaHH3M 3KCTpaK~HH UJITHBaJieHTHOI'O HeiiTYHHJI H 

lJeTLipex•BaJieHTHOI'O IIJIYTOHHJI HMeeT CJIOmHbiH 

xapaKTep. llpe~cTaBHTb CTporoe H op;HoaHaquoe 

BLipail\eHHe B3aH·MOp;eHCTBHJI 3THX aJieMeHTOB C 

MOHO- H )l;HaJIKHJIIf>oclf>opBLIMH KHCJIOTaMH B Ha

CTOJIIqee BpeMJI He rrpe)l;CTaBJIJieTCJI B03MOii\HbiM. 

IIoa·roMy aaTopbi orpaHH'IHBaiOTCH orrucaHHeM Me

xaHH3Ma- CM. ypaaHeHHe (5), BhlTeKaro:rqero ua 

rroJiy'leHrHLIX HaMH aaKOHOMepuocreii:, He Y'IHTLIBaJI 

C.JIOii\HLie B3aHMOp;eii:CTBHJI, npOHCXOp;JIIqHe KaK B 

opraHH'IeCKOH, TaK H B BO~HOH <f>aae. 
8KcTpaKD;HJI n;esHJI. MexauHaM aaaHMop;eii:

CTBHH n;e3HH C )l;H-2-aTHJII'eKCHJI<I>oc<f>opHOH KHCJIO

TOH OIIp·ep.eJIJieTCH Ha OCHOBaHHH H3y'leHHH 3aBH

CHMOCTH Koa<f><f>HD;lleHTa pacrrpe,n;eJieHHH OT KOH

n;eHTpaD;HH 3KCTpareHTa H HOHOB BO~Opo~a. 

PeayJII>TaTbi onLITOB rroKaaaHbi aa puc. 9. Roa<J>

<J>nn;HeHT pacnpe,n;eJieHHH n;eaHJI npHMo rrporrop

~HoHaJieH KBa.n;paTy KOHD;eHTpan;HH A28f0<I>R H 

o6paTHO rrporropD;HOHaJieH KOHIJ;eHTpaD;HH HOHOB 
BOp;Opop;a. liCXO)l;H 113 IIOJiyqeHHLIX ~aHHLIX, MeXa

HH3M 3KCTpaK~HH n;e3HH i'J;H-2-aTHJII'eKCHJI<f>Oc<f>op
HOH KHCJIOTOH MOa\HO BLipa3HTb ypaBHeHHeM 

Cs+ + 2H2Rs;:! Cs (HR2) • H2R11 + H+. (6) 

AaaJiorH"'HLIH MexaHH3M o6uapymeu rrpH aRC

TpaKn;HH naTpHH ,D;H-2-aTHJII'eKCHJIIf>oc<J>opaoii: ·KHC

JIOTOH 18• 
3KcTpaKIJ;HJI TPexBan:eHTHYX an:eMeHTOB. Ro

a<I><PH~:n:eHTbi pacrrpe~eJieliHJI a·MepHIJ;HH, HTTpHJI 

H ~epHH rrpH a~crpaKD;HH A28fO<I>R :n:a aaoTHO

KHCJILIX paCTBOpOB yMeH:t.maiOTCH C pOCTOM KOH

n;eHTpaiTHH aaoTHOii: KHCJIOThl (puc. 6, 10). Mexa

HH3M 3KCTpaKD;HH B COOTBeTCTBHH C IIOJiy'IeHHLIMH 

3aBHCHMOCTHMH Koa<f><f>HD;HeHTOB pacrrpe,n;eJieHHH 

OT KOHIJ;eHTpaiJ;HH 3WCTpareHTa H HOHOB BO)l;OpO,IJ;a 

.MOii\HO npep;eTaBHTb B 06ID;eM BHp;e ypaBHeHHeM 

Me3+ + 3 (H2R2) ~Me (HR2) 3 + 3H+. (7) 
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PHc. 5. HHcppaKpacHJ:.Ie 
cneKTpbl norno~eHHJI pac-

raopoa: 

PHc. 6. PacnpeAeneHHe aKTHHWAHbiX :tneMeHroa a 311BHCH
MOCTH OT KOHU,eHTpaU,HH 1130THOK KHCnOTbl, 3KCTpareHT 

0,5 -M ,D,23rOCflK a H300KTatte: 

1- (~t-C7H1sO) aPO; 2-
(H-C7HisO)sPO nocJie 113-
BJie~eHIIH ypaHIIJIHIITpaTa 
113 0,1 M pacrBopa a3oT
Ho:ii: KIICJIOTLI; 3 -
(H-C7HtsO)aPO nocJie 113-
BJie~eHIIH ypaHIIJIHIITpaTa 
113 2,0 M pacrBopa a3oT
Ho:ii: KIICJIOTLI; 4 ·
(hi-C7ffls0)aP0 DOCJie 113-
BJie~eHIIH ypaHIIJIHIITpaTa 
113 8,0 M pacrBopa a30T-

1 - DJIYTOHIIH; 2 - HCDTYHIIH; 3 - aMepHIJ;IIH 

Ho:ii: KIICJIOTLI 

·2 

D t0 [HNOi},M 

PHc. 7. PacnpeAeneHHe aKTHHHAHbiX :tneMeHroa a 3a
a~o~c~o~Mocr~o~ OT KOHU,eHTpaU,~otlot 1130THOH KlotCnOTbl, 3KCTpa

reHT 0,1 M M23rOcr>K e ~ot300KTaHe: 

J - DJIYTOHIIH; 2 - ypaH; 3- HCDTYHHH; 
4- aMepH~HH 

PHc. 8. 3KcTplhcLI"" Pu (IV) pacnopaMH 
,D,23r0Cl>K B H300KTIIHe: 

1- KOH~CHTpa~IIH IIOHOB (H+) 1 M: 
2- KOH~CHTparw.a: ,[(29fO«llK 10-3 M; 
3- KoH~eHrpan;ll.a: ,[(29fO«llK to-• M 
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_, 

~~~-------------------------------------~-------------------
0 lg[Hi) -t 

lg[H+) 
PHc. 9. 3tccrpaK1.1HH Cs pacraopaMH A23rOCl>K a AB· 

KIIHe: 
1- KOH~CHTpa~HH HOHOB (H+) 2 M; 2- KOH~CHTpa

~HH l];23fO<I>R 0,3 M 

t 

PHc. 1 f . 3tccTp11KLIHH Am pacnopaMK 
M23rO<l>K a AetcaHe: 

1- KOH~CHTpa~HH HOHOB (H+) 1,5 M; 
2 - KOH~earpa~uH M23f0«<>R 0,01 M 
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4tJ 

-t 

z J 5 • 
{HNO~,M 

PHc. 10. 3tccTpi1KLIKH V H Ce H3 UOTHOICHCnbiX pact
aopoa: 

1 - Ce KoH~eurpa~uH i];23fO<I>R 0,3 M B Kepocuue: 
2- Y KOH~CHTpa~HH l);23f0<1>R 0,3 M B KepOCHHe 

f(J 

.~L-~~~~~---------------l-c, <f S 5 7 II II t0 , 11 • 6C 

PHc. 12. Ko3$$HLIHeHTbl pac;npe,qeneHHll Am, 
Pu(IV) H U(IV) a 3UHCHMOCTH OT 'IMcna yr
nepo,qHbiX IITOMOB B PIIA'fKilne 3KCTpareHTII 

(R): 
1- Pu(IV), 0,1 M HN03 

2-Pu(IV), 1,0 M HNOa }B usooKraue 
3-U(VI), 0,1 M HNOa 0,5 M; 
4- U(VI), 1,0 M HNOs 
5- Am 0,1 M HNOa, 0,2 M (R0)2PO (OH) }B ToJiyOJie. 
6- Am 1,0 M HNOa, 0,1 M (RO) (CICH2) · ' 

·PO (OH) }B oproKcB-
7- U (IV), 2,0 M HN03, 0,01 M R2PO (OH) JioJie 
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KoHcTaHTa paBHOBecuH BhlpamaereH KaK 

K _ [Me (HR~)3]-[H+]a (8) 
- [MeS+]·[H2R2]3 

He npuHUMaH BO BHUManue ROMITJieJ\Cooopaao

BaHue 3TUX 3JieMeHTOB C aHUOHaMH MUHepaJibHhlX 

KUCJIOT, MOmHO rrpU~aTb ypaBHeHUIO (8) CJie)l;yiO

~Uii: BU)l;: 

(9) 

,[(JIH UHTCpnpeTa:quu ITOJiy'leHHhlX peayJILTaTOB 

ncnoJILayroroH ROHcTaHThl paBHOBecuH K, npuBe

)l;eHHhie K uoHHoii cuJie, paBHoii HyJiro (Ko). ABTo

phl He YlJHThlBaJIH npHpo,ll;y aHHOHa, TaK KaK OhlJIO 

aaMe'leHO, 'IT·O aaMeHa B BO~HOH <f>aae HUTpaT-HOHa 

Ha XJIOpH~-UOH npaKTH'IeCKH He BJIUHeT Ha K03<f>

<f>H:qUeHT pacnpe)l;eJieHUH aMepu:qUH, :qepUH U 

eBponuH ( Ta6JI. 2). AHaJIOrH'IHMe peayJILT8Thl 

6hlJIH HOJiy'leHhl Ilenap)l;OM 17 npH 3KCTpaK:qHU 

Kropua H npoMeTHH ( i - CsH 110) ( CsHs) POOH * 
U3 aaOTHO-, COJIHHO- H XJIOpHOKHCJihlX paCTBOpOB. 

PaaJIH'IHe B Ko3<f><f>u:qneHrax pacnpe)l;eJieHHH npu 

3KCTpaK:qHU U3 paCTBOpOB aaOTHOH H •COJifiHOH 

KHCJIOT OK83aJIUCb He3HalJUTeJibHhlMU. 

Ta6nH4a 2. BnH.AHHe aHHOHa Ha pacnpeAeneHHe Am, Ce, Eu 

~ i 
i-C,H,O'-p.1'0 "'tE: .. ia=§ 0,1 M TOJIYOJI 

l:fO C,H/ '-oH 
§;~~~ 

Am Ce Eu 

0,05 HCI 9,7 6,55 108,0 
HNOa 8,0 6,33 104,0 

0,1 HCI 0,99 0,61 17,0 
HNOa 0,74 0,45 14,0 

0,2 HCI 0,08 0,054 1, 78 
HNOa 0,06 0,047 1,37 

0,5 HCI 0,007 0,007 0,16 
HNOa 0,006 0,005 0,065 

ToT me MexaHuaM Ha6Jiro,ll;aeroa rrpu 3KCTpaK

J..\HH aMepu:qUH .MOH0-2-aTHJireKCUJiq,oc<f>opHOH KHC

JIOTOH (puc. 11) • 0)l;HaKO ~JIH 3'JiOrO CJiy'laH BBH)l;y 

OCJIOmHeHUH, Bbl3hlBaeMhlX BbiCOKOH CTeiTeHbiO ITO

JIHMepuaa:qUH MO'H0-2-3'THJireKCUJI<f>oc4JOpHOH KHC

JIOThl, TOJIKOBaHHe MCXaHH3Ma He MOmeT C'IHT8Tb

CH O)l;H03Ha'IHhiM H Hym)l;aeTCH B )l;aJihHeii:meM 
yTo'IHeHuu. 

BJ11-1fiHI-1E CTPOEHI-'Ifl 1-1 COCT ABA 
ttJOCttJOPOPr AHI-1YECKI-1X KI-1CJ10T 

HA HX SKCTPAKU.HOHHYIO 
CnOC06HOCTb 

BJIHHHHe ,ll;JIHHhl pa)l;HKaJia. BJIHHHMe )l;JIMHhl 

pa,ll;UKaJia opraHuqecKoro coe)l;UHeHUH Ha ero 3Kc

rpaK:qUOHHYIO CITOC06HOCTb 6hlJIO npoBepeHO Ha 

)l;UaJIKHJI<f>oc<f>opHbiX KHCJIOTaX C ITpHMOH :qeiTbiO 

OT (CsHu0)2POOH ,ll;O (C12H2s0)2POOH. 8KCT

paK~HH ypaHa H ITJIYTOHHH npOBO)l;HJiaCb ITOJIYMO

JIHpHbiMU paCTBOpaMH opraHH'IeCKHX KHCJIOT H3 

"' 3Aecb B Aanee i-CsHir2-arnnreKCBJI. 

E. C. fYPEEB et al. 

BO,Il;Hhlx pacTBopoB, co,ll;epma~ux or 0,1 AO 1,0 M 
HN03• 8KcTpa·K:qHH aMepu:qua npoBo~nJiaCh ua 

0,1 M aaorHoii: KHCJIOThl 0,2 M 3KCTpareHTaMH B 

TOJIYOJie. 
3aBU•CUMOCTb Koa<P<l>u:queHTa pacnpe~eJieHUH OT 

qucJia yrJiepo~HhlX rpynn ~JIH paaJIH'IllhlX MeTaJI

JIOB cne:qu<f>u'!Ha. ORa xopomo aaMeTHa rrpu ~Kc
TpaK:qHH aMepU:qUH (puc. 12), )l;JIH KOTOporo K03<f>-

4Ju:qHeHT pacnpe,n;eJieHHH npH yBeJIH'IeHUU 'IUCJia 

yrJiepO)l;HhlX aTOMOB OT Cs .n;o c12 BOapacTaeT B 

mecTL paa. B cJiyqae ypaaa u IIJIYTOHHH aTa aa

BHCHMOCTh BhlpameHa 6oJiee cJia6o. CJie)l;yeT OT

MeTHTh, 'ITO CTpOeHHe opraHH'IeCKOrO COe~UHeHUH 

oKaahlBaeT aHa'IHTeJII>Ho OOJILmee BJIUHHUe Ha 

3KCTpaKD;liiO TpexBaJieHTHhlX aKTHHH,Il;OB II JiaHTa

HH)l;OB, 'leM Ha 31\CTpaKD;HIO TaKHX aKTUHH)l;OB, KaK 

ypaH II ITJIYTOHHH. 8To ITOJIOmeHHe TaKme cnpa

Be)l;JIHBO )l;JIH HHTepBaJia KOHD;eHTpa:qUH MHHepaJib

HOH KHCJIOThl, r.n;e ,n;eiiCTByeT TOJibKO KaTHOHOOO

MeHHbiH MeXaHH3M. 

J1a pHC. 12 CJie,n;yHT, 'ITO 3aBHCHMOCTb Koa<P<Pu

D;HeHTa pacnpe~em~HHR oT )l;JIHHhl pa)l;HKaJia uMeer 

MeCTO H rrpH HaJIH'IHH B MOJieKyJie 3KCTpareHT8 

CIIJI.bHO 3JICRTpOOTpHD;aTeJihHOH rpynnHpoBKU

CH2Cl. 
IIaMeueHHe 'IHCJia RHCJIOpo.n;uwx aroMoo. 

Ha a.KcTpaRD;HOHHYIO cnoco6HocTJ, Heii:TpaJILHhlX 

3KCTpareHTOB H3MeHeHHe 'IHCJia KHCJIOpO~HhlX aTO

MOB oKa3hlBaeT ropaa)l;o 6oJI.I.mee BJIHHHue, 'leM 

JII06hle ~pyr11e H3MeHeHHH CTpoeHHH COe)l;HHe

HHH 23• 24• TaK, nepexo~ oT <f>oc<f>HHOKHCH K <f>oc

<f>aTaM yMeHbillaeT 3KCTp8KD;HOHHyiO CITOCOOHOCT.b 

6oJiee 'leM B 1000 paa. 

fl pH 3KCTpaKD;UH KHCJlbiMH COe)l;HHeHHHMH 

(R)2POOH, (R) (RO)POOH, (R0)2POOH, 

(R)R1POOH, (RO) (Ri)POOH, RO(R10)POOH, 

r.n;e R- i-CsH11, a R1 - CsHs, 3<P<l>eKT ocraeTCH 

TaKHM me, HO BJIHHHHe ero npOTHBOITOJIOmHO 

(pile. 13, .14), TO eCT.b y~eJIU'IeHHe 'IHCJia KHCJIO

pO,Il;HbiX aTOMOB ITOBhlillaeT 3KCTpaK:qHOHHyiO CITO

COOOOCTb. TaK, HanpuMep, np11 3RCTpaKD;"HH aMepH

D;HH H eBpOITHH nepeXOfJ. OT <f>oc<f>HHOBhlX KHCJIOT 

(i-CsH17)zPOOH H (i-CsH17) (CsHs)POOH 

K ·<f>oc<f>opHhlM (i-CsHt70)zPOOH H (i-CsH110) • 

• ( CsHsO) POOH noBhlmaeT KOHCTaHTY paBHOBeCHJI 

npHMepHO B 1()2 H 106 pa3 COOTBeTCTBeHHO. 

BepoHTHoe o6'bHcHeHue 3ToMy <f>aKry MOmHo 

HaHTH, paCCMaTpHBaH U3MeHeHHe pacnpe)l;eJieHHH 

«aJieKTpOHHOH IIJIOTHOCTH» llpll BBe)l;eHHH aJieRT

pOOTpHn;aTeJILHhlX rpynn 11 aTOMOB. BBe~eHBe 
aTOMa KHCJIOpo.n;a Bhl3hlBaeT CMeiD;eHHe «aJieKTpOH

HOH ITJIOTHOCTH» B CTopoHy yrJieBo.n;opo.n;Horo pa

f:IHKaJia, 'ITO B CBOIO oqepep;L p;eJiaeT RHCJIOpOp; 

OKCHrpyniThl RaR 61>1 OoJiee ITOJIOmHTeJILHhlM H 

npHBOi'J;HT K BOapacTaHHIO IIO)l;BHmHOCTH rHp;po

KCHJihHOrO BO~OpO)l;a. 

8TH BhlBO~hl xopomo corJiacyrorcH c )l;aHHhl.MH 23 

06 H3MeHeHHH «KUCJIOTHOCTH» 3KCTpareHTOB B 

aaBHCHMocTH OT RJiacca coe,ll;HHeHHii:. TaR, HanpB

Mep, pH IIOJiyHeii:TpaJIH3ai{HH )l;H-2-aTHJireKCHJI

<f>oc4JopHOH RHeJIOThl paBHO 3,2, a p;H-2-aTHJireK
CHJI<f>oc<f>HHOBOH RHCJIOThl - 5,6. 0'1eBHi'J;HO, paa

HHD;a B BeJIU'IHHe pH OO'hHCHHeTcH paaJiuweH B 
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PHC. 13. 8nH.IIHH6 KHCnOpOAHbiX IITOMOB Hll 
KOHCT~HTY paBHOB6CHll. Pa36aBHTenb-TOnyon: 

1- rrpoMendi:; 2- aMepHI~HK 

.zL------;r.;,,,.:----------t-..= 
• r_N_~ ,_, ,._, _,, 'p•O 
4 'II""' sO ':':-.r"'::.P.'O . ... JT"r;p•O i,t'..N D- , 
l~' 'OH <c..,n,p 'OH <C,•'r?" 'OH -zrw OH 

PHc. 1 5. BnHliHHe 3neKTpOOTPH411Ten~oHbiX rpynn Ha 
KOHCTIIHTy paBHOB6CHll npH 3KCTpaKL.IHH, Pa361tBH· 

Tenb- Tonyon: 

1 - rrpoMeTnH:; 2 - aMepm:~u:ii 
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PHC, 14. 8nHliHHe KHCnopOAHbiX IITOMOB Hll KOHCTIIH• 
Ty paBHOB6CHll: 

0 

1- Eu; 2- Pm; 3- Am B p;eKaue; 1'- Eu. 
2' - Pm; 3' - Am B TOJiyoJie 

<.....> o.,.o 
c.,o......., 

PHc. 16. 8nl1liHHe pa3BeTBneHHll paAHKanoa Hll KOHCTIIHTy 
paaHoaecHll, Pa36aBHTenb- Tonyon: 

I- rrpoMeTuH:; 2- aMepu~nii 
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KOJIR"'eCTBe KHCJIOpO)l.HLIX aTOMOB B MOJieKyJie 

axcrpareHra rurra ~~)POOH. B ;n;aJILHeiimeM 

npeAIJOJiaraeTCH li3Y'fH'TL, HBJIHeTCH Jill 3TOT 3ql
qleKT o6:rq:uM ;n;JIH ucex pa;n;:uxaJIOB npu axcrpa~ 
;n;aHHoro KaTHOHa. RpoMe Toro, cne;n;yer OTMeT:UTL, 
qro Ha BeJIR"'HHY aq}q}eKTa H3MeHeHHH 3KCTpaK
I{JIOHHLIX CBOHCTB OKa3LIB3eT BJIHHH:Ue ll paaoaBH-
TeJIL. 

8JIHBHHe apoMaTH'Iecxoro paAJIK3Jia Ha KOH
craHTY paBHouecuH Am :u Pm oLIJio rrpouepeno 
IIyreM BBe)l;eHUH B MOJieKyJiy 3KCTpareHTa THIIa 

R 0 (i-C
8
H

17
0 0 ) "'-./ "'-./ p p 

/ " / "" RtO OH i-C8H17 OH 

apoMaTR"'ecxoro ( q)eH:UJI} pa;n;uxaJia BaaMeH aJI
KHJILHoro R(i-CsH11- P}. 

J\aK BH,ll;HO H3 puc. 15, np:U HaJIHq:H:U qleHHJIL
HOK rpyrrrrLI 

i-CsHI70 0 
"'-./ 

p 
/'\,. 

CsH5 OH 

Koucraura pauuouecuH Am :u Pm YBeJIR"'uBaercH 
npuMepHO Ha ,IJ;Ba IIOpH;n;Ka IIO cpaBHeHHIO C 3KCTp
areHTOM, co;n;epmam;uM pa;n;uxan c uacLim;euuoii 
n;enLIO. OouapymennLiii aq)q)eKT, no-nu,n;HMoMy, 
Momuo oo'LHCHUTL yueJiu'len:ueM no;n;uumuocr:u 
no;n;opo;n;a ru;n;poKCHJILHoii rpyrrrrLI. Bue;n;euue xno
pa naaMeH uo;n;opo;n;a B rpyrrrry CHa- MOJieKyJILI 

i-CsH110 0 
"'-./ 

p 
/"'-. 

CH3 OH 

oxaaLiuaer em;e OOJILmee BJIHHH:ue na xoucraury 
paBHOBeCHH aMepllD;HH II IIpOMeTH.H ( Ta6JI. 3) . 

PaaueTuJieHHe u MOJieKyne OKTHJILHoro pa;a;:u
xana, xax aro rroxaaano na puc. 12, 16, aaMeruo 
yxy;n;maeT axcrpaKn;:uiO Am, Pm, Pu(IV} H 
U (VI). ,lJ;u-2-aTHJITeKCHJiqlOCqlOpHaH KHCJIOTa 3K
crparupyeT ypaH H IIJIYTOHHH rrpu:MepHO B 6 paa 
xyme, qeM 3KCTpareHT C HOpMaJILHLIMH OKTHJIL
HLIMH n;eiDIMll ( CM. pllc. 12), ,ll;JIH Am ll Pm aro 
unumm:e em;e 6oJiee cym;ecrneHHO (npBMepno 'B 

20 paa}. AuaJiorR"'HaH xapruua Ha6niO;n;aercH npH 
H3Jilf'IUH paaueTBJieHHH 6eH30JILHOTO KOJILD;a 
(eM. puc. 15}. flpll aaMem;eHHH OKTHJILHOTO pa
)l;HKaJia Ha D;HKJIR"'eCKHH KOHCTaHTa paBHOBeCHH 
Am 11 Pm nouLimaeTCH noqr.u: u 10 paa 
(eM. p.u:c. 16). 

Ta6.nHLia 3. B.nHJIHHe aaeAeHHJI ra.noHAHpoaaHHoro 
paAHKa.na Ha KOHCTaHTY paaHoaecHJI Am H Pm 

~opM}'Jia eKCTparema 

KoAm 
KoPm 

0,1 
0,25 

-8.8·1()8 
-9,0·1()8 

E. C. rYPEEB et al. 

Ha ocHouaHuu arnx ;n;aHHLIX MOmHo npe;n;rroJio
murL, qro paaueruJien:ue BOJIH3ll aroMa q>ocq>opa 
CMem;aeT (<3JieKTpOHHyiO IIJIOTHOCTL>) B CTOpoHy 
ru;n;poKcuJia, yMeHLmaH reM caMLIM )lHccon;:uan;uiO 
opraHR"'eCKOH KHCJIOTLI. C ;n;pyroii CTOpOHLI, B03-
MOa\HO 3KpaH:UpOBaHHe BO,ll;Opo;n;a OKC:UrpyiiiiLI 
ooKOBLIMH n;errHM:U. 

BJIHJIH:ue paaoau:uTeJIJI oTMeqaercH rroqru no 
BCeX HCCJie)l;OBaHHHX JIO 3KCTpaKn;HH 25• 26• ,lJ;JIH 
HeiirpaJILHLIX q>ocq)opopranB:"'ecxux coe;n;uHeH.o:ii 
rrpupo;n;a paa6auureJIH HeaHaqureJILHO BJIHHeT na 
K03qlqlliD;UeHTLI pacnpe;n;eJieH:UH 3KCTpar:upyeMLIX 
aJieMenrou. <l>ocq)opopranuqeCJme 'KHCJIOTLI 6oJiee 
qyucTBIITeJILHLI K rrp:upo;a;e paa6auuTemr. HccJie
,ll;YH pacnpe;n;eJieH:ue Am Mem,n;y 0,5 M pacruopoM 
HNOa 11 0,5 M pacTuopoM ,l1;23fO<I>R B paaJIR"'
HLIX paa6auureJIHX, o6uapymunn, qTo xoaq)IPu
n;ueurLI pacrrpe;a;eJieHHH yMeHLmaiOTCH noqru B 
1000 paa npu nepexo;n;e oT uaooxraHa K xnopo
tf>opey (Ta6JI. 4). 3aMena ;n;exaua ua T<>JJYOJI 

Ta6nHLia 4. BnHJIHHe npHpOAbl pn6aiHTe.nJI Ha 3KCTpaKLIHIO 
aMepHL\HJI pacnopaMH ,ll,23rO<t>K. BoAHaJI cjlna 0, 5 M 

PaallaBHTMh 

MaooKTaH 
.IleKaH 
l.J;HKJIOreKCaH 
qeTLipeXXJIOpHCTLIH yrJiepOA 
TOJIYOJI 
BeHaOJI 
XJiopo<PopM 

Ho9(fl4JHUReHT 
paoupeneJieHHII 

21,2 
17,7 
4,5 
0,49 
0,15 
0,092 
0,0167 

yMeHLmaer aKcrpaxn;uiO Am u 100 paa (ra6JI. 5). 
,lJ;upcen :u Xap;n;:u 27 cBH3LIBaiOT aro BJIHHHHe co 
CTeiieHLIO IIOJIHMepuaan;:u:u 3KCTpareHTa B opraHH
qecKOH tf>aae 11 uaau:Mo;n;eiicTulleM ero c paa6au:u
TeJieM. 

Rax rroKaaauo MHor:uM:u auropaM:u 28, ,n;u:Mep:u
aan;HH - OCHOBH3H tf>opMa accon;:uan;:u:u O)l;HOOCHOB
HLIX KHCJIOT, HO BeCLMa BepOHTHO ll )l;aJILHeiimee 
yxpyrrHeHHe MOJieKyJI aa cqer coJILuaTan;:u:u )l;HMe
pa MOHOMepaMH. CoJILBaTan;uiO Momno rrpuMepno 
xapaKrepH30B3Tb ,ll;:UaJieKTpR"'eCKOH IIOCTOJIHHOH 
paaoaBHTeJIH. J\OJIR"'eCTBeHHO 3TH B3aHMO;JJ;eHCTB:UJI 
Baiic 29 on;enUBaer no npouaue,n;eu:u:IO KOHCTMITLI 
,n;BMep:uaan;u:u: :u: xoaqxpun;:uenra pacrrpe;n;eJieHHH 
MOHOMepa Mem;n;y oprau:uqecKoii :u BO;n;Hoii q)aaa
Mll. ,lJ;JIH ;n;u6yTHJiqlOCijlopHOH KHCJIOTLI 3Ta BeJI:U
qlJHa cocraBJIHeT - 5 ·10S. B ·;n;eiicTBHTeJILHocr:u 
H30JIIO)l;aiOTCH OTKJIOHeHUH OT aTOTO 3HaqeHHH, 
Bhl3B3HHLie, BO-IIepBLIX, ,n;aJILHeiinmM yxpynHe
H:UeM ,n;HMepou, uo-uropLix, ;n;uccon;:uan;Reii nocJie;n;
n:u:x. Jlepuoe B3aHMO)l;eHCTBHe OTHOCHTCH K rrpe
;n;eJILHLIM yrneno,n;opo;n;aM (xepoc:un), nropoe K 
C:UJILHO IIOJIHpHLIM paa6aBHTeJIHM (XJIOpoqlOpM}. 
Hccne,n;yH axcrpaKn;HIO rpexuanenrnoro meJieaa 
,n;u-2-arnJireKJCliJiqlOCqlOpHOH KHCJIOTOH B OKTaBe, 
,lJ;:u:pcen 30 o6uapymHJI qacTH'IHYIO rp:o:Mep:u:aan;HIO 
aKcTparenTa. ,lJ;aJILHeiimaH noJIHMep:u:aan;:u:H oco-
6eHBo aaMeTHa IIpH SKCTpaK:Q:u:ll MHOrOaapH)l;HLIX 
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KaTHOHOB. XJiopo<J>opM coJILBaTHpyeT J~;HMepM J~;O
BOJI:bHO CHJI:bHO 11 rrpeHMym;ecTBeHHO qepe3 BOl);O

pOl);H:ble cnaan. TaKHM o6paaoM, MoJieKyJia J~;HMepa 
COJILBaTHpyeTCH IIOJIHpH:biM paa6aBHTeJieM, qTo 3a

Tpyl!;HHeT IIpOHHKHOBeHHe H3BJieKaeMbiX KaTHOHOB 

K aKTHBH:biM qeHTpaM aKcTparenTa. TaK, npn aaMe

He KepOCHHa (J~;H::IJieKTpHqecKaH IIOCTOHHHaH 2,0) 

Ha XJiopo<f>opM (J~;H::IJieKTpHqecKaH IIOCTOHHHaH 5,1) 
Koa<J><J>nn;HeHT pacnpeJ~;eJieHHH ypana MeiKJ~;y BOA

HLIM paCTBOpOM H l);H-2-aTHJireKCIIJI<f>Oc<f>opHOH 

KHCJIOTOH nal);aeT noqTli B 40 pa3, aMepliD;liH B 

1000 pa3. IlpH ::ITOM CJie):{yeT yqliT:biBaTb, qTO 

BJIHHHHe paa6aBHTeJIH B 3HaqHTeJI:bHOH CTeneHli 

3aBliC11T OT CTpOeHliH CaMOrO ::IKCTpareHTa. 

lfa B:blilleli3JIOiKeHHOro Blll);HO, qTO IIOBel);eHHe 

paCCMOTpeHH:biX ::IJieMeHTOB npn ::IKCTpaKD;HH <f>oc

<f>opH:biX KliCJIOT no-pa3HOMY 3aBHCHT OT KHCJIOT

HOCTli ]JOl);H:biX paCTBOpOB, IIpHpOl);:bl paa6aBHTeJIH 

11 KoMnJieKcoo6paaonaHHH B BO):{HOii <J>aae. Bee aTo 

):{aeT B03MOiKHOCTb C03l);aBaT:b pa3JIHW:ble BapnaH

T:bl cxeM aKcTpaKqnonnoro B:b!AeJieHnH, paal);eJie

HHH 11 oqHCTKH aKTHHHl);H:biX ll pel);K03eMeJibH:biX 

aJieMeHTOB C HCIIOJI:b30BaHHeM aJIKliJI<f>oc<f>opH:biX 

KHCJIOT B coqeTaHHH C ORHICJIHTeJI:bHO-BOOCTaHQBH

TeJibH:biMH npon;eccaMn. 
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A/347 USSR 

Extraction of certain elements with 
phosphorus-containing monobasic acids 

By E. S. Gureev eta/. 

This paper is concerned with the mechanism of 
extraction of certain elements by acidic phosphorus
containing compounds and gives the results of investi
gations of the effect of structure and composition of 
these compounds on their extraction properties. 

For the extractants considered the group )P(
0 

OH 
is common, in which hydrogen may be substituted by 
a cation, while the oxygen of the phosphoryl radical 
takes part in the co-ordination link with an element 
being extracted. 

The cation exchange mechanism of extraction cor
responds to the substitution of hydrogen, while the 
solvation mechanism corresponds to co-ordination 
through oxygen phosphoryl of the radical. When 
substitution and co-ordination are simultaneous, a 
chelate is formed. Both mechanisms may be observed 
when extracting uranium from hydrochloric and nitric 
acid solutions. 

The cation exchange mechanism prevails at low 
acidity. At much higher mineral acid concentrations 
the degree of the dissociation of the organic extractant 
is appreciably lowered and the extraction of uran
ium (VI) is possible by the solvation mechanism which 
is confirmed by distribution curves and infra-red 
spectra. 

Nitric acid extraction is only by the solvation 
mechanism, while for the weakly polarized cations Cs, 
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Sr, Ce, Am, only the cation exchange mechanism 
prevails. 

The relation between extraction power and the 
structure of the extractant depends on the extraction 
mechanism. Thus, in extracting uranyl and zirconium 
nitrates with di-alkylphosphinic acids and acid esters 
of methylphosphinic acid a maximum in the extrac
tion power is observed corresponding to a determined 
number of carbon atoms in the extractant molecule. 

The effect of structure of the extractant was studied 
in more detail for extracting trivalent cations, since 
then only the cation exchange mechanism of extrac
tion need be considered. 

The extraction properties of organic compounds 
were compared using stability constant values for the 
complexes being extracted at zero ionic strength. The 
dependence of the constant as a function of the nature 
of the anion, the length of the alkyl chain in the 
extractant radical and the introduction of electro
negative groups was also studied. The constants were 
determined for different classes of organic extractants. 

Synergism in extracting uranium (VI) from nitric 
acid solutions with the binary mixture n-trioctylamine 
(TOA)-di-iso-amylphosphoric acid (DiAPA) was also 
investigated. The synergistic effect was found to have 
a maximum at the certain ratios of TOA to DiAPA 
and nitric acid concentrations. 

A/347 USSR 

Extraction de certains elements par des 
acides monobasiques contenant du phosphore 

par E. S. Gureev et a/. 

On examine dans le memoire le mecanisme d'extrac
tion de certains elements par des composes acides con
tenant du phosphore et on donne les resultats de 
l'etude de !'influence de Ia structure et de Ia constitu
tion de ces composes sur leurs proprietes d'extraction. 

Le groupe )P (gH, dans lequel l'hydrogene peut 

etre remplace par un cation et !'oxygene du phos
phoryle participe a la liaison de coordination avec 
!'element extrait, est commun aux agents d'extraction 
etudies. 

A Ia substitution de l'hydrogene correspond le 
mecanisme d'extraction par echange de cations, et a Ia 
coordination par !'oxygene du phosphoryle le meca
nisme de solvatation. En cas de substitution et co
ordination simultanees, il se forme un produit de 
chelation. On peut observer les deux mecanismes lors 
de !'extraction de !'uranium de solutions nitriques ou 
chlorhydriques. 

Le mecanisme d'echange de cations predomine a 
faible acidite. Dans le domaine de concentration plus 
forte de l'acide mineral, le degre de dissociation de 
!'extractant organique diminue notablement, et !'ex
traction de !'uranium hexavalent selon le mecanisme 
de solvatation devient possible, ce que confirment les 
courbes de partage et les spectres infrarouges. 

E. C. fYPEEB et al. 

L'acide nitrique s'extrait seulement par le meca
nisme de solvatation, et les cations faiblement polari
sables Cs, Sr, Ce, Am seulement par echange de 
cations. 

La relation entre le pouvoir d'extraction et la struc
ture de )'extractant depend du mecanisme d'extraction. 
Ainsi, au cours de !'extraction de nitrates d'uranyle et 
de zirconium par des acides dialkylphosphiniques et 
des esters acides de l'acide methylphosphinique, on 
observe un maximum du pouvoir d'extraction, corres
pondant a un nombre determine d'atomes de carbone 
dans Ia molecule de I' extractant. 

L'influence de la structure de l'agent d'extraction est 
etudiee plus en detail dans le cas de }'extraction de 
cations trivalents, ou seulle mecanisme par echange de 
cations entre en jeu. 

On a compare les proprietes d'extraction des com
poses organiques d'apres Ia valeur des constantes de 
stabilite des complexes extraits pour une force ionique 
nulle. On a etudie les constantes en fonction de Ia 
nature de l'anion, de la longueur de la chaine alkyle 
dans le radical de l'agent d'extraction, et de !'introduc
tion de groupements electronegatifs. On a determine la 
valeur des constantes pour differentes classes d'agents 
d'extraction organiques. 

On a egalement etudie Ia synergie dans !'extraction 
de l'uranium(Vl) de solutions nitriques par des 
melanges binaires: n-trioctylamine (TOA)-acide di
isoamylphosphorique (DiAPA). L'effet de synergie 
presente des maximums pour des valeurs determinees 
du rapport TOA/DiAPA et de la concentration d'acide 
nitrique. 

A/347 USSR 

Extracci6n de algunos elementos por acidos 
monobasicos que contienen f6sforo 

por E. S. Gureev eta/. 

En Ia memoria se considera el mecanismo de extrac
cion de algunos elementos por compuestos acidos que 
contienen fosforo y se exponen los resultados de la 
investigaci6n de la influencia de la estructura y la 
composici6n de estos compuestos sobre sus propie
dades extractivas. 

Todos los disolventes considerados contienen el 

grupo )P (gH en el cual el hidrogeno acido puede 

ser reemplazado por un cation, y el oxigeno del fos
forilo participa en el enlace coordinado con el ele
mento que se extrae. 

La sustitucion del hidrogeno constituye el mecanis
mo de intercambio cationico de Ia extraccion, mientras 
que Ia coordinaci6n mediante el oxigeno fosforilico 
constituye el mecanismo de solvataci6n. En el caso de 
producirse simultaneamente Ia sustitucion y la co
ordinaci6n se forma un complejo. Se pueden observar 
ambos mecanismos en Ia extracci6n del uranio de 
soluciones de cloruros y nitratos. 

En soluciones poco acidas predomina el mecanismo 
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de intercambio cationico. Con mayores concentra
ciones de acido mineral disminuye sensiblemente el 
grado de disociacion del disolvente organico y es 
posible Ia extraccion del uranio hexavalente por el 
mecanismo de solvatacion, lo que esta de acuerdo con 
las curvas de distribucion y con los espectros infrar
rojos. 

El acido nitrico se extrae solamente por el mecan
ismo de solvatacion, y los cationes debilmente polariz
ados Cs, Sr, Ce, Am solo por intercambio cationico. 

La relacion entre la capacidad de extraccion y Ia 
estructura del disolvente esta ligada con el mecanismo 
de extraccion. Asi, en Ia extraccion de los nitratos de 
uranilo y de circonio por los acidos dialquilfosfinicos 
y por los esteres acidos del acido metilfosfinico se 
observa un maximo de Ia capacidad de extraccion que 
corresponde a un numero determinado de atomos de 
carbono en la molecula de disolvente. 

Se ha estudiado mas detalladamente la influencia de 
la constitucion del disolvente en el caso de la extrac-
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cion de los cationes trivalentes, ya que entonces se 
observa solo el mecanismo de extraccion por inter
cambio cationico. 

Se han comparado las propiedades extractivas de los 
compuestos organicos, refiriendolas a los valores de 
las constantes de estabilidad de los complejos disueltos 
con efecto salino nulo. Se ha estudiado como influyen 
sobre el valor de la constante, la naturaleza del anion, 
la longitud de Ia cadena alquilica del radical del disol
vente y la introduccion de grupos electronegativos. Se 
han determinado los valores de las constantes para 
diversas clases de disolventes organicos. 

Se ha estudiado tambien el efecto sinergico en Ia 
extraccion del uranio(VI) de soluciones nitricas por 
una mezcla binaria: n-trioctilamina (TOA)-acido di
isoamil-fosforico (AdiAF). Se ha encontrado que el 
efecto sinergico es maximo para determinados valores 
de la razon TOA/ AdiAF y de Ia concentracion del 
acido nitrico. 
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A reprocessing alternative for Zircaloy clad natural or 
slightly enriched uranium oxide fuel elements 

By E. Haeffner, A. Hultgren and A. Larsson* 

The main interest in processing spent fuel elements 
containing natural or slightly enriched uranium is the 
recovery of the plutonium produced during irradia
tion. The recycling of depleted uranium in thermal 
power reactors seems at present to be of low eco
nomical value. It is therefore not necessary to decon
taminate the uranium further than required for its 
storage without increasing the cost for radiation 
shielding. 

The reprocessing method described here is intended 
for the treatment of uranium oxide fuel clad in zir
conium alloy and irradiated to a burn-up of the order 
of 10000 MWd/tonne. The decladding is carried out by 
high temperature oxidation of the zirconium followed 
by a dissolution of the oxide core in nitric acid. Plu
tonium is separated from the uranium and fission 
products by an amine extraction process. The uranium 
is decontaminated to an adequate degree with tri
butylphosphate extraction. 

The economical feasibility of the processes men
tioned has been evaluated for a plant with a capacity 
of 1 tonne/day. 

CHEMICAL PROCESS 

The chemical head-end method usually proposed for 
Zircaloy clad fuel (the Zirftex process) produces con
siderable amounts of liquid intermediate radioactive 
waste, causing high storage costs. The Thermox process 
suggested here has the advantage that only small 
amounts of solid waste are generated in the decladding 
step. 

Tertiary amine extraction has been proposed for the 
final purification of plutonium [1,2] after co-decon
tamination and separation of uranium and plu
tonium [3]. Long chain tertiary amines offer com
paratively good resistance against radiation and this 
property is advantageously used with a direct plu
tonium extraction from the high active feed solution. 
Because of the selectivity for plutonium(IV) also in 
the presence of uranium(VI) in high concentrations, 
the organic product flow is of the same order as the 
feed stream, in contrast to the Purex process where the 
organic stream must be at least three times as large as 
the feed stream. Uranium in high concentration in
creases the decontamination from fission products in 

• AB Atomenergi, Stockholm. 

amine extraction [4] as in tributylphosphate extrac
tion. 

For the uranium decontamination cycle no feed 
evaporation is necessary. This cycle can also be made 
very effective in decontamination from fission products 
by working at high uranium saturation in the organic 
phase as no additional plutonium extraction is desired. 

Head-end 

The Thermox process was developed for decladding 
and dissolving irradiated Zircaloy-2 clad uranium 
dioxide fuel elements [5]. The process consists of the 
following steps: 

Figure 1. Functional flowsheet for Thermox process (oxidation 
step) 

1 : Furnace; 2: Entrainment separator; 3 : Heat exchanger 

To extraction 

Figure 2. Functional flowsheet for Thermox process (dissolution 
step) 

1 : Furnace; 2: Entrainment separator; 3: Heat exchanger; 
4: Filter vessel; 5 : Transfer vessel 
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Figure 3. Plutonium extraction flowsheet. Alternative 1 

Concentrations for U and Pu in g/1; FP in c/1 gross ,By-activity; other components in M/1; flows in 
1/h; volumes in 1/24 h. Volume figures indicate batch process 

(a) Decladding by means of thermal oxidation of 
Zircaloy-2 with oxygen and water vapour in the 
presence of nitrogen at 825 oc; 

(b) Oxidation of uranium dioxide pellets to U30 8 
with air and oxygen at 450-650 oc; 

(c) Dissolution of uranium oxide with nitric acid, 
leaving the zirconium oxide as an insoluble 
residue; 

(d) Filtration of the uranyl nitrate solution and 
washing the residues. 

The decladding and dissolving operations are 
carried out in a steel vessel placed inside an electrically 
heated furnace. 

The oxidation of zirconium and Zircaloy-2 proceeds 
in several steps. The original black or brown passiva
tion oxide layer changes to yellow-brown and finally 
to almost pure white as the oxidation proceeds with 
oxygen diffusion into the metal. Small cracks start to 
form in the homogeneous surface layer and the rate of 
oxidation changes from a cubic or parabolic to a linear 
time dependence. At more advanced stages of oxida
tion, oxide scale falls from the Zircaloy metal which is 
finally penetrated. 

To a certain degree the oxidation rate seems to be 
dependent on the composition of the surrounding gas. 
The oxidation is more rapid in oxygen than in water 

vapour. More remarkably, the oxidation proceeds 
faster in air than in pure oxygen. This fact might be 
explained by an active participation of nitrogen in the 
reaction mechanism. 

Hardly any oxidation of the uranium dioxide takes 
place at such high temperatures as 800°C. For that 
reason it is necessary to cool the furnace to about 500-
600 oc before the reaction starts and progresses with 
an acceptable speed. 

Pilot plant experiments have been carried out to con
firm the feasibility of the Thermox process with actual, 
non-irradiated fuel elements. 

In the one tonne per day plant it is necessary to fore
see two furnaces, each containing seven fuel elements 
and working on a 48 hour time cycle. Approximately 
1 000 kg of uranium as uranyl nitrate and 250 kg of 
zirconium oxide residue are produced in each cycle. 
Functional fiowsheets for the decladding and dissolv
ing steps are given in Figs. 1 and 2. 

Plutonium extraction flowsheets 

Two chemical fiowsheets for amine extraction of 
plutonium are presented in this study. The primary 
plutonium extraction and scrubbing procedures are 
identical, while the subsequent handling of the plu
tonium-bearing amine solution is different. Common 
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Figure 4. The distribution coefficient of plutonium (IV) as a 
function of aqueous nitric acid concentration. TLA 10 in Solvesso 

100 

to both flowsheets is a tributylphosphate extraction 
process for the decontamination of uranium. 

In the experimental studies 10 vol% of trilauryl
amine (TLA 10) in Solvesso 100 was chosen as solvent. 
The trilaurylamine used had a purity of 99%, as 
checked by non-aqueous perchloric acid titration. 
Solvesso 100 has a variable composition of mainly di
and trialkylbenzenes with an aromatic content around 
96 %. The use of an aromatic diluent is a necessity at 
the high uranium concentrations in the primary extrac
tion in order to avoid third-phase formation, unless 
polar solvent modifiers such as n-octanol are used. It 
was found, however, that n-octanol decreases the 
plutonium(IV) extraction considerably, which is also 
the case for uran:ium [6] and technetium [7]. As the 
modifier also very probably affects the chemical and 
radiolytic stability of the system, an aromatic diluent 
was preferred. Lately, aromatic diluents, more stable 
against attack from nitric acid than Solvesso 100 have 
appeared, i.e. the butylbenzenes. Tertiary butyl
benzene (TAB) has a low retention ability for fission 

Aqueous HN0
3 

concentration 

Figure 6. The distribution coefficient of uranium (VI) as a function 
of aqueous nitric acid concentration at different aqueous uranium 

concentrations. TLA 10 in Solvesso 100 
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~~~~---

10"1 10 102 g/1 
Uraniull\ aqueous concentration 

Figur~ 5. The distribution coefficient of plutonium (IV) as a 
funct1on of aqueou~ u.rani~m concentration at a constant aqueous 

mtnc ac1d concentration of 2M 

Cu:ve 1: 0.156M TLA in branched dodecane +5% octanol 
(this study); Curve 2: ~.15M TLA in Amsco +2% octanol; 
Curve 3: 0.156M TLA m Solvesso 100 (this study); Curve 4: 

0.17MTLA in branched dodecane +5% octanol 

products (8] and for this reason it was chosen as 
di~uent in the flowsheet studies. Preliminary testing in 
m.1xer-settler columns on a small pilot plant scale with 
TBB (98.6 % purity) has shown that an increased 
settling time might be necessary. However the simi
larity in physical and chemical properties ~f Solvesso 
100 and TBB indicates that the physical performance 
of the TLA 10-TBB system should not deviate much 
from the TLA 10-Solvesso 100 system. 

The flowsheets are based on a plant capacity of 
1 tonne U per day for fuel of the following charac
teristics: average enrichment, 1.5 %; irradiation, 

C/C.r-------------
10"1 

20 30 
Becl volumes of effluent 

Figure 7. Break-through curves for plutonium at 40°C 

TLA 10 in Solvesso 100. Column: 1 x 10 em Co= 1.20 g/1 
plutonium (IV). Stationary phase: (a) 0.5M HN03, 2.0M 

(NHzOH)2. HzS04; (b) 0.5M HNOa, 4.0M (NH4)2S04 
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13000 MWd/t; cooling time, 150 days; fission product 
activity, 2.4 X 106 curies/tonne gross f3y; plutonium 
content, 4.6 kgjtonne U. 

Alternative 1 (Figure 3) 
After dissolution and adjustment of the solution, the 

plutonium(IV) is extracted in the !A-column at 
ambient temperature. A 4M nitric acid scrub is intro
duced one stage below the top of the column. An 
additional decontamination from uranium and fission 
products is attained in the 1 S-column, operated at 
40 °C. The aqueous bottom stream from the 1 S
column is recycled to the top of the lA-column. These 
two columns supply the main separation of fission 
products and uranium from plutonium, and this part 
of the flowsheet has been tested with satisfactory 
results at ambient temperature in mixer-settlers on 
low irradiated uranium. The distribution of plu
tonium (IV) as a function of the acidity and uranium 
concentration is illustrated in Figs. 4 and 5 [9, 10], and 
the distribution of uranium at different acidities and 
uranium concentrations in Fig. 6. 

The approximate distribution coefficients for plu
tonium(IV) and uranium(VI) (at 25 oq and the 
number of theoretical stages are summarized as 
follows: 

Position DpuiV DuVI Stages 

IA, extraction IO 0.1 5 
IA, scrub IOO 0.4 3 
IS 20 0.05 4 

The plutonium bearing 1 SP-stream then enters the 
silica gel cycle. The use of a silica gel column for the 
separation of uranium and plutonium in a TBP extrac
tion process has been demonstrated in earlier work 
[11, 12]. In this flowsheet, six silica gel columns, con
taining 30-50 mesh silica gel of middle pore size 
quality, are conditioned· with an aqueous solution of 
4M ammonium sulphate and 0.5 M nitric acid, the 
excess of this solution being removed with TLA 10 in 
TBB. The columns are operated three in parallel at 
40 oc on a 24 hour cycle, where the loading takes 
exactly 12 hours. In the loading step the plutonium is 
transferred to the stationary water phase of the silica 
gel and stays there as sulphate complexes, very weakly 
extracted by TLA 10 and thus very slowly moving 
down the column. Fifteen bed volumes of lSP-solution 
give a 24 g Pu/1 average column loading with less than 
0.1 % loss of plutonium. As very little sulphate leaves 
the column in this step, the effluent might be recycled 
as lAX-extractant for some time without solvent 
treatment. Two bed volumes of TLA 10 are passed 
through after the loading step before the plutonium 
elution. This is carried out in two steps with nitric acid, 
2.0M and 8.9M respectively, to give a plutonium(IV) 
nitrate solutioR, which can be directly fed to an anion 
exchange cycle, working at 60 oc [13, 14, 15]. Because 
of the sulphate concentration in the ion exchange feed 
solution, loading of the ion exchange column has been 
restricted to 36 g Pujl bed volume: The four ion 
exchange C<?lumns operate two in parallel on a 20 hour 
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cycle. They have the same dimensions as the six silica 
gel columns: Diameter 13.0 em, height 240 em, 
volume 32.0 1. 

The silica gel cycle has been tested with amine solu
tions containing 1.2 g Pu1VjJ. Two break-through 
experiments on a small silica gel column conditioned 
with 4M ammonium sulphate and 2M hydroxylamine 
sulphate respectively are illustrated in Fig. 7. The 
plutonium leakage is exceptionally small in the latter 
case (1 x 10 em column, 1 mljcm2 min). 

It should also be pointed out that at tracer level con
centrations of plutonium a very high concentration 
factor of the order of 500-1000 can be obtained in the 
silica gel step. 

A solvent treatment, using alkali-acid scrub, is 
intended to be used periodically when excessive 
activity has been built up in the solvent. 

In alternative 1 the following decontamination 
factors are anticipated: 

Step DF(Jy DFu 

IA 2x I03 2.2 X 102 

IS 4 8x 102 

G 10 I 
X 103 I02 

Total. 8.I07 1.75x107 

This leaves a plutonium product containing 12 ppm U 
and 6. 7 p,c f3y-activity per gram of plutonium. 

Alternative 2 (Figure 8) 
This flowsheet is identical in the lA-lS-cycle but the 

plutonium in the 1 SP-stream is re-extracted with 
acetic acid containing nitric acid [1]. The pluton
ium (IV) distribution as a function of the acetic acid 
concentration is illustrated in Fig. 9, and the pluton
ium distribution as a function of the nitric acid con
centration at a constant acetic acid concentration of 
4M is shown in Fig. 10. As seen from the latter figure, 
it is possible to carry out a second plutonium(IV) 
extraction after increasing the nitric acid concentra
tion. 

The plutonium stripping is carried out in the lB
column with 3M acetic acid and O.IM nitric acid and 
requires four theoretical stages at an aqueous/organic 
flow ratio of 1/5. As demonstrated in a mixer-settler 
run, a decontamination is obtained at the same time, 
because the f3y-activity mainly follows the organic 
stream. 

Acetic acid has been shown to distil at a fairly 
constant aqueous concentration of 3-5M after acidifi
cation to 2M nitric acid. The distribution coefficient of 
plutonium(IV) between the anion exchanger Permutit 
SK and an aqueous solution of 7.2M nitric acid with 
varying concentrations of acetic acid at 60°C has been 
found to be almost independent of the acetic acid con
centration. This points to different possibilities of con
centrating the IBP-product. In this flowsheet, how
ever, a second plutonium extraction is carried out in 
the 2A-column after adjustment of the nitric acid 
concentration, and the plutonium is precipitated 
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directly from the organic solution with an aqueous 
solution of oxalic acid [16]. Because of the desirability 
to work at higher plutonium concentrations, 20 % 
TLA in TBB (TLA 20) is used in this part of the flow
sheet. No scrubbing is necessary in the 2A-column 
because of the low uranium concentration. For 99.9 % 
Pu-extraction three theoretical stages are necessary. 

Two solvent treatment cycles are required as in this 
flowsheet two solvents are used. The one for the second 
plutonium cycle needs, however, only one tenth the 
capacity of the treatment cycle for the primary solvent. 

The different steps in alternative 2 result in the 
following decontamination factors: 

Step DFfJy DFu 

lA 2x 103 2.2x 102 

IS 4 8x 102 

IB 10 4 
2A 8 X 102 3 
DP 15 1.7 

Total. 9.6x 108 3.6x 106 

The plutonium product in this alternative thus con
tains 60 ppm uranium and 0.5 ftC ~y-activityfg Pu. 

Uranium decontamination 

The purpose of this process (Fig. 11) is solely to 
decontaminate the uranium to a level sufficient for 
simple and compact uranium storage. New solvents of 
promising character for the extraction of irradiated 
uranium are di-s-butylphenylphosphonate [17] and 
di-2-amyl-2-butylphosphonate [18]. Also changing the 
aliphatic diluent to an aromatic one has increased the 
decontamination from fission products [17]. However 
uranium extraction data for these solvents are only 
partially known and the introduction of aromatic 
solvents in the Purex process will somewhat change 
the requirements of the extraction equipment as the 
difference in density between the aqueous and organic 
phase decreases. 

A one-cycle tributylphosphate extraction process 
for the decontamination of uranium with a factor of 
106 was published in the 1958 Geneva conference [19], 
where the influence of temperature on the distribution 
of extractable fission products was utilized. The uran
ium decontamination cycle presented here is based on 
this process, which has been modified to give also a 
further decontamination from the small amounts of 
plutonium left from the amine extraction. Adakane 12 
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(Archer-Daniels-Midland Company) has been chosen 
as diluent because its stability and high flashpoint 
permit operation at 70°C [20]. 

The uranium is extracted and scrubbed at slightly 
increased temperature in the UA-column, given a 
complementary scrubbing at 70 oc in the US-column 
and then re-extracted in the UC-column at 50°C 
[21,22]. The aqueous uranium solution is finally 
evaporated before calcination and storage. 

The tributylphosphate extractant is continuously 
washed in three sodium carbonate washers to remove 
chemically and radiolytically produced di- and mono
butylphosphates with accompanying activities. 

Tentatively, the uranium from this process will 
contain 2.4 fLC ,By-activity/gram and 0.2 ppm plu
tonium. It will thus contain y-activity greater by an 
order of magnitude than unirradiated natural uranium 
and perhaps an order of magnitude too much plu
tonium to allow direct handling. 

EQUIPMENT 

As far as possible, conventional equipment has been 
chosen. However, the Thermox process is only partly 
investigated in full scale and the selection of materials 
and design is therefore not final. 

Decladding and dissolving equipment 

Decladding and dissolving of the fuel is performed 
in a tubular steel vessel placed inside an electrically 
heated furnace. Because of the severe conditions to 
which the furnace vessel is exposed, it is proposed to 
be manufactured of a steel with high chromium and 
nickel content. (Avesta 854 E was used with good 
results in the pilot plant tests.) A preliminary design of 
the furnace is found in Fig. 12. 

The furnace vessel can receive seven fuel elements 
4 metres in length. Underneath the lid of the furnace a 
collar arrangement is made for the connection of a 
number of tubes for the introduction and extraction of 
gases and liquids and for the removal of decanning 
waste material and dissolved fuel. 

+--

~ 
A 

A- -A 

Figure 12. Thermox furnace 

E. HAEFFNER eta/. 

A loop for external gas circulation and a gas clean
ing system with heat exchanger, scrubber, silica gel 
filter and high efficiency filter are connected to the 
furnace vessel. The gas cleaning system must be 
dimensioned to handle not only released fission gases 
and airborne particles but also ruthenium oxide that is 
volatilised during the heat treatment. During the 
dissolution step nitric acid fumes are condensed in a 
heat exchanger. 

The separation of decladding waste and dissolved 
uranium fuel is made in a filter vessel of a special 
design. The transport to this vessel is made by a vacuum 
air lift. The clear solution is transferred to feed adjust
ment tanks for additional treatment in the extraction 
section of the plant. The solids are washed in the filter 
vessel and then transferred as a slurry to a detachable 
vessel for further removal to solid waste disposal. 

Extraction equipment 
Four extraction units are needed for the trilauryl

amine extraction. Pulse columns are chosen in this 
study as extractors although pilot plant experiments 
indicate [23] that mixer-settler columns could be used 
with some advantage. The tributylphosphate extrac
tion process requires three pulse columns. The height 
of the seven pulse columns varies between 8 and 12 
metres. The diameter is usually small enough to com
ply with the.criticality requirements, although neutron 
absorbing material might be needed in the separation 
parts of one or two columns. 

Plutonium oxalate precipitation 
The plutonium is precipitated as oxalate directly 

from the organic trilaurylamine phase. The wet pro
duct is subsequently dried and calcined. 

Final uranyl nitrate handling 

The purified uranyl nitrate solution is evaporated 
and fed into a fluidised bed calciner. The uranium 
oxide product from this calciner might be stored in 
drums. Equipment for the absorption of nitrous 
oxides is attached to the calciner. The weak nitric acid 
formed is introduced into the distillation column of 
the acid recovery system for concentration. 

Solvent treatment and acid recovery systems 

Three different solvent treatment systems are in
cluded, two for the trilaurylamine extraction and one 
for the tributylphosphate extraction. The solvent is 
treated with sodium carbonate in contactors of mixer
settler type. Two evaporators and one distillation 
column are included in the acid recovery system. The 
concentrated high-active waste from the first evapora
tor is transferred to underground storage tanks. 

Flowsheet alternatives 

Two alternatives are given for the chemical flow
sheet for the trilaurylamine process. However, in the 
cost estimate as well as in the plant layout only the 
direct precipitation alternative has been considered. 
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A- -A 

Figure 13. Main plant lay-out 

I, 2: Decladding and dissolution; 3: Off-gas treatment; 4: Extraction; 5: Solvent treatment; 6, 7, 8, 9: 
Acid recovery; 10, 11: Tanks; 12: Solvent treatment; 13: Pu final treatment; 14: Spare cell; 15, 16: 
Fuel receiving station; 17: Unloading pond; 18: Pond water treatment; 19: Storage pond: 20: En
trance; 21: Utilities; 22: Electrical distribution; 23: Make-up area; 24: Active filters; 25: Uranium 
final treatment; 26: Frogman area; 27: Analytical lab.; 28: Store; 29: General ventilation; 30: Crane
way; 31 : Cell ventilation; 32: Equipment ventilation; 33: Personnel corridor; 36: Transmitter 
corridor; 37: Ventilation ducts; 38: Electrical cables; 39: Ventilation ducts; 40,41: Active pipe gallery 
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PLANT LAYOUT 

The main plant building consists of two .. parts 
(Fig. 13), one with shielded cells containing the main 
equipment, and one for the service functions. The 
length of the plant is 135 m, the width 26 m and the 
height varies from about 20 to about 30 m. Service 
facilities such as control room, chemicals make-up 
area, final uranium treatment, analytical laboratory, 
filter and fan house, active work shop, decontamina
tion facility, and change rooms are all included in the 
main plant. The low-active waste handling building, 

boiler house, pump station•for cooling water, control 
basins, laundry, main workshop, health physics, 
laboratory, water works, administration building, 
cafeteria, etc., are built adjacent to the main plant 
building. The storage tanks for high-active liquid and 
solid waste and for intermediate level waste are located 
in tunnels excavated in the rock. 

COST ANALYSiS 

Investment costs are calculated not only for the 
main plant but also for utility and service facilities. 

Table 1. Investment costs, main plant (figures in 1 000 dollars) 

Total Buildings Equipment 
Instruments Construction con~~tg~dm. Not 

piping specified 

Building, including general services 5740 4720 380 50 590 
General process equipment and instruments . 200 70 20 90 20 
Receiving station 160 130 10 20 
Decladding and dissolution 750 450 80 100 80 40 
Plutonium extraction cycles 410 160 170 50 30 
Uranium extraction cycle 250 90 110 30 20 
Final uranium treatment 140 100 20 10 10 
Plutonium precipitation and calcination 90 50 20 10 10 
Distribution tanks 130 70 30 20 10 
Solvent recovery 350 120 150 50 30 
Acid recovery 550 250 180 70 50 
Chemical make-up 190 100 40 30 20 
Piping 1450 660 610 180 
Sampling. 210 160 10 20 20 
Radiation protection 300 20 260 10 10 

Total 10920 4720 2810 1090 1160 1100 40 
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Table 2. Total investment costs (figures in 1000 dollars) 

Total 

Temporary buildings, water, etc. . 590 
Site development 1040 
General service facilities 2080 
Electrical supply 670 
Steam and heat . 940 
Water and waste 2840 
Culvert system 690 
Active waste handling 5630 
Main plant 10920 
Miscellaneous 930 

Total 26330 

CONCLUSION 
The present study is intended to serve as a basis for 

an economical evaluation and a comparison of differ
ent chemical processes and equipment. With this back
ground it is also possible to estimate the influence of 
such items as radioactive waste storage, site selection 
and general services on the over-all cost picture. 

As has already bet-n pointed out elsewhere, a change 
of the chemical process has only a very limited influ
ence on the total cost, unless a considerable saving can 
be made either in shielded cell space or in the amount 
of radioactive effluents produced. The amine extrac
tion process and the Thermox head-end seem to 

Buildings Equ1pment Instruments C 1 f Design, Not 
piping ons rue 100 control, adm. spec1fied 

410 50 130 
820 200 20 

1220 580 10 30 210 30 
20 520 50 80 

310 330 50 150 60 40 
1290 1000 50 270 230 

410 170 40 70 
1900 1850 410 960 510 
4720 2810 1090 1160 1100 40 

890 40 

11100 7260 1610 2660 3400 300 

have potential advantages in both these respects. 
The storing of radioactive wastes in underground 

rock excavations as suggested adds considerably to the 
safety of the plant but increases the cost. Other items, 
which in this study represent seemingly dispropor
tionately high costs, are site development, general 
services and supplies of water, steam, electricity, etc. 
This is partly due to the consideration that the site in 
the future might be used either for an extension of the 
reprocessing plant or for other nuclear installations. 
Another factor influencing the cost is the expensive 
and high quality building standards necessary because 
of the climate. 
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A/418 Suede 

Une methode de retraitement des elements 
de combustible en oxyde d'uranium nature! 
ou legerement enrichi gaines en Zircaloy 

par E. Haeffner et a/. 

Le principal motif du traitement des elements de 
combustible uses cqntenant de l'uranium nature! ou 
legerement enrichi reside dans la recuperation du 
plutonium produit au cours de !'irradiation. Le 
recyclage de !'uranium appauvri dans des reacteurs 
thermiques semble avoir, pour le moment, une valeur 
economique faible. Pour cette raison, il n'est pas 
necessaire de decontaminer !'uranium plus qu'il n'est 
requis pour son stockage sans augmentation du cout 
de Ia protection contre les rayonnements. 

La methode de recuperation decrite ici est prevue 
pour le traitement du combustible d'oxyde d'uranium 
gaine dans des alliages de zirconium et irradie a un 
taux de combustion de l'ordre de 10000 MWjft. Le 
degainage s'effectue par oxydation a temperature 
elevee du zirconium suivie d'une dissolution de l'ame 
en oxyde dans l'acide nitrique. Le plutonium est 
separe de !'uranium et des produits de fission par 
extraction a l'amine. L'uranium est decontamine a un 
degre approprie par extraction au tributylphosphate. 

Une evaluation economique est etablie pour une 
installation d'un debit de 1 t par jour. 

Le traitement chimique initial habituellement 
suggere pour le combustible a gaine de Zircaloy 
(procede Zirflex) produit une quantite considerable de 
residus radioactifs intermediaires liquides, ce qui 
entraine des frais eleves de stockage. Le procede 
Thermox propose a l'avantage de ne fournir qu'une 
quantite restreinte de residus solides lors du degainage. 
Des ensembles entiers d'elements de combustible sont 
introduits dans un four a tube vertical, oil le zirconium 
est oxyde a l'air et a Ia vapeur a Ia temperature de 
800°C. Ensuite, l'oxyde d'uranium est dissous dans de 
l'acide nitrique dilue. L'oxyde de zirconium constitue 
un residu solide d'un volume beaucoup moins grand 
que le residu liquide dans le procede Zirflex. 

Les amines tertiaires utilisees comme solvants 
d'extraction sont caracterisees par une selectivite 
elevee pour le plutonium a l'etat tetravalent. Cette 
propriete demeure meme apres une forte irradiation. 
Dans cette etude deux schemas de circulation sont 
presentes. A pres une extraction primaire du plutonium 
par un solvant contenant 10% de trilaurylamine 
(TLA) dans du butylbenzene tertiaire et epuration 

ulterieure, le courant de plutonium organique passe, 
dans Ia premiere variante, a travers une colonne de gel 
de silice pour une reextraction du plutonium suivie de 
concentration. Sorti de cette colonne, le plutonium est 
encore purifie dans un cycle d'echange d'anions. 

Le traitement au gel de silice propose a ete essaye en 
laboratoire avec les concentrations de plutonium 
prevues a l'echelle industrielle. Dans Ia deuxieme 
variante, apres une extraction primaire suivie 
d'epuration, le plutonium est extrait a l'acide acetique. 
Apres une seconde extraction du plutonium avec 20 % 
de TLA, on precipite directement le plutonium 
provenant de Ia solution organique a l'acide oxalique. 

L'uranium est decontamine dans un cycle distinct 
du tributylphosphate a un degre suffisant pour per
mettre le traitement et le stockage subsequents. 

Le projet de l'usine et !'analyse des frais sont bases 
sur la seconde variante du schema. 

Un equipement special est requis pour le traitement 
initial, alors qu'un equipement plus classique est 
envisage pour le reste de !'installation. 

L'estimation du cout n'inclut pas uniquement Ia 
construction des batiments principaux, mais egale
ment celle des services generaux et autres dependances 
necessaires ala marche de !'installation. 

A/418 WB81.\HII 

AnbTepHaTHBH~~ MeTOA nepepa6oTKH 
TennOBbiAemtiO~HX sneMeHTOB Ha npH
POAHO~ HnH cn~rKa o6ora~eHHO~ OKH
CH ypaHa C o6onOYKO~ H3 4HpKanofl 
a. XecjlHep et al. 

OcuoBuoi1 HHTepec npu nepepaooTKe o6Jiy'leu
HLix TeiiJIOBLI)l:eJI.RIO~HX aJieMeHTOB, CO)l:epmaii\HX 
npupoJJ;HLiil: HJIH cJierKa o6ora~eunLiii ypau, rrpe)l:
CTaBJI.ReT H3BJie'leHHe IIJIYTOHH.R, oopaayiO~erOC.R 
Bo BpeMH o6JIY1J:eHHH. lloBTopuoe ucrroJIL3oBaHHe 
o6e)l:ueuuoro ypaua B auepreTH'IeCKHX peaKTopax 
Ha TeiiJIOBbiX HeiiTpouax, IIO-BH.Jl:HMOMy, B HaCTO.R
~ee BpeM.R He 'HMeeT 60JibillOH aKOHOMH'IeCKOii 
~eHHOCTH. floaTOMy IIpH ocy~eCTBJieHHH 1\HKJia 
pereuepal\HH neT ueo6xo)l:HMOCTH O'IHII\aTL ypau 
B 6oJILmeii cTerreuu, 'leM no ueo6xo)l:HMo )l:JIH ero 
xpaueHH.R 6ea yBeJIH'IeHH.R CTOHMOCTH aa~HTLI OT 
H3JIY'IeHHii. 

OrrucLIBaeMLIH a)l:ecb MeTO.Jl: rrepepa6oTKH rrpep;
uaaua'laeTc.R ;D;JIH rrepepa6oTKH TOIIJIHBa B BH.Jl:e 
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OKHCH ypaHa B o6oJIO'lKe Ha cnJiaBOB ~HpKOHHJI, 
o6Jiy'leHHoro p;o BhlropaHHJI 10 000 1~!'8T • cyrnulr. 
Y,a,aJieHHe o6oJIO'lKH ocym;ecTBJIJIIOT oKHCJieHHeM 

~HpKOHHJI TipH BhiCOKOH TeMnepaType C IIOCJiep;y

IOIIl;HM paCTBopeHueM ABYOKHCH ypaHa B aaOTHOH 

KHCJioTe. IIJiyToHuii oTp;eJIRIOT oT ypaHa H npo

"ilYKTOB p;eJieHHJI ;mcTPaKu.ue:H aMuHoM. YpaH O'IH

m;aiOT aKCTpaKU.HeH TpHOYTHJIIpOCQlaTOM. 

)l;aeTCJI 3KOHOMH'leCKaJI OIJ.eHKa YCTaHOBKU MOll~
HOCThiO 1 r/cyrnu. 

IJpH npHMeHeHHH MeTop;a npep;BapuTeJibHOH 

XHMH'lecKoii o6pa6oTKH p;JIJI pacTBopemm o6oJio'I

KH ua u.upKaJIOJI ( u.up<}lJieKc-npou.ecc) o6paayiOT

CJI 3Ha'IHTeJibHhle KOJIH'IeCTBa 7RH,U,KHX npoMe

»<YTO'IHhiX pap;uoaKTHBHhiX OTXO,U,OB, xpaHeHHC 

KOTOphlx CBJiaaHo c 6oJihll1HMH aaTpaTaMu. Ilpep;

JiaraeMhiH TepMoKc-npou.ecc o6Jiap;aeT TeM npe

HMym;ecTBOM, 'ITO TipH ero HCTIOJih30BaHHH OOpa

ayiOTCII JIHllih HeOOJihlliHe KOJIH'IeCTBa TBepp;biX 

oTxop;oa B peayJihTaTe npou.ecca yp;aJieHHJI o6o

JIO'IKH. 

LJ;eJihle COOpKH TeTIJIOBhi,U,eJIJIIOIIl;HX aJieMeHTOB 

IIOMem;aiOT B BepTHKaJihHYIO Tpy6'IaTyiO TIC'Ih, rp;e 

l~HpKOHHH OKHCJIHeTCJI Ha Boap;yxe H B nape npH 

TeMnepaType 800° C. 3aTeM OKHCh ypaHa paCTBO

pHIOT B paa6aBJieHHOH a30THOH KHCJIOTe. 0KHCb 

IJ.HpKOHHJI OOpaayeTCJI B BH,U,e TBepp;biX OTXO,U,OB B 

o6'heMe Ha op;HH HJIH p;Ba nopJip;Ka MeHhme, 'IeM 

COOTBeTCTBYIOIIl;He »<H,U,KHe OTXO,U,hl TipH ~Hp

QlJieKC-TipOIJ.eCCe. 

TpeTH'IHhle aMHHhl, HCTIOJihayeMhle B Ka'le

CTBe paCTBOpHTeJieH ,U,JIJI 3KCTpaKIJ.HH, xapaKTepH

ayiOTCJI BhlCOKOH H36HpaTeJibHOCThiO B OTHOllieHBll 

TIJIYTOHHJI B ero 'leThlpeXBaJieHTHOM COCTOJIHHH. 

iho CBOHCTBO He H3MeHHeTCJI TaKme TIOCJie OOJiy

'IeHHJI BhiCOKOH ll;030H. 

B p;aHHOM HCCJiep;oaaHHH npep;JiaraiOTCJI p;ae 

aJihTepHaTHBHhle XHMHKO-TeXHOJIOfH'IeCKHe CXeMbf. 

ITocJie nepBH'lHoii aKcTpaKU.HH TIJIYTOHHJI pacTBo

puTeJieM, cop;epmam;uM 10%-Hhlii TpuJiaypnJia¥HH 

(TLA) B TpeTH'lHOM 6yTHJIOeH30Jie, H TIOCJiep;yiO

ITieH npOMbiBKH TIOTOK opraHH'IeCKOfO TIJIYTOHHH 

npH nepBOM BapHaHTe npoXO,AIHT qepea CHJIHKa

reJibHYIO KOJIOHKY ,U,JIJI TIOBTO'pHOH 3KCTpaKIJ.HH H 
KOHIJ.eHTpHpOB3HHJI TIJIYTOHHH. IJJiyTOHHH, 3JIIOU

pyeMhiH H3 aTOH KOJIOHKH, TIO,U,BepraeTCH ,U,aJihHeH

JlleH O'IHCTKe B aHHOH006MeHHOM IJ.HKJie. 

Ilpep;JiaraeMhiH CHJIHKareJihHLIH npou.ecc ucnhr

ThiBaJic:H B JiaOopaTOpHH HpH HCI10Jlh30BaHHH 

rrpep;noJiaraeMhiX B p;eifCTBHTeJihHOCTH KOHIJ.eHTpa

l~HH TIJIYTOHHJI. 

Bo BTopoii aJihTepHaTHBHoii cxeMe IIJIYTOHnii 

liOCJie nepBH'IHOH aKCTpaKIJ.HH' H npOMhiBKH pe-

3KCTparnpyiOT yKcycHoii KHCJioToii. BTopH'IHa» 

aKCTpaKIJ.IlH TIJIYTOHHH 20% -HhiM TLA coupoBom

,u,aeTc» HCITOCpeilCTBeHHhlM ocam,U,CHHCM TIJIYTOHIUI 

H3 opraHH'ICCKOfO paCTBOpa m;aBeJihHOH KHCJIOTOIT. 

Ypan oqnm;aroT OTileJihHhiM Tpu6yTuJI<}loc<flaT

HhiM IJ.HKJIOM ll;O 'IHCTOThi, ,U,OCTaTO'lHOH ,U,JIH llO

CJJep;yiOIIl;eii o6pa6onm H xpanennH. 

06Ul;HU IIJiaH YCTaHOBKH H aHa.'Jlf3 CTOHMOCTH 

OCHOBhiBaiOTCH Ua BTOpoH XHMHKO-TCXHOJIOfH'lC

CI\OH cxeMe. 

E. HAEFFNER eta/. 

IJpH HCI10Jih30BaHHH MeTO,U,a npep;aapHTeJihHOH 

XllMH'IeCKOii o6paOOTKH HeOOXOlJ;HMO CIIeiJ.HaJibHOe 

o6opyp;oBaHHe, B TO BpeMH KaK ll;JIH OCTaJihHOU 'la

CTH ycTaHOBKH npep;noJiaraeTCJI HCI10Jih30BaTb 

o6opyp;oBanue 6oJiee o6hi'IHOH KOHCTPYKU.JIH. 

B pac'IeT CTOHMOCTH BKJIIO'IaeTCH He TOJihKO CTO

IIMOCTh 3)1;3HJUI ll;JIJI OCHOBHOH ycTaHOBHH, lfO TaK

me o6m;ue cJiym6hi n OhiTOBhle noMem;eHnR, ueo6-

xop;nMhie p;JIJI aKcnJiyaTan.nn ycTaHoBI-\If. 

A/418 Suecia 

Una alternativa para el reproceso de 
elementos combustibles de 6xido de uranio 
natural o ligeramente enriquecido 
envainado en Zircaloy 

por E. Haeffner et a/. 

El principal interes en el reproceso de combustibles 
irradiados de uranio natural o ligeramente enrique
cido es Ia recuperaci6n del plutonio producido durante 
la irradiaci6n. El reciclado del uranio agotado en 
reactores termicos de potencia parece tener un bajo 
valor econ6mico en el momento actual. En el ciclo de 
reproceso no es por tanto necesario descontaminar el 
uranio mas alia de lo requerido para su almacena
miento sin aumento de coste en el blindaje contra la 
radiaci6n. 

El metodo de reproceso descrito esta encaminado al 
tratamiento de 6xido de uranio envainado en alea
ciones de circonio e irradiado a un grado de quemado 
del orden de 10000 MWdft. El desenvainado se realiza 
por oxidaci6n del circonio a alta temperatura seguido 
por la disoluci6n del 6xido de uranio con acido 
nitrico. El plutonio se separa del uranio y de los 
productos de fisi6n por un proceso de extracci6n con 
aminas. El uranio es descontaminado a un nivel 
adecuado por extracci6n con fosfato de tributilo. 

Se hace una evaluaci6n econ6mica de una instala
ci6n con capacidad de 1 tonelada por dia. 

El ·metodo de desenvainado quimico usualmente 
propuesto para combustibles envainados en Zircaloy 
(proceso Zirflex) produce cantidades considerables de 
residuos radiactivos liquidos de actividad intermedia, 
que acarrean altos costes de almacenamiento. El 
proceso Thermox propuesto tiene la ventaja de que 
solamente resultan en Ia etapa de desenvainado 
pequefias cantidades de residuos s6lidos. 

Los elementos combustibles son introducidos en un 
horno vertical tubular donde el circonio es oxidado en 
aire y vapor dt< agua a 800 oc. Posteriormente el 6xido 
de uranio es disuelto con acido nitrico diluido. El 
6xido de circonio aparece como residuo solido con un 
volumen una o dos veces menor que el correspondiente 
al residuo liquido del proceso Zirflex. 

Las aminas terciarias empleadas como disolventes 
para la extracci6n se caracterizan por una alta selectivi
dad para el plutonio en su estado tetravalente. Esta 
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propiedad es inalterable despues de sufrir una alta 
irradiacion. 

En este trabajo se presentan dos alternativas para un 
diagrama de flujo. En Ia primera alternativa, despues 
de una primera extraccion del plutonio con un disol
vente que contiene 10% de trilaurilamina (TLA) en 
J:mtilbenceno terciario, y un posterior lavado, Ia 
corriente organica con plutonio pasa a traves de una 
columna de gel de silice para llevar a cabo Ia re
extraccion y concentracion del plutonio. El plutonio 
eluido de esta columna es posteriormente purificado 
por un ciclo de cambio anionico. 

El proceso con gel de silice propuesto fue ensayado 
en el laboratorio con las concentraciones de plutonio 
esperadas en la realidad. 

En la segunda alternativa, el plutonio, despues de 
una primera extraccion y lavado, es reextraido con 
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acido acetico. Una segunda extraccion del plutonio 
con TLA al 20 % es seguida por una precipitacion 
directa del plutonio con acido oxalico a partir de la 
fase organica. 

El uranio es descontaminado en un ciclo separado 
con fosfato de tributilo hasta un nivel suficiente para 
su posterior manejo y almacenamiento. 

La distribucion de la instalacion y el analisis de 
costes estan basados en Ia segunda alternativa del 
diagrama de flujo quimico. 

Se requiere equipo especial para el proceso de 
<(head-end)>, mientras que para el resto de la instala
cion puede utilizarse material convencional. 

El coste estimado incluye no solamente el edificio 
principal de la instalacion sino tambien los servicios 
generales y de mantenimiento necesarios para el 
funcionamiento de Ia misma. 
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Research in British universities related to nuclear fuel 
reprocessing 

By G. R. Hall,* F. L. D. Cloete,* G. C. Coggan,** S. Hartland,** 
G. H. Nancollas,*** L. V. C. Rees,**** J. E. Salmon,***** M. Streat,* 
D. G. Tuck****** and J. C. R. Turner******* 

This paper presents contributions representative of 
current research in several British universities in the 
general field of fuel reprocessing with particular rele
vance to the chemistry and engineering of aqueous 
processes. 

IRRADIATION OF ION EXCHANGE RESINS 

Physical and chemical degradation due to irradia
tion and possible thermal cycling are the limiting 
factors that determine the useful life of synthetic 
organic ion exchange resins for applications in the 
field of nuclear technology. Degradation by gamma 
irradiation has been extensively studied but the results 
have often been qualitative or confined to observations 
of capacity change. Some results are reported here 
from an investigation by Hall, Streat and co-workers 
at Imperial College [1,2], into the chemical and 
physical degradation mechanisms. 

Commercially available samples of cation and anion 
exchange resins (polystyrene based resins with sui
phonic acid and quaternary ammonium functional 
groups) have been irradiated using a kilocurie cobalt-
60 source. Dose-rates of 6-8 x 105 rad per hour have 
been used to achieve total doses up to 2 x 1Q9 rad. 
Irradiation results in degradation of the resin structure, 
primarily, by breaking the chemical bond between the 
polystyrene matrix and the side chain containing the 
functional group and by breaking bonds in the func
tional group side chain itself. This leads to a loss in 
exchange capacity, and in the case of strong base 
resins can lead to conversion of some strong base to 
weak base groups. Some typical results are presented 
in Table 1. With anion exchange resins, degradation 

* Department of Chemical Engineering and Chemical 
Technology, Imperial College, London. 

* * Department of Chemical Engineering, University of 
Nottingham. 

***Chemistry Department, The University, Glasgow. 
****Department of Chemistry, Imperial College, Lon

don. 
***** Department of Chemistry, Battersea College of 

Technology, London. 
******Department of Chemistry, University of Notting

ham. 
*******Chemical Engineering Department University of 

Cambridge. ' 

appears to be related to the ionic form, and the salt 
forms of the anion exchange resin are more stable 
than the free base form. The strong base capacity of 
the hydroxide form is almost entirely destroyed at 
109 rad. Decomposition of the functional groups of an 
anion exchange resin results in release into the solu
tion of water-soluble aliphatic amines and ammonia. 
The primary products appear to be trimethylamine 
and dimethylamine; methylamine and ammonia are 
produced by secondary decomposition. Severe chemi
cal and physical degradation occurs in specimens of 
the nitrate form irradiated in 7 M HN03 with evidence 
of complete destruction of the exchanger at 8 X IQB 

rad. This can be explained by a significant de-cross
linking effect (expressed in terms of the swelling 
weight) during irradiation, which renders the resin 
soluble in the 7 M HN03 as shown by measurements of 
weight loss. Samples irradiated in water show a slight 
weight loss which is roughly proportional to the loss of 
functional groups. The polystyrene matrix tends to 
become more tightly cross-linked, a behaviour similar 
to that of polystyrene when irradiated in aqueous 
solution. 

In experiments with a small-scale anion exchange 
resin bed, in the hydroxide form, irradiated in a flow
ing circuit of de-ionized water, the main difference 
observed is that secondary irradiation products are 
depressed in favour of trimethylamine formation. 

Cation exchange resins (Zeo Carb 225 resin) are 
appreciably more stable than anion exchange resins to 
gamma irradiation. The capacity falls from 4.4-
2.8 meqjg (milliequivalents per gram) for doses of 109 
and 1.4 x 109 rad in the hydrogen forms and sodium, 
respectively. Sulphate ions are released into solution 
and small quantities of organic sulphonic acids may 
also be produced. Cation and anion exchange resins 
are being irradiated with alpha particles emitted by 
americium-241 adsorbed on the functional groups. 
Americium is sorbed in the trivalent state on strong 
acid resins, and as an anionic thiocyanate complex on 
strong base resins. In this way dose-rates of approxi
mately 8 X 107 rad per day can be achieved, and sam
ples have been irradiated to 8 x 1Q9 rad. A strict com
parison between the effect of alpha particle and gamma 
irradiations is difficult to make because of dosimetry 
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Figure 1. Cation exchange isotherms at 25 oc for the ion pairs. 
(a) Cs+""Na+; (b) Ba2+""2Na+; (c) U0~+""2Na+ in Linde 
Molecular Sieve 13X; (d) Cs+ ""Na+; (e) Ba2+ ""2Na+ in mordenite 
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problems, but present indications suggest that the 
capacity loss in cation exchange resins is less under 
alpha particle than gamma irradiation. The relative 
importance of alpha and gamma induced decomposi
tion is of interest in an assessment of the useful life of 
an ion exchanger in nuclear fuel reprocessing and in 
reactor coolant clean-up. 

INORGANIC ION EXCHANGERS 

Nancollas, at Glasgow University, has studied the 
rates of Na+-H+ exchange in hydrated thoria, zir
conium and thorium phosphates of two differing par
ticle sizes [3]. Diffusion of the ions in the exchanger 
phase 'is shown to be the rate-controlling process for 
the above systems and also for Cs+-K+ exchanges in 
zirconium and thorium phosphates. 

The effective diffusion coefficient for Na+ and H+ 
ions in the thoria exchanger range from 4 to 15 x 10-s 
cm2/s which must be compared with values of 10-5 to 
10-6 cm2fs for sulphonic acid resins and 4 x I0-9 cm2fs 
for a weak acid organic ion exchange resin. 

Exchange isotherms at 25 and 45 oc for Cs+-H +ions 
in zirconium phosphate at constant ionic strength 
(O.IM) have been established [4]. This exchanger 
shows an initial preference for the Cs+ ion at low con
centrations of Cs+ in the exchanger but a reversal of 
this selectivity occurs at high Cs+ concentrations. If 
the exchange reaction is Cs+ + H(Zh=Cs(z) + H+ 
where (Z) represents the anionic framework of the 
exchanger, then the thermodynamic equilibrium con
stant, Ka, is given by 

Table 1. Irradiation of anion exchange resinsa 

Sample A B c D 
Dose: I 08 rad 1.0 2.0 4.0 10.0 1.0 2.0 4.0 10.0 1.0 2.0 4.0 10.0 1.0 2.0 4.0 6.6 8.3 

Capacity meqfg 
Strong base 2.4 1.5 0.4 0.06 4.2 3.7 2.8 0.8 3.6 3.3 2.5 3.5b 3.2b 1.6b 0.9b Ob 
Weak base. 0.8 1.2 1.5 1.0 0.6 0.8 1.2 1.9 0.5 0.8 1.2 0.7b 1.2b 2.5b 5.1b 4.18b 
Total 3.2 2.7 1.9 1.06 4.8 4.5 4.0 2.7 4.1 4.1 2.7 4.2b 4.4b 4.1 b 6.0b 4.18b 

Products meq/g 
Trimethylamine 0.70 0.97 0.89 0.35 0.25 0.50 0.63 0.90 0.1c 0.54C l.Oc 1.3C 
Dimethylamine 0.40 0.62 0.54 0.05 0.06 0.10 0.14 0.50 
Methylamine 0.05 0.06 0.12 0.64 0.01 0.01 0.02 0.04 
Ammonia 0.06 0.21 0.45 2.13 0.03 0.01 0.09 0.40 

Swelling weight g(water)/ 
g (resin) 0.9 0.6 0.4 0.3 0.96 0.96 0.8 0.7 0.96 0.8 0.7 0.5 1.2 1.5 1.8 1.5 0.8 

Initial weight (g). 1.02 0.93 1.2 1.05 
Final weight (g) . 0.99 0.63 0.22 0.02 
% loss in weight of 

sample . 7 14 23 33 6 11 19 29 2 32 81 98 

• Deacidite-FF Resin (The Permutit Co. Ltd., London) 7-9% cross-linked 100-200 mesh particle size. 
• Based on final sample weight. ' 
c Based on initial sample weight. 

· Samples A, B, C and D resin slurry approx. 50 %weight for weight resin in hydroxide, chloride, nitrate forms in water and nitrate form in 
7 M HNO,, respectively. 

Unirradiated specimen-Capacity: milliequivalent per gram; Strong base: 4.0 (5.0--chloride form); Weak base: 0.2 (0.4-chloride form); 
Swelling weight: 0.96 g (water)/g (dry resin). 
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Table 2. Values of Ka for several reactions on hydrous zirconia 

Reaction 

Cs+ + H(Z) "'Cs(Z) + H+ 
CI- + NOa(Z) ""'Cl(Z) + NO a-
CNS- + Cl(Z) ""'CNS(Z) + CI-
CNS- + NOa(Z) "'CNS(Z) + NOa-
804-- + S20a(Z)2 "'S04(Z)2 + S20a-- . 

K _ [Cs+]z[H+]s 
a- [H+]z[Cs+]s" 

Square brackets indicate activities; z, s denote ex
changer and solution phases. 

Values of Ka obtained for the above reaction and for 
various anion exchange reactions (on hydrous zir
conia) are as follows: 

In alkaline solution hydrated zirconia behaves as a 
cation exchanger and equilibrium studies of the 
Na+jCs+ and K+jCs+ couples at pH 13 have been 
made; the order of affinity is Na+ > K + > Cs+. 

Rees at Imperial College has studied the effect of 
fast neutron irradiation on the cation exchange proper
ties of Linde Molecular Sieve 13X, (Na-X) [5]. No 
damage was observed at an integrated dose ofless than 
5 x 1017 neutrons/cm2; losses in capacity of 2, 13 and 
100% were obtained at 6, 19 and 70 x 101s neutrons/ 
cm2 respectively. 

The exchange isotherms for Cs+, Ba2+, and UO~+ 
ions with the Na+ ions in unirradiated Na-X are shown 
in Figs. Ia, b and c, respectively. In the Na-Cs 
exchange system the replacement of only 65 % of the 
Na+ ions by Cs+ ions was possible whereas in the Na
Ba system, 74% of the Na+ ions were exchanged. The 
Na-X lattice is permeated with three types of inter
connected cages [6] and exchange of Cs+ and Ba 2+ ions 
occurs only with the Na+ ions in the largest of these 
cavities. Since Ba2+ is a smaller cation than Cs+ and 
since each Ba2+ ion replaces two Na+ ions, the coulom
bic repulsion exerted by the cations contained in the 
large cavity is smaller in the Ba2+ exchange and it is 
possible to push the exchange slightly further with the 
divalent ion. Since Na-X is unstable at pH< 5 the 
Na-U02 exchange isotherm was determined using 
ethanolic solutions. 

Figures ld and e show, respectively, the exchange 
isotherms obtained for the ion pairs Na+-Cs+ and 
Na+-Ba2+ in mordenite, a member of the zeolite 
family. These exchange isotherms indicate the very 
high specificity of this material towards both Cs+ and 
Ba2+ ions. Mordenite is stable at low pH conditions 
and should therefore be an excellent exchanger to 
remove these ions from aqueous solutions. 

CHEMISTRY OF SOLVENT EXTRACTION 
PROCESSES 

At Battersea College of Technology, Salmon and 
co-workers have been concerned with (a) the solution 
chemistry of molybdic acid in acid media and (b) the 
extraction of uranium(VI), and certain mineral acids 
from aqueous solutions. 

1.06±0 08 
1.04±0.1 
1.54±0.1 
1.94±0.2 
2.1 

Remarks 

Heat of reaction very small 

{ 

(Z)=hydrous zirconia 
Ionic strength 0. 1 and H+ ion 
cone. of0.01M 

Molybdenum occurs both as a fission product and 
as a constituent of fuel containers. It is difficult to 
recover from nitric acid solution and tends to interfere 
in the recovery of other elements. Attention has been 
given to the state ofmolybdenum(VI) in such solutions 
either alone or in the presence of other elements. In 
the first stage, the state of molybdenum in molybdic 
acid solutions (prepared from sodium or ammonium 
molybdate solutions by cation exchange) and in their 
mixtures with sodium (or ammonium) molybdate or 
mineral acid solutions have been studied by means of 
anion exchange and potentiometric techniques [7]. The 
ion exchange experiments provide values for the ratio 
of molybdenum atoms to units of ionic charge of the 
molybdate species sorbed and also a qualitative indica
tion of the sizes of the ions sorbed (e.g., as compared 
with dodecamolybdophosphate anions) by an ionic 
sieve-type effect. Any change in pH of the solutions 
during the ion exchange process shows whether this 
was causing any displacement in the equilibrium in 
the solution and the direction of such displacement. 
The results obtained indicate that for molybdate solu
tions of decreasing pH the simple molybdate ions 
[Mo04 ]2- give way first to tetramolybdate [Mo40la]2 -

and then to decamolybdate [H2Mo1oOa2]2- ions. 
These conclusions differ from those of Sillen and co
workers, which refer to conditions of much higher 
ionic strength, but are in agreement with those of 
several earlier workers. The basis of the ion exchange 
method used has in fact been checked against known 
systems [8]. 

Since a variety of elements can form heteropoly ions 
with molybdates, these studies have now been extended 
to include systems containing likely hetero-atoms. For 
this purpose phosphorus (as phosphate) has been used 
as a model system and the ion exchange behaviour of 
molybdophosphate and other heteropoly anions is 
being studied. 

Studies of the extraction of uranium and inorganic 
acids by various solvents arose from the interest in the 
recovery of uranium. The extraction of (a) nitric acid, 
(b) hydrofluoric acid, (c) hydrochloric acid, (d) nitric 
acid-hydrofluoric acid mixtures, (e) uranium(VI)
nitric acid and (f) uranium (Vl)-hydrofluoric acid from 
aqueous solution by (i) tributylphosphate (TBP), 
(ii) di(2-ethylhexyl)phosphate and (iii) tri-n-octylamine 
either alone or mixed with inert diluents, such as 
odourless kerosene, benzene or xylene, has been 
studied. No evidence has been found for the extraction 
of cationic or neutral uranyl (VI) flu oro complexes and 
when both uranium(VI) and fluoride are extracted into 
acidic or neutral solvents there is evidence that they 
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are present in the organic phase as separate species. 
The liquid cation exchanger, which appears to sorb 
the uranyl (UO~+) ion by a simple cation exchange 
reaction, also extracts the mineral acids in appreciable 
quantity. In the absence of uranium, up to 1 mole of 
acid per mole of DEHP can be taken up. The mineral 
acid is presumably hydrogen bonded to the organo
phosphate in the organic phase. The liquid anion 
exchanger (up to 10 ~,-;; by volume in xylene) extracts 
nitric acid from its aqueous solutions to form the 
expected I: 1 nitrate, but with hydrofluoric acid three 
times the expected amount of fluoride can be taken up. 
Both uranium and fluoride are extracted from solu
tions containing both and in such a manner as to 
indicate that U02Fa- ions are being sorbed. 

At Nottingham University, Tuck has investigated 
the extraction of chromium into tributylphosphate and 
the extraction of mineral acids and neptunium anionic 
complexes into long-chain amines. Extraction of CrVI 
species into TBP is important in view of the possible 
use of chromium steels as canning materials. From 
aqueous perchloric, nitric or sulphuric acids, tht: 
extracted species is H2Cr207, and with hydrochloric or 
hydrobromic acids, HCrOaX (X= Cl, Br). The solva
tion numbers in the organic phase have been mea
sured. Spectroscopic studies suggest that HCrOaX 
exists in TBP extracts from the organic phase reaction 
H2Cr207 + 2HX ~ 2HCr0;0: + H20 which lies vir
tually completely to the right at room temperature; 
HCN and HCNS in TBP also give HCrOaX by a 
similar reaction. 

Chromium(VI) degrades TBP at rates which depend 
on the acid co-extracted into the organic phase. The 
reaction products identified are Crill, butanol, 
butyraldehyde, butyric acid and dibutyl hydrogen 
phosphate; the nature of the Crill species depends on 
the co-extracted acid [9]. 

The extraction of mineral acids into chloroform 
solutions of methyldioctylamine was investigated 
before the study of anionic complexes. Only with per
chloric acid is the extraction explicable solely in terms 
of the formation of the 1 : 1 salt MDOA . H904: 
with hydrohalic acids, appreciable amounts of 
"excess" acid are extracted in the order HF~ HCl> 
HBr > HI. This behaviour is explained in terms of 
MDOA. H+HX2, as found by Duyckaerts, Fuger 
and Muller [10], although other authors have explained 
this phenomenon in terms of HX simply dissolving in 
the organic phase [11 ]. Chemical evidence is now forth
coming for stable HX2- anions with X= Cl, Br and 
I [12]. "Excess" acid is also extracted with nitric acid; 
again the proposed organic phase species is MDOA . 
H+[H(N03)2]- (and possible higher aggregates). For a 
discussion of hydrogen-bonded nitrate anions, see 
Wells [13]. 

The charge n on an extracted species An- can be 
obtained by studying the variation of D A with amine 
concentration. This procedure has been followed for a 
number of anionic complexes. From chloride media, 
NpVI extracts as [Np02Cl4]2-; a similar nitrate species 
extracts with n = 1-2 depending on aqueous nitric acid 
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concentration [14]. Neptunium(VI) extracts from 
oxalic acid as [Np02ox2)2-, but although extraction is 
fairly good from sulphuric acid (DNp = 1-0.01 over 
1-lOM acid, 0.4M MDOA) no reliable values of n have 
been obtained. No extraction of either NpVI or NpV 
has been observed from weak perchloric acid solutions 
containing acetate, formate or citrate. No NpV extrac
tion occurs from chloride, bromide or nitrate solution, 
although NpVI is identified in the organic phase in the 
presence of sufficiently high concentrations of HCl or 
HN03 to allow the disproportionation of Npv. A 
NpV oxalato, [Np02ox2]3-, has been identified but 
again no value of n can be obtained from sulphate 
media. Spectroscopic studies of the reaction sequence 
NpVL~NpV--+NpVI+Np1V in oxalate media, and of 
the polymerization of Np1V in various mineral acids, 
are in progress. 

Comparable amine extraction studies have been 
carried out with Hgii anionic complexes (nitrate, 
oxalate, sulphate and selenate) and with indium(III) 
(nitrate, fluoride, chloride, bromide and iodide) [15]. 

ELECTROLYTIC DISSOLUTION OF URANIUM 

Electrolytic dissolution in a potential gradient is a 
possible process for nuclear fuels. Such a technique has 
been used to dissolve uranium metal [16] and also 
stainless steel, aluminium and zirconium pellets in 
nitric acid electrolyte [17]. 

The anodic dissolution of randomly packed uranium 
pellets contained in a cylindrical dissolver vessel has 
been investigated by Hall and co-workers [16] at 
Imperial College as part of a project to develop a 
shape-controlled critically safe dissolver. The dissolver 
consists of two tubular tantalum electrodes separated 
vertically by plastic, polytetrafluoroethylene (PTFE), 
insulating tube. A bed of uranium pellets extends from 
the lower (anodic) section through the insulating tube 
to the upper (cathodic) section of the dissolver. Dis
solution of the pellets occurs mainly within the insulat
ing section through the setting up of both series and 
parallel electrolytic cells formed between the pellets 
composing the bed. Current efficiencies, expressed as 
equivalents of hexavalant uranium dissolved per 
Faraday (F), greatly in excess of unity (maximum 
possible when only one cell is operating) have been 
obtained using 3N nitric acid as electrolyte. Such a 
system needs a relatively high voltage but a low current 
supply and has a number of advantages (e.g., more 
efficient power transmission, smaller conductors) over 
the anode basket dissolution technique which requires 
high currents and low voltages. 

Dissolvers with internal diameters of both 0.75 and 
1.5 in have been investigated. Results obtained with 
the larger dissolver show that up to 500 g uranium per 
hour can be dissolved at a current density of 1.9 A/cm2 
and a voltage gradient of 7 V/cm (over-all voltage 
across insulating section being about 70 V) at current 
efficiencies of up to 16 equivalents uvr per F. This 
represents a power cost of £40--45/tonne at 2 pence/ 
kWh. With an over-all bed height of 26 em in the dis
solver, an electrolyte flow rate of about 10 1/min 
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results in a pressure drop of about 3.5 psig across the 
bed. An external cooling system is necessary to main
tain the temperature of the electrolyte in the region 
20-35°C. 

It is estimated that with a full-scale vessel of 2.5 in 
diameter, 1 kg uranium per hour can be dissolved at a 
current density of 1.25 A/cm2 and a voltage gradient 
of 8 V/cm (for a bed length of 17.5 em). Current 
efficiencies approximately double those found with the 
pilot plant unit are anticipated, but the cost of dissolu
tion is expected to remain the same. With nitric acid 
as electrolyte, such a dissolver is expected to be cap
able of processing any nuclear fuel which dissolves 
electrolytically without the formation of excessive 
sludge (e.g., stainless steel clad uo2 or stainless steel
uo2 cermets). Where large amounts of sludge are pro
duced (e.g., zirconium or Zircaloy clad fuels) an alter
native electrolyte, such as HCl-methanol, will be 
needed. 

At Nottingham University, Hartland [18, 19] has 
developed a theory to account for electrolytic dissolu
tion in the continuous packed bed dissolver. Consider 
a packed bed of metal pieces immersed in electrolyte. 
A potential L\ V is applied over the bed length, L. As 
the metal dissolves more is added at a mass rate L\m to 
replace it. The size of metal pieces then decreases down 
tbe bed. At a distance x from the top of bed, a current 
h flows wholly through the electrolyte and a current h 
through the metal pieces. None of this current I 2 

pa~ses directly from piece to piece but all dissolves 
metal as it leaves each piece. Assume that the length of 
an ideal cell is 4>d where 1> is a constant depending on 
the shape and packing characteristics of the metal 
pieces and d is some characteristic dimension of the 
metal piece and which will in general vary over the 
length of the bed. Initially when all the particles in the 
bed are the same size, d0, the relation between the rate 
of dissolution, L\m, total current I and voltage gradient 
(L\ V)/L is: 

L\mF1>do/WL =I- [AE/S][(L\V/L)] 

where W is the equivalent weight of the metal, F is the 
Faraday constant, S the specific resistance of the 
electrolyte, A the area of cross section of the bed and 
E the average fractional free area. In the steady state 
when the particle size ranges from do at the top of the 
bed to zero at the bottom the relation becomes 

!(L\mF1>do)/WL= I- [AE/S][(AV/L)]. 

It is seen that the equations governing dissolution 
initially and in the steady state differ only by a 
constant. 

To design a dissolver or predict its performance 
more equations are required. For example, it is neces
sary to predict I and L\m independently in terms of the 
other variables. To do this the variation in electrode 
potential with current density must be introduced. For 
some metal/electrolyte systems it is a good approxima
tion to assume that in the range of interest the anodic 
and cathodic over-potentials are independent of the 
current density through the surface of the metal. With 
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this assumption a solution has been obtained by 
Hartland and Spencer [18] for the dissolution of a 
single infinite cylinder in a potential gradient normal 
to its axis. The mass rate of dissolution, m, for a length 
I of the cylinder is given by the equation 

mFSjWVo/=4 La(sin2a -sin28)ld8, 

where 2 Vo is the undisturbed potential drop over a 
distance equal to the diameter of the cylinder and a is 
the half angle through which current enters and leaves 
the cylinder. This is given by the equation 

1~ (sin28 -sin2a)ld0= (A a -Ac)/4V0 

where A a and Ac are the anodic and cathodic electrode 
potentials respectively. 

SOLVENT EXTRACTION EQUIPMENT 

At Nottingham University, Coggan and Hartland 
are studying the performance and scale-up of pulse 
columns, mixer-settlers and the Morris contactor. 

Five pulse columns have been built which can be 
operated simultaneously and are each 4 ft high with 
internal diameters of 0.25, 0.412, 0.608, 0.726 and 
1.968 in. They are fitted with stainless steel nozzle 
plate cartridges consisting of 24 plates with tie-rod and 
2 in spacers. The nozzles are 0.125 in diameter and 
0.040 in proud. The free area is nominally 25 %. The 
four smaller columns are geometrical elements of the 
2 in column as defined by Johnstone and Thring [20] 
and the approximate area scale ratios are 1 :3 :6:8 :60. 
The materials in contact with the liquids are boro
silicate glass, 18/8 quality stainless steel, and PTFE. 

The liquid systems used have been (a) 20% TBP in 
odourless kerosene (OK)/O.OlN nitric acid and (b) 
20 %TBP/OK-propionicacid-water. Equilibrium data 
have been determined for the latter system, and the 
equilibrium curve and other features make propionic 
acid a solute ideally suited for this study. For aqueous 
dispersed systems, dimensional scaling-up of pulse 
columns from laboratory to plant size is complicated 
by the effect of wetting characteristics, as the con
structional materials are normally wetted by the 
aqueous phase. Three transient and one stable wetting 
regimes have been observed in the iaboratory columns 
and they have been classified as follows. 

Table 3. Pulse column studies: wetting characteristics 
and dispersing types 

Time of running 
(hours) 

Immediately after 
construction 

lOh. 
lOOh. 
100 h standing filled 

with solvent 
IOh. 

Wetting characteristics 
Phase wetting Phase wetting 

glass wall SS plate 
cartridge 

s s 
A s 
A A 

s A 
A A 

A- Aqueous; S- Solvent; SS- Stainless steel. 

Classification 
Dispersion 
produced 
(solvent 

continuous) 

I 
II 
IV 

III 
IV 
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For type I dispersion, the aqueous droplets retain 
their identity throughout the column. Otherwise, 
wetting by the dispersed phase leads to coalescence. It 
has been possible to return to the type I dispersion for 
short periods by stripping down a column and giving 
the plates a heat treatment. The use of additives has 
been avoided. For a number of the columns, limiting 
pulse velocities for a wide range of flow rates have 
been determined and heights of transfer units and 
over-all mass transfer coefficients obtained for many 
combinations of pulse velocity and liquor velocity. 
Dispersed phase hold-up fractions have been recorded 
and qualitative observations of the formation of 
secondary haze have been made. The following con
clusions have been made: 

(a) Wetting characteristics are the most important 
single factor influencing the performance of 
laboratory-scale pulse columns. 

(b) (i) For aqueous dispersed systems three transi
ent and one stable regime have been ob
served and identified. 

(ii) Experimental results are highly dependent 
on the current regime. · 

(iii) For aqueous dispersed systems, the stable 
regime is the plate-and-wall coalescing 
type IV. 

(c) Wetting of the surfaces within the column by the 
discontinuous phase has the following conse
quences: 

(i) Coalescence occurs on the wetted surfaces; 
(ii) A continuous film of the originally dis

continuous phase flows over wetted vertical 
surfaces; 

(iii) Higher limiting throughputs are possible; 
(iv) Heights of transfer units are greater; 
(v) Over-all volume-based mass transfer co

efficients at 90 % oflimiting throughput are 
much the same for all regimes; 

(vi) For the system studied, extraction rates are 
highest under type IV dispersion; 

(vii) Secondary haze and clouding of the con
tinuous phase are increased considerably 
when coalescence occurs; 

(viii) A wall effect is introduced and scale-up 
procedure must make allowance for this. 

Under the stable plate-and-wall coalescing type IV 
dispersion the following conclusions have been drawn: 
(a) The extraction rate and the volume-based over-all 
mass transfer coefficient are directly affected more by 
superficial liquor velocity than by pulse velocity and 
consequently, the pulse velocity giving the highest 
limiting throughput also gives the highest possible 
extraction rate and over-all mass transfer coefficient; 
(b) The optimum product of frequency and amplitude 
for high throughput and highest over-all mass transfer 
coefficient is in the region 2-2.5 cmjs. 

The performance and scale-up of mixer-settlers are 
being investigated and particular attention is being 
paid to settler performance. Mass transfer is being 
measured both in the mixer and the settler. The en
trainment of each phase in the other leaving the settler 
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has been measured over a range of throughputs and 
impeller speeds. Secondary haze can occur in both 
phases simultaneously and is usually less than 1 % up 
to the point of gross entrainment of the dispersion 
band, even though it often appears much more. The 
mechanism of coalescence in a dispersion band is being 
studied by determining the residence time distribution 
and hold-up of each phase and the droplet size. 

Similar investigations are being made on the Morris 
contactor (British Patent 885 503) which has possible 
applications in liquid/liquid and solid/liquid pro
cessing. The principle is indicated in Fig. 2 in which 
the light phase is dispersed. Unlike the conventional 
type of mixer-settler, the Morris contactor does not 
depend for its operation on coalescence of the disperse 
phase except at one end separator. The maximum 
throughput increases with the flow ratio of continuous
to-disperse phase but increasing the impeller speed 
decreases the maximum throughput. The disperse 
phase hold-up in the mixer and transfer sections 
increases with throughput up to the flooding point. 
Backmixing of the disperse phase between adjacent 
mixers is not significant but considerable backmixing 
of the continuous phase has been shown to occur. The 
amount of backmixing decreases with increasing 
throughput and passes through a maximum as the 
impeller speed is increased. 

CONTINUOUS ION EXCHANGE 

Turner and Church have recently developed at 
Cambridge [21] a continuous ion exchange column 
resembling a sieve-plate gas absorption column con
taining 16 plates. Cationic ion exchange resin is fed 
into the top of the column and flows down the column 
from plate to plate via weirs and downcomers. The 
feed solution is fed into the bottom of the column 
passing upwards and fluidizing the resin on each plate. 
The Na + /H + exchange system is utilized because of its 
normal and well-known behaviour, the solution con
centration being either 0.05 or O.IOM chloride. 

Over-all plate efficiencies of between 16 and 38% 
are obtained. Tracer experiments show that the solu
tion passes through the plates in essentially undis
persed plug flow, while the resin on the plate is nearly 
perfectly mixed. The diffusion-controlled mass transfer 
in the resin has also been investigated. This is found to 
be strongly dependent on the H+JNa+ ratio in the 
resin. The resistance to mass transfer on the liquid side 
is more difficult to estimate, but a modified form of the 
Carberry [22] correlation (with an initial constant of 
0.39 instead of 1.15) is found to be applicable. When 
the residence-time distributions and the mass transfer 
resistances are worked out for a series of runs, the 
number of plates calculated is between 13 and 20, 
which gives reasonable agreement with the actual 
number of 16. Under the operating conditions resist
ance to mass transfer in both phases is significant. 

A novel technique for continuous solid-fluid contact 
developed at Imperial College by Cloete and Streat [23] 
has been studied with a view to application in fuel 
reprocessing where it has unique advantages over other 
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conventional techniques. Processes to which it could 
be applied include the head-end leaching dissolution 
of comminuted fuel elements and ion exchange pro
cessing of aqueous fuel solutions. Figures 3 and 4 show 
that the flow cycle consists of three separate parts. 
During forward flow of liquid a series of fluidized beds 
exist in the contacting stages and no solid is trans
ferred. After this part of the cycle liquid flow ceases, 
and the fluidized beds settle in each stage. Reverse 
flow of liquid then takes place and an increment of 
solid hold-up is transferred between each stage in the 
reverse direction. Although the various phenomena 
taking place in the contact or change with time through 
a predetermined cycle, the process may be regarded as 
continuous. Maximum flow-rates are determined by 
the actual size of the stages, but for any given con
tactor it is possible to obtain a ratio of solid flow-rate 
to liquid flow-rate from zero to infinity by adjustment 
of the cycle timer. 

Preliminary work with a small-scale contactor has 
demonstrated the achievement of steady state 

G. R. HALL et a/. 389 

conditions in an ion exchange system with flow-rate 
ratios from 2 to 20 expressed as average liquid product 
flow-rate divided by average solid flow-rate on a volu
metric basis. Correlation of over-all stage efficiencies 
has so far proved difficult although these have been 
over 80 % in some cases. 

This technique can be seen to be a hybrid between a 
series of dense phase moving beds and a multi-stage 
fluidized bed [24]. For processing of radioactive and 
corrosive liquids it has unique advantages due to its 
simplicity of construction and operation and its 
ability to pass radiolytic gas or fine particles in 
suspension. 
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ABSTRACT -RESUME-AHHOTAUltlJI-RESUMEN 

A/562 Royaume-Uni 

Recherches effectuees dans les universites 
britanniques sur le traJtement des 
combustibles nucleaires irradies 

par G. R. Hall eta/. 

On decrit certaines des recherches effectuees dans 
les universites britanniques sur Ia chimie et Ia tech
nologie du traitement aqueux des combustibles nuc
leaires. La destruction des resines organiques echan
geuses d'ions lorsqu'on les expose a des niyonnements 
ionisants intenses a ete examinee. Les resines a base 
forte, contenant des groupes fonctionnels d'ammo
nium quaternaire, perdent leur capacite de base forte 
par perte d'amine tertiaire et acquierent une capacite 
de base faible par conversion du groupe quaternaire en 
un groupe amino. On indique les mesures des change
ments de capacite et de rendement en produits de 
decomposition pour plusieurs systemes de sels 
echangeurs d'anions, dans les conditions de lit statique 
et dynamique. Dans l'acide nitrique fort et sous irradia
tion, les echangeurs d'anions subissent des dommages 
importants dans la structure du polymere. Des etudes 
similaires ont ete effectuees sur les echangeurs de 
cations. 

On sait que les matieres echangeuses d'ions inor
ganiques resistent mieux a !'irradiation que Ies resines 
organiques. Un examen quantitatif des proprietes du 
tamis moleculaire Linde 13X, zeolite synthetique, 
revele une stabilite remarquable sous irradiation 
elevee en ce qui concerne sa structure, ses capacites de 
sorption et d'echange de cations. Cette matiere 
possede certaines excellentes proprietes d'echange 
d'ions, mais est instable en solution si le pH est infe
rieur a 5. Les equilibres d'echange de plusieurs echan
geurs de cations et d'anions bases sur les oxydes de 
zirconium et de thorium hydrates et sur les phosphates 
de zirconium et de thorium sont examines. Une 
specificite elevee peut etre obtenue, mais !'utilisation 
industrielle en est limitee en raison de Ia difficulte de 
preparer des produits stables de fa9on reproductible, et 
de leur stabilite limitee en solution acide. 

Dans les etudes de la chimie des procedes d'extrac
tion par solvant, on a porte une attention particuliere 
aux solvants de phosphates neutres et acides et a Ia tri
n-octylamine et Ia methyl-dioctylamine. On donne des 
indications sur !'extraction des acides et des especes 
metalliques anioniques par ces solvants. Un certain 
nombre de complexes de NpOt et de NpO+/ ont 
ete identifies. 

On decrit la dissolution electrolytique de !'uranium 
metallique dans l'acide nitrique a l'aide d'un dissolveur 
tubulaire. Le nouveau dissolveur a plusieurs a vantages 
sur le dissolveur plus connu en panier. On signale des 
etudes theoriques recentes sur la dissolution d'un 

element combustible cylindrique dans un gradient de 
potentiel. 

On con4lidere !'influence de !'augmentation d'echelle 
et des variables d'exploitation sur le comportement des 
colonnes pulsees et des melangeurs-decanteurs en 
utilisant des systemes a dispersion aqueuse. Un aspect 
important de ce"travail a ete une etude theorique de la 
coalescence. 

On decrit certaines·techniques pour le contact con
tinu par contre-courant de macroparticules solides avec 
des fluides, y compris une technique nouvelle con
venant particulierement bien pour les procedes 
fonctionnant dans des conditions de forte radio
activite. On donne des resultats sur le comportement 
hydrodynamique et le transfert de masse dans une 
installation de petite dimension utilisant des systemes 
d'echange d'ions. 

A/562 CoeAHHeHHoe KoponeecTeo 

~CCfleAOBaHHe MeTOAOB nepepa60TKH 
fiAepHoro ronnHsa s 6pHTaHCKHX YHH
sepcHrerax 
r. P. Xonn et al. 

0IIHCbiB8IOTCH HCKOTOphle HCCJie,qOB8HHH XHMHH 

H TCXHOJIOrHH BOAHhlX rrpo~eCCOB nepepa60T.Kll 

H,qepHoro TOIIJIHBa, rrpOBOAHMhle B 6pHT8HCKHX 

YHHBepcHTeTax. 

PaccMaTpHBaeTCH paapyrneHHe opraHH'leCKHX 

JIOH006MeHHhlX CMOJI IIO,q _qeiiCTBHeM CHJibHOl'O 

HOHH3Hpyro~ero H3Jiy'leHHJI. CHJibHbie OCHOBHbie 

CMOJihl, co,qepma~He ,<f>yHK~HoHaJihHhle rpymihi 

'IeTBepTH'lHOrO 8MMOHHH, TepHIOT CHJibHO OCHOB

HYIO Houoo6Meuuyro crroco6uocTb B peayJILTaTe 

HOTepH TpeTH'lHhlX aMHHOB H IIpHoOpeTaiOT CJia-

6yro CIIOCOOHOCTb B CBH3H C IIpeBpa~eHHeM 'leT

BepTH'lHbiX rpyrrn B aMHHOrpyiiiibl. IlpHBOAHTCJI 

cne,qeHHH 00 H3MepeHHH H3MeHeHHH HOH006MeH

HOH crroco6uoCTH u o Bhlxo,qe rrpo,qyKTOB paaJio

meHHJI AJIH He.KOTOpbiX COJieBbiX aHHOHOOOMeH

IIHKOB IIpH H3MepeHHH HX .KaK B CTaTH'leC.KHX, TaK 

H AHHaMH'leC.KHX ycJIOBHJIX. B .KperrKoii aaoTnoii 

KHCJIOTe H IIOA ,qeHCTBHeM OOJiy'leHHH IIOJIHMepHaJI 

CTpyKTypa 8HHOHOOOMeHHHKOB HCIIbiTbiBaeT CHJib

Hbie noBpem,qeHHH. IIpone,qeHbi auaJiorH'lHble Hc

CJJe,qoBaHHH H llO KaTHOHOOOMeHHHKaM. 

MaBeCTHO, 'ITO ueopraHH'leCKHe Honoo6Mcn-

Hhle MaTepHaJibl .HBJIHIOTCH 6oJiee CTOHKHMll I> 

IWHCTBHIO pa,qua~nH, qeM opranH'leCKue CMOJihi. 

H'oJJH'leCTBennoe onpe,qeJienHe cBoitCTB MOJieHy

JI.Hpuoro lf>nJibTpa <<JIHHAe 13-X», .fiBJI.HIO~erocH 
CHHTeTH'leCKHM ~eOJIHTOM, YXa3biBaeT Ha 'lpC3-

Hhl'laiiHO BbiCOKYIO paAHa~HOHHYIO CTOHKOCTb B 

OTHOIIIeHHH CTpyKTyphl, COpO~HH H KaTHOHOOO-
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MeiJHoii cuoco6uocTM. :-:hoT MaTepiiaJI o6Jia)1;aCT 
HCJWTOphlMII BCJIIH\OJICllllhiMII IIOH006MCHHbiMM 
CBOHCTBaMM, HO HCYCTOH'IMB B paCTBOpax C pH< 
< 5. flpiiBOP,HTCH CBCP,CHIIH 0 paBHOBCCHOM ofi
MeHe pa3JIII'lllhiX KaTIIOHO- II aHIIOHOOfiMCHHHI\OB 
Ha OCHOBC riiP,pOOKIICCH II l}loCQJaTOB 1\HPIWHIUI ll 

TOpHH. Momer 6hlTh p,ocTIIrHyTa 6oJihlliaH II36Hpa
TPJihHOCTh, OP,HaKO npOMbllllJICHHOe IIpHMCHCHMO 
orpaHH'lHBaeTCH TPYlJ:HOCThiO waroToa.rrenHH yc
Toii'lHBhiX BOCDpOH3BOIJ,IIMblX MaTepHaJIOB, a Tah
me HX MaJIOH YCTOH'liiBOCThiO B KHCJihiX cpep,ax. 

flpu H3Y'ICHHH XHMHH npoli,CCCOB .iKH)1;1\0CTHOir 
:JKCTpaKf\IIII oco6oe BHHMaun:e Yll:CJIHJIOCL 1\HCJihlJ\1 
ll HCHTpaJihHbiM QJOCQJopoopraHH'lCCI\HM paCTBOpH
TCJIHM, a Tal\il\e aMHHaM, HarrpHMCp TpH-n-OKTHJia
MHHY H MeTHJIAIIOI\TMJiaMHHy. Coo6IIJ,aiOTCH )1;an
Hhre 06 aKCTpai\IJ,JHI RJJCJIOT ll aHHOHOB MeTaJIJlOB 
11pH IIOMOIIJ,H 3THX paCTBOpllTeJieii. 06uapymeH 

PHA ROMJJJICI\CHLIX coep,uueuwii Np02 + u 
Np02 ++ 

OrrHcLiaaerc.fl aJieRTpOJIHTH'lcCRoe pacraopeuue 
MeTaJIJIH'lCCROI'O ypaHa B a30THOH RHCJIOTC B Tpy6-
1IaTOM arrrrapare. 3roT HOBhiii arrrrapaT AJIH 
pacTBopeHHH o6Jia)1;aer pHlJ:OM rrpenMyiiJ,eCTB no 
cpaBHCHIIIO C 6oJiee pacnpOCTpaHCHHbiM ROp3HHO'l
HbiM arrrraparoM AJIH pacraopeHHH. Coo6IIJ,aiOTCH 
peayJihTaThl HC)1;aBHHX TeopeTH'lCCI\HX HCCJICAOBa
HllH paCTBOpCHHH IJ,HJIHHP,pH'ICCI\HX TCIIJIOBhi/],CJIH
IOIIJ,HX 3JICMCHTOB IIpH HaJIOiKCHHH rpa)J;HCHTa 110-

TeHIJ,HaJia. 
PaccMarpnaaerc.fl BJIJfHHHe yaeJIH'ICHIIH paa:Me

poB H HepeMCHHhlX uapaMeTpOB Ha pa6ory liYJib
CHpyiOIIJ,HX ROJIOHH 11 CMCCHTCJICH-OTCTOitHHKOB C 
Jf('IIOJih30BaHUCM BOlJ:HhiX P,HCIICpCHOHHblX CHCTCM. 
BamHhlM acneKTOM aToii pa6oThi 6LIJIO p,eraJILHoe 
ll3y'leHHC 1\0aJICCIJ,CHCHU RaUCJIL. 

OmiCbiBaiOTCH ueKoTophle MeTOll,hi ocyiiJ,eCTBJie
llllH IIOCTOHHHOrO IIpOTHBOTO'lHOrO 1\0HTaKTU 
1\ICiKli,Y MCJIKHMH 1JaCTHIJ,aMH TBep)1;blX TCJI Jl 

ii\HP,KOCTHMH, BKJIIO'faH HOBLJH MCTOA, OC06CHHO 
HOAXOJ\HIIJ,Hii AJIH pa6oTLI B ycJioBHHX BhiCoRoii 
pa~J,Hoai\THBHOCTU. Coo6IIJ,aiOTCH peayJihTaTLI oT
nocr1TCJihHo rwp,pop,nnaMHKH H MaccorrepeAaqn 
IIO.liYIIPOMhiiiiJICHHOro o6opyiJ,OBaHJHI /],JIH HOHO
o6MeHa. 

A/562 Reino Unido 

Investigaciones efectuadas en las 
universidades britcinicas sobre Ia 
regeneraci6n de combustibles nucleares 

por G. R. Hall eta/. 

La memoria describe algunas de las investigaciones 
que se realizan en las universidades britanicas sobre Ia 
quimica y Ia tecnologia de la regeneraci6n de com-
bustibles nucleares por via acuosa. · 

Se ha estudiado Ia descomposici6n de las resinas 
organicas de intercambio i6nico al ser expuestas a 
intensas radiaciones ionizantes. Las resinas de caracter 
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fuertemente basico que contienen grupos funcionales 
de amonio cuaternario, pierden su fuerte alcalinidad 
por eliminaci6n de aminas terciarias y adquieren una 
alcalinidad debit por conversion del amonio cuater
nario en un grupo amino. La memoria informa sobre 
mediciones de los cambios de alcalinidad y de las 
proporciones de los productos de descomposici6n de 
varios sistemas salinos de intercambio ani6nico 
efectuadas en condiciones estaticas y dimimicas. La 
estructura polimera de los intercambiadores ani6nicos 
sufre daf\os importantes en presencia de acido nitrico 
concentrado y bajo irradiaci6n. Se han realizado es
tudios similares con intercambiadores cati6nicos. 

Se sabe que los intercambiadores inorganicos de 
iones son mas estables a las radiaciones que las resinas 
organicas. El examen cuantitativo de las propiedades 
del tamiz molecular Linde 13X, una zeolita sintetica, 
revela que esta sustancia presenta una notable estabili
dad a las radiaciones en cuanto a su estructura y su 
capacidad de sorci6n e intercambio cati6nico. Tam
bien posee excelentes propiedades de intercam bio 
i6nico, pero es inestable en soluciones de pH inferior 
a 5. La memoria informa sobre los equilibrios de 
intercambio de diversos intercambiadores cati6nicos y 
ani6nicos basados en 6xidos de circonio y de torio 
hidratados y en fosfatos de circonio de y torio que 
pueden alcanzar un grado elevado de especificidad. Su 
aplicaci6n comercial es limitada debido a las dificul
tades que presenta la preparaci6n de materiales 
estables reproducibles y por su limitada estabilidad en 
soluci6n acida. 

AI estudiar la quimica de los procesos de extracci6n 
con disolventes, se ha dedicado particular atenci6n a 
los disolventes a base de fosfatos acidos y neutros y a 
las aminas tri-n-octilamina y metil-dioctilamina. La 
memoria presenta datos sobre la extracci6n de acidos 
y especies ani6nicas metalicas con estos disolventes. 
Se ha identificado algunos complejos de NpOz+ y 
Np02++. 

Se describe Ia disoluci6n electrolitica de uranio 
metalico en acido nitrico utilizando un nuevo recipi
ente tubular de disoluci6n que ofrece varias ventajas 
en comparaci6n con el cesto que se venia empleando 
generalmente y se exponen estudios te6ricos recientes 
de la disoluci6n de un elemento combustible cilindrico 
en un gradiente de potencial. 

Se considera Ia influencia que sobre el rendimiento 
de columnas pulsadas y de mezcladoras-sedimenta
doras que operan con sistemas dispersos en agua, 
ejercen el aumento de tamaiio y los diferentes para
metros de Ia operaci6n. Un aspecto muy importante 
de este trabajo ha sido el estudio basico de la coales
cencia. 

Se describen algunas tecnicas de contacto continuo 
en contracorriente y particulas s6lidas y fluidos, 
incluyendo una nueva que se adapta particularmente 
a procesos aplicados con niveles muy elevados de 
radiactividad. Finalmente se comunican resultados 
sobre el rendimiento hidrodinamico y de transferencia 
masica de un equipo de pequeiias dimensiones oper
ando en sistemas de intercambio i6nico. 
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Miscibility gap in extraction systems involving alkylamines 

By A. S. Kertes andY. E. Habousha* 

During the last decade, long-chain alkylamines have 
become widely used as extractants, especially in fields 
related to the utilization of atomic energy. There is, 
however, a certain limitation to the use ofalkylamines 
viz., the limited compatibility of their commo~ 
inorganic salts with most of the water-immiscible 
organic solvents practical for process use. Addition of 
a long-chain normal alcohol to the aliphatic or 
aromatic hydrocarbon diluent increases the com
patibility and avoids third phase formation, but often 
reduces the extractive capacity of the amine salt. 
Although the solubilizing effect of the alcohols on 
three-phase systems seems to be accepted in practice 
comprehension of the underlying mechanism require~ 
an understanding of the nature and behaviour of the 
third phase. Thus, certain basic questions appear to 
need experimental resolution before elimination of 
third phase formation can be achieved without 
affecting the extractive properties of the amines. 

A review of the fragmentary data available leads to 
several generalizations: (a) the formation of the third 
phase, a second organic one, is usually restricted to 
systems where the diluent is an aliphatic hydrocarbon. 
Aromatic and most of the derivatives of aliphatic 
hydrocarbons show the phenomenon only when there 
is high organic phase loading; (b) although marked 
effects of diluents may be obtained, the splitting of the 
org~nic ~base is less common when straight alkyl 
cham ammes are used; (c) the formation of a second 
organic phase is characteristic of amine sulfate 
systems. The compatibility increases in the order 
sulfate < bisulfate < chloride < nitrate; (d) the 
formation of a third phase is markedly temperature 
dependent, there being a particular temperature for a 
given system below which the previously homogeneous 
organic phase turns reversibly heterogeneous. Within 
these generalities, however, there are large differences in 
the behaviour of specific extraction systems, indicating 
that the phenomenon of an amine salt-diluent 
system splitting into two partially miscible phases is by 
no means simple, and apparently involves the simul
taneous operation of a number of factors. Hence it is 
not surprising that the literature on third phase 
fo~mation in these extraction systems is fragmentary, 
bemg largely confined to qualitative statements 

*The_ Hebrew University, Jerusalem. Part of this work was 
earned out. by A. S. Kertes whilst at the Laboratory of 
Nuclear Sctence, Massachusetts Institute of Technology 
Cambridge, Mass., USA. ' 

concerning specific systems and conditions for 
elimination of the second organic phase. 

SCOPE AND METHODS OF INVESTIGATION 

In this paper we describe a part of a systematic 
study undertaken some years ago [1,2] in order to 
obtain a broader understanding of the miscibility gap 
phenomenon in solvent extraction processes. This 
work is limited to tertiary amines and hydrochloric 
acid systems in the presence and absence of uranyl 
chloride. The two systems examined are: (i) amine 
diluent-hydrochloric acid, and (ii) amine hydro
chloride diluent-uranyl chloride-hydrochloric acid (or 
lithium chloride). For each of the systems, a qualitative 
survey is presented as a preliminary to a more 
comprehensive investigation of a chosen model 
system. 

The commercially available tri-isooctylamine 
(TiOA) and tri-isomonylamine (TiNA) represented 
branched alkyl chains, and Alamine 336 (ALAM) a 
mixture of tri-n-octyl and tri-n-decylamine, straight 
alkyl chain amine extractants. 

In nearly all the experiments, the heterogeneity 
c?nsisted of the appearance of a clear liquid phase 
ejected from an organic solution which was homo
geneous prior to its equilibration with an aqueous 
solution. Since the phenomenon was found to be 
markedly temperature-sensitive, all operations were 
performed in a temperature bath (27.5 °) and with 
rigorous precautions to avoid loss of organic solvent 
due to vaporization. 

AMINE DILUENT -HYDROCHLORIC ACID 
SYSTEMS 

Solutions (0 ·2M) of the three tertiary amines in 
freshly distilled organic solvents were equilibrated with 
equal (5 ml) volumes of aqueous hydrochloric acid 
solutions ranging from O.I M to II.5M. At a certain 
initial acid concentration, a third phase was formed 
when the organic solvents listed in Table I were used 
as diluents. An unexpected observation was that on 
equilibration with solutions at certain higher initial 
acid concentrations, no third phase was formed in the 
amine-diluent pairs, even though the third phase had 
been present on equilibration with a slightly lower acid 
concentration. Table I presents the critical, lower and 
upper, initial acid concentrations for the systems. Two 
amine-diluent pairs were studied for the effect of 
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Figure 1. Volume fractions of the two organic phases formed by 
the splitting of 0.2M TiNA solution in hexane as a function of 

the initial aqueous hydrochloric acid concentration 
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Figure 3. Extraction of hydrochloric acid into 0.2M TiNA 
solution in hexane 

Solid line: single phase region 
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Figure 2. Distribution of total amine (5 ml, 0.2M) between the 
two organic phases as a function of the initial aqueous hydro

chloric acid concentration 
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Figure 4. Acid-to-amine ratio in the equilibrium organic phase 
Solid line: shtgle phase region; dotted line: heavy phase 
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Table 1. Critical initial acid concentrations for the appearance and disappearance of 
the third phase 

Dlluent Amine HCI, mole/litre 
Appearance Disappearance 

n-Hexane TiOA <0.1 ~12 

TiNA 3.5 ~to 

ALAM 0.2 ~12 

Trimethyl- TiOA <0.1 HCI gasa 
pentane TiNA <0.1 ~12 

ALAM <0.1 HCl gas 
n-Dodecane TiOA <0.1 HCl gas 

TiNA <0.1 HCl gas 
ALAM <0.1 HCl gas 

Kerosene TiOA ~0.1 HCl gas 
TiNA ~0.1 HCl gas 
ALAM ~0.1 HCl gas 

Ligroin TiOA 0.2 ll.5 
TiNA 5.5 9 
ALAM 6 ll.5 

Naphtha solvent TiOA <0.1 HCl gas 
TiNA 3.7 10.5 
ALAM 0.2 HCl gas 

Cyclohexane TiOA 2.9 10.5 
TiNA 7.0 8.5 
ALAM 7.0 9.5 

Isopropyl ether TiOA 6.2 11.5 
TiNA 7.5 11.5 
ALAM 7.5 11.5 

• Third phase disappears upon bubbling HCl gas through the system. 
Note: No third phase formation was observed when the following organic solvents were employed: benzene, 

toluene, o-, m- and p-xylene, o-chlorotoluene, carbon tetrachloride, chloroform, methyl isobutyl ketone, 
butylacetate, isoamyl alcohol, n-hexanol and phenyl methyl ether. 

Table 2. Critical initial acid concentrations for the appearance and disappearance of 
the third phase at varying amine content in the diluent 

Dlluent 

n-Hexane 

n-Heptane 

Amine, mole/litre 

0.05 TiNA 
0.1 
0.2 
0.4 
0.6 
0.8 
0.05 TiOA 
0.1 
0.2 
0.4 
0.6 
0.8 

amine content on the critical acid concentrations. The 
results are compiled in Table 2. 

From Table 1, it is apparent that whether or not 
splitting occurs depends, with certain restrictions due 
to the molecular structure of the solute, on the nature 
and properties of the organic solvent. No splitting is 
characteristic of systems with polar organic solvents. 
Under the experimental conditions of this study, no 
splitting was observed when zero dipole moment 
aromatic, and certain derivatives of aliphatic, hydro
carbons (CC1 4) were used as diluents. 

The striking difference in the solvent behaviour of 
aromatic and aliphatic hydrocarbons of equally low 

HCI, mole/litre 
Appearance Disappearance 

3.7 10 
3.4; 10 
3.5 10 
5 10 
6 10 
7 10 
4.6 10.5 ' 
3.9 10.5 
3.8 l1 
4.3 11 
5.3 10.5 
7 10 

dielectric constants and zero dipole moments is 
certainly not limited to the complex phenomenon of 
third phase formation. The markedly higher solubili
ties of amine hydrochlorides [3] and nitrates [4] and 
the markedly lower degrees of association of phenol 
[5] and carboxylic acids [6] in the aromatics (and 
CC1 4) are only a few examples. These differences are 
apparently unrelated to such physical properties as 
dielectric constant and dipole moment, but can be 
qualitatively correlated with the solubility parameter 
values of the organic solvents [2]. 

To account for such differences Davis [7] has 
interpreted the solvent effect on aggregation of 
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phenols as due to n-electrons in the case of benzene 
and the Cl--Cl+ bonds in the case of carbon tetra
chloride. No similar effects could be attributed to 
ideally non-solvating aprotic !)olvents such as the 
aliphatic hydrocarbons. If this model were applied to 
the phenomenon of splitting, the conditions for 
splitting would exist preferentially in those solvents 
which do not have an appreciable tendency to solvate. 
Shielding of the moment of the amine hydrochloride 
ion pair by solvent molecules increases the compati
bility of the pair with the solvent, stabilizes the ion 
pair and interferes with its aggregation. This has been 
shown to be the case for amine nitrates [4] and 
sulfates [8], which exhibit a far higher degree of 
association in aliphatic hydrocarbons than in benzene. 

The appearance and disappearance of the third 
phase is a reversible reaction. If, for example, the two 
organic phases in equilibrium are removed from the 
opposing aqueous phase and equilibrated with an 
aqueous hydrochloric acid solution of a concentration 
which lies outside the region of coexistence of the two 
organic phases indicated in Table 1, only one organic 
phase will result. If the homogeneous organic phase is 
again separated and equilibrated with an acid solution 
of a concentration which is inside the region, the 
organic phase splits into two. On the other hand, 
equilibration of an organic solution of amine hydro
chloride with solutions of lithium or magnesium 
chloride of any concentration does not result in the 
formation of a third phase. Moreover, any hetero
geneous "organic phase will turn homogeneous on 
equilibration with such chloride solutions. 

Examination of the data of Table 1 reveals that in 
the majority of cases where aliphatic hydrocarbons 
were used as diluents, the splitting of the organic phase 
occurs a considerable time before the organic amine 
content has been completely converted to its salt. 
Quantitative analysis of some of these systems revealed, 
indeed, that the ejected clear third phase is a mixture of 
free amine base and amine hydrochloride, in which the 
acid-to-amine ratio is less than unity. The organic 
phase, composed of an aliphatic hydrocarbon, free 
amine base, and amine hydrochloride may be regarded, 
just prior to splitting, as a solution of the amine 
hydrochloride in a binary solvent mixture of amine 
base and hydrocarbon, the bulk of it being the non
polar component. We now propose to explain the 
unmixing in terms of specific interaction between the 
highly polar ion pair solute and the more polar 
component, the amine base, of the binary solvent 
mixture. The specific interaction is essentially a 
dipole-dipole interaction, leading to the selective 
solvation of the solute by the amine. The amine 
molecule, with its low but permanent dipole moment 
[9,10], has a greater tendency than the non-polar 
diluent to accumulate in the vicinity of the large dipole 
moment amine hydrochloride ion pair. As amine base 
is increasingly removed from the bulk of the solvent 
both by its conversion into hydrochloride and its 
association with the ion pair, the differences in polarity 
between the two portions of the system eventually 

result in the splitting of the solution. This interpre
tation is based on that recently proposed by Bodenseh 
and Ramsey [11], Hyne [12], and D'Aprano and 
Fuoss [13] regarding the specificity of solvation by one 
solvent component, to provide a plausible explanation 
for the deviations from linearity between the logarithm 
of the association constant of quaternary ammonium 
ion pairs in various solvent mixtures and the dielectric 
constant of the mixture [14]. The third phase dis
appears in these systems only after bubbling hydrogen 
chloride gas through it, probably due to an increased 
transfer of acid into the non-polar diluent, thus 
increasing the dielectric constant of the bulk solvent [2]. 

For other amine-diluent pairs, both the results 
shown in Table 1 and the observations on the 
reversibility of third phase formation suggest that the 
prerequisite for splitting is the transfer of hydro
chloric acid into the organic phase in an amount 
which is in excess of that necessary for the formation 
of amine hydrochloride. 

To further characterize such three phase systems, 
the composition of the TiNA-hexane system has been 
investigated in more detail. A volume distribution 
diagram is presented in Fig. 1 illustrating the misci
bility gap in the system as a function of the initial 
hydrochloric acid concentration. The growth and 
diminution of the two organic phases in equilibrium 
suggest that the disappearance of the third phase is due 
to an increased solubility of the light phase in the 
heavy one, which in turn contains the bulk of the 
amine, as shown in Fig. 2. The distribution of the acid 
between the phases (Fig. 3) and the acid-to-amine 
ratio in the organic phase (Fig. 4) are given as a 
function of the equilibrium aqueous acidity. The acid
to-amine ratio in the light organic phase seems to be 
closely comparable with that in the heavy phase. The 
data are not presented here, however, in view of the 
sensitivity of this ratio to the very low amine con
centrations, which in turn could not be determined 
very precisely. 

It is apparent that the transfer of hydrochloric acid 
into the hexane solution of amine hydrochloride pro
duces the splitting of the homogeneous organic phase. 
At the point where the amount of acid transferred 
from the aqueous phase equals double the total amine 
concentration, the organic phase becomes once again 
homogeneous. Thus, two organic layers coexist in 
equilibrium above an acid-to-amine ratio of one and 
below a ratio of two. At unit ratio, the homogeneous 
organic solution is that of the ion-paired amine 
hydrochloride. Spectral evidence has recently been 
presented [15] to show that the excess hydrochloric 
acid extracted is taken up by the amine hydrochloride 
through the formation of amine hydrogen bichloride. 
It has further been suggested [16] that the bichloride 
ion cannot be free, but must exist in an organic 
solution in a tight ion pair with the organic cation. At 
an acid-to-amine ratio of two, one may assume that all 
the amine hydrochloride has been converted to the 
amine bichloride ion pair, tentatively represented as 
(R 3NH+HC1 2 -). 
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Table 3. Conditions for the formation of the third phase in systems containing uranyl 
chloride 

Organic phase Aqueous phase 
Solvent Amine Salt O.lMUO,Cl,in 

4MHC1 8M HCI 4M LiCI 8MLiCI 

Toluene 0. 2M TiOA.HCl + + + + 
0. 2M TiNA.HCl + + + 
0.2M ALAM.HCl 

a-Xylene 0.2MTiOA.HCl + + + + 
0.2MTiNA.HCl + + + + 
0.2M ALAM.HCl 

p-Xylene 0.2MTiOA.HCl + + + + 
0. 2M TiNA.HCl + + + + 
0.2M ALAM.HCl 

Carbon 0.2M TiOA.HCl + + + + 
tetrachloride 0.2MTiNA.HCl + + + + 

0. 2M ALAM.HCl 
n-Hexane 0.2MTiNA.HCl + + + + 
Naphtha solvent 0. 2M TiNA.HCl + + + + 
Cyclohexane 0.2M TiNA.HCl + + + + 

0.2M ALAM.HCl + + + + 
Isopropyl ether 0. 2M TiOA.HCl + + + + 

0. 2M TiNA.HCl + + + + 
0.2M ALAM.HCl + + + + 

+ indicates formation of the third phase. 
Note: No third phase formation was observed when the following organic solvents were employed: benzene, 

o-chlorotoluene, chloroform, methyl isobutyl ketone, n-hexanol, isoamyl alcohol, and butylacetate. 

Table 4. Critical initial aqueous electrolyte concentrations for the appearance and 
disappearance of the third phase 

Organic phase Aqueous phase 
O.IMUO,Cl, 

Appearance Disappearance 
Solvent- Amine salt HCI,M LiCI,M MgCI,,M HCI,M LiCI,M MgCI,,M 

Toluene 0.2MTiOA.HCl 0.9 0.9 0.4_5 10.5 13 n.d.a 
0.2MTiNA.HCl 0.9 0.9 0.45 8 10 n.d.a 

Carbon 0. 2M TiOA.HCl 1.2 1.2 0.6 HCl gas n.d. n.d.0 

tetrachloride 0. 2M TiNA.HCl 1.3 1.4 0.7 HCl gas n.d. n.d.0 

n-Hexane 0. 2M TiNA.HCl 0.1 0.4 0.4 n.d. n.d. n.d.0 

• No disappearance of the third phase when equilibrated with saturated aqueous electrolyte solution. 

Table 5. Critical concentration of uranyl chloride for the appearance of a third phase 

Organic phase 

Solvent Amine salt 

Toluene 

Carbon 
tetrachloride 

n-Hexane 

0.2MTiOA.HCl 
0.2MTiNA.HCl 
0. 2M TiOA.HCl 
0.2MTiNA.HCl 
0.2MTiNA.HCl 

Aqueous phase 
UO,CI, mole/litre for appearance 

0.5M HCI 0.5M LiCI 0.2SM MgCI, 

0.20 
0.20 
0.25 
0.28 

<0.01 

0.20 
0.20 
0.25 
0.29 

<0.01 

0.20 
0.20 
0.25 
0.29 

<0.01 

Table 6. Critical electrolyte concentrations for appearance and disappearance of the 
third phase for varying concentrations of amine hydrochloride 

Organic phase 

Solvent 

Toluene 

Carbon tetrachloride 

Amine salt 

0.1M TiNA.HCI 
0. 2M TiNA.HCl 
0.4MTiNA.HCI 
0.1M TiNA.HCl 
0.2MTiNA.HCI 
0.4MTiNA.HCl 

Aqueous phase 
0.1 MUO,CI, 

Appearance Disappearance 
HCI,M LiCI,M HCI,M LiCI,M 

0.9 
0.9 
1.4 
1.3 
1.3 
1.5 

0.9 
0.9 
1.5 
1.4 
1.4 
1.6 

8 
8 
8 

HCl gas 
HCl gas 
HCI gas 

9 
10 

n.d.0 

n.d.0 

n.d.0 

n.d.0 

• No disappearance of the third phase when equilibrated with saturated aqueous electrolyte solution. 
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No explanation of the rather complex behaviour of 
the miscibility gap described above would be justified 
on the basis of the available experimental information. 
It is felt, nevertheless, that a rough physical approxi
mation can be found in the dipole-dielectric constant 
interaction concept suggested by Friedman [17] for 
binary systems of electrolytes in non-aqeous solvents 
that unmix to form two liquid phases. The high 
dipoles of the two different ion pairs, R 3NH+CI- and 
R 3NH+HC1 2 -, may interact and rearrange into more 
polar forms by lining up in a parallel manner. 
Whether or not this interaction occurs and, should it 
occur, the extent to which it does so, depends on the 
shielding effect of the solvent and the molecular 
structure of the amine. 

AMINE HYDROCHLORIDE DILUENT -URANYL 
CHLORIDE-HYDROCHLORIC ACID 

(LITHIUM OR MAGNESIUM CHLORIDE) 
SYSTEMS 

Screening experiments were carried out on quinary 
systems containing amine hydrochloride instead of 
amine base and diluent in the organic phase, and 
uranyl chloride in the presence of hydrochloric acid or 
lithium or magnesium chloride in the aqueous phase. 
Table 3 shows the results of this study. The systems 
where third phase formation was observed are 
marked +. It is apparent that Ala mine 336, ~ 
straight-chain amine, shows little tendency to third 
phase formation under the conditions of these 
experiments, in contrast to branched-chain amines. It 
will be recalled that there is no third phase formation 
if amine hydrochloride solutions in the diluents 
surveyed are equilibrated with lithium chloride 
solutions in the absence of uranyl chloride. Moreover, 
with the first four solvents listed in Table 3, there is no 
third phase formation even when hydrochloric acid is 
the supporting electrolyte rather than lithium chloride. 

The initial electrolyte concentration at which the 
third phase appeared or disappeared was determined 
for some of the amine hydrochloride-solvent pairs. 
These results are summarized in Table 4. As may be 
seen, the critical concentration for the appearance of 
the third phase for a given pair depends only on the 
chloride concentration, but the disappearance, if it 
occurs, apparently depends more on the type of the 
macro-electrolyte. In an additional set of experiments 
with the above pairs, the concentration of uranyl 
chloride in the aqueous phase was chosen as the 
variable parameter, the amine salt and the macro
electrolyte concentration being constant. The results of 
this set of tests are compiled in Table 5. Finally, the 
effect of the amine salt concentration on the amount of 
electrolyte needed for the appearance and disappear
ance of the third phase was studied. The results, shown 
in Table 6, indicate that the amine hydrochloride 
concentration has only a slight effect on the splitting of 
the organic phase. 

In the light of the results of the preceding study, the 
systems TiNA. HCl-toluene-uranyl chloride-hydro
chloric acid, or lithium chloride, were chosen for 

detailed quantitative investigation. This amine salt
diluent pair was chosen because the critical concentra
tion for the disappearance of the third phase depended 
on whether hydrochloric acid or lithium chloride was 
the supporting electrolyte. Furthermore, although in 
these systems the third phase is present throughout a 
considerable range of electrolyte concentrations, 
nevertheless a homogeneous range can be found 
without reaching the highest aqueous electrolyte 
concentrations. The type of experiments carried out is 
essentially that known as "extractant loading experi
ments": the initial concentration of amine hydro
chloride, 0. 2M, and that of aqueous uranyl chloride, 
0. 2M, were chosen so as to enable the saturation of 
the organic phase. It has been shown [18,19] that at 
saturation the amine-to-uranium ratio is about two in 
such and similar systems. Our results agree with these 
findings. 

If 0. 2M TiN A. H Cl solutions are equilibrated with 
a series of aqueous solutions of increasing acid or 
lithium chloride (but constant 0. 2M U 0 2Cl 2) content, 
the organic phases formed at equilibrium contain 
various amounts of the amine salt. Figure 5 shows the 
fractions of the amine in the organic phases. The 
distribution of uranium between the organic phases 
in equilibrium is presented in Fig. 6 and the amine-to
uranium ratio in the organic phases in Fig. 7, as 
functions of the equilibrium electrolyte concentration. 
The amine-to-uranium ratio in the light phase again 
seems to follow closely that in the heavy phase, in 
accordance with previous spectral observations [20]. 

Third phase formation in these systems is obviously 
related to the transfer of uranyl chloride into the 
organic phase, since no third phase is formed without 
it under otherwise identical experimental conditions. 
It is reasonable to assume [18-20] that the transferred 
uranium is present in the solution as an amine 
tetra-chloro-uranyl ion pair, tentatively represented as 
[(R 3NH+hU0 2CI~-]. Through accumulation of this 
species in the organic phase containing amine hydro
chloride ion pairs, the phase becomes unstable and 
separates into two phases of different concentrations. 
The miscibility gap prevails as long as the solution 
contains both types of ion pairs. Since, as the 
concentration of the simple ion pairs is increasingly 
reduced by additional transfer of uranyl chloride from 
the aqueous phase at higher aqueous salting-out 
electrolyte concentrations, the gap is apparently 
decreasing to a point where enough uranyl chloride 
has been transferred to combine all the amine in the 
form of amine tetra-chloro-uranyl ion pairs, the solu
tion becomes once again homogeneous. 

Up to an aqueous concentration of about five molar, 
both electrolytes seem to have a similar effect on the 
amine and uranium content of the organic phases. In 
the region of third phase disappearance, however, a 
difference is apparent, though the amine-to-uranium 
ratio remains identical for both systems. This is 
apparently not related to activity considerations in the 
aqueous solution, the activity of the acid being much 
lower than that of the salt at the respective critical 
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concentrations. The difference can be understood, 
however, on the basis of transfer of the acid, but not of 
the salt, into the organic phase, along with uranyl 
chloride, at higher acid concentrations in the aqueous 
phase. Analytical data on the amount of acid trans
ferred from the aqueous acid solution show that the 
proton-to-amine ratio in the organic phase is essenti
ally unchanged and equal to unity up to about 5 
molar acid concentration. Beyond this acidity, 
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Figure 6. Extraction of uranium from a 0 .2M aqueous solution into 
0.2M TiNA in toluene 

Solid line: single phase region 

however, the concentration of hydrogen ion is higher 
than that of the amine, presumably amine hydrogen 
bichloride ion pairs being formed. Under such condi
tions, the mixing of the phases is favoured due to 
additional removal of simple amine hydrochloride ion 
pairs. 

The sensitivity of systems as regatds splitting to the 
nature of the solvent seems to be more pronounced in 
the presence of uranium than in its absence. In 
toluene or xylene solutions, the branched-chain amine 
systems split, while in benzene they do not. Apparently, 
molecules of benzene are more effective in shielding 
and normal-chain amines interfere less with it. 

This general picture of the miscibility gap is 
similar to that discussed in the previous section. Where 
the analytical data indicate only one species present, 
the organic phase is homogeneous. Both in this and 
the cases discussed earlier the gap prevails in a range 
where twe different ion pairs coexist in equilibrium. 
We believe that the basic mecl;lanism underlying third 
phase formation is similar in the two systems, both 
when uranium is present or absent. 
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ABSTRACT -RESUME-AHHOTALV1}1-RESUMEN 

Af755 Israel 

l..acune de miscibilite dans des systemes 
d'extraction fondes sur les alkylamines 

par A. S. Kertes et Y. E. Habousha 

Dans les processus d'extraction avec des amines a 
longue chaine dilues par des hydrocarbures ali
phatiques, il se forme souvent une troisieme phase 
(deuxieme phase organique). Des systemes quater
naires (amine tertiaire-diluant-eau-acide chlorhy
drique) et des systemes quintenaires contenant du 
chlorure d'uranyle, ont ete etudies. 

Quand des solutions d'amines dans des hydro
carbures aliphatiques sont equilibrees avec des volumes 
egaux d'acide chlorhydrique de concentration crois
sante, il existe une valeur critique inferieure de Ia con
centration d'acide a laquelle la phase organique en 
equilibte se divise en deux pour former une troisieme 
phase. II existe egalement une concentration critique 
superieure qui provoque Ia disparition de Ia troisieme 
phase ou empeche sa formation. La miscibilite
immiscibilite des deux phases organiques en equilibre 
est reversible. 

Ce phenomene d'une Iacune de miscibilite dans un 
systeme conjugue de deux phases ne parait pas etre lie 
a la constante dielectrique ou au moment dipolaire du 
diluant, car dans Ies hydrocarbures aromatiques Ia 
phase organique reste homogene pour toutes les con
centrations de l'acide. Des calculs fondes sur Ia notion 
du parametre de solubilite ont permis une differencia
tion quantitative ;entre les hydrocarbures a'iphatiques 
et aromatiques comme diluants mais n'ont pas ex-

plique les differences observees entre divers hydro
carbures aliphatiques. On constate une correlation 
entre la polarisabilite des melanges de diluants amines 
et la miscibilite, l'immiscibilite etant favorisee par une 
polarisabilite molaire plus elevee. ' 

L'examen de Ia croissance et de Ia decroissance de Ia 
troisieme phase dans le systeme trinonylamine-hexane 
en fonction de Ia concentration de l'acide, de Ia com
position des phases en equilibre, et de leur conducti
bilite specifique a montre que la formation de Ia 
troisieme phase est accompagnee d'une reaction 
chimique aboutissant a Ia formation d'especes 
chargees. 

Un execs d'acide, chlorhydrique au-dessus de Ia 
quantite necessaire pour Ia formation du sel neutre 
d'amine produit le dedoublement de Ia phase orga
nique homogene. Si Ia quantite d'acide transferee de Ia 
phase aqueuse est le double de Ia concentration totale 
de !'amine, Ia phase organique redevient homogene. 
Le dichlorure AmHCl.HCl se forme quand le rapport 
acidejamine est superieur a !'unite. L'ion dichlorure 
ne peut etre libre, mais doit exister dans la solution 
organique sous forme d'une paire d'ions etroitement 
liee au proton. Les mesures conductometriques sem
blent indiquer qu'en effet le sel neutre de !'amine ainsi 
que le <<dichlorure >> sont des especes peu conductrices, 
et qu'il y a d'autres especes chargees dans Ia phase 
organique pour toute Ia gamme d'acidite dans laquelle 
il existe une lacune de miscibilite. On suggere que ces 
especes chargees sont formees par !'association d'un 
seul ion avec le dipole d'une paire d'ions, et qu'elles 
sont intermediaires de la formation des quadrupoles 
du dichlorure. 
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Dans les hydrocarbures aromatiques, le chlor
hydrate de l'amine represente une paire d'ions par
tagee par le solvant ou bien separee par le solvant. Il 
est done different de l'etat du solute dans les hydro
carbures aliphatiques, qui sont des non-solvatants 
parfaits. 

Af7r,r, 1-tapaHJlb 

HeAocraroK cMewHeaeMOCTH e 9K
crpaKLJ.HOHHbiX CHCTeMaX, OCHOBaHHbiX 
Ha aJlKHJlaMHHaX 

A. C. KepTec, J;t. 3. Xa6ywa 

B rrpo11,ecce H3BJie'l.emuJ c aMHHaMH c ;rJ.JIHHHoii 

IJ,eiiO'l.IWH, paa6aBJieHH:biMH aJIH!flaTH'l.eCKHMH yr

JieBO,ll;OpO,ll;3MH, 'l.3CTO o6paayeTCH TpeTbH lf>aaa 

(nTopaH opraHH'l.ecKaJI lf>aaa). 11ayqaJIHCh 'l.eTnep

TU'l.H:ble CHCTeMbl ( TpeTH'l.H:biH aMHH - paa6aBM

TI:'Jib- BO,ll;a- COJUIHaJI 1\HCJIOTa) H IIHTepH'l.Hhle 

CHCTeMhi, co,u;epmau~ne xJiopH,n; ypaHHJia. 

Kor,u;a pacTBOp:bi aMuHoB B aJIHif>aTH'IecRHX yr

.Treno,u;opo,u;ax HaXOl(JlTCH B paBHOBeCHH C paBHbiMH 

o6'beMaMH COJifiHOif KHCJJOThl pa3JIH'IHOH 1\0HIJ,eHT

paiJ,HH, CYIIJ,eCTByeT HH3lllaH RpHTif'IeCRaH KOHIJ,eti

TpaiJ,HH RHCJIOT:bl, npu RoTopoii opraun•recRaH 

lf>aaa ;o.eJIHTCH Ha ;o.ne, o6paayJI TaRnM o6paaoM 

TpeThJO lf>aay. TaKme cyiiJ,ecTnyeT Bhlcman RpnTH

•recKaH KOHIJ,eHTpaiVJH, KOTopaH B:bl3biBaeT ucqea

Honeuue TpeTbeii: tPaabl uJiu MemaeT ee o6paaosa

HHJO. CMemnnaeMocTh - uecMemunaeMoCTh ,ll;nyx 

opraHH'l.eCKHX lf>aa B paBHOBeCHH HBJJHeTCH o6pa

THMbiM rrpoiJ,eCCOM. 

3To HBJieune Re,ll;OCTaTKa cMemnsaeMoCTH B cu

CTeMe, oo'be,ll;HHHeMoii ABYMH lf>aaaMn, He cnnaauo 

C P,H::lJieJ\TJlHlfeCI\OM IIOCTOHHHOH .HJJH l(lffiOJibHhlM 

MOMeHTOM paa6aBHTeJJJI, Tal\ 1\aK B apoMaTH'l.I:'

KHX yrJienop,opop,ax opraHH'IecKaH lf>aaa ocTaeTCH 

0)\HOpO,D;HOR J~JIH JIJ060ii: KOHIJ,eHTpaU,MU KHCJIOThl. 

Pac'l.eThi, ocuonaHHhie Ha KOHIJ,eiiiJ,HH rrapaMeTpa 

paCTBOp11MOCTJ1, II03BOJII1JIH HpOBeCTU KOJIU'l.eCT

BeHHYJO p,nlf><PepeHIJ,lfaiJ,HIO Memp,y aJJnlf>aTH'l.eCKM

MH H apoMaTH'IeCKHMH yrJJeBO;J,Opop,aMH, HO 

oKaaaJJHCh uep;ocTaTO'lHhiMH ;rJ.JIH OO'bHCHeHHH Ha

OJIJOP,aeMoii: pa3HHIJ,hi Memp,y paaJIH'l.HhiMH aJinlf>a

Tn qect<KMH yrJienop,opop;aMH. Onpep;eJJeHo BaanM

Hoe COOTBeTCTBHe Memp,y IIOJJHpl13YCMOCTblO CMeceii: 

llMIJHOB-paa6aBI1TCJJeH II CMCUIHBaeMOCThlO, IIJlH-

1fCM HCCMCH1HBaeMOC1'h OK33hiBaCTCH npe)J;UO'l.TH

TCJibHOH P,JJH 6oJTee BbiCOKUX 3Ha'ICHHH MOJIHpHoii 

noJIHpnaaiJ,nu. 

Jf3yqenue yneJIH'ICHHH n yMeHhmennH TJlCTbeii: 

cpa3hl B CHCTeMe Tp11HOHJ1JJaMI1H-reKCaHa B 3aBH

CIIMOC1'H OT KOHUCHTpai~JIH KHCJJOThl, COCTaBa 

paBHOBeCHhiX if>aa H HX yp,eJJbHOH IIpOBOl(HMOCTH 

rroKaaaJJo, 'ITO o6paaoBaHHe TpeTbeii lf>aabl corrpo
nomp,aeTCH XHMH'JeCKOH peaKJ:J;Heii:, llp1fBO)J;HliJ,eii 

1-\ o6pa30BaHJIIO aapHiReHHhJX 'l.aCTHIJ,. 

J1a6biTOK COJIHHOH KHCJIOTbl CBepx neo6XOl(H1\W

ro KOJIH'l.CCTBa l(JJH o6pa3oBaHHH HeiiTpaJJI,HOH CO-

JIH aMBHa BhiBbiBaeT yp;BoeuHe roMoreBHoii opra

HH'l.ecRoii cpaahl. EcJIH KOJIHqecTBO KHCJIOThi, ne

pene,n;eHHoii na BO,!J;Hoii lf>aahl, B p;Ba paaa 6oJihiiie 

o61I1,eii KOHIJ,eHTpaiJ,HH aMHHa, opraHHqecKa.R cflaaa 

BHOBb CTaHOBIITC.R O)J;HOpO,ll;HOH. l\or,n;a OTHOIDCHHC 

KIICJIOTa/aMHH CT8HOBIITC.R 60JibiDe el(HHII~bl, o6-

paayeTCH ,D;HrH,D;pOXJIOpH,D; aMHHa. J1oH l(IIXJIOpH

p;a He MOH\CT OCTaBaTbCH CB060)J;HbiM, a )J;OJIH\CH 

CyliJ,eCTBOBaTb B opraHH'l.eCKOM paCTBope B BHp;e 

napbl HOHOB, Henocpe,D;CTBeHHO CBH3aHBOH C Upo

TOHOM. J1aMepeHHH IIpOBO)J;HMOCTH llOK83biBalOT, 

'ITO B ,ll;eHCTBHTeJibHOCTH HeHTpaJibHaH COJib 8MH

Ha, a TaKme p;Hxnopn,u; o6nap;aroT Manoii rrpoBo;w

MOCTbJO H 'ITO HMelOTCH ,n;pyrne aapHmCHHble 'l.aC

THIJ,bi B opraanqecKoii lf>aae )J;JIH BCero p;HanaaoHa 

KHCJIOTHOCTH, l(JIH KOTOporo Ha6JIJOp;aeTCH HC,D;O

CTaTOK. cMemnnaeMocTH. IIpe,u;nonararoT, 'ITO ::lTU 

aapmKeHHhie qacTHIJ,hl o6paayroTCH B peayJII>TaTe 

COe)J;HHeHHH O,ll;HOl'O HOHa C l(HIIOJICM napbi HOHOH 

H HBJIHIOTCH npoMemyTO'l.HbiMH IIpH o6pa30BaHHll 

'l.CTBepTH'l.HOl'O P,HXJIOpH,D;a. 

B apoMaTH'l.eCKHX yrnenop;opop;ax rn,n;poxJJOJlllll. 

aMIIHa 11JlC)J;CTaBJIHeT napy HOHOB, paap;eJJHIOliJ,lTX 

paCTBOplfTeJJh HJIH paap;eJIJieMhlX paCTBOpHTCJII:'M. 

Hnaqe o6cTOHT )J;eJio c aJin4laTH'l.eCKHMH yrneno

;1opop;aMn, KOTOJlble HIJJIHIOTCH IIpeKpaCHhiMll HC

paeTBOpHTeJIHMH. 

A/755 Israel 

Discontinuidad de miscibilidad en los 
sistemas de extracci6n basados en las 
alquilaminas 

por A. S. Kertes y Y. E. Habousha 

En los procesos de extracci6n mediante aminas de 
cadena larga, diluidas por hidrocarburos alifaticos, se 
presenta frecuentemente la formaci6n de una tercera 
fase, la cual consiste en una segunda fase organica. Se 
han estudiado los sistemas cuaternarios (amina 
terciaria-diluyente-agua-acido clorhidrico) y de cinco 
componentes, conteniendo cloruro de uranilo. 

Cuando las soluciones de aminas en hidrocarburos 
alifaticos se equilibran con iguales voh1menes de acido 
clorhidrico de concentraci6n variable, existe una con
centraci6n critica inferior de acido en la cual la fase 
organica se separa en dos capas, dando lugar asi a una 
tercera fase. Igualmente, hay una concentraci6n 
critica superior de acido, que origina la desaparaci6n 
de esta tercera fase, o evita su formaci6n. La misci
bilidad-inmiscibilidad de las dos fases organicas en 
equilibrio es reversible. 

Aparentemente, este fen6meno de discontinuidad de 
Ia miscibilidad en el sistema de dos fases conjugadas 
no guarda relaci6n con la constante dielectrica o con 
el momento dipolar de diluyente, ya que en los hidro
carburos aromaticos permanece homogenea la fase 
organica durante todo el intervalo de acidez. Los 
calculos basados en el concepto del parametro de 
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solubilidad han permitido una diferenciaci6n cuanti
tativa entre los hidrocarburos diluyentes alifaticos y 
aromaticos. Sin embargo, no han servido para explicar 
las diferencias observadas entre los diferentes hidro
carburos alifaticos. Se muestra una correlaci6n entre 
la polarizabilidad de las mezclas amina- diluyente y la 
miscibilidad, estando favorecida la inmiscibilidad por 
los val ores mas altos de Ia polarizabilidad molar. 

El examen del aumento y de Ia disminuci6n de la 
tercera fase en el sistema trinonilamina-exano en 
funci6n de la concentraci6n de acido, de la composi
ci6n de las fases en equilibrio, y de su conductancia, 
indican que la formaci6n de esa tercera fase esta 
acompanada por una reacci6n quimica que da Iugar 
a la formaci6n de especies cargadas. 

Un exceso de HCl por encima de la cantidad precisa 
para la formaci6n del cloruro de amina, produce la 
separaci6n en dos capas de la fase organica homo
genea; cuando la cantidad de acido transferido desde 
la fase acuosa alcanza el doble de Ia concentraci6n 

total de la amina, la fase organica recuperala homo
geneidad. Se forma el diclorhidrato de amina cuando 
Ia relaci6n acidojamina es mayor que Ia unidad. El 
ion dicloruro no puede estar libre, pero ha de existir 
en la soluci6n organica como par i6nico fuertemente 
unido al proton. Las medidas conductimetricas 
sugieren que, efectivamente, tanto el clorhidrato de 
amina como el diclorhidrato de amina son especies 
debilmente conductoras, habiendo otras especies car
gadas en Ia fase organica durante todo el intervalo de 
acidez en que existe la discontinuidad de Ia miscibili
dad. Se sugiere que estas especies cargadas se forman 
por asociaci6n de un ion simple con el dipolo de un 
par i6nico, y son intermedias de Ia formaci6n de los 
cuadripolos del dicloruro amina- hidr6geno. 

En los hidrocarburos aromaticos, el cloruro de 
amina es un par i6nico compartido con el disolvente, 
o separado de el. En ello se distingue del estado del 
soluto en los hidrocarburos alifaticos, los cuales no 
son disolventes ideales. 



P j758 Netherlands 

Extraction studies on selected problems in reprocessing* 

By J. van Ooyen,** R. Bac,** M. Bonnevie-Svendsen*** and H. Eschrich*** 

In connection with the reprocessing of uranium fuel 
at Kjeller, the chemistry of plutonium and ruthenium 
in nitric acid solutions was studied in order to furnish 
data for evaluation and improvement of Purex flow
sheet conditions, for plutonium purification and for the 
development of analytical methods. Both pure syn
thetic mixtures and plant solutions were used for the 
experiments. Besides conventional extraction pro
cedures, reverse phase chromatography, or to be more 
descriptive, extraction chromatography [1], was 
extensively applied. 

EXTRACTION CHROMATOGRAPHY**** 

The characteristic feature of extraction chromato
graphy is the application of an organic extractant 
supported by an organophilic solid material as the 
stationary phase. Extraction chromatography com
bines the advantages of multiple extraction with the 
operational ease of chromatographic column tech
niques. In contrast to batch extractions, small 
differences in the extractability of solutes can be 
utilized for quantitative separation. As the investi
gations related to the Purex process the majority of our 
experiments were concerned with the TBP-nitric acid 
system. The stationary phase was purified undiluted 
TBP, supported on kieselguhr (Hyflo Super-Cel or 
Celite 535), which had been made hydrophobic by 
treatment with dimethyldichlorosilane. In some cases, 
chlorinated or fluorinated organic polymers were used 
as a support. The amount of TBP adsorbed by the 
column filling depends on the nature of the supporting 
material and on the packing technique and history of 
the column. It ranges from 0.6 to 0.9 ml per gram dry 
support if the wet packing technique is used. The free 
column volume (FCV) was found to be 37-55% of the 
total column volume. If not otherwise stated the 
column dimensions were ca. 3.5 x 120 mm. The 
desired flow-rate was obtained by application of 
pressure. For experiments not at room temperature, 
columns provided with a jacket for cooling liquid 
circulation were employed. 

* Work carried out at Kjeller, Norway, as a joint project 
of the Norwegian Institutt for Atomenergi (JFA) and 
Reactor Centrum Nederland (RCN). 

** Reactor Centrum Nederland, Petten. 
*** Institutt for Atomenergi, Stockholm. 

**** Extraction chromatographic experiments were carried 
out with the assistance of r. Hundere and V. Martini. 

STUDIES ON PLUTONIUM VALENCY STATES 

One of the main problems in isolating plutonium by 
solvent extraction processes is the adjustment and 
complete conversion to the desired valency state. The 
available experimental and theoretical knowledge of 
the rather complicated equilibrium conditions be
tween the various complex and oxidation states of 
plutonium makes it possible to explain most experi
mental results but not to predict the influence of all 
variables (such as temperature treatment, concentra
tions, impurities, etc.) in process streams. Therefore, 
experimental studies are needed, starting with pure 
oxidation states and gradually proceeding to plant 
conditions. To facilitate such studies on Purex feed 
solutions our work concentrated on the preparation of 
pure unstabilized solutions of Pum, Pu1v and Puv1 and 
on selective methods for analysis of these species. 
Owing to the low plutonium concentration (50-100 
mg/1) and interference from macrocomponents, 
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Figure 1. Peak position for plutonium(IV), plutonium(VI) and 
uranium(VI) dependence on HN03 concentration 
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Figure 2. Elution curves for plutonium(lll), plutonium(IV) and 
plutonium(VI) 

spectrophotometric and electrochemical methods can
not be used with our feed solutions. Chemical methods, 
such as selective extraction combined with alpha 
counting might be used. However, addition of 
chemicals (reagents, solvents, chelating agents) or even 
dilution may influence the equilibrium between the 
different valency states so that the results are not 
necessarily representative of the original composition 
of the sample. Therefore, to control the influence of all 
additives, pure unstabilized oxidation states are 
required. The other alternative, non-specific small
scale tests by batch extraction with TBP, avoids these 
difficulties, but the average distribution coefficients 
obtained in this way give only rather incomplete 
information about the ratios of the different oxidation 
states. As reported by Siekierski and Gwozdz [2], 
quantitative separation of Pum, Pu1v and Puvr is 
obtained if TBP-kieselguhr columns are used. The 
influence of experimental variables such as acidity and 
temperature on the separation of uranium and 
plutonium species were studied. Some results are 
shown in Figs. 1 and 2. · 

An example of the application of extraction 
chromatography for the preparation of unstabilized 
plutonium species is illustrated in Fig. 3. 

Pu vr can be separated from a starting solution 
stabilized with O.lM potassium bichromate either by 
elution of all Puvr prior to crv1 with 0.2-0.5M 
HN0 3 or by elution of the oxidant with 3-4M HN0 3 
before Puvr is eluted as a separate fraction. 

Pu1v is isolated from a solution containing a 
mixture of the different Pu oxidation states. Pum, 
other inextractable components, and Puvr are removed 
by elution with 3M HN0 3. The retained Pu'v is then 
eluted with approx. 0.5M nitric acid. Pum is prepared 
by reduction of Puv' with uv and elution with 1M 
HN0 3• 

The unstabilized solutions of Pu'v and Puv' 
(2-20 mg/1) were remarkably stable in 0.5-3M nitric 
acid at room temperature. After 50-100 days, 85-95% 
were found to be still in the original oxidation state. 
The stability of Pum is highly acid and temperature 
dependent. Above 25°C, Pum in 3M HN0 3 was 
quantitatively converted to Pu'v within a few hours. 
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Figure 3. Schematic elution diagram for the separation of 
plutonium(VI) and chromium(VI) 

The solutions were therefore stored at lower temper
atures and moreover were kept at acidities below 1M. 
The solutions were used to test analytical methods. The 
well-known TTA (thenoyltrifluoroacetone) method 
[3] is based on extraction of plutonium after quantita
tive conversion to Pu'v by redox treatment. Without 
redox treatment it can be used for selective analysis of 
Pu'v, while a differentiation between Pum and Puvr is 
obtained by IT A extraction after oxidation without 
preliminary reduction of Puv1

• Reliable results were 
obtained for Pu'v, but for Pum and Puv' deviations up 
to 10-20% occurred. 

Extraction chromatographic analysis, e.g., separate 
elution of Pum and Puv' with 2-3M nitric acid and of 
Pu'v after reduction, gave accurate reproducible 
results for all three species. No perceptible change of 
oxidation state occurred on the column. However, on 
proceeding from pure plutonium solutions to process 
feed solutions or to mixtures of Pu1v and Puvr with 
uranyl nitrate, most of the plutonium was eluted 
apparently as Pum, directly after passage of the first free 
column volume. This fraction increased with decreasing 
temperature. There was no agreement with results from 
TT A-analysis. Further investigations proved that a 
photochemical reduction of uranium on the column 
produced sufficient uv to reduce most of the pluton
ium to Pu'". The Pum fraction was reduced to less than 
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1 % when the effect of light was excluded during the 
separation. The results were then reproducible and 
agreed with those from TT A-analysis. Apparently the 
influence of photochemically produced uv is not 
limited to column experiments. A similar but slower 
reduction of Puv1 to Pu111 was observed in aqueous 
mixtures of the unstabilized plutonium species and in 
process feed samples. At higher acidities, where Pu111 is 
unstable, only Pu1v was produced by this reaction. The 
effect of light seemed to be appreciably enhanced by 
traces of organic solvent. It is likely that many in
consistent results obtained in laboratory experiments 
with plutonium-uranium mixtures may be due to 
photochemically induced reactions. 

STUDIES ON NITROSYLRUTHENIUM NITRATO 
COMPLEXES 

A comparison of published results shows that no 
general agreement exists on the number, composition, 
equilibrium mole percentages and extraction character
istics of nitrosylruthenium species present in nitric acid 
solutions [4, 5, 6, ibid., see further references]. 

Extraction chromatography seems to offer a suitable 
technique to elucidate some of the unsolved problems 
in the solution chemistry of ruthenium. The present 
study is confined to the extraction system H 20-
HN03-TBP and nitrosylruthenium nitrato complexes 
of the general formula 

[RuNO (N0 3)x· (5-x) H 20] <3-x)+ where x = 1 ... 5. 
The primary aim was to separate and identify the 

RuNO nitrato complexes which contribute to low 
decontamination of uranium and plutonium from 
fission ruthenium. 

Paper chromatographic separations have enabled 
various nitrosylruthenium complexes to be classified 
and characterized by their Rr value [4, 7]. The cationic 
nitrosylruthenium nitrates have been separated by 
cation exchange column techniques [8, 5, 9, 10] and 
have subsequently been identified [5, 9, 10]. 

Separations of neutral and anionic nitrosylruthen
ium nitrates, which permit their analytical identifi
cation have not previously been reported. For our 
experiments thirty-five solutions of nitrosylruthenium 
nitrato complexes in 0.2-13M nitric acid (0.02-0.3M 
Ru), labelled with 106Ru, were prepared by the method 
suggested by Fletcher et a!. [II]. The solutions, which 
were shown (by spectrophotometric measurements) to 
be free from Ru1v and RuNO nitro complexes, were 
aged in the dark. The columns were 3-6 mm diameter 
and 50-120 mm long and purified TBP, supported on 
kieselguhr, was used as the column material. Ruth
enium was determined by the method of Woodhead 
[12], and the nitrate determinations were carried out 
according to Hartley and Asai [13]. 

A systematic study of the migration rate ofthevarious 
complexes as a function of the eluant concentration 
showed the possibility of isolating five different 
nitrosylruthenium species. Complex mixtures aged in 
nitric acid concentrations higher than 1M were diluted 
to a final nitric acid concentration of about 0.5M 
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Figure 4. Separation of nitrosylruthenium complexes ustng 
TBP-kieselguhr columns 

before they were added to the TBP columns. Appli
cation of 0.4--0.5M nitric acid as eluting agent 
resolves the complex mixture into three well-defined 
bands. The band containing the inextractable complex 
group A moves unretained through the column, 
closely followed by the less extractable complex B 
[Fig. 4(1)] while the third band, containing the highly 
extractable nitrosylruthenium nitrates, remains fixed 
at the top of the column. The experimental data for the 
curves in Fig. 4 are shown in Table 1. 

The strongly retained complexes can be eluted 
separately by washing the column successively with 
3.5M HN0 3 (elution of complex C), 5.0M HN0 3 
(elution of complex D) and 10M HN0 3 (elution of 
complex E) [Fig. 4(IIJ)]. 

The TBP-extractable complexes C + D + E can 
easily be stripped by HCIO 4 or HN0 3 stronger than 
7 M [Fig. 4(ll)], partly separated by eluting with 6M 
acetic acid or 0.4M oxalic acid and slowly eluted by 
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Table 1. Experimental conditions on separation of nitrosylruthenium nitrate complexes 
(cf. Fig. 4) 

Diagram Column stze Temp. Flow Sample vol. Ru cone. HNO,ageing 
No. mm t"C drops/min pi M cone. M 

I 3.8 X 132 21 
I[ 4.0x 120 4 
III 3.7 x70 22 

0.5M HN0 3 containing O.IM NaN0 2• It is note
worthy that the highly extractable nitrosylruthenium 
nitrato complexes cannot be removed from the 
column by washing with 0.5M HN0 3 + 5.5M 
NaN0 3, 6M HCl, 6M H 2S0 4 or 6M H 3P0 4 • The 
relative mole percentages of nitrosylruthenium nitrates 
at equilibrium in nitric acid solutions at 22 oc were 
evaluated from a large number of column elution 
experiments. The results obtained are listed in Table 2. 

The identification of the separated nitrosylruth
enium nitrato complexes by determination of the mole 
ratio of nitrate to ruthenium in each of the individual 
complexes raises the problem as to whether it is 
possible to remove completely the excess nitric acid 
without risking a change in the original complex 
composition. Conversion rate measurements of the 
extractable ruthenium species in the system TBP-H20 
and investigation of the displacement of nitric acid by 
water on TBP columns indicated that this problem can 
mainly be overcome by carrying out the separations 
rapidly at low temperature. As complex E appears to 
represent the nitrosylruthenium complex which is 
most extractable in TBP, its identification was of 
special importance. An aliquot (0.25-0.5 ml) of the 
RuNO complex mixture, aged in 7.3M HN0 3 

(0.3M Ru) was diluted to a final nitric acid concentra
tion of 5M and rapidly cooled. The solution was 
introduced into a TBP column maintained at 0-4 oc. 
After removal of the complexes A, B, C and D by 
5M HN0 3 the column was rapidly washed with cold 
distilled water until the pH value of the effluent 
approached that of the distilled water used. The 

5 
5 
6 

25 0.025 . 3.68 
50 O.o7 3.50 
25 O.oJ 9.58 

complex E was stripped by washing the column with 
0.2-IM KOH solution (or NaOH) and collected as 
separate fraction. Analysis of this fraction for 
ruthenium and nitrate resulted in the identification of 
complex E as a tetranitrato nitrosylruthenium complex. 
The complexes C and D were separated as described 
above [see also Fig. 4(III)]. The fraction containing 
complex C and D, respectively, was diluted to 0. 5-
I. OM HN0 3 at 0 oc and readsorbed on a new TBP 
column. After removal of the nitric acid from the 
column by exhaustive washing with cold distilled 
water, the respective complex was stripped with a IM 
potassium hydroxide solution and analysed. The 
complexes A and B were first removed jointly from 
the extractable complexes on a TBP column, and then 
separated by the cation exchange column procedure 
described by Wallace [5]. The N0 3 : Ru ratios found 
for the five separated nitrosylruthenium nitrato 
complexes are shown in Table 2. 

In the solutions investigated, neither uncomplexed 
nitrosylruthenium nor pentanitrato nitrosylruthenium 
could be detected. Complexes B and C were shown to 
be isomers of dinitrato nitrosylruthenium. 

DEVELOPMENT OF A CHROMATOGRAPHIC 
PUREX PROCESS 

Extraction chromatography with TBP as stationary 
phase was considered as a possible technique to 
design an effective one-cycle laboratory process for the 
recovery of high-purity plutonium and uranium from 
solutions of irradiated uranium fuel. 

Table 2. Data on nitrosylruthenium nitrate complexes 
Mole percentages of complexes at equilibrium(22 oq 

HN0 3 ageing A B c D E cone. M 

0.5 83~~ 90' lo 
601 /0 1.5% 0.5% 

1.0 69 16 II 3 I 
2.0 48 26 16 8 2 
3.0 34 31 18.5 14 2.5 
4.0 24 32 19.5 20 4.5 
5.0 17 30 19 26 8 
6.0 12 28 18.5 30 11.5 
7.0 9 24.5 17.5 34.5 14.5 
8.0 6 22 17 38 17 
9.0 4.5 18 17 41.5 19 

10.0 4 13.5 16.5 45 21 
Mole Ratio 0.89 1.68 2.04 2.92 4.00 
N0 3-/Ru +0.06 ±0.05 ±0.06 ±0.06 ±0.08 
Complex: Mono- Dinitrato Dinitrato Trinitrato Tetra-
Ru(NO) nitrato nitrato 



406 SESSION 2.6 P/758 J. VAN OOYEN eta/. 

e o~----~2~----~4~----~6~----~~----~1o ______ ~12~-----1~4~F~cv 
';)- 6.1M HN03 1.03M HNO H20 0.3M NaOH 
::t. 
2 

102 

F i ulan products 
(Zr, Nb, Ru, Cs, Ce.) 

'i 
...... 
:::1 

1:11 
E 

30 

10 20 

Eluted volume 

Figure 5. Elution behaviour of uranium, plutonium and fission products in a chromatographic "Purex 
Process" experiment 

In order to establish optimum operation conditions 
the elution behaviour of uranium, plutonium, fission 
and corrosion products as a function of the eluant 
(HN0 3) concentration, flow-rate, temperature 
(4-75 oq, solid support and uranium loading of the 
TBP phase was systematically studied. Test runs with 
different plant feed solutions showed clearly that 
suspended particles and zirconium-niobium had to be 
removed as completely as possible before passing the 
feed through the TBP column. In the search for a 
combined filtration-decontamination step, the sorp
tion of uranium, plutonium and fission products on 
asbestos was studied and the sorption of these 
radionuclides on silica gel reinvestigated. Small 
columns filled with asbestos or silica gel (Merck. 
100-140 mesh) removed 50-70% of the total zirconium 
and niobium present in the feed sol"i:ttions. Both 
materials had been pretreated by repeated washing 
with 6M nitric acid at 80-90 °C and with water at 
room temperature. The amount of zirconium and 
niobium passing unadsorbed through the asbestos or 
silica gel bed seems to be reversibly extracted by TBP, 
and could almost quantitatively be stripped from the 
TBP phase by dilute nitric acid (approximately 1M). In 
all column extraction experiments ruthenium was 
strongly retained by the stationary TBP while zirconium 
and niobium in the ratio 1 :2 to 1 :5 were irreversibly 
adsorbed on the supports. Raising the temperature to 
the TBP column results in an increased loss of 
plutonium to the fission product fraction (waste). The 
results of these preliminary investigations served as a 
basis for the final development of the following simple 
chromatographic process. 

The feed solution of irradiated uranium is adjusted 
to 6M in nitric acid and 0.1 M in sodium nitrite. After 

standing for 24 hours, the solution is filtered at a flow 
rate below 1 mljcm 2 min through a silica gel column 
provided with a thin top layer of asbestos. When the 
solution is level with the asbestos filter, the silica gel 
column is washed with one column volume 6M nitric 
acid. The effluent from the silica gel column is intro
duced into the TBP column, which has been pre
equilibrated with 6M nitric acid. The amount of 
uranium loaded on to the column should not exceed 
30% of the break-through capacity. After the sorption 
step most of the fission products and other impurities 
are eluted by washing the column first with 6M nitric 
acid and then with 1M nitric acid, using a flow-rate of 
2-4 mljcm 2 min. Plutonium is then stripped with 1M 
nitric acid containing 0.05--0.lM ferrous sulphamate. 
Finally, uranium is recovered by washing the column 
with water (see Fig. 5). The stationary TBP phase is 
purified by washing the column with 0.3M sodium 
hydroxide (removal of residual ruthenium) followed by 
a water wash. By passing 1.2 column volumes of 6M 
nitric acid through the column it is reconditioned for 
the next run. All column operations are carried out at 
room temperature. The described process was used for 
reprocessing uranium which had been irradiated to 
200-350 MWd/t and cooled for 250-300 days. Gross 
gamma decontamination factors of 10 3-10 4 have been 
obtained for the plutonium product and greater than 
5 x 10 4 for the uranium product. Almost complete 
recovery of uranium can be achieved. The yield of 
plutonium ranged from 95-99 %. Contamination of 
the plutonium fraction by uranium or vice versa can 
easily be avoided by proper choice of the column 
dimensions, uranium loading and elution conditions. 
Different column sizes with a length to diameter ratio 
of about 25 have been employed. The process allows 
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Figure 6. Stripping of uranium from 2 ml organic phase containing 
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complete automatic control by continuous monitoring 
of the effluent concentrations by suitable in-line 
instruments, e.g., alpha-gamma monitors, X-ray 
absorption, fluorescence measuring devices. 

Though good decontamination of uranium from 
fission products can be obtained, the chromatographic 
extraction process suffers from certain disadvantages, 
as for example the low capacity of the columns. It may 
be difficult to scale-up the process but, for reprocessing 
of small quantities of natural uranium or enriched 
uranium, it has obvious advantages. 

ANALYTICAL SEPARATION OF URANIUM 
AND PLUTONIUM IN SAMPLES FROM THE 

TBP PHASE 

A typical analytical problem in reprocessing is the 
determination of plutonium and uranium in the TBP 
phase. It appeared possible to obtain a quantitative 
separation of these elements by selective stripping of 
uranium using a TT A-TBP mixture to complex the 
plutonium. There is extensive literature on this 
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system [14], but little information about analytical 
applications. The plutonium is retained by 0.5M 
TT A-xylene. In the presence of TBP no plutonium 
losses were observed for aqueous acid concentrations 
up to 2.0M. Figure 6 illustrates the influence of acidity, 
nitrite addition (0.33M) and mole ratio of TBP:TTA 
(0.028-0.12 for 25-100 (1.1) on uranium decontamin
ation (2.5 mg U added). The synergistic enhancement 
of the uranium extraction is obvious, but it is difficult 
to explain why addition of nitrite improves the uranium 
decontamination by more than a factor 10. More data 
would be required for a quantitative treatment of this 
rather complicated system but the consequences for an 
analytical procedure are obvious. Of a 30 vol% TBP 
sample, an aliquot not exceeding 50 (1.1 is mixed with 
the TT A solution to give a 2 ml total volume. The 
uranium is stripped into 3 ml aqueous solution 
containing 1.5 ± 0.2M HN0 3 and 0.33M NaN0 2• 

Satisfactory separation of uranium and plutonium was 
obtained for our plant solutions. 

PLUTONIUM EXTRACTION WITH 
QUATERNARY AMMONIUM NITRATES AND 

TERTIARY AMINES 

The use of long-chain tertiary amines for extraction 
of plutonium from nitrate systems has in recent years 
been investigated in a number of laboratories. Long
chain quaternary ammonium compounds as extract
ants for plutonium are also known [15-18]. The 
properties of these extractants, however, have not been 
so well investigated as those of the long-chain amines. 

A number of quaternary ammonium nitrates 
(QAN) was investigated in our laboratory. Com
mercially available quaternary ammonium halides 
were converted into the corresponding nitrates. In 
Table 3 the compounds are listed in groups according 
to the size of the various hydrocarbon groups bound to 
the ammonium nitrogen and to the difference in 
physico-chemical behaviour. Distribution coefficients 
(D) for Pu•v and uv• were determined for 0.05M 
solutions of the various extractants in aromatic 
diluents. Initial aqueous concentrations were 70 mg/lU 
or 50 mg/lPu. The nitric acid concentration was 3M at 
equilibrium. In Table 3 a summary is given of typical 
average distribution data for the various groups. The 
compounds of groups (i) and (ii) were unfavourable as 
extractants due to high aqueous solubility and the 
tendency to form emulsions. Compounds of groups 

Table 3. Quaternary ammonium nitrates as extractants 
Average distribution coefficients between 3M nitric acid solutions (at equilibrium) and about 0.05Ma 

extractant solutions. 

Group Cation structure b DPu rv DUVI DPuiV; DUVI 

(i) Alkylpyridinium . 0.15 
(ii) Alkyl-trimethyl-ammonium 0.05 

Alkylaryl-trimethyl-ammonium 25 0.08 300 
(iii) Alkyl-dimethyl-aryl-ammonium 50--430 0.05--0.15 1000--3 500 
(iv) Trialkyl-methyl-ammonium 1250 0.35 3500 

• M =determined average molecular weight. • Alkyl = c.-c ... 
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Figure 7. Extraction of plutonium(IV) from 3M nitric acid solu
tions by tertiary amine (TLA) and quaternary , ammonium 

nitrates (Adogen 464 or Tlf:'IA) in aliphatic diluent 

(iii) and (iv) were suitable extractants. Group (iv) 
showed the highest plutonium extraction coefficient 
and the' best separation factors for plutonium and 
uranium. 

.For further investigations, two compounds of 
group (iv) were used, i.e., nitrate of Adogen 464* and 
trilauryl-methyl-ammonium nitrate (TLMA). The 
latter compound was prepared in pure form in our 
laboratory. Log-log plots of DPu'v versus extractant 
concentration for dilute solutions of the group (iv) 
QAN and trilaurylamine (TLA) showed identical 
slopes. For o-and p-xylene as diluents the slope was 
2.0; for n-dodecane modified with 6-10 vol % 
n-octanol the slope was 2.8. It was found that 
mixtures of QAN and TLA in modified dodecane 
diluent showed values for Dpu'v which were signifi
cantly higher than the sum of the Dpu'v for both 
extractants separately. A possible explanation for this 
is the formation of a mixed complex of TLA and the 
QAN with Pu'v. 

If no interaction is assumed between the two 
extractants at the low concentrations employed and 
low organic plutonium loading, the extraction of Pu'v 
by the mixture can be represented as: 

Dtotal = DTLA + DQAN + Dmc 

where DnA and DQAN are the distribution coeffi
cients due to complex formation by the components 
alone and Dmc the contribution due to mixed complex 
formation. Figure 7 shows log-log plots of DPu'v in 
which either of the two extractants was varied in 
concentration, while the other was kept constant. 
Dmc had a slope which was very close to half the slope 
for solutions of either of the components alone. This is 

*Product of Archer-Daniel-Midland Co., Minneapolis 
(Minn.), USA. 
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Figure 8. The extraction of plutonium(IV) from 3M nitric acid 
solutions by quaternary ammonium nitrate (TLMA) and tertiary 

amine (TLA) in aromatic diluent 

in agreement with a mixed complex of plutonium 
which has the same number ofligands as the complexes 
with TLA or QAN alone, but with these ligands in the 
ratio 1 :1. 

In p- and o-xylene results were obtained which 
differed much from those in the aliphatic diluent. The 
mixtures of TLA with varying concentrations of the 
two QAN used, displayed normal behaviour at very 
low QAN concentrations (Fig. 8). At higher concentra
tions the extraction of Pu'v by the mixtures was even 
lower than for solutions with identical concentrations 
of QAN alone. If TLMA in xylene was used as 
extractant, DPu'v showed second order concentration 
dependence below 0.01M TLMA (Fig. 8). The curve 
flattened out at higher concentrations. 

The following assumptions may explain the de
viating curves obtained in xylene solutions: 

(a) At concentrations above O.OlM QAN, part of 
the molecules are aggregated to polynuclear species; 

(b) In a mixture of TLA and QAN, both ex
tractants enter into mixed aggregates; 

(c) Metal extraction capacity is dependent on free 
extractant molecules only. 

A point should be mentioned concerning the 
practical importance of the mixed extractants described 
above. The QAN have some favourable features as 
extractants of plutonium [17]. The metal complexes, 
however, have in general a very limited solubility 
leading easily to third-phase formation. By blending 
the QAN with a suitable concentration of tertiary 
amine, the tendency to form third phases is sub
stantially reduced. The better solubility due to mixed 
complex formation was experimentally confirmed 
using uranium(IV) nitrate solutions. 
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A/758 Pays-Bas 

Etudes d'extraction relatives a certains 
problemes de traitement des combustibles 
irradies 

par J. van Ooyen eta/. 

Le memoire examine divers problemes dans le 
domaine du traitement des combustibles, problemes 
qui ont fait l'objet d'etudes dans le cadre d'un pro
gramme de recherches chimiques en relation avec le 
fonctionnement de !'installation de traitement des 
combustibles de Kjeller. 

Un des procedes qui ont ete largement appliques est 
la chromatographie d'extraction. Ce procede, qui 
combine les avantages de !'extraction multiple et Ia 
facilite d'execution de la chromatographie sur colonne, 
permet une separation nette avec de faibles differences 
d'extractibilite. Les colonnes utilisees contenaient une 
couche de tributylphosphate (TBP) sur un support 
inerte et hydrophobe. Ce procede, qui a ete employe 
pour obtenir une separation analytique nette, convient 
egalement pour !'extraction normale a l'echelle de 
laboratoire. 

II a ete employe entre autres pour !'isolation et la 
determination separee du plutonium trivalent, tetra
valent et hexavalent. Des solutions non stabilisees et 
pures de ces substances dans l'acide nitrique ont ete 
preparees et examinees. Une technique analogue a ete 
utilisee pour le controle analytique des valences du 
plutonium dans une solution d'alimentation de l'usine 
de traitement. 

La separation de divers complexes nitrato extrac
tibles de nitrosyl ruthenium a egalement ete effectuee 
par chromatographie d'extraction. Les solutions de 
ces composes donnaient des bandes d'elution nettes, 
indiquant cinq fractions differentes. Le comportement 
pendant l'elution des substances extractibles par le 
TBP a ete etudie en utilisant des acides differents. On a 

pu obtenir des echantillons de substances extractibles 
qui ne contenaient pas d'acide nitrique. On decrit 
l'emploi de Ia chromatographie d'extraction pour Ia 
determination de Ia teneur en ruthenium aisement 
extractible des solutions d'alimentation Purex. 

Les donnees obtenues sur le comportement des 
differents elements dans Ies colonnes d'extraction 
chromatographique ont permis d'elaborer un procede 
chromatographique a cycle unique du type Purex. Un 
echantillon de solution d'alimentation a ete introduit 
au sommet d'une colonne TBP. Deux concentrations 
differentes d'acide nitrique ont servi pour l'elution des 
produifs de fission. L'elution du plutonium a ete faite 
en milieu reducteur et !'uranium a ete elue avec de l'eau 
legerement acidifiee. Ce procede de separation rapide 
et facile a donne un rendement presque quantitatif en 
plutonium et en uranium, le facteur de separation 
entre ces deux elements et les produits de fission etant 
de l'ordre de 104 

Les methodes employees pour !'analyse de la phase 
TBP comprenaient la separation de plutonium et 
d'uranium par re-extraction selective d'une solution 
TBP-TTA. L'influence des effet synergiques sur les 
conditions optimales de Ia separation a ete etudiee. 

La partie suivante de !'etude concerne !'utilisation 
d'amines comme solvants d'extraction pour Ia puri
fication du plutonium separe dans le procede Purex. II 
a ete constate que les amines tertiaires sont d'excellents 
solvants d'extraction. Certains nitrates d'ammonium 
quarternaires se sont montres encore plus efficaces 
pour !'extraction du plutonium. Plusieurs composes 
quarternaires ont ete essayes comme solvants d'extrac
tion. Des effets structuraux ont ete constates. 

Quand on ajoute de petites quantites de certains 
composes quarternaires a une solution d'amine ter
tiaire, !'extraction de plutonium(IV) augmente con
siderablement. II y a des signes de formation d'un 
complexe mixte et il se produit des effets synergiques. 
On examine l'utilite pratique de ces solvants d'extrac
tion mixtes. 
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A/758 HHAepnaHAbl 

Hay&..feHHe 3KcrpaK~HH npH peweHHH 
OTAellbHbJX npo6neM nepepa6oTKH 
TOnJlHBa* 
H. BaH 011eH et al. 

B ;qoHna;qe paccMaTpnBaiOTCH pa3JIIi'IHLie BO

npocLI, RaCaiOil\HeCH nepepa60TI\II TOnJIHBa, 1\0TO

phle npHBJieHJIH oco6oe BHHMaHHe npH ocyll\eCTB

JieHHH XHMH'IeCHOii 'laCTH npoeHTa, CBH3aHHOro 

c :mcnnyaTa~neii HM~JIJiepcHoii ycTaHoBKH no nc

pepa6oTKe TOnJIHBa. 

O;qnHM H3 HaH6onee rrmpmw HcnoJIL3YCMLIX na 

3TOH ycTaHOBKe MeTOAOB HBJIHCTCH 3KCnJiyaTa~H
OHHaH XpOMaTorpa<f>HH. 8TOT MCTO;q CO'ICTaCT B 

ce6e npeHMYil\CCTBa xoporneii aKcTpaK~HH H rrpo

CTOTLI B 3KCIIJiyaTa~HH xpoMaTorpa<f>H'ICCKOH KO

JIOHHLI; OJI n03BOJIHCT npOBO)J;HTL pe3KOC paa;qe

JieHHe, OCJIOBaHHOe Ha cpaBHHTCJILJIO He6oJILIIIOiY 

paaHH~e B aKcTpaK~HoHHLIX CBOHCTBax. llcnoJIL

ayeMLie KOJIOHKH Cop;epmaT nJieHKY TpH6yTHJIWOC

<PaTa na HHepTHOH rH;qpo<J>o6noi1: no;qno»me. 

MeTo;q 6LIJI HCIIOJIL30BaH ;qna 'ICTKoro anaJIHTII

'lecKoro paa;qeneHHH H y;qo6en P,JIH o6LI'IHLIX 

3KCTpaKT~HOHHLIX 011epa~HH B Jia6opaTOpHOM MaC

IIITa6e. 

qaCTHLIM CJiyqaeM 11pHMeHeHHH HBJIHeTCH H30-

JIH~HH H pa3;qeJILHOe Ollpe;qeJieHHe TpexBaJieHTHO

ro, 'leTLipexBaJieHTHoro H rnecTHBaJieHTHoro nny-

TOHHH. BLIJIH IIOJiyqenLI H HCCJie;qoBaHbl 'IHCThiC 

HCCTa6HJIH3HpOBaHHLie paCTBOpi:.I 3THX Bell\eCTB ll 

aaoTHOH KHCJIOTe. AnanorH'IHaJI MeTOP,HKa 6hiJia 

HCIIOJIL30BaHa ;qJIH aHaJIHTHqecKoro KOHTpOJIH Ba

JICHTHOCTH IIJIYTOHHH B paCTBOpe, IIOCTyllaiOil\eM 

B YCTaHOBKY no 11epepa60TKe TOIIJIIIBa. 

MeTo;qoM aKCTpaH~HOHHoii xpoMaTorpa<f>HH 6LI

JIO 11poBe;qeno paa;qeJieHHe pa3JIH'IHLix aKCTpa

rHpyeMLIX HHTp03HJipyTeHHCBbiX HHTpaTHLIX KOM

IIJICKCOB. PacTBopLI 3THX coep;HHeHHH ;qaiOT 

'ICTKHe CJIOH 3JI10HpOBaHHH, 'ITO yHa3LIBaeT Ha 

cyll\eCTBOBaHHe IIHTH paaJIH'IHLIX H6MIIJICKCHLIX 

<f>paK~Hii. BbiJIO H3y'leHo aJIIOHpoBaHHe aKcTparH

pyeMLIX TpH6yTHJI<f>oc<f>aTOM BCil\CCTB C HCIIOJIL30-

BaHHeM pa3JIHlJHLIX KHCJIOT. 06pa3~hl 31\CTparH

pyeMLIX BCil\CCTB MOlliHO IIOJIY'IHTb CB060;qHLIMH 

oT aaoTHoii HHCJIOTLI. OnHcano HCIIOJILaoBaHHe 

31\CTpaK~HOHHoii xpoMaTorpa<f>HH AJIH ollpep;ene

HHH KOJIH'ICCTBa XOpOIIIO 31\CTparHpyeMoro pyTe

HHH B paCTBOpax, nOCTyllaiOII~IIX Ha (•6pa60THy 

110 11po~eccy nypeKc. 

OcnoBLIBaHCL na peayJILTaTax HayqenHa IIOBe

;qeHHH pa3JIH'IHLIX 3JieMCHTOB B 1\0JIOHKaX C 3KC

TpaK~HOHHOH XpOMaTOrpa<f>HeH, y;qaJIOCL pa3pa-

6oTaTL O;qHO~HKJIH'IHLIH IIPOIJ,CCC THIIa nypeKC. 

1Ipo6a pacTBopa ;qJIH 11epepa6oTHH nocTyllaJia B 

rOJIOBY KOJIOHKH C TpH6yTHJI<f>oc<f>aTOM. Jipo;qyKTLI 

)J;CJICHHH y;qaJIHJIH IIYTCM 3JIIOHpOBaHHH a30THOii 

HHCJIOTOH ;qByx pa3JIH'IHLIX HoH~eHTpa~Hii. llny

TOHH:ii BLIMLIBaJICH B BOCCTaHaBJIHBaiOil\HX YCJIO

BHHX, a ypaH - B HCCKOJihKO IIOAKHCJICHHOH Bo;qe. 

8Ta 6biCTpaH H 11pocTaH 11po~e;qypa paa;qeJieHHH 

J. VAN OOYEN eta/. 

p,aBaJia IJO'ITH KOJIH'ICCTBCHIILIH BLIXOA nJiyTOIIHH 

H ypaHa, 11pHqeM K03WWH~HCII'l' paa~eJICHifH OT 

upop;yKTOB p;eJICHHH 6LJJI IIOpHp;Ka 10 . 
MeTOAbl auanuaa Tpn6yTun<f>oc<f>aTHOH <f>aaLJ 

npH 11epepa6oTKe oxBaTLIBaiOT paa;qenenHe nny

TOHHH H ypaHa CCJICKTHBHOH OTrOHKOH H3 paCTBO

pa TB<l>/TTA. llay'leHo BJIHHHHe CHH3prHCTH'Iec-

KHx a<f><f>eKTOB Ha OIITHMaJILHLie YCJIOBHH paap;e

JICHHH. 

Cne;qyiOil\aH 'laCTL AOKJia;qa CBH3ana c HCIIOJIL-

30BaHHeM aMHHOBbiX aKcTpareHTOB AJIH O'IHCTKH 

nJiyTOHHCBOrO 11po;qyHTa, noJiy'laCMOrO 110 MCTO

;qy nypeHC. Y CTaHOBJICHO, 'ITO TpeTH'IIIbiC aMHHbl 

HBJIHIOTCH BIIOJIHe y;qoBJieTBOpHTeJILHbiMH aKcTp

arenTaMH. HeKoTopble 'ICTBepTHqnbJe HHTpaTI>I 

aMMOHHH Ol\a3aJIHCL ;qame 011\C 6onee a<f><f>eHTHB

HbiMH AJIH 3KCTpaKD;HH IIJIYTOHHH. }T CTaHOBJICHLJ 

CTPYKTYPHLie a<f><f>eHTbl. 

EcnH B pacTBop TpeTH'IHLIX aMHHOB ;qo6aBJIHJIII 

ne6oJILIIIOe 1\0JIH'ICCTBO HCKOTOpbiX 'ICTBCpTH'IHLIX 

COC)J;HHCHHH, HU6JIIO;qaJIOCL 3Ha'IHTCJILHOC yBeJIH

'ICHHe 3KCTpaH~HH 'ICTblpexBaJICHTHOrO nJiyTOHHH. 

IlpH aToM na6JIIO;qaeTCH o6paaoBaHHe cMernannoro 

KOMIIJICKCa If npOHCXOAHT CHH3prlf3M. 06cym;qaeT

CH 3Ha'ICHHC 3THX CMeiJiaHHLIX ::lKCTpareHTOB. 

AJ758 Paises Bajos 

Estudio de problemas de extracci6n en Ia 
regeneraci6n de combustibles irradiados 

por J. van Ooyen et a/. 

En la memoria se examinan varias cuestiones rela
tivas a la regeneraci6n de combustibles irradiados a 
las que se ha prestado especial atenci6n en un trabajo 
de quimica relacionado con el funcionamiento de Ia 
instalaci6n de regeneraci6n de Kjeller. 

Un metodo ampliamente utilizado por los autores 
consiste en la extracci6n cromatognifica. El metodo, 
que reune las ventajas de la extracci6n multiple y de la 
sencillez de ejecuci6n de la cromatografia en columna, 
permite efectuar separaciones netas basadas en difer
encias de capacidad de extracci6n relativamente 
pequefias. Las columnas utilizadas contienen una 
pelicula de fosfato tributilico (FTB) sobre un soporte 
de material inerte e hidr6fobo. El metodo se ha utili
zado para lograr separaciones analiticas y para ejecu
tar las operaciones normales de extracci6n en escala 
de laboratorio. 

Una aplicaci6n especial fue el aislamiento y la deter
minacion por separado de plutonio trivalente, tetra
valente y hexavalente. Se han preparado y estudiado 
soluciones puras y no estabilizadas de estas especies en 
acido nitrico. Se ha aplicado un procedimiento analogo 
para el control analitico de las valencias del plutonio 
en la soluci6n de alimentaci6n de la instalaci6n de 
tratamiento quimico. 

Tambien se ha realizado por extracci6n cromato
grafica la separaci6n de varios complejos de nitrato 
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de nitrosil-rutenio. Las soluciones de estos compuestos 
dieron bandas de eluci6n nitidas que indican Ia existen
cia de cinco fracciones complejas diferentes. Se ha 
estudiado, con ayuda de varios acidos, el comporta
miento en eluci6n de las especies que se extraen con 
fosfato tributilico. Se han obtenido muestras de estas 
especies exentas de acido nitrico. Se describe Ia aplica
ci6n de Ia extracci6n cromatografica para determinar 
Ia cantidad de rutenio de elevado coeficiente de extrac
ci6n, en las soluciones de alimentaci6n del procedi
miento Purex. 

Sabre Ia base de los resultados relativos al comporta
miento de varios elementos en las columnas de extrac
ci6n cromatografica se ha ideado un procedimiento 
tipo <<Puren de un solo ciclo. Par el extrema superior 
de una columna conteniendo fosfato tributilico se 
introdujo una muestra de soluci6n madre, separandose 
los productos de fisi6n par eluci6n con acido nitrico de 
concentraciones diferentes. La eluci6n del plutonio se 
realiz6 en ambiente reductor y el urania se separ6 con 
agua ligeramente acidificada. Este rapido y sencillo 
procedimiento de separaci6n dio un rendimiento casi 
cuantitativo de plutonio y urania y el factor de separa
cion de los productos de fision fue del arden de 104• 
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Entre los metodos aplicados para el analisis de Ia 
fase de fosfato tributilico en el proceso de regeneraci6n, 
figura Ia separaci6n de plutonio y urania par re
extracci6n selectiva de una solucion de fosfato tri
butilico-tenoiltrifluoroacetona. Se ha estudiado Ia 
influencia de los efectos sinergicos en las condiciones 
6ptimas de separaci6n. 

La parte siguiente de la memoria trata del empleo de 
aminas extractoras para Ia purificaci6n del plutonio 
separado en virtud del procedimiento << Purex >). Para 
este fin resultan muy apropiadas las aminas terciarias. 
La extraccion de plutonio puede efectuarse con mayor 
eficacia aun mediante ciertos nitratos de amonio 
cuaternario. Se han ensayado varios compuestos 
cuaternarios para estudiar la posibilidad de emplearlos 
como agentes de extracci6n. Se han observado efectos 
estructurales. 

El agregado de pequeiias cantidades de ciertos com
puestos cuaternarios a una soluci6n de amina ter
ciaria favorece considerablemente la estraccion del 
plutonio(IV). Hay indicios de que se forma un com
plejo mixto y de que ocurren fenomenos sinergicos. Se 
estudia la importancia practica de estos agentes de 
extracci6n mixtos. 



P j760 Czechoslovakia 

Czechoslovak laboratory-scale research in spent fuel . reprocessing 

By S. Havelka and M. Kyrs* 

Selected separation processes, suitable for spent 
fuel reprocessing, were investigated at the Nuclear 
Research Institute in connection with the future use of 
nuclear power in Czechoslovakia. Particular attention 
was paid to organic-solvent extraction (especially to 
organophosphates), sorption on phosphorus-contain
ing ion exchangers, sorption and co-precipitation on a 
number of inorganic substances, and colloid formation. 
Recently research was started on separation by 
fluoride distillation. All these methods were studied on 
the laboratory scale and at tracer level. 

This paper surveys only the research in this field 
carried out in our institute during the past two or three 
years. More attention has been given to the topics 
which were studied recently. In view of the limited 
scope of this review, however, it is not possible to deal 
with every detail and all as yet unpublished results will 
be published in the near future. 

LIQUID-LIQUID EXTRACTION 
Ketones 

In extraction studies, work already in progress on 
some ketones was completed first [1]. Extraction of 
uranium, plutonium and the principal fission products 
(zirconium, strontium, ruthenium, caesium and 
cerium) by means of ketones of varying chain length 
has been studied [2-4]. The best decontamination 
factor ( > 1500) for separation of fission products 
from uranium was achieved using methylhexylketone 
when extracting under slightly acid-deficient condi
tions. For the medium mentioned, however, a distri
bution coefficient of only about 0·1 was obtained for 
uranium. Only methylcyclohexanone has a sufficiently 
high value (DK ~ 1·0), which could be convenient 
also from the economic point of view. Therefore, more 
detailed studies were carried out on nitric acid and 
uranyl nitrate distribution by equilibrium as well as by 
counter-current methylcyclohexanone extraction [5-9]. 
Results obtained showed no promise of improving the 
extraction process by this method and so further 
study of ketones was abandoned. 

Phospho-organic extractants 

Greater attention has been paid to phospho-organic 

* Institute of Nuclear Research, Rez by Prague. 

extractants. The extraction of macro-amounts of 
nitric acid and uranyl nitrate and micro-amounts of 
the principal fission products (zirconium, niobium, 
ruthenium, cerium, yttrium, strontium, caesium) and 
plutonium (IV) was studied. Dibutylesters of methyl-, 
butyl-, isoamyl-, and phenyl-phosphonic acids, butyl
esters of dimethyl-, dibutyl-, and di-isoamylphos
phinic acids and tributyl-, and trihexyl-phosphinoxides 
were used as extractants. The distribution coefficients 
of the respective components and their dependence on 
the concentration of macro-components (HN0 3, 

U0 2(NOs) 2, NaNOs) were investigated. The extrac
tion of uranyl nitrate and of fission products from 
acid-deficient solutions was also studied. In general, 
the distribution coefficients of all components increase 
in a known manner, i.e., in the order: phosphonates < 
phosphinates < phosphinoxides, where the respective 
increase is relatively small for nitric acid and caesium 
and largest for uranium and zirconium. The extraction 
efficiency increases also with increase in the number of 
carbon atoms in the alkyl chain; this effect, however, is 
less pronounced. Phosphinoxides were found to be the 
least suitable of all the extractants studied for practical 
purposes. The separation factors of uranium from 
fission products were not so good as when using 
phosphonates and phosphinates, while at the same 
time the chemical stability of phosphinoxides was 
poorer (spontaneous acidification of solutions occur
red). their solubility in water was greater, and third 
phase formation occurred readily. 

The salting-out effect is very great, 5M NaNOs 
increasing the distribution coefficient of uranium with 
phosphonates and phosphinates by three orders of 
magnitude. However, in view of the high distribution 
coefficients for uranium, there is no reason at all to use 
salting-out agents for extractions by phosphinates; 
they need be used only in low concentrations ( < 1M) 
for extractions by phosphonates. The effect of nitric 
acid concentration on the extraction of uranium and 
fission products is similar to that oftributylphosphates. 
The best extractions are obtained in the ranges 
2-SN HN0 3, 1-2N HN0 3 and about 0·1N HNOs for 
phosphonates, phosphinates and phosphinoxides res
pectively. Table I gives by way of illustration some 
separation factors for the separation of uranium from 
fission products for various solvents, obtained with 
0·75M extractant from 0·2M uranyl nitrate and 5M 
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Table 1. Uranium separation factors from fission 
products for some organophosphates 

Extractant Cs Sr y Ce Ru Zr-Nb 

(Bu0)PO(Me) 2 3,1.10 3 1,2.10 3 3,8.10 3 8,4.10 2 1,1 10 1 

(Bu0)PO(Bu) 2 2,2.10 6 1,0.10 5 1,6.10 4 1,5.10 4 1,2.10 4 3,2.10 2 

(BuO)PO(iAm).2,7.10 6 3,4.10 4 1,3.10 4 2,7.10 4 1,4.10 4 1,1.10 2 

(Bu0) 2PO(Me) 4,7.10 5 1,5.10 4 2,2.10 3 4,7.10 3 4,1.10 3 1,8.10 2 

(BuO),PO(Bu) 6,5.10 5 6,5.10 4 2,1.10 4 2,5.10 4 1,6.104 4,6.10 2 

(Bu0) 2PO(iAm)7,5.10 5 1,8.10 4 6,5.10 3 1,3.10 4 8,2.10 3 6,1.10 2 

(Bu0) 2PO(Ph) 5,5.10 5 5,7.10 3 5,2.10 1 6,6.10 3 4,5.10 3 5,7.10 1 

Extractant 0.75M, aqueous phase: 0.2M uo, (NOa)•, 5M HNOa. 
no salting-out agent. 

Me= methyl; Bu = butyl; iAm = iso~myl; Ph = phenyl; BuO = 
butyl-ester. 

nitric acid solutions; no salting-out agent was used. 
For extractions from acid-deficient solutions of 
uranyl nitrate, the separation factors of the fission 
products are lower than indicated. For individual 
solvents the separation factors given are not the best 
achievable, and results can be improved by varying the 
extraction conditions (concentration of HN0 3, U0 2 

(N0 3) 2, NaN0 3). The detailed results of the extraction 
of nitric acid, fission products, uranium(IV) and 
plutonium(IV) by the solvents in question are being 
prepared for publication. Collation of the results of 
plutonium(IV) extraction by phospho-organic com
pounds showed [10] that the relation between the 
extraction capacity of phosphates, phosphonates, 
phosphinates and phosphinoxides for plutonium(IV) 
and their structure can be expressed by the empirical 
linear formula 

log (qjq 0
) = p~A 

where q is the distribution coefficient, qo being that of a 
standard solvent (C 4H 90) 2PO.C 2H 5 ; A corresponds 
to constants characteristic of individual substituents; 
and p is a constant dependent on the concentration of 
nitric acid in the aqueous phase. Similarly the free 
energy of uranium(VI) extraction from 1 N HNO 3 by 
trialkylphosphates can be expressed by the Taft 
equation 

Ll F = 1057 - 2544~ u + 120l:Es 

where u represents inductive and Es steric constants 
[II]. Having regard to the difficulties caused in the 
Redox process by hydrolytic products of tributyl
phosphate (TBP), the extraction of plutonium(IV) 
from nitrate and perchloride solutions by a mixture of 
TBP and dibutylphosphoric acid (HDBP) in CC1 4, as 
well as by a mixture of trihexylphosphinoxide (THPO) 
and HDBP in the same solvent, has been extensively 
investigated. In the Pu'v-HDBP-TBP system, the 
HDBP..TBP, PuNOa(DBP) 3.(HDBP) 3 and PuN0 3 

(DBP) 3.(HDBP) 2TBP complexes occur in addition to 
the well-known Pu(N0 3) 4.2TBP complex; in the 
Pu'v-HDBP-THPO system, besides the Pu(N0 3) 4 • 

2THPO complex, the (HDBP) 2.THPO, (HDBP) 2• 

2THPO and PuNO a(DBP) 3.HDBP .2THPO complexes 
also occur. The extraction constants for individual 
complexes and constants characteristic of two-phase 
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equilibria of HDBP in the systems studied have been 
determined, and the results will be published in due 
course. 

The synergistic effect in the extraction of rare earths 
from chloride, nitrate, sulphate and phosphate 
solutions over a pH range of 2-8 has been studied [12]. 
It has been found that.although it is possible to achieve 
considerably higher distribution coefficients for mix
tures of TBP and TT A, the separation factors in these 
systems are only the same as, if not worse than, when 
using one extractant only. The effect of some water
miscible solvents on the extraction of rare earths in the 
presence of TT A was also investigated. It was found 
that in some cases these solvents increase the separation 
factor. 

Aliphatic acids 

Recently, a study of the possibilities of using 
aliphatic acids for extraction was started; for example, 
the extraction of uranium and some of the fission 
products (zirconium + niobium, strontium, yttrium, 
ruthenium, cerium, caesium) from an acid-deficient 
medium into a solution of palmitic acid in paraffin at 
50°C. Provisionally, it can be said that the degree of 
deficiency strongly influences the distribution coeffi
cient; and that that of caesium is surprisingly low as 
compared with that of sodium. Work on extraction 
with palmitic acid and stearic acid continues. 

The mechanism of the extraction of zirconium by 
solutions of aliphatic acids in benzene has been 
thoroughly studied [13]. The best extractants for 
zirconium proved to be aliphatic acids with seven to 
nine carbon atoms in the chain. The separation of 
zirconium from rare earths by this method is based on 
the fact that rare earths are easily re-extracted from 
benzene solutions by Complexone solutions at pH 6, 
whereas the zirconium remains in the organic phase. 

Caesium extraction 

A number of studies were devoted to the extraction 
of caesium by benzene solutions of the following 
compounds: dipicrylamine, sodium tetraphenylborate, 
polyiodides, iodobismuthates and heteropol)!acids 
[14, 15]. The process examined most fully was the 
extraction mechanism of alkali metals by a nitro
benzene solution of sodium dipicrylamine. It was 
found that the exceptionally high distribution 
coefficients for caesium attainable with nitrobenzene in 
all the systems mentioned can be explained by solva
tion of caesium ions witlt solvent molecules. The 
interaction of alkali metal ions with nitrobenzene 
decreases from caesium to sodium. It was confirmed 
both by extraction studies and by conductivity 
measurements that considerable dissociation of cae
sium dipicrylamine and other salts occurs in the 
organic phase, so that the formation of ion-pairs 
cannot account for the high extractability of caesium 
as some authors erroneously assume. The curves 
obtained by plotting distribution ratios against the 
main factors could have been interpreted on the 
hypothesis that in nitrobenzene dipicrylamine salts 
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behave as moderately strong electrolytes, and that 
their dissociation constants do not depend (within the 
range of concentrations studied) on the composition of 
the two phases. 

In the systems investigated the separation factors for 
rubidium and caesium were to a great extent independ
ent of the nature of the anions used for extracting 
caesium. The main process of caesium extraction m 
these systems can be written as 

Cs+(i) + Na+(o) ~ Cs+(o) + Na+(i) 

This reaction can always proceed when the organic 
phase contains enough anions to make the transfer of 
cations possible in the given electrostatic equilibrium 
requirements. It was concluded that the property a 
reagent must possess in order to promote the efficient 
extraction of caesium into the nitrobenzene phase is 
the ability to produce a relatively high anion con
centration in the nitrobenzene phase even in the 
presence of water. 

It was found further that for diluting nitrobenzene 
with a view to increasing some of its extractive 
properties, weakly polar solvents are most suitable, 
since the distribution coefficient for caesium in such 
mixtures decreases only slightly with increase in the 
concentration of a non-polar reagent. Moderately 
polar solvents, though they extract the caesium salts in 
question better when used alone, depress the distri
bution coefficient of caesium more strongly when 
mixed with nitrobenzene. The method of extracting 
caesium by means of a nitrobenzene solution of a 
dipicrylamine salt has been used also for concentrating 
and isolating caesium from natural waters and from 
rainwater. 

Ruthenium complexes 

The reactions of ruthenium(lll), nitroso-ruthenium 
(Ill) and ruthenium(IV) compounds with polyphenols, 
naphthols, nitrosonaphthols and some of their 
sulphonated derivatives were investigated together 
with the possibility of separating rutheniHn complexes 
formed in an acid medium, particularly from solutions 
of nitric acid [16]. The separation of these complexes 
by solvent extraction (by ethers, ketones, aromatic 
hydrocarbons, chlorohydrocarbons, TBP) showed that 
the distribution coefficients are relatively highest in the 
case of nitroso-ruthenium(Ill) complexes with naph
thols. It was found that naphthol alone acted both as a 
complexing agent and as an extractant proper. 
Ruthenium can be extracted with good yields from 
10- 9 to 10-4 molar solutions in a naphthol-diluted 
nitric acid (::::; l.SM) system at 98 oc into the nascent 
naphthol melt, particularly in the case of nitroso
ruthenium(III) compounds. The extraction of ruthen
ium by the same method in the presence of salting-out 
cations (NHt, Na+, Ca 2 +, AP+, UO~+) was also 
investigated. The considerable positive salting-out 
effect of uranyl ions is very useful for separating small 
amounts of ruthenium from solutions of uranium 
fuels; the optimum acidity of the medium was found to 
be in the region of 0.2--0.SM HN0 3 • The distribution 
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ratios of UO~+ and other ions examined were very 
low, of the order of 10-4 • The oxidizability by eerie 
ions of ruthenium in nitric acid solution was studied as 
a function of the complex state of ruthenium in 
nitrate solutions and of the duration and conditions of 
oxidation, with subsequent extraction of the RuO 4 into 
CC1 4 • This opens up in principle a possiblility of 
determining different forms of ruthenium in nitrate 
solutions quantitatively. 

Masking of zirconium and plutonium 

Several studies dealt with the masking of zirconium 
and plutonium in the nitric acid medium during the 
extraction of uranium with TBP ll7]. Several new 
masking agents, such as Arsenazo I, chromotropic 
acid, Tiron, pyrogallol and pyrogallolcarbonic acid 
were found to be effective besides oxalic acid, already 
used. Some of these reagents undergo chemical 
changes in the nitric acid medium; it is clear, however, 
that the reaction products are better masking agents 
for zirconium than the original compounds. This is 
especially true of Arsenazo I and pyrogallol. 

Porous co-polymers of styrene-divinylbenzene with 
TBP 

Attention was given also to a method for separating 
uranium from fission products, using a column filled 
with a porous co-polymer of styrene-divinylbenzene 
with TBP as the stationary organic phase. After the 
relationship between the distribution coefficients of 
nitric acid, uranium, zirconium-niobium, ruthenium 
and strontium and the concentration of HN0 3 in the 
water phase had been determined, separations of 
uranium (O.lM solution) from micro-amounts of 
zirconium-niobium, ruthenium, strontium, caesium 
and cerium in 5.3M nitric acid were carried out. No 
more than fifteen free volumes of the column were 
necessary to remove all the radio-activity. Uranium 
was separated quantitatively. The equilibrium capacity 
for uranium was 40mg of uranium per gramme 
swollen co-polymer. 

Zirconium sorption on silica gel from TBP solutions 

In an investigation into the mechanism of zirconium 
adsorption on silica gel from benzene solutions of 
tributylphosphate, the main factors influencing the 
sorption were determined. The column arrangement of 
this sorption appeared to be a convenient method for 
final purification of uranium from the remaining 
zirconium. In this process the function of the silica gel 
is not limited to that of an inert water-carrier, or to 
adsorption of zirconium from the water phase 
contained in the gel pores; the gel has another 
important function based on a different type of 
sorption mechanism. 

ION EXCHANGE METHODS 
Organo-phosphates and -phosphonates 

The successful application of organophosphates in 
fuel recovery led us to study both organic and inorganic 
ion exchangers containing phosphorus in the func
tional group. Organic ion exchangers containing 
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-PO(OH) 2,-PS(OH) 2and-OPO(OH) 2 groups, with 
and without the addition of -OH or -COOH groups, 
were investigated. Several ion exchangers of this type 
were synthesized based on styrene-divinylbenzene 
co-polymers and formaldehyde polycondensates, or on 
polypropylene and polyvinyl alcohol carrier structures. 
Apparent dissociation constants of synthetic ion 
exchangers were determined which showed the ion 
exchangers with a -C-0-P bond to be strong acid 
katexes, and those with a -C-P bond to be medium 
acid katexes. Further sorptions of several monovalent 
to quadrivalent ions, including UO~+ and some 
fission-product ions (Ag+, Sr 2 +, La 3 +, Ce 3 +, Y 3 +, 
Eu 3 +) from solutions of nitric acid of various 
concentrations and from acetate solutions of various 
pH were studied. An exploratory investigation into 
the influence of high concentrations of neutral salts on 
the sorption of uranyl ions, and into the influence of 
organic-water media on the sorption of UO~+, Sr 2 + 
and La 3 +, was also carried out. 

Ion exchangers of all types showed sufficient 
selectivity for the uranyl ion. The sorption capacity for 
this ion in nitric acid solution is sufficiently high. In a 
state of equilibrium, UO~+ sorption from 0.9M 
HN0 3 on polyphosphonium acids was relatively high, 
as a consequence of the presence of a strong co
ordination bond. Phosphoric acid polyesters gave still 
better results. 

Studies of sorption from acetate solutions indicated 
that the selectivity of ion exchangers for the uranyl ion 
was dependent on the acetate concentration, on the 
pH and on the form of the ion exchanger. The maxi
mum sorption of all types was found to lie in the pH 
range 3.5-4.5; the distribution coefficient of UO~+ 
in this region reached very high values, especially in the 
case of ion exchangers with the -PSOH group (of the 
order of I 0 4). Distribution coefficients of several 
bivalent ions were around 1-2 X 10 2• The influence of 
the -OH group was demonstrated by the increased 
selectivity to trivalent cations, particularly in the case 
of !X-hydroxymethyl polyphosphonic acid ion ex
changers. 

These and other relationships studied suggest the 
possibility of using ion exchangers with phosphorus in 
the functional group in an acid medium for the 
selective separation of UO~+ from several fission 
products. Polyesters of phosphoric acid proved to be 
better from this point of view than polyphosphonic 
acid derivatives. Apart from this application, these ion 
exchangers may be used also for the recovery of some 
of the scarcer elements from poor ores. For instance, 

·on phosphorylated polyvinyl alcohol in O.l-0.3M 
HN0 3 it is possible to separate several monovalent 
and bivalent ions from the uranyl cation or from 
certain trivalent elements. The distribution coefficients 
for macro-concentrations of individual elements in 
0.2M HN0 3 reached the following values in com
parable conditions: for bivalent elements, about 1; for 
Ag+, 10; for La 3 +, 60; for UO~+, 140; and for Th 4 +, 
350. This ion exchanger was proposed for separating 
various mixtures in the analysis of pure uranyl salts, 
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for removing traces of uranium from pure salts of 
various bivalent elements, and for separating mono
valent and bivalent elements from polyvalent ions. The 
possibility of concentrating and separating small 
amounts of uranium from diluted waste waters was 
also followed up. The separation of thorium from rare 
earths on the cation exchanger with a -PS(OH) 2 

group, where ·there is no sorption of thorium either 
from the HN0 3 solution or from the acetate solution, 
is also very interesting. On the basis of these results, 
some analytical separation processes were worked out 
and there are even some prospects of separating 
thorium from monazite sand. The detailed results 
of these investigations are being prepared for publi
cation. 

Chromatographic separation of rare earths 
Work on the chromatographic separation of rare 

earths in ion exchangers was directed towards 
increasing the efficiency of separation by using mixed 
solvents [18]. Mixtures of alcohols and water were used 
in elutions with ()(-hydroxybutyric acid. The separation 
factor im:reases up to a concentration of about 50 per 
cent of alcohol in the system, and thereafter decreases; 
it was established that the increase is connected with a 
decrease in the dielectric constant of the medium. This 
interaction, which leads to a decrease in the distri
bution coefficient and an increase in the separation 
factor, does not affect the sorption reaction itself in the 
ion exchanging phase, but decreases the degree of 
dissociation of rare earth compounds in the solution 
and hence the concentration of the form susceptible of 
adsorption, i.e., the rare earth ion. The differences· in 
the dissociation constants of rare earth compounds 
were shown to increase with decrease of dielectric 
constant. Higher molarities of alcohol in the system 
adversely influence, through the hydrophilic ionex 
function groups, the sorption reaction itself in the ion 
exchanging phase, with consequent lowering of the 
separation factor. From this point of view, it is advis
able to use aqueous solutions of compounds which at 
minimum molarity produce maximum decrease in the 
dielectric constant. Such compounds must accordingly 
possess maximum molecular weight. For compounds 
of about the same molecular weight, it was shown that 
the influence of the non-aqueous component decreases 
with the length of the chain and in the case of isomers 
is greater for those with branched chains. 

Inorganic phosphates 
The sorption properties of inorganic phosphates were 

also studied, especially those ofzirconyl phosphate and 
uranyl phosphate, which may be presumed to possess 
high radiation stability. The scope of these studies 
included determination of the optimum conditions for 
preparing zirconyl phosphate and several uranyl 
phosphates with maximum capacity and convenient 
sorption properties. Some structural characteristics of 
these compounds in relation to their composition and 
thermal treatment, and the influence of these factors 
on their sorption properties, were investigated by chem-
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ical analysis, thermogravimetry and spectroscopy. The 
dynamic desorption characteristics of uranium, pluto
nium, caesium, strontium, yttrium, zirconium-niobium, 
cerium and ruthenium from HCI, H 2S0 4, HN0 3 and 
HCIO 4 solutions were also determined. The shape of 
the curves obtained indicates that the best separations 
of fission products from uranium and plutonium will 
occur in an HN0 3 medium. Some fission products 
were successfully separated from uranium and 
plutonium. Zirconyl phosphate and some uranyl 
phosphates proved to be highly selective sorbents for 
plutonium(III). The distribution coefficients are also 
very high for plutonium(IV) in static conditions, but in 
dynamic conditions the capacity of these sorbents for 
Pu'v is relatively very low, and depends greatly on the 
acidity and on the presence of salts. The sorption 
mechanism of Pu1V, Th1V and Zr1V on uranyl phosphate 
was studied in greater detail, it being found that 
sorption is controlled by the solubility products of 
individual phosphates; the latter were calculated with 
due allowance for the origin of phosphate complexes 
in the aqueous phase. Some of the results have already 
been published; the bulk is being prepared for 
publication. 

Inorganic sorbents for isolating caesium 
Heteropolyacids, their salts and difficultly soluble 

ferrocyanides were also studied as inorganic sorbents 
for isolating caesium. Diacids were found to give 
higher yields and greater purity of preparates than 
triacids in co-precipitation [19]. Apart from caesium, 
the co-precipitation of rubidium and francium from a 
strongly acid medium using free heteropoly-acids was 
also investigated, and the laws governing the formation 
of salts with various alkali element contents were 
studied. Ammonium phosphotungstate was shown to 
be a good column filler for caesium adsorption [23, 11]. 
Caesium can be elutriated without failure of the 
sorbent using a solution of ammonium salts which 
may subsequently be removed either by heating or by 
treatment with a mixture of HCI and HN0 3 • The 
influence of heteropolyacid salts on Cs+, NH1 and 
H + ion exchange was also studied. It was found that 
for acid solutions stronger than 3M HN0 3 the semi
empirical formula 1/Kd = (0.002 NH1 L) (H+L) 
could be used for caesium sorption (and a similar 
equation for rubidium sorption), where Kd is the 
distribution coefficient for caesium and L the ion 
concentration in the aqueous phase in equilibrium. 
Data on the mechanism of the adsorption of other 
fission products on heteropolyacid salts were also 
obtained. 

Caesium is also well adsorbed in columns filled with 
ferrocyanides of the heavy metals [19]. Ammonium 
nitrate or nitric acid can be used for elution when 
ferrocyanide is oxidised to ferricyanide. After washing 
out with a suitable reducing agent, the column can be 
prepared for a further cycle in which its adsorption 
properties are much the same as before. Ferrocyanides 
of copper and zinc proved to be more suitable than 
others for the easy elution of caesium. 
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SORPTION ON HYDROXIDES OF IRON(III), 
MANGANESE(IV) AND TIN(IV) 

In the field of sorption, the adsorption of the most 
important fissioR products (137Cs, 90Sr, 144Ce, 90Y, 
106Ru, 95Zr) on hydroxides of Fe111

, Mn'V and sn•v 
was studied [24]. The mechanism of the sorption 
process was also investigated theoretically. It was 
found that sorption on insoluble hydroxides proceeds 
through ion exchange mechanism and is subject to the 
law of mass action. Insoluble hydroxides are regarded 
as polymeric compounds containing in their structure 
weak acid hydroxyl groups; in the sorption of cations 
their hydrogen ion is exchanged for the adsorbed 
cation, whereas in anion sorption the whole hydroxyl 
group is exchanged for the adsorbed anion. The 
adsorbed ion is bound with the insoluble hydroxide by 
the same sort of bond as occurs in complex compounds 
with oxygen ligands, so that sorption on insoluble 
hydroxides is in fact a particular case of complexing 
reactions. It was found that insoluble hydroxides 
contain hydo.xyl groups with different capacities for 
taking part in sorption reactions. An experiment was 
carried out to test the mathematical interpretation of 
sorption equilibrium, starting from the law of mass 
action. Further, the effect of complexing anions on 
sorption equilibrium was studied. The results enabled 
the composition and stability constant of the sulphate 
complex of zirconium to be determined. Finally, the 
sorption properties ofiron(III)-hydroxide transformed 
into phosphate to various extents were studied. A 
practical method of separating the fission products 
studied, both in static [2] and in dynamic [25] condi
tions was worked out. 

In most cases the transition of adsorbed ions from 
solution to precipitate and vice versa can be controlled 
by adjusting the pH; only for the desorption of 
zirconium(IV) ions from manganese(IV) hydroxide 
was it necessary to use sulphuric acid as complexing 
agent. The sorption capacity on insoluble hydroxides 
of the fission products investigated decreases in the 
following order: 95Zr ~ 106Ru> 144Ce ~ 90Y > 90Sr 
~ 137Cs; the sorption capacities of these fission 
products or groups vary sufficiently to make it possible 
to establish a pH at which cations with minimum 
capacity remain in solution. 

ZIRCONIUM SORPTION STUDIES 
Some studies were carried out also on zirconium 

sorption on silica gel from an aqueous medium [26]. In 
this case the sorption mechanism was found to be 
different for the following acidity ranges: 0.05-IN 
HN0 3 ; 2N HN0 3 ; 4-lON HN0 3• Sorption on silica 
gel from a nitric acid medium in the presence of oxalic 
acid, Complexone III and Arsenazo I was also 
investigated. It was possible to use the data obtained 
for this system to work out the stability constants of 
the corresponding complexes. The stability constant of 
zirconium-Complexone III complex in I M HNO 3 was 
found to be 10 29, as compared to the fluctuating values 
of 1024-10 22 hitherto given in the literature. Oxalic 
acid proved to be the most suitable agent for eluting 
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zirconium from a silica gel column, inasmuch as it 
makes for more rapid formation of complexes with 
zirconium than do other agents. 

The behaviour of micro-amounts of zirconium in 
2N HN0 3 medium in the presence of phenylarsenic 
acid was also studied. Zirconium is effectively adsorbed 
from this medium on the walls of glass vessels, glass 
powder, paraffin, activated coal and other sorbents. 
This kind of sorption may be used for the rapid 
separation of zirconium from other longer-lived fission 
products. The best desorption is achieved with 14M 
HN0 3 • For isolating zirconium from acid solutions 
containing no uranium, activated coal saturated with 
phenylarsenic acid proved the most effective of all the 
sorbents tested. In interpreting the results of this 
sorption study, the hypothesis that pseudoradiocolloids 
are formed in the system proved to be the most 
acceptable. Some results suggest that the formation of 
radiocolloids in this system occurs by radioisotope 
sorption not on inactive impurities from the water or 
glass, but on colloid particles, probably of phenyl
arsenic acid. If this hypothesis is substantiated, it will 
provide a case of a new type of radiocolloid lying 
between true radiocolloids and pseudocolloids. It was 
found further that micro-amounts of zirconium can be 
extracted from 5-IOM HN0 3 virtually in toto, using 
benzene in the presence of phenylarsenic acid. 

NON-AQUEOUS REPROCESSING 
Apart from the aqueous processes described, 

attention was given also to the non-aqueous re
processing of irradiated fuel, a volatile fluoride method 
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being developed. Reprocessing was aimed at the 
metallic uranium fuel, but some modification of the 
proposed scheme made it possible to reprocess even 
ceramic fuels based on oxides and carbides. The 
process can be described schematically as follows: 
metal uranium 

02 H 2 0 2 H 2 HF F 2 

~ U308 ~ U0 2 ~ U 30 8 ~ U0 2 ~ UF4 ~ UF6 

Cycling is important for obtaining chemically active 
U0 2 which is suitable for hydrofluorination. A 
pulsed-fluid method was worked out for oxidation, 
reduction and hydroftuorination because very fine 
powders have to be handled. UF 4 ~ UF6 fluorination 
was carried out in a flame reactor of a type similar to 
that described by Milford (28J. 

The separation of the volatile fluorides formed was 
based on absorption-distillation or on chemisorption
desorption. The UF 6 was absorbed in perftuorodi
methyl cyclohexanone for analytical determination and 
for obtaining distillation curves. This method is 
suitable only for analytical and chromatographic 
purposes. 

More attention was given to a promising industrial 
method of chemisorption-desorption of volatile 
fluorides on sodium fluoride and other alkali fluorides. 
The mechanism of the bond and decay (291 of the 
UF6.3NaF-UF6.2NaF complex in the temperature 
range 80-400°C was studied. A method for the analy
tical determination ofF in all the materials· used in 
the process [30J was worked out. 
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ABSTRACT -RESUME-AHHOTAL\IIl.R-RESUMEN 

A/760 Tchecoslovaquie 

Etudes de laboratoire sur le traitement 
chimique des combustibles irradies en 
Tchecoslovaquie 

par S. Havelka et M. Kyrs 

Les problemes de separation lies au traitement 
chimique des combustibles irradies ont ete etudies en 
laboratoire ces dernieres annees a l'lnstitut de recher
che nucleaire de l'Academie des sciences de Tcheco
slovaquie. Les methodes suivantes ont ete utilisees: 
extraction liquide-liquide, sorption sur des echangeurs 
d'ions organiques ou mineraux, coprecipitation, for
mation de radiocolloi:des et distillation des fluorures. 

Dans le domaine de !'extraction liquide-liquide, on 
a systematiquement etudie les cetones, et en particulier 
!'extraction a contre-courant avec Ia methylcyclo
hexanone, principalement en milieu peu acide. On a 
etudie, pdur divers composes organiques contenant du 
phosphore, !'influence de Ia longueur de Ia chaine et de 
divers groupements phosphores sur Ia separation de 
!'uranium et du plutonium des produits de fission. La 
formule lineaire de Taft s'applique bien a !'evolution 
de Ia capacite d'extraction des organophosphates 
neutres. On a egalement etudie l'effet synergique de 
!'extraction du plutonium(IV) (en systemes d'organo
phosphates acides et neutres) et des terres rares (TBP, 
TTA, alcools inferieurs). 

On a etudie egalement !'extraction de !'uranium des 
produits de fission a !'aide d'acides gras (CI6~Is) en 
presence de paraffine liquide, et le mecanisme de 
!'extraction du zirconium par des solutions benzeni
ques d'acides gras (C7~9) (formation de particules 
colloi:dales dans Ia phase organique, coextraction de 
traces de radio-isotopes avec des quantites macro
scopiques de zirconium). On a etudie !'extraction du 
cesium par le nitrobenzene en presence de dipicryl
amine, de polyiodures, d'iodobismuthate, de tetra
phenylborate et d'heteropolyacides, et !'extraction du 
ruthenium par des naphtols fondus et par le tetra
chloromethane. Divers agents d'addition permettent 
d'obtenir une meilleure separation de !'uranium, du 
plutonium et du zirconium au cours de !'extraction 
par le TBP. 

On a etudie la separation de !'uranium et des pro
duits de fission en phase aqueuse dans une colonne 
garnie de divinylbenzenepolystyrene sature de TBP, et 
Ia separation du zirconium d'une phase organique 
(TBP dans du benzene) sur du silicagel sature a l'eau. 

Dans le domaine des echangeurs d'ions, on a etudie 
Ia separation de !'uranium sur des echangeurs d'ions 
organiques en fonction des groupes phosphores 
presents, ainsi que !'influence de !'addition de solvants 
organiques a Ia phase aqueuse sur Ia separation des 
terres rares sur des echangeurs d'ions organiques. La 
sorption de !'uranium, du plutonium et de certains 

produits de fission sur les phosphates de zirconyle et 
d'uranyle a ete etudiee du point de vue du mecanisme. 
On a systematiquement etudie les heteropolyacides 
comme sorbants selectifs pour le cesium ainsi que les 
ferrocyarures de metaux lourds, dont certains con
viennent pour Ia sorption reversible du cesium (sorp
tion et desorption repetees du cesium en regime 
dynamique sans dissociation du sorbant). On a etudie 
Ia sorption d'un certain nombre de produits de fission 
a vie longue sur les hydroxydes de fer, de manganese et 
d'etain; les resultats ont ete interpretes en supposant 
Ia formation de complexes de sorption. 

On a etudie le comportement de traces de zirconium 
en solution acide (HNOa 2M) en presence d'acide 
phenylarsenique et d' Arsenazo III. On peut expliquer 
par Ia formation de radiocolloi:des Ia sorption anor
malement elevee sur differentes surfaces a partir de ces 
solutions. 

On a mis au point un procede fonde sur Ia volatilite 
des fluorures et comprenant le traitement par FH de 
U02, puis la fluoration de UF4 en UF6 dans un reac~ 
teur a flamme. Les fluorures ont ete separes par des 
methodes fondees sur !'absorption-distillation ou Ia 
chimisorption-desorption. On explique le mecanisme 
de Ia reaction entre l'hexafluorure d'uranium et le 
fluorure de sodium. 

A/760 YexocnoeaKHR 

Jla6oparopHble HCcneA08aHHfl 8 o6nac
TH nepepa6oTHH o6nyYeHHoro rop~
Yero 8 Yexocno8aHHH 
C. Xaeem<a, M. KHpw 

B TeTieHIIe nocJie)l;HIIX JieT B IIHCTIITyTe H;J,ep

HLix nccJie)l;OBaHHH qexocJioBau;Roii aRa)l;eMHII Ha

YR B Jia6opaTopHOM MacrnTa6e HayTiamiCb npo-

6JieMLI pa3)1;CJICHHH ypaHa, IIJIYTOHHH II npo)l;yRTOB 

;~,eJieHHH B CBH3H C nepepaOOTROH H)l;epHoro 

roproTJ:ero. JiccJie)l;oBaJIHCb CJieAYIOiu;He MeTO)l;hi 

pa3)1;CJICHHH: 3RCTpaRIJ;HH opraHH'ICCRIIMll paCTBO

pHTCJIHMH, COpOIJ;HH opraHH'IeCRHMll ll HeOpraHII

TJ:eCRliMII liOHliTaMn, COOCam)l;eHHe, oopa30BaHne 

ROJIJIOH)l;OB II OTl'OHRa lf!TopH)l;OB. 

B ooJiacTH aRCTpaRI~Hn opraHH'ICCRHMn pacTBO

pHTemiMH CliCTeMaTU'IeCRll ll3y'IaJIUCb RCTOHbi, 

ohiJio aaBeprneHo no)l;po6HCJe IICCJie;J,oBaHIIe npoTII

BOTO'IHOrr 3RCTpaRIJ;llll MCTIIJIIJ;HRJIOreRCaHOHOM B 

OCHOBHOM B CHCTeMaX C RHCJIOTHLIM )l;elfJnu;nTOM. 

H a pH)l;e tiJoclf>opopraHH'IeCRHx coe)l;nHeHnii nay

'iaJIOCh BJlllliHlle )J;JIIIHhl yrJiepO;J,HOH u;enn ll paa

JllllfHbiX lf>yHxu;noHaJJhHhlX rpynn, Co)l;epmaiu;nx 

if!oclf>op, Ha xoalf>lf>Hu;neHT OT)l;eJieHHH ypaHa n 

IIJIYTOHliH OT npo):(yKTOB )l;eJieHUH. Y CllelliHO Ilpll

MeHeHO JJHHeiiuoe cooTHorueHHe Talf>Ta )l;JIH xop-
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}JCJUIIJ,HH 3RCTpaRIJ,HOHHhlX CBOUCTB nenTpaJibHblX. 

opraHo<J>oc<J>aToB. .D:anee HayqaJICR CHHepmqe

CRHii: a<J><f>eRT B CHCTCMax C PU (IV) (RHCJihle H 

neiiTpaJibH&Ie opraHo<J>oc<f>aTLI) H pe~RoaeMeJJL
HbiMH aJJ:eMeHTaMH (TpH6yTHJI<f>oc<J>aT, TTA, liH3-

mHe cnnpT.hl). 

MaytJaJiaCb 3RCTpaRIJ,HR ypaHa OT npo~yRTOB 
~eneHHH mHpliLIMJI RHCJioTaMH (Cts- C11) B npn

cyTCTBnn napa<f>HHa npH noBLillieHJILIX TeMnepa

Typax H MCXaHH3M 3KCTpaRIJ,Hll IJ,HpROHHH 6eH30-

JIOBhlM paCTBOpOM llillpHLIX 1\HCJIOT ( C1 - C9) 

( o6pa30BaHHe ROJIJIOH~HhlX 'laCTHIJ, B opraHH'IC

CKOH ~aae, COBM8CTHaH 31\CTpaKIJ,HH CJie~OB Me

TaJIJIOB C MaKpOKOJIH'IeCTBaMH IJ,HpROHHH) • .D:anee 

6biJia HCCJie,TJ;oBaHa 31\CTpaKIJ,HH IJ,e3HH HHTpo6eH-

30JIOM B npHCYTCTBHH ,Tl;HllHRpHJiaMHHa, llOJIHHO

,It;H,TJ;OB, HO,It;H;:t;a, BHCMyTa, TCTpa<f>eHHJI6opaTa H 

reTeponOJIHRHCJIOT, a TaRme 3RCTpaRIJ,HH pyTeHIUI 

pacnnaBJieHHbiMH Ha<f>TonaMH H 'leT.hlpexxnopn

cTbiM ymepo~oM (Ru04). Haii:~eHo HecRoJibKo 

MaCRHpyroiiJ,nx ueiiJ,eCTB, ynyqrnaroiiJ,nx OT,TJ;eJieHne 

ypaHa, llJIYTOHHH H li,HpROHHH npn 3KCTpaRIJ,HH 

Tpn6yTHJI<f>oc<f>aTOM. IlpOBO,It;HJIHCb OllbiThl llO OT

~(JJieHHIO ypaHa OT npo;:t;yKTOB ~eJieHHH BO,It;HOH 

cpe,TJ;hl B KOJIOHKe C HaCa,TJ;KOH ll3 llOJIHCTHpOJI,It;ll

BJIHHJI6eH30Jia, JiaCLIIIJ,CHHOrO TpH6yTHJI<f>oc<J>a TOM, 

H OT~eJieHHIO IJ,HpKOHHH H3 opraHH'18CKOH <f>aahl 

( TpH6yTHJI<f>oc<f>aT B 6eH30JIC) Ha CHJIHRareJie, Ha

Cbllli,CHHOM BO,TJ;Oii. 

B 06.ttaCTU UOHUT08 HayqaJIOCb OT~eJieHHe ypa

na Ha opraHH'IeCKHX HOHHTaX, CO~epmaiiJ,HX HOHO

reHHhle rpynrrbl c <J>oc<f>opoM, H BJIHHHHe ,n;o6asoK 

opraHH'IeCKOrO paCTBOpHTCJIH K BO~HOH <f>aae Ha 

OT~eJieHHe pe~K03eMeJibHhlX 3JieMeBTOB Ha opra

BH'IeCKHX HOHHTax. Cop6IJ,HH ypaaa, nJiyTOBHH H 

HeKOTOpbiX npO~YKTOB ;:t;eJieHHH Ha <f>oc<f>aTaX IJ,Hp
KOHHJia H ypaHHJia H3y'laJiaCb TaKme C TO'IKH ape

HHH MexaHH3Ma (aHa'leBHe pacTBOpHMOCTn). PH~ 
pa6oT llOCBJIIIJ,eH CHCTeMaTH'IeCKOMY H3y'leHHIO re

TepOllOJIHKHCJIOT H HX HepaCTBOpHMbiX COJieH B 

Ka'leCTBe na6npaTeJibHLix cop6eHTOB IJ,eanH, a 

TaRme <f>eppoiJ,HaHH,TJ;OB TRllieJILIX MeTaJIJIOB, CpC,rl,II 

KOTOphlX aaii;:t;eHhl llO,TJ;XO,Tl;HIIJ,He Cop6eHThl ~JIJI 
oupaTIIMOH COpUI.I,HH IJ,e3HH (noBTOpHaH COpUIJ,IIJI 

u ;:t;ecop6IJ,IIH IJ,e3HJI B ;:t;HHaMH'IecKnx ycnoBHHX 

6ea paapyrneHHH cop6eaTa). Mccne~ouaaa cop6-

IJ,HH HCKOTOphlX ,Tl;OJirOlliiiBYIIJ,HX npo,TJ;yKTOB ,TJ;CJIC

HHH Ha ru,n;pOORHCHX if\eJieaa (III), MapraH

IJ,a (IV) H o.ti:oBa (IV) H nonytJeHHLie peayn:&TaTbi 

o6'LJICH8Hbi C TO'IRH apeHKH rHllOTC3hl 06 o6pa30-

BaHHH COpUIJ,HOHHblX KOMllJI8KCOB. 

MaytJeHo noBe;:t;eHne MHRpoRoJIH'IeCTB IJ,HpRo-

HHJI B KHCJILIX pacTuopax (2 M HN03) B npHcyT

CTBHH <J>eHHJia pCIIHOBOH KHCJIOTLI H a pceaaao-II I. 
AaoMaJibHO BLICORYIO cop6IJ,HIO na 3THX pacTBo

poB Ha CB060,rt;HhiX llOBepXHOCTHX MOif\HO 06'bHC

HHTb o6paaoBaaneM Konnon;:t;oB. Paapa6oTaH npo

IJ,ecc, OCHOBaHHHbiH Ha JieTy~IeCTII <f>TopH,rl;OB, 

BRJIIO'IaH rH,TJ;po<f>TopnpOBaHIIe U02 II llOCJIC,It;YIO

Il(ee <J>TopHpoBaHne UF4 ;:t;o UFs B peaRTope. Paa

.r~eneHne JICTY'IHX <f>TOpH;:t;OB OCYIIJ,CCTBJIHJIOCb Me

TO,TJ;aMH, OCHOBaHHbiMII Ha o6cop61.1,Hll-,TJ;HCTIIJIJIJIIJ,Hll 

nJJH xeMocop6IJ,HH-,TJ;ecop6IJ,HH. 06'bJICHeH Mexa-
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ImaM peaKIJ,HH reKca<f>TopH~a ypaHa u <f>Topn,n;a 

HaTpHH. 

A/760 Checoslovaquia 

lnvestigaci6n en escala de laboratorio 
efectuada en Checoslovaquia sobre el 
tratamiento de combustibles irradiados 

por S. Havelka y M. Kyrs 

Los problemas de separaci6n concernientes el trata
miento de combustibles irradiados se han estudiado en 
escala de Iaboratorio en el lnstituto de Investigaci6n 
Nuclear de Ia Academia Checoslovaca de Ciencias. Se 
usaron los siguientes metodos: extracci6n liquido
liquido, sorci6n en cambiadores de ion organicos e 
inorganicos, coprecipitaci6n, formaci6n de radio
coloides y destilaci6n de fluoruros. 

En el campo de Ia extracci6n liquido-liquido se hizo 
un estudio sistematico de las cetonas y se desarrollo 
una investigaci6n mas detallada de extracci6n en con
tracorriente con metil ciclohexanona, especialmente en 
medios acido-deficientes. En varios compuestos organo
fosf6ricos se investig6 Ia influencia de Ia longitud de Ia 
cadena y de diferentes grupos funcionales conteniendo 
f6sforo en Ia separaci6n de uranio y plutonio a partir 
de productos de fisi6n. Se us6 satisfactoriamente Ia 
relaci6n linear Taft para Ia correlaci6n de Ia capacidad 
de extracci6n de compuestos organofosf6ricos neutros. 
Se hicieron estudios adicionales sobre el efecto siner
gistico en Ia extracci6n de plutonio(IV) (sistemas 
organofosf6ricos neutros y acidos) y tierras raras 
(TBP, TTA, alcoholes inferiores). 

Se estudiaron Ia extracci6n y separaci6n de uranio a 
partir de productos de fisi6n por medio de acidos 
grasos (C1s-1s) en presencia de parafina liquida y el 
mecanismo de Ia extracci6n de circonio por medio de 
disoluciones de acidos grasos (C7-9) en benceno 
(formaci6n de particulas coloidales en fase organica, 
coextracci6n de trazas de radiois6topos con macro
cantidades de Circonio). Se investigaron mas amplia
mente la extracci6n de cesio con nitrobenceno en 
presencia de dipicrilamina, poli-ioduros, iodobismu
tato, tetrafenilborato y heteropoliacidos y Ia extracci6n 
de rutenio con naftoles fundidos y tetraclorometano. 
Se encontraron algunos agentes complejantes que 
mejoraban Ia separaci6n de uranio, plutonio y circonio 
durante la extracci6n con TBP. 

Se presto atenci6n a Ia separaci6n de uranio, a,_ par
tir de productos de fisi6n en medio acuoso, en una 
columna rellena con divinil-benceno-poliestireno satu
rado con TBP, y a Ia separaci6n de circonio a partir de 
una fase organica (TBP en benceno) con gel de silice 
saturado con agua. 

En el campo de los cambiadores de ion se investig6 
la separaci6n de uranio con cambiadores de ion 
organicos conteniendo f6sforo en sus grupos funcion
ales, asi como la influencia de mezclas de disolventes 
organicos en fase acuosa sobre Ia separaci6n de tierras 
raras con cambiadores de ion organicos. Se estudi6 
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tambien, desde el punto de vista de su mecanismo, la 
sorci6n de uranio, plutonio y algunos productos de 
fisi6n sobre fosfatos de uranilo y circonilo. Una gran 
parte del esfuerzo se dedic6 a la investigaci6n siste
matica sobre la sorci6n selectiva de cesio y ferri
cianuros de metales pesados con heteropoliacidos, 
algunos de los cuales se encontraron adecuados para la 
sorci6n reversible del cesio (sorci6n repetida y desor
ci6n bajo condiciones dinamicas, sin disociaci6n del 
sorbente). Se investig6la sorci6n de algunos productos 
de fisi6n de vida larga sobre hidr6xidos de hierro, 
manganeso y estafio interpretandose los resultados 
desde el punto de vista de la hip6tesis de la formaci6n 
de complejos de sorci6n. 

S. HAVELKA and M. KYRS 

Se investig6 el comportamiento de microcantidades 
de circonio en soluciones acidas (HNOa 2M) en presen
cia de acido fenilarsenico y Arsenazo III. Sorciones 
anormalmente altas sobre diferentes superficies, a 
partir de tales disoluciones, se pueden explicar por la 
formaci6n de radiocoloides. 

Se ha desarrollado un proceso de volatilizaci6n de 
fiuoruros que comprende la hidrofiuoruraci6n de uo2 
y la fiuoruraci6n subsiguiente de UF4 a UF6 en un 
reactor de llama. La separacion de los fiuoruros 
volatiles se efectu6 segun metodos basados en la 
destilaci6n por absorci6n o en la quimiosorci6n
desorci6n. Se explica el mecanismo de la reacci6n 
entre hexafiuoruro de uranio y el fiuoruro sodico. 
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Experiments on the reprocessing of uranium fission 
product solutions by the exclusive use of ion exchangers 

By 0. Bobleter* 

Ion exchangers, which are widely applied in numer
ous chemical separation and purification processes, 
have up till now been used for the reprocessing of 
uranium fission product solutions only in certain cases 
and usually only for certain elements. 

An ion exchanger reprocessing method for homo
geneous reactors was proposed by Ferguson [I]. In 
this process a 3-hour charge and elution cycle is 
assumed, where the exchanger (Dowex 30 and Amber
lite IR-105) would undergo a loss in capacity of 10 %. 

The Canadian pilot plant process was built for a 
capacity of 100 lb of uranium per day and is used to 
examine the variables in the separation of plutonium 
from uranium [2] by means of an anion exchanger. 
However, the use of 8-lON nitric acid seems to be 
problematical. In addition, the separation of the 
fission products from plutonium is not very good. 

A precipitation and ion exchange process using 
Ferron (7-iodo-8-hydroxyquinon-5-sulfonic acid) as 
complexing agent has been described by Ayres [3]. 
Plutonium of relatively high purity can be separated 
using a 2 to 3 cycle process. 

Ryan and Wheelwright [4] were able to separate 
plutonium at a higher temperature (60°C) with the aid 
of anion exchangers and obtained relatively good de
contamination factors. 

Inorganic exchange materials [5] have the advantage 
of being resistant to radiation damage, but at the same 
time have the disadvantage of relatively low capacity, 
and chemical stability is not very good. 

Several experiments were made in which inexpen
sive organic substances were used as raw materials for 
the production of exchangers in order to reduce the 
cost of waste processing. In some cases the regenera
tion of the exchanger should not be necessary. The 
raw materials included rotted wood [6], lignite [7] and 
peat [8]. 

We used sawdust and lignin [9] for the production 
of sulfonated cation exchangers. The optimum reac
tion process is obtained under the following con
ditions: 5 g sawdust or lignin, with 20 ml of a 10% 
sodium' sulfite solution and adjusted with sodium 
hydroxide to pH II, were allowed to react in an auto
clave for three hours at 150 oc. Spruce sawdust and 
lignin gave exchange capacities of0.43 and 0.67 meqjg 
respectively. The production costs per milliequivalent 

* Atominstitut der Oesterreichischen Hochschulen, Vienna. 

of the exchanger were calculated to be far below those 
of synthetic resin exchangers. 

It was demonstrated that the chemical stability of 
these products was good, that their use in decontami
nation gave high decontamination factors, and that, 
when incinerated, a great reduction of volume occur
red. Preliminary experiments were then carried out to 
examine the separation properties of fission product 
nuclides. From the results obtained, the possibility 
of developing a method for separating uranium fission 
product solutions, using only ion exchangers, was 
investigated. 

Special consideration was to be given to break
through and flow-rate conditions, in order to obtain 
the best conditions for minimising radiation damage 
of the exchanger material. The separation of uranium 
and the fractionation of the fission products was to be 
achieved as quantitatively as possible. The radiation 
dose whilst the fission products pass through the 
column was calculated to show whether this process 
could be considered for technical application. 

EXAMINATION OF THE BREAK-THROUGH 
AND FLOW-RATE RELATIONSHIP 

As the break-through capacity is a function of the 
flow-rate and as several column tests did not show the 
behaviour indicated in theoretical models, a series of 
experiments with inactive solutions was carried out. 

For this purpose relatively coarse-grained anion 
exchangers, which allow a higher flow-rate without the 
application of pressure, were charged with diluted 
strong acids. During the elution pH measurements 
were made in the effluent. In this way the dependency 
of the break-through capacity on the flow-rate could 
be determined. 

A Dowex IX8 (20-50 mesh) and a wood exchanger 
with triethylamine groups, which we had developed 

Maximum capacity 
Weight . 
Column diameter . 
Column cross section (F) 
Column height (L) 
L/F-ratio 

Table 1 

Anion exchangers 
Dowex IXS Wood base 
20--50 mesh exchanger [10) 

1.15 meq 
0.73 g (damp) 
0.90 em 
0.64 cm2 

1.8cm 
2.8 cm-1 

1.15 meq 
1.00 g 
1.35 em 
1.43cm2 

4.0 em 
2.8 cm-1 
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Figure 1. Break-through curves 

Exchangers: Dowex 1X8 (20-50 mesh); 0.64 x 1.8 em; 1.15 meq. 
Influent: O.OIN HCI. TF= trace front break-through. MF= 

main front break-through 

[10], were used as anion exchangers for these experi
ments. 1.15 meq of both exchanger materials were 
used. An appropriate choice of the column diameter 
made it possible to maintain a constant column height 
to column cross section ratio, although the specific 
volumes of the two exchangers differ. Table 1 gives the 
exchange ~olumn data. 

Figure 1 shows a series of tests with Dowex IX8. 
The regenerated exchanger was charged with N/100 
hydrochloric acid (factor 1.037) with constant velocity 
and the pH determined in the effluent with a glass 
electrode. 

The break-through volume is indicated in Fig. I as 
TF (trace front); TF lies on that point of the curve, at 
which the pH passes over a fixed detection limit or a 
maximum permissible concentration ( C*). If the trace 
front break-through (TF) is plotted against the flow
rate, a linear relationship is obtained. 

If the curve is extrapolated from the inflexion point 
to the detection limit (C*), a point MF is obtained, 
which indicates the break-through of the main 
quantity. Also the MFvalues are directly proportional 
to the flow-rate. 

Both straight lines lead at lower flow-rates to the 
same break-through value. In all these experiments the 
same characteristic feature is shown: the S-form of 
the curves is to a large extent lost at low flow-rates. 

In Fig. 2 the dependency of the trace front break
through (TF) on the flow-rate is indicated for several 
experiments, all of which show that the function is 
linear. Moreover, the straight lines (a, b, c and d), 
which belong to the exchangers of the same exchange 
capacity and the same Lf F ratio, cut the abscissa at 
almost the same point ( Vmax). Here it does not matter 
whether a Dowex (a and d) or a wood base exchanger 
(band c) is used. Neither has the kind of acid used nor 
its concentration a great influence on the position of 
Vmax· If twice the amount of exchange material is used 
in the same column diameter, the break-through 
volumes lie correspondingly higher and Vmax rises to 
approximately twice the value. 

If only the front of a continuously applied solution 
(or of a small amount of a substance used for a single 
application) is considered, a fairly simple explanation 
of the break-through conditions can be given: when 

the front of the eluent passes through, the counter ions 
are adsorbed by the exchanger according to a diffusion 
process. Counter-diffusion and the kind of ion 
exchange (particle or film diffusion) do not yet play 
any significant role on the eluent front, since at this 
point the exchanger is practically uncharged and the 
concentration gradient is Cfa. Cis the concentration 
of the counter ions at the front, and a the average 
diffusion length between the resin particles. For the 
counter ions at the solution front in the resin bed 
Fick's law can therefore be written in a simplified and 
integrated form, as follows: · 

D 
log Co/C* = k1- t. (1) 

a 

Co is the concentration of the counter ions applied, 
C* the maximum permissible concentration (or detec
tion limit), and D the diffusion constant. If the time of 
flow (t) is expressed by the flow-rate (v) and the 
distance (z) covered in the column, we get 

log Co/C* = k1 D :. 
a v 

(2) 

As can be seen from Eq. (2) and Fig. 3a, the detec
tion limit C* in a column with the length Zn will be 
attained with a certain flow-rate ( Vmax) at the end of 
the column. However, this is correct only if the eluent 
front is examined or a small amount of counter ions is 
applied. As can be seen from Fig. 3b, the concentra
tion in the eluent over the whole length of the column 
deviates from this linear behaviour as soon as con
tinuous application is made, since the subsequent ions 
find an exchanger which is already partly charged. 
These curves correspond to the experiment with a slow 
flow-rate of v = 0.47 em/min in Fig. 1. The mathe
matical derivation* shows that also by continuous 
application and higher flow rate (TF precedes MF) 
there is a linear dependency of the break-through 
capacity or the break-through volume (Vn) on the 
flow-rate ( v): 

Vn=Kv+M. (3) 

* The corresponding mathematical treatment exceeds the 
scope of this paper and will be published elsewhere. 
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Figure 3. Concentration of the counter ions in the eluent during 
flow 

a: The concentration at the front of a continuously applied 
solution or of a small amount of counter ions. b: The concentra
tion in the eluent by continuous application; c: The concentra
tion of the eluent after the break-through of the counter ions 

K and Mare constants, which include concentration 
values, diffusion constants, etc., in a way similar to 
the well-known formulae of Glueckauf [11]. 

From the assumptions for Eq. (2) it can be seen that 
only when a small amount of counter ions is applied 
does it remain completely adsorbed by the exchanger 
at the flow rate Vmax, while when continuously applied, 
the ions must break through within a longer period of 
elution (Fig. 3c). 

1/vmax is also linearly dependent on the logarithm 
of the concentration of the small amount (log C0), as 
can be shown by Eq. (2) and Fig. 3a. 

FIRST SEPARATION CYCLE WITH 
ANION EXCHANGER RESIN 

According to theory, a fast separation can be 
obtained only if the amount of the substance to be 
separated is small in relation to the maximum ex
change capacity of the column. Therefore, for each 
column and concentration of certain counter ions a 
maximum flow-rate (vmax) can be obtained, under 
which the small amount of the substance remains 
adsorbed, while at higher velocities the break-through 
occurs at the front of the eluent. These conditions 
were now examined for uranyl nitrate solutions on the 
assumption that the fuel elements had been dissolved 
with nitric acid. 

For these anion exchange experiments, a synthetic 
resin was used and not the wood base anion exchanger, 
[10], as the latter has no significant advantage in price. 

According to Buchanan [12] and Ichikawa [13], 
thorium(IV), uranium(VI) and plutonium(IV) show 
high distribution coefficients in 7-8N nitric acid, 
while most fission products show no significant 
adsorption by the anion exchanger under these 
conditions. 

Dowex 1X8 (20-50 mesh, damp) was used in the 
following experiments; 10 g with 16 meq. maximum 
capacity were filled into a column (0.9 em diameter). 
After regeneration, the resin bed was charged with 
7 .5N nitric acid. The solution, A, to be separated, 
contained 
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Figure 4. Separation of cesium and uranium in the Vmax region 

Flow-rate 0.38 and 0.40 em/min (As and A10 respectively). 
Exchanger: Dowex 1X8 (20-50 mesh); 0.9 x 24 em; 16 meq. 
Application: 23.8 mg uranium and 2.2 p.g cesium. Eluent: 

7.5NHNOa 

U02(NOa)2, 238g U/1 
7.5NHNOa 
CsN03, (25 mg Cs/1) and 137Cs as tracer. 

10 and 50 ILl of this solution were applied to the 
exchanger column and eluted with 7.5N nitric acid at 
constant velocity. The effluent was fractionated into 
samples of 50 or 100 drops with the aid of a drop 
counter and collected in test tubes. Approximately 
0.5 g from each test tube were welded into a poly
ethylene tube of 4 mm diameter, and the cesium-137 
(0.662 MeV) measured in a single channel gamma 
spectrometer. The same plastic containers were then 
irradiated for half an hour in the reactor at 100 kW 
(0.7 x 1012 n/cm2 s) for the uranium determination 
[14]. After about four hours' decay time, the 106 keY 
line of the neptunium-239 was measured. 

Figure 4 shows two separation experiments which 
were performed with 10 ILl of solution A at flow-rates 
of 0.36 cmjmin (As) and 0.40 em/min (A10). These 
curves can be obtained only within a narrow range of 
flow-rates, while at higher rates the uranium is eluted 
simultaneously with the cesium and at lower rates the 
uranium remains completely adsorbed. However, it 
was found that the anion exchangers were not stable 
at this nitric acid concentration. In 52 hours a loss in 
capacity of 43 %was measured. 

The instability of the exchanger and the low uptake 
of uranyl nitrate from 7 .5N nitric acid were reasons for 
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Figure 5. Break-through volume as a function of the flow-rate 

Exchanger: Dowex 1X8: 0.9 x 24 em; 16 meq. Application 10, 
50 and 100 p.l of a solution containing 238 g U/1 and 2.5 mg Cs/1. 

Eluent: 7.5N HNOa and 4.2M AI (NOa)a 
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Figure 6. Uranium fission product separation by an anion 
exchanger 

Dowex 1X8 (20-50 mesh); 0.9 x 24 em; 16 meq. Application: 
20 mg uranium and approx. 1-2 ,..,g fission products. Eluent: 
4.2M Al(NOa)3 for Cs, Sr, Y, Ba, Zr and Nb at a flow-rate of 
~ax. 0.4 em/min (a, b and c); 1N HNOa or H20 for uranium (VI) 
at flow rates of 1-2 em/min (d and e); IN HCL for Moat a flow-

rate of 1 em/min (f) 

changing over to solutions which show a more favour
able behaviour in this respect. Aluminium nitrate has, 
even at the limit of its solubility, a significantly lower 
concentration of nitrate ions than 7 .5N nitric acid, but 
in spite of this has a higher distribution coefficient for 
uranyl nitrate [15]. Again in these experiments 10 g of 
Dowex 1X8 (20-50 mesh) were regenerated, but now 
charged with 4.2M aluminium nitrate, 10-100 ~-tl of 
solution A applied, and finally eluted with 4.2M 
aluminium nitrate. The determination of the uranium 
and cesium concentrations was carried out in the 
same way as for the nitric acid elution. The form of 
the curves obtained is the same as those shown in 
Fig. 4. 

When the results of these experiments are repre
sented in a break-through volume/flow-rate diagram 
(Fig. 5), it is shown that the theoretical considerations 
mentioned above can be proved experimentally: at low 
flow-rates the uranyl nitrate complex is completely 
adsorbed by the exchanger, while in a very narrow 
velocity range (vmax) the break-through volume drops 
to zero. It can also be seen from Fig. 5 that, on apply
ing the same amount of solution A (1 0 ~-tl), in the case 
of the aluminium nitrate elution more than twice the 
flow-rate can be permitted than with the nitric acid 
elution. 

When using a 4.2M aluminium nitrate solution as 
eluent, the possibility was examined of separating 
different fission product elements at a maximum flow 
rate of 0.4 em/min and application of 100 ~-tl of the 
solution A. As in tests with cesium, it was possible to 
separate a mixture of cesium, strontium and yttrium 
from uranium without difficulty (Fig. 6a). For the 
analytical determination, cesium-137 and strontium-90 
were added as tracers. Yttrium-90 was present as 
carrier-free daughter product of strontium-90. Under 
the same conditions barium, zirconium, and niobium 
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Figure 7. Elution of cesium, cerium(!! I) and uranium(VI) 

Exchanger: Dowex 1X8 (20-50 mesh); 0.9 x 24 em; 16 meq. 
Application: 20 mg uvr, 2.2 ,..,g Cs and 2 ILg eem. Eluent: 
4.2N Al(N0a)3 and 0.003M oxalic acid. Maximum flow-rate 

0.4cm/min 

were eluted (Fig. 6b and c). The barium was deter
mined by activation analysis, while the zirconium had 
zirconium-95/rriobium-95 as tracer. 

After this process the uranium was washed from the 
column with 1N nitric acid or water (Fig. 6d and e). It 
was possible to maintain significantly higher flow
rates (1-2 em/min) than in the elution with aluminium 
nitrate. 

As had been expected, the plutonium(IV) remained 
adsorbed by the column during the aluminium nitrate 
elution, but could be removed with water simul
taneously with the uranium (Fig. 6e). 

Molybdenum has no noticeable activity in aged 
fission products. In spite of this its behaviour during 
the aluminium nitrate elution was examined. It was 
found that molybdenum, which had been applied as 
ammonium paramolybdate ( (NH4)5M07024), together 
with uranyl nitrate, is not eluted by aluminium nitrate. 
Also during the elution of uranium with water the 
molybdenum remained in the column. However, by 
means of IN nitric acid it can be easily desorbed 
(Fig. 6f). The ammonium molybdate was activated in 
the reactor for the analytical determination before 
being added to the column. 

Cerium(III) caused greater difficulties. As this 
element forms nitrate complexes similar to those 
formed by uranium(VI), it is retained, together with 
the latter, in the anion exchanger to a greater extent 
than the fission products mentioned above. 

If a small amount of oxalic acid (0.003M) is added 
to the 4.2M aluminium nitrate solution, the formation 
of nitrate complexes by cerium(III) is somewhat 
lessened and the cerium precedes the uranium more 
than is the case with a pure aluminium nitrate solution 
(Fig. 7). However, even under these conditions a real 
separation does not take place. Moreover, because of 
the addition of oxalic acid, the uranium appears in the 
effluent earlier than in the pure aluminium nitrate 
elution. 

The first separation cycle with the anion exchanger 
is therefore interrupted before the break-through of 
the uranium and plutonium. This is with the given 
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column dimensions after -approximately 100 cm3 
eflluent, when 4.2M aluminium nitrate-0.003M oxalic 
acid solution is used as eluent. The fraction thereby 
obtained contains the cesium, strontium, yttrium, 
barium, zirconium, niobium and part of the cerium. 
On subsequent elution with water (or IN nitric acid), 
the uranium and plutonium can be obtained, together 
with the remaining part of the cerium. In a third 
fraction, the molybdenum can be desorbed from the 
column, even after repeated use of the anion ex
changer. 

SECOND SEPARATION CYCLE WITH 
CATION EXCHANGER ON WOOD BASIS 

The fraction eluted with water from the anion 
exchanger contains the uranium, plutonium and part 
of the cerium. At first the separation of these elements 
caused some difficulty. This can partly be explained by 
the fact that the rare earths (RE) form double salts and 
double nitrates of the form Me2+(N03)2RE(N03)3 
24H20 and RE(N03)63- [16], which probably also 
contain uranyl nitrate or can react with the uranyl ion 
and so complicate the separation on the anion and 
cation exchangers. 

However, after numerous experiments had been 
performed a method was found which gave good re
sults in the separation of a uranium(VI)-<:erium(III) 
solution. 10 g of the wood base cation exchanger were 
charged with O.lM ammonium nitrate solution, 20 mg 
uranium as uranyl nitrate and 0.13 mg cerium as 
cerium nitrate, containing cerium 144 as tracer, 
applied to the column and then eluted with an acidic 
ammonium nitrate solution (0.15 nitric acid, O.D5M 
ammonium nitrate). At a flow-rate of0.33 em/min the 
uranium comes through well separated from the 
cerium (Fig. 8). After the uranium band has passed 
through, the cerium can be relatively quickly washed 
out with an eluent of higher concentration (0.3N nitric 
acid and O.lN ammonium nitrate). 

THIRD SEPARATION CYCLE WITH 
WOOD BASE CATION EXCHANGER 

Since some fission products already have a com
mercial significance and, moreover, the storage problem 
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Figure 8. Separation of uranium(VI) and cerium(lll) with wood 
base cation exchanger 

Exchanger: 1.35 x 36 em; 4.3 meq. Application: 20·mg uv1 and 
0.13 mg cem in 100 ,.,.1 4.2M aluminium nitrate solution. 

Eluent: 0.15M HNOa and 0.05M NH4NOa 
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would be considerably simplified if separation of the 
single fission product elements could be carried out 
without too great a cost, experiments with this aim 
were undertaken. 

When larger amounts (0.5 ml) of the aluminium 
nitrate solution obtained in the first fraction of the 
anion separation cycle were added to small columns 
(6 g cation exchanger), a part of the cesium and stron
tium appeared even during elution with water in the 
eflluent. pH measurements showed that, by the ad
sorption of aluminium(III), nitric acid was freed, 
which was able to elute part of the monovalent and 
divalent elements. 

When 10 g of the wood cation exchanger were used 
and charged with 250 JLl 4.2M aluminium nitrate solu
tion, which contained cesium (plus cesium-137), 
strontium (plus strontium-90) and yttrium-90 as 
carrier-free daughter product of the strontium-90, it 
was possible to elute these elements separately in three 
fractions. Fig. 9 shows the separation of cesium with 
0.015N, strontium with 0.14N and yttrium with 
0.47N nitric acid respectively, which was obtained at 
relatively high flow-rates (1-2 em/min). 

CALCULATION OF THE 
RADIATION DOSE IN EXCHANGER MATERIAL 
Since organic exchange materials resist only a cer

tain radiation dose without considerable loss of 
capacity, a calculation was made to see what doses can 
be expected in actual conditions assumed for this ion 
exchange process. 

If a certain amount of a beta-active substance is 
passed to a section (1 cm2 cross section) of an exchange 
column (A 13 ; c/cm2), the energy emitted by the beta
emitter is absorbed by one cm3 (approx. 1 g) when 
1 em of the column height has been passed. If the mean 
energy of the beta-emitter is E13 (in MeV), the dose 
(D13 in rad) taken up by the unit volume or unit weight 
can be calculated: 

D13 = 3.55 x l04A13E!lv-l [radjcm3]. 

v-1 is the reciprocal band flow rate in min/em. 
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Figure 9. Separation of cesium, strontium and yttrium wi~h wood 
base cation exchanger 

Exchanger: 1.35 x 36 em; 4.3 meq. Application: 2.2 ,.,.g Cs, 
0.8 ,.,.g Sr and 9oy as 90Sr daughter in 250 ,.,.I 4.2M aluminium 
nitrate solution. Eluent: 0.015, 0.14 and 0.47 N HNOa; flow-rate 

l-2cm/min 
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In the case of gamma-emitters, because of the greater 
range of the gamma-photons, the geometrical form of 
the exchanger column has considerable influence on 
the absorbed energy. If !y represents the dose constant 
in Rontgen (r) for a certain nuclide for 1 c at 1 m 
distance for one hour, then 1.67 x 102 ly is the dose 
given by 1 c at 1 em distance for one minute. The dose 
Dr taken up by 1 cma (or g) of the exchanger resin bed 
is theref.ore 

(5) 

G' is the geometrical factor of the column, Ay the 
activity in curies per column volume ( c/V) and T the 
retention time of the active substance in the exchanger. 
For reasons of simplification it is assumed that the ac
tivity is distributed equally over the whole column and 
remains in the column for the time necessary for the 
band to pass through. Therefore, the retention time T 
is proportional to the reciprocal band flow rate v-1 and 
the column length L: 

T= v-1L. (6) 

Equation (5) becomes 

Dy = 1.67 x 102JyAyG' Lv-1 [radjcm3]. (7) 

In the case of exchanger suspensions the conversion 
factor rjrad is near one and is therefore neglected. 

The combination of Eqs. (2), (4) and (7) shows 
mathematically that, on the application of smaller 
amounts, less relative radiation damage occurs than 
on the application of higher concentrations. 

For the geometrical factor an approximation for
mula is used, which gives good values for cylinder 
forms (column height L > column diameter d): 

G'=21T (~ + v~r) (8) 

The geometrical factor is greatly increased with 
increase of the diameter, but only slightly affected by 
increase in column length. The use of spiral or curved 
exchanger columns, together with adequate shielding, 
results in some decrease in radiation damage. It is, 
however, preferable to divide the necessary amount of 
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exchanger material into several columns of smaller 
diameter. 

In accordance with the experiments and Eqs. (5), 
(7) and (8), the radiation dose which the anion ex
changer receives during elution with aluminium 
nitrate was calculated for a definite case. Since the 
anion exchanger has a lower radiation stability than 
the cation exchanger and, moreover, permits only a 
low band-flow rate (approximately 0.12 em/min), it is 
exposed to the highest dose. It was supposed that the 
daily fuel consumption of a 100 MW(th) reactor has to 
be reprocessed, after 100 days' storage, by the ion 
exchanger method described. With a 5 % enriched 
uranium fuel and an assumed 10% burn-up, approxi
mately 20 kg uranium and 86 g fission products 
remain after the volatile fission products (rare gases, 
halogens and ruthenium) have been removed. These 
fission products have a beta-activity of 46000 curies 
and a gamma-activity of 20000 curies [17]. 

Using ten columns of 65 em diameter and 400 em 
in height, filled with Dowex 1X8 (20-50 mesh), the 
first separation cycle can be carried out in a relatively 
short time. Because of the greater height of the 
columns, the flow-rate of the eluent and consequently 
the band flow-rate can be increased about twenty-fold. 

The results obtained for the anion exchanger were 
1.2 x 104 radfcm3 for the beta-activity, and 4.1 x 103 

radjcm3 for the gamma-activity. Since the doses lie far 
below the values which cause noticeable damage to the 
exchanger material [18, 19], considerably smaller 
amounts of exchanger can still be used. 

It has therefore been shown that, by considering the 
kinetic conditions, good separation effects with uran
ium fission product solutions can be obtained by using 
a synthetic anion exchange resin and a wood base 
cation exchanger. The process can easily be conducted 
so that only very slight radiation damage of the 
exchanger material occurs. 
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ABSTRACT -RESUME-AHHOTA~l-1JI-RESUMEN 

A/767 Autriche 

Regeneration des produits de fission de 
!'uranium en solution par l'usage exclusif 
d'echangeurs d'ions 

par 0. Bobleter 

Pour la regeneration du combustible nucleaire, on 
n'a employe jusqu'a maintenant les echangeurs d'ions 
que pour separer certains elements. Le cout eieve des 
echangeurs et leur instabilite sous irradiation elevee 
n'ont pas permis de les utiliser de facon plus generale. 

Dans le cadre d'un contrat de recherches de I' AIEA, 
on est arrive a produire des echangeurs de cations tres 
bon marche a partir du bois. Ces echangeurs se sont 
bien pretes a Ia separation de certains elements des 
produits de fission. C'est pourquoi un processus 
complet de regeneration base uniquement sur des 
echangeurs d'ions a ete envisage. 

La capacite et les vitesses d'elution maximales 
possibles pour l'uranium et les principaux produits de 
fission ont ete determinees au cours de plusieurs 
experiences avec des colonnes d'echangeurs. 

Dans Ia premiere phase, on a separe !'uranium des 
produits de fission (Cs+, Sr2+, ya+, etc.) a l'aide de 
l'echangeur d'anions Dowex 1X8. Une solution de 
nitrate d'aluminium 4,2M, employee comme eluant, 
a donne de bons resultats. Cependant on ne peut, dans 
cette premiere phase, separer tous les elements de 

l'uranium. L'echangeur retient avec l'uranium une 
partie du cerium (III). Dans ce cas, Ies vitesses d' elution 
maximales sont relativement faibles. 

Dans Ia seconde phase, Ia separation complete de 
!'uranium des produits de fission qui sont retenus avec 
ce dernier par l'echangeur d'anions, s'effectue a l'aide 
d'un echangeur de cations a base de bois sulfite. Une 
solution diluee de NH4NOa-HNOs separe efficace
ment l'uranium du cerium(III). De grandes vitesses 
d'elution sont possibles, bien que les deux elements 
forment des 'complexes nitriques a proprietes sem
blables. 

Dans la troisieme phase, les produits de fission sont 
separes un a un, egalement a l'aide d'un echangeur de 
cations a base de bois. On a obtenu de bons resultats en 
employant comme eluant de l'acide nitrique, dont on a 
augmente par etapes Ia concentration. En eluant avec 
de l'acide nitrique a 0,015, 0,14 et 0,47N, on est arrive 
a separer Cs+, Sr2+, et Y3+ qui, depuis la premiere 
phase, contenaient encore Al(N.Os)a. Ut aussi, de 
grandes vitesses d'elution sont possibles. 

Les doses de rayons gamma et beta.ont ete calcu16es 
pour l'echangeur soumis a une irradiation maximale. 
Pour faire ce calcul, on est parti de \'hypothese que le 
combustible nucleaire consomme quotidiennement 
par un reacteur de 100 MW(th) doit etre regenere a 
l'aide d'echangeurs d'ions. Le resultat de ces calculs 
montre que 1' on peut aisement proceder de maniere 
que le materiau echangeur ne soit pas serieusement 
endommage par les rayonnements. 
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A/767 ABCTPHR 

3KcnepHMeHTbl no nepepa6orKe pac
raopoa npOAYKTOB AeileHHfl ypaHa 
nyTeM HCOOJ1b30BaHHfl TOJlbKO HOHO• 
o6MeHHHKOB 
0. 6o6neTep 

flpH rrepepa60TI\e H)];epHbiX TOIIJIHBHhlX MaTe
pHaJIOB HOH006MeHHHKH )1;0 CHX IIOp HCIIOJib30Ba
JIHCb TOJILKO lJ.JIH pa3)1;CJICHHH HCKOTOphlX ::meMeii
TOB. BcJIC)];CTBHe BhlCOKOH CTOHMOCTH H HCCTOHIW
CTH HOHoo6MeHHOrO MaTepuaJia K B03)1;CHCTBHIO 
BhlCOKHX )1;03 pa)];Ha~HH ero HCITOJih30BaHHe OKa3a
JIOCh HCIIpaKTHqHhlM. 

Paapa6oTKa He.u:oporux KaTHOHoo6:r.~eHHHKOB na 
~peBeCHOH OCHOBe 6hiJia IIpOBClJ.CHa liO KOHTpaKTY 
c Mem.a:yHapOlJ.HhiM areHTCTBOM no aToMHo:if: ::mep
rHH. 8TH o6MeHHHKH IIOKa3aJIH XOpOIUHe pa3)1;e
JIHTCJihHhie CBOiiCTBa l/,JIH HeKOTOpbiX aJieMeHTOil 
npO)];YKTOB )];eJieHHH, H IIOaTOMY 6LIJIO IIpH3HilHO 
~eJiecoo6paaHLIM rrpoaHaJIHanposaTh npo~ecc uoJI
uo:if: rrepepa60TKH Ha OCHOBe liCIIOJih30BilHHH TOJII,
KO HOH006MCHHliKOB. 

B HeCKOJihKnx ::mcnepnMeHTax c KOJIOHHaMu 
HpOBO)];HJIOCh onpe)];eJieHHe MBKCliMaJihHOrO Koa!Jl
!JlH~HeHTa aarpy3KH H CKOpOCTe:if: BhiMLIBaHHH )];JIH 
ypaHa H OCHOBHOii rpynrrhl IIpO)];YKTOB )];eJieHUH. 

Ha rrepnoii CTa.a:uu o6Mena npelJ.BapMTeJibHoc 
paa)];eJieHHC ypaHa OT rrpo)];yKTOB )];CRCHHH (Cs-r 
Sr2 + 'Y3+ H T. )];. ) npoBOl/,UJIOCb IIYT('M I1CIIORMIO
BaHI1H annoHHoro o6MeHHnKa (ll.ay::mc 1 X 8), 
2 M paCTBop HliTpaTa aJIIOMHHJJH rroKaaaJI xopo
wne peayJihTilThi rrpn HCIIOJih30BBHHJf B KaqeCTBC 
:>JJIOnpyiO~eii cpelJ.hl. Ol/,HaKo He nee aJieMeHTLI 
MOiKHO OT)];eJIHTh OT ypaaa Ha aTOM rrepsoir 
cTa.a:nu. IToaToMy qacTh ~epnH (III) ocT a eTCH a.u:
cop6npoBaHHoii c ypaHoM Ha o6MeHHnKe. B aTou 
CJiyqae MaKCIIMaJILHhie CKOpOCTII 3JII011pOBaHH1I 
OTHOCIITCJihHO MaJihl. 

Ha BTopoii cTa)];HII o6MeHa oKoH•JaTeJihHoe OT
.a:eJieHHe ypaHa oT IIP<>AYKTOB o6MeHa, KOTOphm 
OCTaiOTCH a)];Cop6npOBBHHbiMH BMCCTe C HHM Ha 
aHJJOHHOM OOMeHHHKe, IIpOJJ3BO)];JfTCH IIpH IIOMO
l~Jf cyJILtPaTHpoBaHHoro KaTuonnoro o6MeHHHKa 
Ha .a:penecHoii: ocHoBe. Paa.a:eJieHHe ypaH - ~epuii: 
(III) MomeT 6hiTL ycnernHo noJiyqeno c paa6aB

.TteHHhlM paCTBopoM NH4NOa- HNOa; BoaMom
Hhl BhlCOKlt:C CKOpOCTU aJIIOUpoBaHUH, XOTH o6a 
:meMeHTa HMCIOT CXOlJ.Hhle CBOHCTBa HUTpaTHOro 
KOMITJieKca. 

Ha TpeTLe:if: cTap;uu o6MeHa npOlJ.YKTLI p;eJieHnrr 
paap;eJIHIOTCJI ITO O)];HOMY TaKiKe npu ITOMO~H Ka
THOHHOrO o6MeHHHKa na p;penecuoii ocnoBe. Xo
pornue peayJILTaTLI 6LIJIH noJiyqeHhi rrpu aJiroupo
BaHHH B30THOH KHCJIOTOH CO CTyneHqaThlM ITOBLI
lliCHHeM KOH~eHTpa~HH ITOCJie)];HCH. Cs+,Sr2+ II 
Y3+, KOTOphle nee e~e cop;epmami AI (NOa) a no
CJie nepBOH CTa)];HH OOMeHa, 6LIJIH pa3)1;eJieHhl IIpH 
HOMO~H 3JI10HpOBaHHH 0,015, 0,14 H 0,47 Jl1 
aaoTno:if: KHCJioToii. B aToM cJiy'lae TaKme Homno 
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liCIIOJih30BaTb BhlCOKHe CKOpOCTH 3JIIOHpOBBHHJI. 
tl,oahi 6eTa- H raMMa-o6Jiy'leHHH paccquTLIBa

JiliCL l/,JIJI o6MeHHHKa, KOTOphiH 06JiyqaeTCH )1;0 
HaH60Jibllieii CTeiTeHH. flpH 3TOM paC'ICTe npHHH
M<lJIOCh, 'ITO llpH ITOMO~H HOH006MeHHHKOB He
o6XO)l;HMO nepepa6oTaTL cyToqnoe noTpe6JieHne 
TOf!JlJfBa )];JIH H)];CpHOfO peaKTOpa TCTIJIOBOH MO~
HOCThlO 100 Mer. PeayJILTaT pac'leTa noKaahlnaeT, 
'ITO aTOT npo~eCC MOiKHO JICl'KO IIpOBO)];HTb TaKJIM 
o6paaoM, 'ITO MaTepHaJiy 06MeHHHKa He UpH'IH
HH('TCH CepM'3HhlX pa,!I,Jfa~HOHHhiX IIOBpeml/,eHnii:. 

A/767 Austria 

Regeneraci6n de soluciones de productos de 
fisi6n del uranio empleando exclusivamente 
intercambiadores i6nicos 

por 0. Bobleter 

Hasta el presente, los intercambiadores i6nicos solo 
se han empleado en la regeneraci6n de combustibles 
nucleares para separar ciertos elementos. El ehivado 
costo del intercambiador y su inestabilidad frente a 
dosis elevadas de radiaci6n se oponen a la generaliza
ci6n de su empleo. 

Gracias a un contrato de investigacion del OlEA fue 
posible perfeccionar intercambiadores cationicos de 
bajo costo, derivados de la madera, que poseen buenas 
propiedades de separaci6n para ciertos productos de 
fisi6n y, por tanto, se consider6 la posibilidad de 
emplear un procedimiento de regeneraci6n basado 
unicamente en intercambiadores i6nicos. 

Se han realizado varios experimentos con columnas 
adsorbedoras para determinar el factor de carga 
maximo y las velocidades de eluci6n que se pueden 
alcanzar para el uranio y los principales productos de 
fisi6n. 

En la primera etapa de intercambio, se efectu6 una 
separaci6n previa del uranio y los productos de fisi6n 
(Cs+-, Sr2+, ya+, etc.) por medio de un intercambiador 
ani6nico (Dowex IX8). Como eluente se empleo, con 
resultados satisfactorios, una soluci6n de nitrato de 
aluminio 4,2M. No obstante, en esta primera etapa no 
es posible separar del uranio todos los elementos; una 
parte del cerio (III) permanece ·adsorbido en el inter
cambiador junto con el uranio. En este caso, las 
velocidades maximas de eluci6n son relativamente 
bajas. 

En la segunda etapa de intercambio, se separan el 
uranio y los productos de fisi6n que permanecen 
adsorbidos con el intercambiador ani6nico empleando 
un intercambiador cati6nico basado en un derivado 
sulfitado de Ia madera. El uranio puede separarse del 
cerio(III) mediante una soluci6n diluida de NH4NOa
HNOa, y se alcanzan velocidades de elucion elevadas a 
pesar de que los nitratos complejos de ambos elemen
tos poseen propiedades similares. 

En la tercera etapa de intercambio, se separan aisla
damente los productos de fisi6n empleando tam bien un 



SESSION 2.6 Pf767 

intercambiador cati6nico derivado de Ia madera. Se 
obtuvieron resultados satisfactorios eluyendo con 
acido nitrico, cuya concentraci6n se fue incrementando 
progresivamente. Por eluci6n con HNOa 0,015, 0,14 y 
0,47 M se separaron el Cs+, Sr2+ y ya+, respectiva
mente, que contenian Al(NOa)a procedente de la 
primera etapa de intercambio. Tambien en este caso 
se puede trabajar con elevadas velocidades de eluci6n. 
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Las dosis beta y gamma se calcularon para el inter
cambiador sometido a la irradiaci6n mas intensa. Para 
ello se supuso que el combustible. diariamente con
sumido por un reactor de 100 MW(t) seria regenerado 
por medio de intercambiadores i6nicos. El resultado 
de los calculos indica que es facil llevar a cabo la 
operaci6n de modo tal que las radiaciones no ocasion
en dafios graves en la sustancia intercambiadora. 
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The role of diluent in extraction processes 

By S. Siekierski* 

In the past few years, progress has been made in the 
application of extraction processes in technology, as 
well as in analytical and radiochemical studies. The 
rapid expansion of practical applications has not been 
accompanied by a similar progress in the theory of 
extraction processes. For this reason it is not possible 
in practice to predict quantitatively the values of par
tition coefficients and even the effect of changing one 
of the parameters influencing extraction is difficult to 
predict. The lack of a quantitative theory is mainly 
because the over-all change in the free energy following 
an extraction process is a sum of partial changes cor
responding to such processes as dehydration, complex 
formation, or solvation in the organic phase. Now, the 
change in free energy for every partial process is by one 
or two orders of magnitude greater than the change in 
free energy for the over-all process. Thus two ions 
differing only slightly in their chemical properties can 
differ very much with regard of their extraction proper
ties under the same conditions. The difference in the 
free energy of hydration of two cations equal to 
5.5 kcal is equivalent to the ratio of partition coeffi
cients equal to 104, which in practice is just the differ
ence between a species that is readily extracted and one 
that is not. The difference in hydration energies of the 
order of several kilocalories might however be equal to 
only a few per cent of the total hydration energy of the 
extracted cation. Every quantitative theory to be of 
some practical importance should therefore be very 
exact and should be based on exact thermodynamic 
data for the various partial processes. Since for prac
tical purposes such data for extraction systems are not 
available, even semiquantitative calculation of the 
partition coefficients is impossible. It is, however, 
possible to predict more or less quantitatively the 
effect of changing one of the parameters influencing 
extraction. This is also of some practical importance 
since it considerably reduces the amount of experi
mental work needed to find the best conditions for 
extraction. 

One such important parameter is the diluent which is 
generally used to improve the physical properties of 
the organic phase. Although the diluents are selected 
only from solvents which are chemically inert, never
theless they take some part in the extraction process 
and influence the partition coefficients. The role of the 
diluent can be considered as an example of a more 

* Institute of Nuclear Research, Warsaw. 

general problem, that is the effect of the composition 
of the organic phase on extraction. One should note 
that the organic phase even in the absence of a diluent 
is always a mixture of several components. In extrac
tion from HNOa, with undiluted TBP for example, the 
organic phase contains TBP, H 20, HNOa and the 
extracted species. The amounts of the various com
ponents change with the composition of the aqueous 
phase. The elucidation of the role of the diluent in 
extraction can therefore be treated as a first step 
towards understanding the effect of the composition of 
the organic phase on extraction. This paper surveys 
the experimental work on the role of the diluent in 
extraction carried out in the Radiochemical Depart
ment of the Institute of Nuclear Research. 

GENERAL CONSIDERATIONS 

First it should be noted that the effect of the diluent 
on extraction is a result of two independent inter
actions: (a) between the extracting agent and the 
diluent,' and (b) between the extracted complex and the 
diluent. It was shown previously [1], that when the 
composition of the aqueous phase is constant, the par
tition coefficient of the extracted metal can be expres
sed by the following equation: 

k = A(aEn/Jc) = A(xEn/En!Jc) (1) 

where k is the partition coefficient, aE the thermo
dynamic activity of the extracting agent in the organic 
phase, XE the concentration of the extracting agent, 
and/E andfc are the activity coefficients of the extract
ant and of the complex. The activity coefficients/E and 
fc can be used as a quantitative measure of the inter
action of the extractant with the diluent, provided the 
respective solutions are sufficiently dilute. Equation (1) 
shows that a diluent can influence the measured par
tition coefficient by changing each of the two activity 
coefficients. In order to understand the role of diluents 
in extraction one at least of the activity coefficients 
should be determined, the other can then be calculated 
from (1) using the partition coefficient value. Since one 
can expect that the dependence of the activity co
efficient on the diluent is different for various extract
ants, the influence of the diluent on extraction with 
TBP, DBP, and amines was studied. 

TRIBUTYLPHOSPHATE AS EXTRACTANT 

The thermodynamic activity coefficient of TBP in 
the organic phase was determined by measuring the 
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concentration of TBP in the aqueous phase in equi
librium with the organic phase [I]. The concentration 
in the aqueous phase was determined using TBP 
labelled with 32P. Such a method is profitable mainly 
because it is possible to measure the activity coefficient 
of the extracting agent under actual extraction con
ditions, that is in equilibrium with the aqueous phase 
used for the extraction under investigation. The acti
vity coefficient of TBP, as determined by this method, 
does not depend on the dipole moment, or on the 
polarisibility of the diluent. It was shown, however, 
that the interaction of TBP with a diluent can be des
cribed by the following equation: 

ln/TBP = (VTBP</>2ctn/RT) (/hBP- 8ctn)2 (2) 
where o is the solubility parameter, 4> is the volume 
fraction and V is the molar volume. From the mea
sured activity coefficient of the TBP and from the par
tition coefficient of the extracted cation the relative 
value of the activity coefficient of the extracted com
plex in the organic phase was determined using Eq. (1). 
The activity coefficients of the complexes Eu(NOa)4. 
3TBP, Th(NOa)4.2TBP and Pu(NOa)4.2TBP depend 
on the diluent in a similar way as the activity coeffi
cient of TBP. Results for the plutonium complex [2] 
are presented in Fig. 1. It follows from Eq. (1) that the 
partition coefficient depends on the ratio JnTBP/fc and 
since both the activity coefficients change in the same 
way with the diluent the over-all influence of the 
diluent is not very high in all the extraction systems 
studied. For example, although the activity coefficient 
of 0.18M TBP is about ten times higher in heptane 
than in benzene, the partition coefficient of europium 
has been found to be only six times higher in heptane. 
If the activity coefficient of the europium complex 
were independent of the diluent, the partition coeffi
cient into heptane would be about a thousand times 
greater. 

The compensatory effect of the interactions also 
occurs when the same diluent is used but the concen
tration of TBPa is varied. It is illustrated by Table 1 
where the ratios kEu/a3TBP and kEu/X3TBP are pre
sented as a function of the concentration of TBP in 
heptane. It follows from these data that the ratio con
taining the concentration term changes much less than 
the ratio containing the activity coefficient. This is in 
agreement with Eq. (I) since the ratio JnTBP!fc should 
depend only slightly on the composition of the organic 
phase, provided the reactions between TBP-diluent 
and complex-diluent are of the same type. Conse
quently one can determine the coordination number n 
from the relation between log k and log x even in the 
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Figure 1. Relation between the activity coefficient in the organic 
phase of the plutonium complex Pu(N03)4.2TBP and the solubility 

parameter ofthe diluent 

high concentration range of the extractant without 
taking account of activity coefficients. This is rendered 
possible by the compensatory effect of the interactions 
with the diluent. This compensation depends to some 
extent on the diluent and in experiments to determine 
n a diluent should be used with solubility parameter 
close to that of the extractant and of the complex. 

The compensatory effect of interactions of diluent 
with extractant and of diluent with complex was also 
observed in the extraction of perchloric acid with 
TBP in benzene [3]. 

DIBUTYLPHOSPHATE AS EXTRACTANT 
Dibutylphosphate (DBP) represents an important 

Table 1. The effect of the concentration of TBP in heptane on the ratios kEu/X3TBP 

and kEu/a3TBP 

XTBP in heptane 0.0055 0.014 0.020 0.028 0.058 0.155 0.36 

kEu/X3TBP 0.9x103 1.1x103 1 X 103 0.84x 103 0.64xl03 0.33x103 0.15x 103 

kEu/a3TBP 1.1 1.65 1.9 2.1 3.2 6.9 15.3 
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Figure 2. Relation between the activity coefficient in the organic 
phase of the DBP dimer and the solubility parameter of the 

diluent 

class of extracting agents having acidic properties. 
Because of their selectivity, extracting agents of this 
class are used increasingly for practical purposes 
including fuel reprocessing. In order to study the 
influence of diluent on extraction with DBP, the 
activity coefficient of the DBP dimer has first to be 
determined. This was done as for TBP by measuring the 
distribution of the DBP dimer between the aqueous 
and the organic phases. When the partition coefficient 
of europium under the same conditions had been 
measured, the relative value of the activity coefficient 
of the complex Eu[(DBP)zh was calculated using 
Eq. (1). The results obtained for the activity coefficient 
of the DBP dimer and of the complex are shown in 
Figs. 2 and 3. It follows from these data that both 
activity coefficients are influenced in a similar way by 
the diluent, which means that the interaction of DBP 
dimer and the diluent is of the same type as that of the 
complex with the diluent. It follows that there is a 
partial compensation of the interactions resulting in 
comparatively small changes of the partition coeffi
cient of europium with the diluent. Both the activity 
coefficients are a function of the solubility parameter 
of the diluent (excluding aliphatic hydrocarbons), and 
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Figure 3. Relation between the activity coefficient in the organic 
phase of the complex Eu[(DBP)2]a and the solubility parameter 

of the diluent 

according to an equation analogous to Eq. (2) both 
attain a minimum. The values for the solubility para
meters for the DBP dimer and for the europium com
plex, as determined from the position of the minimum, 
are approximately the same and are approximately 
equal to 9.3. Such a low value indicates a low enthalpy 
of vaporisation of the dimer and of the complex. It 
should be noted that the activity coefficients of the 
dimer and of the complex are exceptionally low in 
chloroform and tetrachloroethane as diluents. Thus 
DBP is able to form hydrogen bonds with the mole
cules of the diluents even when attached to a metal. 

AMINES AS EXTRACTANT$ 

In order to study the effect of the composition of the 
organic phase on extraction with amines the same pro
cedure was used as for the systems previously des
cribed [4]. The thermodynamic activity of an amine in 
the organic phase was determined by measuring its 
distribution between the organic and aqueous phases. 
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Because of the lack of labelled amines, the concentra
tion of an amine in the aqueous phase in equilibrium 
with the organic phase was determined by the second
ary extraction method. In this method the aqueous 
phase, equilibrated previously with the organic phase 
and containing the dissolved amine, was contacted 
with a pure diluent, then a radioisotope was added 
that was easily extracted with this amine. From the 
measured partition coefficient of this radioisotope and 
with the help of a calibration curve, the concentration 
of the amine in the initial aqueous phase which was in 
equilibrium with the organic phase containing the 
amine, was calculated. The method of secondary 
extraction is of general applicability and can be used 
whenever direct measurement of concentration by 
radiometry is impossible. The studies with various 
amines as extractants [4] have explained the difference 
in the effect of diluents on extraction with short- and 
long-chain amines. In the case of short-chain amines, 
the value of the partition coefficient is determined 
mainly by the interaction between the extracted com
plex and the diluent. Since the extracted complex is an 
ion-pair the influence of diluent is rather high. When 
long-chain amines are used as extractants, both the 
interactions, that is amine-diluent and extracted 
complex-diluent, influence the partition coefficient of 
the metal to the same degree. Since both these inter
actions are of the same type, there must be a compensa
tion of effects according to Eq. ( 1 ). It can be illustrated 
by the fact that extraction of Fe3+ with tri-n-octyl
amine is approximately the same when nonpolar 
octane and highly polar o-dichlorobenzene are used 
as diluents. 

EXTRACTION INTO INERT SOLVENTS 
A quantitative study of the reaction between the 

diluent and the extracted species is much simpler for 
systems which do not contain any organic extractant. 
Then the partition coefficient depends only on the 
interaction of the extracted complex with the inert 
solvent (diluent). The studies on extraction of GeC14, 
GeBr4 and Gei4 into various inert solvents have 
shown [5] that the reaction between a GeX4 molecule 
and those of inert solvents can be described by an 
equation analogous to (2). In the case of polar mole
cules having lower symmetry such as AsCh, Eq. (2) 
does not describe the interaction quantitatively. 

CONCLUSIONS 
The studies with various extracting agents have 

shown that, to understand the role of the diluent in 
extraction processes, account should be taken of the 
following two independent interactions, namely that 
between the extractant and the diluent on one hand 
and that between the extracted complex and the dilu
ent on the other. For the majority of the extraction 
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systems studied both these interactions are of the same 
type so that the over-all effect of the diluent on the 
partition coefficient is comparatively low. But the 
influence of the diluent is very high when one of the 
interactions, e.g., between the extractant and the 
diluent, is of a more specific character. There is, for 
instance, exceptionally low extraction into TBP when 
diluted with chloroform because of the formation of 
hydrogen bonds between TBP and CHCls. This inter
action is not compensated by an analogous one 
between the extracted complex and chloroform. 

The work in this Laboratory has also shown that 
both the interactions with diluents can often be des
cribed approximately by the following equation: 

RTln fi = V1c/>z2(~h - 82)2 

which is based on the theory of regular solutions (sub
script 1 denotes extractant, or extracted complex; 
subscript 2 denotes the diluent). The agreement of this 
equation with the experimental results improves with 
increasing molar volume and with the symmetry of the 
extracted species and the decrease of its dipole mo
ment. Of all available diluents, the aliphatic hydro
carbons and solvents which are able to form hydrogen 
bonds show the greater deviations. It can readily be 
seen from the above equation that complete compensa
tion of the effects of the interactions is impossible, even 
when both can be described by that equation, because 
the molar volume of the extracted complex is always 
greater than that of the extractant. 

Provided DBP is sufficiently representative, one can 
assume that the solubility parameter of the extractant 
is equal to the solubility parameter of the extracted 
complex for all acidic phosphoric esters. 

The method based on measuring the thermodynamic 
activity of an extracting agent should also find applica
tion in the study of synergistic effects. The over-all 
synergistic effect results from the interaction of both 
extracting agents with the cation and between them
selves. Since in most synergistic systems one of the 
extractants is an acid whereas the other is a base their 
mutual interaction can be quite strong and can lead to 
antagonistic effects. Only by measuring the thermo
dynamic activity of each extractant in the mixture can 
the existence of a synergistic effect be established. 
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Le role des diluants dans les processus 
d'extraction 

par S. Siekierski 

On a utilise dans un grand nombre de cas pratiques 
d'extraction des diluants convenables dans le but 
d'ameliorer les proprietes physiques de Ia phase 
organique. 

Bien que ces diluants aient ete choisis parmi les 
solvants chimiquement inertes, ils participent au pro
cessus d'extraction, et ont une influence sur les 
coefficients de partage. Au cours des precedentes 
etudes entreprises. on a suggere qu'il fallait tenir 
compte de deux interactions chimiques independantes 
dans Ia phase organi,Jue, qui ont un effet sur l'equi
libre d'extraction. Ce «ont !'interaction entre !'agent 
d'extraction et le diluant et !'interaction entre l'espece 
extraite et le diluant. Pour comprendre l'effet global du 
diluant, il faut pouvoir mesurer directement l'une au 
moins de ces interactions, la seconde pouvant etre 
calculee a partir du coefficient de partage mesure. La 
methode Ia plus pratique consiste a mesurer l'activite 
thermodynamique de !'agent d'extraction en fonction 
de Ia composition de la phase organique. On peut 
arriver a ce n!sultat en etudiant le partage de !'agent 
d'extraction entre la phase organique et une phase 
aqueuse de composition constante. On peut facilement 
etablir la relation entre l'activite thermodynamique de 
!'agent d'extraction et le mode d'interaction avec le 
diluant. 

La methode suggeree est d'application generale eta 
deja ete utilisee avec succes dans !'etude des systemes 
d'extraction avec le TBP et les amines. Comme les 
agents d'extraction acides prennent de plus en plus 
d'importance et seront probablement utilises dans le 
traitement des combustibles irradies, il a semble 
interessant d'appliquer cette methode a de tels 
systemes. 

La partie experimentale du memoire donne des 
resultats recents sur !'extraction de !'europium par le 
dibutylphosphate (DBP). Suivant Ia methode exposee 
ci-dessus, on a d'abord determine l'activite thermo
dynamique du DBP dans dix-sept diluants en mesurant 
la partage de cet agent d'extraction entre les phases 
organique et aqueuse. A partir de l'activite mesuree de 
!'agent d'extraction et des donnees sur Ia partage de 
!'europium pour Ia meme concentration de DBP, on a 
calcule !'importance de !'interaction entre le complexe 
Eu-DBP et le diluant en l'exprimant sous Ia forme 
d'un coefficient d'activite thermodynamique. L'inter
action avec le diluant a ete expliquee en partie a !'aide 
du coefficient de solubilite qui mesure !'interaction 
intermoleculaire. Le role important de !'interaction 
par les liaisons hydrogene de !'agent d'extraction et du 
complexe avec certains diluants a ete mis en evidence. 

A/804 nonbwa 

BnHHHHe pas6asHTenH Ha 3KCTpaK~H
OHHble npo~eCCbl 
C. CeKepcKH 

Bo MHornx uponauo~cTBeHHLIX aKcTpaK~HoH
HLIX rrpo~eccax IIpHMeHHIOTCH COOTBeTCTBYIO~He 

paa6aBHTeJIH c ~eJILIO YJIY'JIIIeHHH «PnanqecKnx 

cBoHCTB rrpnMeHHeMon opraunqecKon .PaaLI. 

XoTH aTn paa6aunTeJin BLI6HpaiOTCH Ha 'IHCJia 

paCTBOpHTeJieH, HBJIHIO~HXCH XHMH'IeCKH HHepT

HhlMH, OHH BCe me IIpHHHMaiOT 6oJiee HJIH MeHCe 

aKTHBHOe yqaCTHe B :lKCTpaK~lJOHHOM IIpo~eCCl' ll 

BJJH.HIOT Ha Koa«P«Pn~neHT pacrrpe~eneHHH. B rrpe-

11LI~y~nx pa6oTaX, rrpoBe~eHHLIX B lfHCTHTyTe 

.Hp;epHLix nccne~ouannn B Bap111aue, 6LIJIO rroKaaa

uo. 'ITO COOTBCTCTBYIO~HH IIO~XO~ K :lTOH rrpou
JieMe ~onmen Y'IHTLIBaTL ~Ba neaaBHCHMLIX xnMn

'{CCKHX B33HMO~eftCTBH.H B opraHH'IeCKOH «flaae, 

BJIH.HIO~HX Ha 3KCTp3K~HOHHOe paBHOBeCHe. }\ 

HHM OTHOCHTC.H B33lJMO~eHCTBHe Mem~y :lKCTpa

reHTOM lJ paa6aBHTeJieM lJ B33lJMO~eHCTBHe :lKCT

parnpyeMoro coe~nHeHHH c paa6auHT0JieM. An» 
ITOHHM3HH.H CYMMapHOfO BJIHHHHH paa6aBHTeJI.H 

XOT.H 6LI O~HO H3 :lTHX B3.3HMO~eHCTBHH ~OJI1KHO 
6LITL nerrocpe~cTBeHHO naMepeno. Tor~a BTopaH 

HCJIH'IHH3 M01KeT 6LITL Bhl'IHCJieHa H3 lJ3MepeH1IO

ro Roa«fJ«fln~neHTa pacrrpe~eJieHHH. Han6onee nop;
xo~H~HM MeTO)J;OM .HBJI.HeTCH orrpep;eJieHHC Tep

l\lO)J;HH3MH'IeCKOH 3KTHBHOCTH 3KCTpareHT3 B aa

RUCHMOCTH OT COCTaBa opraHH'IeCKOH «flaaLI. 3To 

llf01KeT 6LITb C)J;CJI3HO JlleTO)J;OM lJCCJiep;oBaHH.H pac

npep;eJieHHH aKCTpareHTa 111emp;y opraHn'lemwii 

«flaaoii: H BO)J;HOH «Paaon IIOCTO.HHHOfO COCT3Ba. 

TepMol.t;HHaMH'IecKyxo aKTHBHOCTL aKcTpareHTa 

M01KHO JierKO CB.H33TL C xapaKTepOM ero B33HJIIO

/~eHCTBHH C paa6aBHTeJieM. 

IIpep;nomeHHLIH MeTop; HBJI.HeTCH oo~HM MeTo

;:~;oM, on 6LIJI ycrrernno rrpnMeHeH )J;JI.H nccne~oua
HH.H aKCTpaK~HOHHLix CHCTeM, cop;epmau~ux TE<D 
H aMHHhl. IJoCKOJibKY KHCJILIC 3KCTpareHThl H3lJH

HUIOT nrpaTL ace 6onee cy~eCTBeHHYIO ponL H 
MoryT, uepoHTHo, HaiiTH rrpuMeHeHne B rrepepa-

6oTKe sp;epnoro ropxoqero, Kaaanocb ~enecoo6-
JW3HLIM upnMeHHTb )1;3HHLIH MOTO~ K HCCJie~OBa
HJUO KHCJILIX 3KCTpareHTOB. 

B aKcnepuMeHTaJILHoii 'IacTn nacToHI~ero ~o
Wia;.~a HpllBO)J;.HTC.H HCKOTOpLie HORhle ~~aHHLU' liO 

:lKCTpaH~HU eBpOHH.H npu IIOM()U~II ;~n6yTif1UpoC-
1paTa (AE<I>). B COOTBCTCTBHH C 113JI01KCHHhlM 

MeTO)J;OM 6LIJia OIIpep;eJieHa TepMO)J;HH3MH'IeCHaH 
ai\TUBHOCTb AE<I> B 17 paa6aunTeJIHx MeTop;ollf 

H3MepeHHH Roa«P«Pn~neHTa pacrrpep;eneHHH Mem
i~Y opraHn'leCKOH n uop;noii «flaaaMn. Ha ocnoua

nun IJ3MepeHHH TepMO)J;IIH3MH'IeCHOii: aKTHBHOCTH 

aKcTpareHTa n Koaq,q,n~neHTa pacrrpep;eneHH.H en

pomiH npn Toii me caMoii HOH~eHTpa~nn AE<() 
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6hlJia paCC'IHT3Ha BeJIH'IHHa B33HMO.IJ;eifCTBHH KOM

JIJiel\C3 Eu - ABet> H paa6auuTeJIH B uu.n;e TepMo

.IJ;HHaMH'IecRoro RoacfHIJH~HeHTa aRTHBHoCTH. Baa
HMoLJ;eiiCTune C paa6aBHTeJieM 6biJIO '13CTH'IHO 

o6'bHCHeHO IIpll IIOMOII.J;H napaMeTpa paCTBOpHMO

CTH l\31\ Mepbi Me)J(MOJieRyJIHpHOro B33HMOJ);eHCT

BifH. lloRaaaua cyru;ecTBeHHaH poJih uaauMo.n;efrcT

BHH 3KCTpareHTa H KOMIIJieKca C HeKOTOpbiMII 

paa6aBHTeJIHMH IIpii IIOMOII.J;H BOiJ;OpOJ];HOH CB113H. 

A/804 Polonia 

Funci6n del diluente en los procesos 
de extracci6n 

por S. Siekierski 

En muchos procesos experimentales de extracci6n 
se han utilizado diluentes apropiados con objeto de 
mejorar las propiedades fisicas de la fase organica. 

Aun cuando se han elegido dichos diluentes entre 
los disolventes que son quimicamente inertes, desem
pefian, sin embargo, un papel mas o menos activo en 
el proceso de extracci6n, inftuyendo en el coeficiente 
de reparto. En estudios preliminares realizados en el 
lnstituto se demostr6 que para abordar este problema 
en forma apropiada hay que tener en cuenta dos inte
racciones quimicas independientes en la fase organica 
que inftuyen sabre el equilibria de extracci6n, que son: 
la interacci6n entre el extractante y el diluente y la 
interacci6n entre la sustancia extraida y el diluente. 
Para comprender el efecto global del diluente, hay que 
medir directamente por lo menos una de estas interac-
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ciones; entonces se puede calcular la otra a partir del 
coeficiente de reparto medido. El procedimiento mas 
conveniente es el de determinar Ia actividad termo
dinamica del extractante en funci6n de la composici6n 
de la fase organica. Esto se puede hacer estudiando el 
reparto del extractante entre la fase organica y una 
fase acuosa de composici6n constante. La actividad 
termodinamica del extractante puede referirse facil
mente al modo de interacci6n con el diluente. 

El metodo propuesto es de aplicaci6n general y ya se 
habia utilizado con buenos resultados en el estudio de 
los sistemas de extracci6n con fosfato de tributilo y 
aminas. Puesto que los extractantes acidos tienen cada 
vez mas importancia y muy probablemente se em
plearan en el tratamiento de recuperaci6n de com
bustibles, pareci6 que merecia Ia pena aplicar este 
metoda a dichos sistemas. 

En Ia parte experimental de la memoria se presentan 
algunos resultados recientes sabre Ia extracci6n de 
europio con fosfato de dibutilo. Conforme al :inetodo 
expuesto anteriormente, primero se determin6 Ia 
actividad termodinamica del fosfato de dibutilo en 17 
diluentes midiendo el reparto de este extractante entre 
las fases organicas y acuosa. De la actividad, medida, 
del extractante y de los datos de reparto del europio 
obtenidos para la misma concentraci6n de fosfato de 
dibutilo, se calculaba Ia magnitud de Ia interacci6n 
entre el complejo europio-fosfato de dibutilo y el 
diluente, en forma de coeficiente de actividad termo
dinamica. Se explica, en parte, Ia interacci6n con el 
diluente, considerando la solubilidad como una 
medida de la interacci6n intermolecular. Se ha 
demostrado el papel esencial de la interacci6n del 
extractante y del complejo con algunos diluentes, 
mediante el enlace del hidr6geno. 
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Electrochemical reduction of dilute nitric acid 

By J. A. Epstein, I. Levin and S. Raviv* 

The electrochemical reduction of nitric acid has been 
widely investigated, being one of the first industrial 
electrochemical processes ever used, initially for the 
manufacture of ammonia and later for that of other 
nitrogen compounds such as hydroxylamine. Re
newed interest in the electrochemical reduction of 
nitric acid has arisen in recent years, mainly in relation 
to the disposal of nitric acid-containing radioactive 
liquid wastes from nuclear plants. The usual process of 
neutralization by the addition of sodium hydroxide 
requires large storage space and complicates the 
separation of radioactive isotopes from these solutions. 
For this reason, the reduction of the acid to ammonia 
and hydroxylamine is also unsuitable. An electrolytic 
reduction process that would form only gaseous 
products would reduce the storage volume of the 
liquid waste and facilitate its industrial use, e.g., in the 
manufacture of radioactive isotopes. 

PREVIOUS STUDIES OF THE MECHANISM 

Turrentine [1] showed in 1906 that in order to 
reduce low concentrations of nitric acid it is necessary 
to use a copper cathode or to introduce copper ions 
into the solution. In 1932, Ellingham [2] reported that 
in the electrolysis of nitric acid between platinum 
electrodes, two alternative cathodic processes are 
possible, namely, (a) reduction of nitric acid to nitrous 
acid and (b) hydrogen evolution. 

For process (a), it was found by Oknin [3, 4] that 
18 % is the minimum concentration of nitric acid 
which may be reduced electrochemically to nitrous 
acid [5]; at lower concentrations only process (b) takes 
place. Nitrates may be electrochemically reduced in 
~lkaline solution in the presence of copper ions, yield
mg ammonia [6]. In process (b), the nascent hydrogen 
may reduce nitric acid to ammonia, hydroxylamine and 
intermediate products, according to the nature of the 
catalyst present. 

In later studies [7, 8, 9, 10] it was found that cathodic 
corrosion of soluble cathodes such as iron, chromium 
and stainless steel in nitric acid solutions is ac
companied by the reduction of nitric acid. 

The mechanism of the direct electrochemical re
duction of nitric acid [process (a)] at high concentra
tions is described by Vetter [ll, 12] as the following: 

* Israel Atomic Energy Commission. 

NO)+H+ ~ HNOa fast 
HNOa + HN02 ~ 2N02 + H20 slow 
2N02 + 2e --* 2N02 slow 
2N02 + 2H+ ~ 2HN02 fast 

NO-;+ 3H++ 2e-*HN02+ H20 

T?e formation of nitrous acid, HN02, is accom
pamed by its chemical decomposition: 

3HN02--* HNOa + 2NO + H20. 

The electrochemical r~duction of nitric acid at 
soluble electrodes proceeds according to a different 
mechanism [7]. At first, the nitric acid oxidises the 
divalent metal to the trivalent state and is itself 
reduced to nitrous acid: 

2NO) + 4Me2++ 6H+-*2HN02 +4Me3++ 2H20 

HNO decomposes according to: 

2HN02 ~ N02 +NO+ H20 

followed by the electrochemical process: 

N02+e+H+-*HN02 

giving together 

HN02+H++e-NO+H20. 

fast 

slow 

That is, the electrochemical process is the reduction of 
nitrogen dioxide, N02, and not of nitric acid. This 
conclusion was reached by analysing the influence of 
stirring and of the addition of nitrites and urea on the 
polarisation curves of various electrodes in nitric acid. 
It is seen that nitric acid may be reduced electro
chemically to gaseous products such as nitric oxide, at 
hi~h concentrations of nitric acid (above 18%- 3N), 
usmg any electrode, and at low concentrations 
using soluble electrodes such as stainless steel. ' 

In order to find a process which would be suitable 
for the reduction of low concentrations of nitric acid 
without introducing foreign ions into the solutio~ 
(such as would be formed at soluble electrodes), the 
behaviour of a graphite electrode was investigated. 

METHOD AND MATERIALS 

All materials were of analytical reagent grade. The 
graphite was of the type used in electrochemical 
industries. Platinum wire was used as anode in all 
cases. 
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Figure 1. Current-potential curves for several nitric acid con
centrations 
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Figure 2. Current-potential curves for O.SN HNOa 
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Figure 6. Current-potential curves for 2N HNOa at 30°C and 
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Figure 7. Current-potential curves for sulphuric acid containing 
NaN02 

Polarisation curves 
Polarisation (current-voltage) curves of graphite 

electrodes in nitric acid under various conditions were 
determined in .the usual way. The cathode was a 
rectangular piece of graphite, 4 x 5cm2 in area and 
1 em thick. The calomel electrode was of radiometer 
type. Power was supplied from a Prolabo potentiostat 
with output impedance less than O.l.Q. Voltage 
regulation in this model is achieved by adjusting the 
alternating current before rectification; the system is 
thus kept potentiostatic. Cathode tension was meas
ured by a vacuum tube voltmeter of resistance 107 .Q. 
The ammeter resistance was 2.Q. Each point on the 
polarisation curve was read after the system reached 
equilibrium, usually after one or two minutes. 

The polarisation curves in Figures 1 to 7 show that 
an electrochemical reaction takes place at positive 
cathodic potentials, before the electrochemical evolu
tion of hydrogen begins. The rate of this electro
chemical reaction is proportional to the limiting 
current density (LCD) which represents the rate of 
release of electrons from the cathode. The LCD is 
independent of the distance between the electrodes, 
since in this range Ohm's law is not applicable in the 
usual sense. Observation of the dependence of the 
LCD on various factors permits the evaluation of the 
influence of these factors on the rate of the electro
chemical process. Those which have been investigated 
in the present study are discussed below. 

Influence of nitric acid concentration 

The relationship between the nitric acid concentra
tion and the LCD is shown in Fig. 1. There is a sharp 
increase in the rate of the electrochemical process with 
increasing nitric acid concentration. 

Influence of stirring 

The effect of stirring the solution (Figs. 2, 4 and 5) is 
to cause a small increase in the rate of the electro
chemical reaction, comparable to that found similarly 
in the reduction of nitric acid at platinum electrodes [7]. 
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Table 1. Reduction of nitric acid 

Imtial HNOa Final HNOa 
concentratwn(N) concentration (N) 

1.8 
2.23 

a By titration. 

Imtial nitrogen 
concentration 

(g/ml2 ) 

2.52 
3.12 

Final nitrogen 
concentfation 

(g/ml2) 

b Reduction with Devarda's alloy, followed by Kjeldahl's procedure. 

Influence of the nitrite ion 

At low acid concentrations, there is an increase in 
the rate of the reaction when nitrite is added, while at 
nitric acid concentrations above 2N, the effect is 
reversed. Polarisation curves of nitrous acid (Fig. 7) 
show that the rate of reduction of this acid is indepen
dent of the hydrogen ion concentration. 

Electrochemical reduction 

The polarisation curves show that electrochemical 
reduction of nitric acid takes place at cathodic 
potentials which are positive with respect to the 
standard calomel electrode (SCE), i.e., between -0.8 
to 0 volts versus SCE, equivalent to - 1.0 to 0.2 
volts versus the standard hydrogen electrode. At more 
negative cathodic voltages, hydrogen is evolved and 
the acid can be reduced only with a catalyst such as 
copper, the product being mainly ammonia. The 
electrochemical process which takes place at positive 
cathodic potentials cannot be related to hydrogen 
evolution since at the positive potentials prevailing 
hydrogen cannot be formed. Furthermore, inspection 
of Table 1 shows that the decrease in acidity of nitric 
acid during reduction at positive potentials is ac
companied by an equivalent decrease in the amount of 
nitrogen in the solution (as determined by Kjedahl's 
method). 

It was also found that according to the conditions of 
reduction, between 1 and 2.5 Faradays are required 
for the reduction of one equivalent of nitric acid. 
During the reduction process, gases evolved from the 
cathode were found to include nitrogen dioxide and 
carbon dioxide. 

Table 2. Electrochemical reduction of nitric acid at a 
graphite cathode and platinum anode 

Experiment No. 

Initial HNOa concentration (N) 
Final HNOa concentration (N) 
Volume of solution (ml) . 
Cathodic potential" 
Cathode area (cm2) 
Total current (ampere-hours) 
Faradays/mole acid decomposed 

Temperature: 40°C. 

2 

1.9 2 
1.2 1.8 
200 960 
0.4 0.3 

20 63 
6 11.1 

1.6 2.1 

3" 4«,b sa.c 

1.93 1.9 1.6 
1 .48 0. 58 0 0 9 
960 960 960 
0.5 0.4 0.3 

63 180 180 
29 58 40 

2.2 1.5 2.1 

a In these experiments, three graphite cathodes arranged in the shape 
of a triangular prism were used. 

b The solution contained: 
Ni(N0a)2 O.lg/1 Cr(NOa)a 0.7g/l 
Fe(NO.)o 0.6g/l K.Cr.o, 0.03g/l 

c The solution contained: NaNO. lOOg/1 
d Versus the standar.d calomel electrode. 
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Figure 9. LCD as a function of un-ionised nitric acid concentration 

Reduction of nitric acid at controlled 
cathodic potential 

Electrochemical reduction of nitric acid was carried 
out at positive cathodic potentials in order to avoid 
hydrogen evolution as indicated by the polarisation 
curves. A Prolabo power supply capable of giving a 
constant cathodic potential (versus the standard 
calomel electrode) was used. The quantity of elec
tricity passing through the cell was determined with 
the aid of a recorder which was connected in parallel 
to a resistance of 0.1 Q in the main circuit. 

Infra-red examination of the gases evolved during 
the electrolysis showed the presence of nitric oxide, 
nitrogen dioxide and nitrous oxide as well as carbon 
monoxide and carbon dioxide. 

DISCUSSION 
The threshold potential of the electrochemical 

reaction (horizontal part of the first wave of the 
polarisation curves in Figs. 1 to 7) is in most cases 
+ 1.00 on the hydrogen scale (0.8 versus the standard 
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calomel electrode). Accordingly, taking published 
values of the potentials of the relevant electrbchemical 
reactions [13], the following processes are possible: 

N0]+3H+ +2e-.>-HN02 

2NO] + 10H~ + 8e-.>-N20 

Eo, (volts) 
+ H20 + 0.94 (1) 

+ 5H20 + 1.11 (2) 

(3) 

(4) 

All other processes take place at more positive 
potentials. The possible processes listed above do not, 
however, fit the experimental results, since they 
require between 3 and 5 Faradays for the complete 
reduction of one acid equivalent, whereas in the re
duction carried out under the present conditions, the 
value obtained was between 1 and 2.5 Faradays. These 
observations and other data indicate that the main 
electrochemical process operating is the reduction of 
nitrous acid (HN02), as is also the case in the re
duction of nitric acid on stainless steel electrodes 
[10]. The following experimental observations con
firm this conclusion. 

(a) Addition of urea. reduces the rate of the electro
chemical process (Figs. 3 to 5). Urea is known to 
decompose nitrous acid according to the equation: 

2HN02 + CO(NH2)2-.>-C02 + 2N2 + 3H20 

(b) Addition of nitrites increases the rate of the 
electrochemical process (Figs. 2 to 5) in all cases 
except at an acid concentration of 3N; the polarisa
tion curve of nitrous acid resembles that of nitric 
acid (Fig. 7). 

(c) There are two reduction processes of nitrous 
acid which take place at a very similar potential to that 
found experimentally. 

Eo, (volts) 

2HN02 +4H++ 4e-.>-N20 + 3H20 + 1.29 (5) 

HN02+ H++ e-.>-NO + H20+0.99 (6) 

These reactions require between 1 and 2 Faradays 
for the reduction of one equivalent of acid. Since, 
during the reduction, large quantities of nitrogen 
dioxide are evolved, and since nitric oxide easily 
oxidises to N02, which is not the case with nitrous 
oxide, it seems that reaction (6) is more probable. 
Nitrous acid cannot be formed directly from nitric 
acid since the latter is not reduced electrochemically in 
solutions more dilute than 18% (3N) [3,4]. In analogy 
to the processes occurring at dissolving electrodes, 
where nitrous acid is obtained by a chemical process 
[10]: 

2H+ + 2Me2+ + HN03-.>- HN02 + 2Me3+ + H20 

it is concluded that the source of nitrous acid must be 
found in a chemical reduction of the nitric acid with
out leaving any traces of the reductant in the solution. 
Such a substance is graphite itself: 

HNOa+C-.>-CO + HN02 (7) 
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2HN0a + C-+C02 + 2HN02 (8) 

The standard oxidation potential of N5- to N3- is 
+0.94V while that of C-+CO is +0.51 V and of 
C-+C02 is + O.l16V. Hence, carbon is thermo
dynamically capable of reducing nitric acid [14]. The 
fact that carbon dioxide was found among the pro
ducts of the reduction confirms the existence of a 
chemical reduction of nitric acid by graphite. 

From the information available at present, it is not 
possible to decide which of the two reactions, (7) or (8), 
takes place and is responsible for the production of 
nitrous acid, since the possibility exists that carbon 
monoxide, formed according to reaction (7), is 
immediately oxidized to carbon dioxide by the oxygen 
evolved at the anode. If the square root of the limiting 
current density at different nitric acid concentrations 
is plotted against the concentration of un-ionised 
nitric acid, as calculated from published data [15], a 
linear relationship is obtained up to a concentration 
of 2.5N (Fig. 9), leading to the following conclusions: 
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(a) The substance oxidizing the graphite in the first 
stage of the process is molecular nitric acid; 

(b) The most likely process operating is that 
represented by (8). 

Although, as was stated, it is generally considered 
that the direct electrochemical reduction of nitric 
acid cannot take place at low nitric acid concentra
tions [2], this reaction cannot be completely excluded. 

In fact, the process is possible if the effective area of 
the graphite electrode is very large. The simultaneous 
operation of this process would account for the fact 
that the amount of carbon monoxide and dioxide 
evolved is less than the amount of nitric acid reduced. 

Comparison of the polarisation curves (not shown) 
of electrolytic and nuclear graphite shows that the 
area of electrolytic graphite is twenty-five times that of 
nuclear graphite. It may be assumed that at higher 
concentrations the main reduction proceeds through a 
different mechanism involving un-ionised molecules of 
nitric acid [2]. 
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A/818 Israel 

La reduction electrochimique de l'acide 
nitrique dilue 

par J. A. Epstein et a/. 

L'acide nitrique dilue est un composant important 
des dechets liquides radioactifs des piles. Les methodes 
utilisees couramment pour s'en debarrasser, comme Ia 
neutralisation ou la reduction par le formaldehyde, ont 
certains desavantages. 

Les methodes connues de Ia reduction electrochi
mique de l'acide nitrique donnent des produits basiques 
comme l'ammoniac, indesirables du point de vue de la 
transformation ulterieure des dechets. Afin de trouver 
une methode de reduction electrochimique qui 
reduirait l'acide nitrique en produits gazeux et ne 
demanderait pas !'addition d'ions etrangers au sys
teme, nous avons etudie le comportement d'une 
cathode en graphite dans l'acide nitrique dilue 
(0,5 a 3N). 

Des courbes courant-tension, determinees par une 
methode potentiostatique, ont ete etablies pour 
diverses concentrations de l'acide a differentes tem
peratures et en presence d'uree et de nitrite de sodium. 
L'acide nitrique est reduit electrochimiquement a des 
potentiels positifs et les produits sont essentiellement 
des oxydes gazeux de l'azote. La presence de gaz 
carbonique parmi les produits a egalement ete etablie. 
La vitesse de Ia reaction electrochimique augmente 
rapidement avec Ia concentration de l'acide nitrique. II 
y a lieu de croire que cette vitesse change lineairement 
avec la concentration de l'acide nitrique non ionise. 
Aux basses concentrations de l'acide, Ia presence de 
nitrite augmente la vitesse de Ia reaction electrochi
mique alors qu'elle Ia reduit aux concentrations elevees. 

Cette vitesse est reduite aussi en presence d'uree. 
Les resultats indiquent qu'une des reactions electro
chimiques engendrees est Ia reduction de l'acide 
nitreux qui peut se former par suite de la reduction 
chimique de l'acide nitrique par le graphite. 

Un schema possible de reaction est le suivant: 
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a) Reduction chimique 

HNOa+C~co + HN02 
ou 2HNOa+C~C02+2HN02 

b) Reduction electrochimique: 

HN02+e-+H+~NO+H20 

c) Oxydation: 

CO+O~C02 

NO+O~N02 

A/818 
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3neKTpOXHMHYeCKOe BOCCTaHOBneHHe 
pa3BeAeHHOA a30THOA KHCnOT~ 
H. A. SnwTeHH et al. 

PaaBC,li;CHHaH a30THaH KHCJIOTa HBJIHCTCH OCHOB

IlhlM KOMIIOHCHTOM MHOfHX CHCTCM :IKHJJ;KHX pa

,li;HOaKTHBHhiX OTXOJJ;OB. ConpeMeHHLie MeTOJJ;hl 

yp;aJICHHH OTXO,li;OB, HanpHMep HCHTpaJIH3a~HH HJIH 

BOCCT3HOBJICHHC ljlopMaJib,li;CfHJJ;OM, HMCIOT pH,ll; HC

~OCTaTKOB. 

8JICKTpOXHMHqecKOe BOCCTaHOBJICHHe aaOTHOH 

J:JICJIOTbl B006~e npHBO,li;HT K o6pa30B3HHIO Heme

Jill.TCJihHhlX npO,li;YKTOB, HanpHMep aMMHaKa, KO

TOphlH MernaeT nocnep;y10~eii: o6pa6oTKe oTxop;on. 

fl OIIhlTKa Haii:TH npo~ecc 3JICKTpOXHMH'ICCKOf0 

IIOCCTaHOBJICHHH, KOTOpbiH BOCCTaHaBJIHBaJI 6LI 

aaoTHYIO KHCJIOTY B raaoo6paaHLie npop;yKThl H He 

UGTpe6onaJI 6bl p;o6aBJICHHH B CHCTCMY IIOCTOpOH

HHX HOHOB, IIpHBCJla K HCCJIC,li;OBaHHIO IIOBe,li;CHHH 

rpaljiHTOBOrO KaTO,ll;a B paaBC,rJ;CHHOH (0,5-3u.) 

a30TliOH KHCJIOTC. 

Rpnnhle TOK - uanpRmeune, onpeJJ;eJieHnhle no

Tcn~nocTaTnqecKHM MCTO,!I;OM, 6LIJIH H3MepCHhl npn 

paaJIH'IHhlX KOH~CHTpa~HHX KHCJIOThi, pa3JilJ'I

UblX TCMIIepaTypaX H B IIpHCYTCTBHH MoqeBH

Hhl H HHTpHTa HaTpHH. 8JICKTpOXHMHqeCKOe BOC

CTaHOBJICHHC aaOTHOH KHCJIOThl npOHCXO,li;HT np11 

IIOJIO:IKHTCJihHhlX IIOTCH~HaJiaX, a IIpOJJ;YKTaMU 

IJOCCTaHOBJICHHH HBJIJIIOTCH rJJaBHbiA-1 oopa30M ra

aoo6pa3HhlC OKHCJibi aaoTa. Cpe,1.1;n npo,ll,yKTOB npn

cyTcTnyeT Taxme p;nyoKHCh yrJiepo,l),a. CKopocTh 

:)JJCKTpOXHMHlfCCKOH peaK~HH 6hlCTpO yBeJinqn

HaCTCH C YBCJIH'ICHHCM KOli~CHTpa~HJI a30THoi( 

1\HCJIOThl. 8TO ,ll;OKa3biBaCT, qTo CKOpOCTh Jl3lriC

HHCTCH JIHHCHHO C KOH~CHTpa~neii HCHOHH3UpO

HaHHOH aaOTHOH KJICJIOTbl. llp11 HH"3KJIX KOH~eH
Tpa~HIIX npHCYTCTBHe HHTpHTa CIIOC06CTBYCT 

yBeJIU'lCHHIO CKOpOCTH, a npll BhlCOKHX KOH~CII

Tpa~HIIX ,1.1;3BJICHHC HIITpHTa IIpHBO,!I;HT K CIIJI:IKC

HHIO CKOpOCTJI 3JICKTpOXHMJiqCCKOH peaK~JIJI. 
CKopocTh cnnmaeTCH TaKme B npucyTCTBJIJI MO

•IeBHHLI. PeayJILTaTLI noKaaLIBaiOT, qTo oJJ;Hoii na 

paCCMaTpHBaeMhiX 3JJCKTpOXHMHqeCI\JIX peaK~HH 
HBJIHCTCH BOC.CT31IOBJICIIHC a30THOH 1\HCJIOThl, KO

TOpaH MO»\CT o6pa30BhlB3ThCH IIpll XHMHqeCKOM 

BOCCTaHOBJICIIHH 330THOH 1\HCJIOThl rpaljiHTOM. 
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Op;ua ua noaMomiihlx cxeM peaK~HH uMeeT cJie

ll.YIO~nii: BHJJ;: 

a) XuMuTJecKoe ooccTauooneHHe 

HNOa + C -7 CO+ HN02; 
2HN0a+C - C02+2HN02. 

b) 3JICKTpOXHMHqeCKOe BOCCTaHOBJICHHe 

HN02+e+H + ~ N02+H~. 

C) 0KHCJICHHC 

CO+O 

NO+O 

A/818 Israel 

Reducci6n electroqufmica del acido nftrico 
difuido 

por J. A. Epstein et a/. 

El acido nitrico diluido constituye un componente 
importante de muchos desechos radiactivos liquidos. 
Los metodos que se emplean actualmente para su 
eliminaci6n tales como la neutralizaci6n o la reducci6n 
con formaldehido, adolecen de varias desventajas 
tecnicas. 

La reducci6n electroquimica del acido nitrico suele 
dar origen a productos basicos como el amoniaco, que 
dificultan las transformaciones subsiguientes de los 
desechos. Con miras a hallar l.m proceso de reducci6n 
electroquimica que redujera el acido nitrico a pro
ductos gaseosos y permitiera prescindir de Ia adici6n 
de iones extraiios al sistema, los autores estudiaron el 
comportamiento de un catodo de grafito en acido 
nitrico diluido (0,5-3N). 

Las curvas de intensidad-tensi6n fueron determina
das por un metodo potenciostatico, para diferentes 
concentraciones de acido a diversas temperaturas, y 
en presencia de urea y de nitrito s6dico. La reducci6n 
electroquimica del acido nitrico tiene Iugar a poten
ciales positivos, y los productos consisten esencial
ment.e en 6xidos de nitr6geno gaseoso. Tambien se ha 
establecido Ia presencia de anhidrido carbOnico entre 
los productos. La velocidad de la reacci6n electro
quimica aumenta rapidamente con la concentraci6n 
del acido nitrico. Existen pruebas de que esta velocidad 
varia linealmente en funci6n de la concentraci6n del 
acido nitrico no ionizado. A concentraciones bajas de 
acido, la presencia de nitrito incrementa la velocidad 
de la reacci6n electroquimica, mientras que ejerce el 
efecto contrario a concentraciones elevadas. 

Asimismo Ia presencia de urea disminuye la veloci
dad del proceso. Los resultados indican que una de las 
reacciones electroquimicas que tiene Iugar es la reduc
ci6n del acido nitroso formado a raiz de la reducci6n 
quimica del acido nitrico por el grafito. 

Uno de los posibles esquemas de reacci6n es el 
siguiente: 
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a) Reducci6n quimica: 

HNOa + C-+CO + HN02 
2HNOa + C-+C02 + 2HN02 

h) Reducci6n electroquiinica: 

P/818 J. A. EPSTEIN eta/. 

HN02+C+ H+-+NO+ H20 

c) Oxidaci6n: 

CO+O-+C02 
NO+O-+N02 
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The solvent extraction of thorium from sulphuric acid 
solutions by amines 

By M.A. Awwal* 

Extraction with high molecular weight amines is 
receiving widespread interest for process applications. 
Intensive research on hydrometallurgical ore process
ing led to the development of the Amex process for 
extracting uranium and thorium from ores with 
alkylamines [1]. The possibility of recovering uranium 
and plutonium by extraction with primary amines 
from sulphuric acid stainless steel decladding solutions 
has been investigated by Horner and Coleman [2]. 

While extensive studies have been made on the 
potential use of amines in uranium ore processing in 
sulphuric acid media, much less work has been done 
on the possibility of employingamines as extractants for 
irradiated fuel reprocessing especially in the thorium
uranium -233 cycle. Relatively few elements are 
extractable from sulphate solutions by amines and it 
would appear feasible for selective separations of 
uranium and thorium from fission products. Amines 
also offer the advantage of having relatively high 
extraction coefficients at very low acid concentration 
in sulphuric acid media. A disadvantage of this 
approach is the limited solubility of thorium sulphate 
and it remains to be seen if this limitation can be 
offset by other advantages. Basic chemical studies 
associated with this possible processing system are 
reported in this paper. 

Amines offer certain advantages as solvents com
pared with alkyl phosphates in processing irradiated 
fuels due to the greater radiation susceptibility of the 
latter. The radiation induced decomposition pro
ducts of amines are relatively innocuous in sharp 
contrast to alkyl phosphates and in addition are 
soluble in aqueous media so that decomposition 
products do not accumulate in the organic phase. 

The earlier trend of research in this field was to 
study amine extraction from sulphate media but less 
attention has been given to this system recently. A 
preliminary study of aqueous reprocessing of ir
radiated uranium by amines has been made by Chesne 
[3] from sulphate, chloride and nitrate solutions. 
Brown et a/. [4] proposed a process scheme for the 
solvent extraction of uranium and plutonium from 
sulphuric acid stainless steel decladding solution with 
primary amine. Their studies did not show much 
promise for a process application at that time. Bruce 
[5] and co-workers have studied the recovery of 

* Pakistan Atomic Energy Commission. 

uranium and plutonium with amine from Sulfex de
cladding wastes. At present most investigations 
employing amines as solvents are directed primarily 
toward the development of extraction processes from 
nitrate and chloride media. Several workers [6 to 8] 
have investigated the separation of plutonium and 
uranium with amine extraction from nitric acid 
solutions. The most recent work [9-12] has been 
on the separation of uranium, plutonium and trans
plutonium elements with tertiary amine extraction 
from nitric and hydrQchloric acid solutions. The work 
described in this paper has been undertaken to explore 
the possibility of developing a method for processing 
irradiated thorium using sulphate media with amine 
extraction. Primary, secondary and tertiary amines 
have been investigated. Of the three groups, the 
primary amine sulphates were found to have a low 
solubility in commonly used diluents and high 
solubility in aqueous media and are therefore un
attractive and impracticable. The experimental results 
of the distribution studies of thorium with n-octy
lamine sulphate (hereafter NOAS) has been shown in 
Table I. The higher aqueous solubility indicates that 
an extraction process based on secondary or tertiary 
amines would have an additional advantage in that the 
degraded solvent would be removed from the organic 
phase into the aqueous phase as it formed. Other 
primary amines studied by Coleman [13] and co
workers indicated that the extraction coefficients of a 
number of fission product elements are quite significant 
with these solvents. From their results it is evident that 
the primary amines are impracticable for processing 
irradiated thorium whereas secondary and tertiary 
amines are promising. 

Table 1. Partition coefficients of tracer thorium from 
constant aqueous phase sulphuric acid concentration of 

0.01N in various diluents 

Diluents 

Xylene . 
Toluene 
Benzene 
n-Hexane 
Kerosene 
Chloroform 
Carbon tetrachloride 

Imttal organic 
NOAS concentration 

inM 

0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 

0.085 
0.011 
0.014 
0.004 
0.005 
0.079 
0.012 
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EXTRACTION CHEMISTRY OF THORIUM 

The mechanism of amine extraction can be ex
plained either as an anion exchange process analogous 
to that with anion exchange resins, which implies 
transport of ions, or as an adduct formation implying 
the transport of neutral species. These alternative 
mechanisms may be equivalent from the thermo
dynamical point of view from the equations of 
equilibrium extraction but the most generally accepted 
view is that the amine acts as an anion exchange resin. 
The mechanism of amine extraction of thorium from 
sulphate media based primarily on the anion exchange 
phenomenon is described. The investigation of Keder 
et al. [14] showed that the first co-ordination sphere of 
the metal does not contain the alkylammonium ion, 
implying that the alkylammonium salt in the organic 
phase is replaced by a metal anion, McDowell and 
Allen [15] investigated the extraction of thorium with 
di-n-decylamine sulphate in benzene and showed 
that the extracted species have amine association 
number of 6 ± 1. Vdovenko et al. [16] showed the 
separation of thorium from sulphuric acid solutions 
by primary amines. Allen and McDowell [17] have 
calculated the formation constants of anionic thorium 
sulphate complexes from equilibrium extraction of 
thorium with di-n-decylamine: 

tri sulphate complex, Th(S04)a2-; K = 5.7 ± 1.2 

tetra sulphate complex, Th(S04)44-; 

K = 0.009 ± 0.003 

Thorium forms complexes with the aqueous sulphate 
ligand as, 

Th4+-+ n(S04)2- ~Th(S04)n <4-n> (1) 

where n may be equal to I, 2, 3, 4, etc. The formation 
of the species Th4+ and Th2+S04 are negligible at the 
acidity [18] under investigation. Electrophoresis 
experiments showed the presence of anionic thorium 
sulphate complexes in aqueous sulphuric acid solu
tions from which maximum extraction was attained. 
These electrophoresis experiments with thorium-234 
have shown the presence of definite anionic species but 
failed to conform multi-anionic species. This failure is 
attributed to the very low formation constant of the 
higher anionic species. The anionic migration of 
thorium complexes was observed in sulphuric acid 
carrier solution in the concentration range of 0.01 N 
to LON. The results are shown in Table 2. 

The extractions by all the three classes of a mines are 
similar in general aspects. The extraction of thorium 
with secondary amines from sulphuric acid solutions 
are presented here. Organic solutions of amines in 
their base form react with sulphuric acid from 
aqueous solutions to form alkylammonium salts. 
First the normal sulphate is formed and then, with 
additional acid, the bisulphate 

2R2NH <org>-+ H2S04 <aq> ~(R2NH2hS04 (org> (2) 

(R2NH2)S04 <org> + H2S04 (aq > 
~ 2(R2NH2)HS04 <orgl (3) 

M.A. AWWAL 

Table 2. Results of electrophoresis experiments on 
tracer thorium-234 from sulphuric acid carrier solu

tions at various concentrations 

Carrier electrolyte 
solutions; 
HsSO•(N) 

0.005 
0.01 
0.02 
0.05 
0.08 
0.10 
0.20 
0.80 

Applied voltage 
(volts) 

300 
300 
300 
300 
300 
300 
250 
250 

Duration of 
experiments 

3 hours 

Anodic migration; 
distance moved 

em 

0 
1.0 
1.5 
2.5 
3.0 
3.5 
2.5 
1.0 

where R is the alkyl radical and the subscripts (org 
and aq) refer to the organic and aqueous phase 
respectively. The relatively high extraction at the lower 
acidities and poorer extraction at higher acidities 
which have been observed are attributable to the 
relative competition between the sulphate and 
bisulphate complexes. 

EXPERIMENTAL 

Detailed investigations were carried out with the 
two secondary and the two tertiary amines. In this 
paper, the following abbreviations are used: 

DNOAS: di-n-octylamine sulphate; 
DTDAS: di(tridecyl)amine sulphate; 
TNOAS: tri-n-octylamine sulphate; 
MNDDAS: methyl-n-didecylamine sulphate. 
The respective amines were dissolved either in 

xylene or toluene and were pre-equilibrated with 
stoichiometric amounts of sulphuric acid to form 
normal sulphate before extraction. In the case of 
DNOAS, toluene was used as diluent as the amine 
formed a third phase in xylene. For other amines, 
xylene was used as diluent. 

THORIUM RESULTS 

Thorium-230 was used as a tracer in the preliminary 
studies on thorium and measurements were made 
using a proportional counting techniques. For 
studies with macroquantities of thorium, the tracer 
thorium-234 was used. Both th.e secondary amines 
show high partition coefficients for thorium from 
sulphuric acid concentration of 10-2 to 10-1N. The 
tertiary amines have much lower partition coefficients 
for thorium than the secondary amines. The difference 
between the partition coefficients of the two types of 
amines in the same range of sulphuric acid concen
tration is approximately in the order of 103 . The 
partition coefficients of tracer thorium versus sulphuric 
acid concentration with various amines are shown in 
Fig. 1. Both the secondary amines have high partition 
coefficients at lower acid concentrations which fall 
sharply at higher concentrations. The tertiary amines 
have lower partition coefficients at the lower acid 
concentrations studied but the fall is not so rapid at 
the higher acid concentrations. The decrease in the 
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Figure 1. Variation of partition coefficient as a function of sul
phuric acid concentration for extraction of thorium with various 

amines 

thorium extraction with increasing acid concentration 
is attributed by Carswell and Lawrance [19] to either 
the competition by the sulphate for association with 
the amine or to the formation of less readily extract
able complexes. 

As indicated by Eq. {I), excess aqueous sulphate 
competes with thorium extraction. The effect of 
aqueous sulphate ion at constant sulphuric acid 
concentration on thorium extraction is shown in 
Fig. 2. In this case, the decrease in the partition 
coefficients is slightly lower in order of magnitude than 
those due to sulphuric acid concentration. The effect 
may be due to the absence of bisulphate formation 
with amines. 

With a simple extraction mechanism of the type: 

Th(S04)n(aq) <2n-4 l -+m(BH+)2S024 (org) 

~ (BH+)2mTh(S04)n (org) <2n-4>-+mS024 (aq) (4) 

then Koo[(BH+)2S04]m 

where B refers to amine in base form. A study of the 
variation of K with respect to the concentration of 
amine in the diluent should show a simple power 
dependence indicative of the number of amine 
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Figure 2. Effect of aqueous sulphate ion concentration on parti
tion coefficient for extraction of thorium from O.OOOSN H2S04 

with various amines 

molecules associated with the extracted thorium and 
hence the nature of the extracted thorium complex can 
be elucidated. The results of the variation of the 
partition coefficient with amine concentration are 
shown in a logarithmic plot in Fig. 3. In this instance, 
the straight line relation frequently anticipated and 
present in nitric acid extraction of thorium by amines 
[19,22] was not obtained. A varying concentration of 
amine is here associated with varying degree of amine 
association with the extracted thorium species in the 
organic phase. Of particular interest is the anomalous 
behaviour of polymerized DNOAS. The interpretation 
of these results will be the subject of a separate paper, 
the significance of the results here is to provide 
information for the selection of suitable amine solvent 
concentrations for a thorium, uranium, fission 
products separation process. 

In thorium loading studies, the secondary amines 
show a greater decrease in partition coefficients by 
comparison with the tertiary amines. At lower thorium 
concentration, the secondary amines show 100 times 
higher extraction than the tertiary amines, but they 
are similar at higher thorium concentrations. The 
experimental results on thorium loading studies are 
given in Fig. 4. 
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URANIUM RESULTS 
Since the long range aim of this work is the develop

ment of a process for the isolation and separation of 
both thorium and uranium from an irradiated 
thorium sample, a study of uranium extraction from 
the same solvents under the same conditions was made, 
with the exception that uranium loading characteristics 
were omitted since they are not of present concern. 
The uranium concentrations will be low relative to 
thorium concentrations. 

Uranium-233 was used as tracer for the partition 
studies. Uranium extraction values for various 
concentrations of sulphuric acid from I0-3 to IN are 
shown in Fig. 5. High partition coefficients R::! 103 were 
found for tertiary and secondary amines whereas for 
thorium comparable extraction was found only with 
secondary amines, the tertiary amines being of the 
order of 5 under similar conditions (Fig. I). In general, 
uranium extraction remained higher at higher con
centrations of sulphuric acid than in the case of 
thorium. The DTDAS extraction curve increases to a 
maximum at I0-1N H2S04 before decreasing to a still 
relatively high value of 102 at IN H2S04. Similar 
behaviour was observed by Sa to [20]. 

At constant sulphuric acid concentration with 
varying sulphate ion concentration (Fig. 6), the same 
high partition coefficients were observed with the 
exception that the decrease in the partition coefficient 
[21] as sulphate ion increases is not as pronounced as 
with sulphuric acid and that no maximum is observed 

103 

10 

10"' to·2 

0 ONOAS m toluene 

e ONOAS (p1~1ro'rJ~:t) 
0 MNOOAS tn xylene 

/j:,. THOAS on xylene 

to·1 

Molanty of om1ne sulphate 

Figure 3. Variation of partition coefficient as a function of amine 
sulphate concentration for extraction of thorium from 0.01N 

H2S04 with various amines 

M.A. AWWAL 

with DTDAS. From the results shown in Figures 5 and 
6 it may be inferred that formation of the bisulphate 
has a far more depressing effect on uranium extraction 
than the concentration of sulphate ion. This would be 
an important consideration in a projected process 
where the sulphate ion concentration contributed by 
the thorium would be relatively high. 

DISCUSSION 
A comparison of the results for thorium and 

uranium extraction (Figs. 1 and 5) shows that the 
secondary amine provides the highest extraction both 
for thorium and uranium and for both extraction 
would be relatively simple, but since they are also 
similar, selective stripping would be rendered equally 
difficult. Tertiary amines, on the other hand, are 
capable of extracting both the thorium and the 
uranium, and at the same time the partition coefficients 
are vastly different, thereby making selective stripping 
simple, and therefore offer better subsequent separa
tion of thorium and uranium. 

Of the amines studied, MNDDAS was, for the 
foregoing reasons together with its higher extraction 
for thorium in the presence of higher sulphate ion 
concentrations (Fig. 2), considered to be the most 
suitable solvent. However, a higher solvent concentra
tion than that employed in the preliminary studies 
would be desirable for the extraction of macro 
amounts of thorium. Figure 3 shows a steep rise in the 
partition coefficient for this solvent above 10-1M and 
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Figure 4. Variation of partition coefficient as a function of 
thorium loading for extraction of thorium from O.OOSN H2S04 

with various amines 
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useful extraction would be possible with a solvent 
concentration of0.25M. 

Extraction of macro quantities of thorium with 
0.25M MNDDAS from a feed solution containing 
6 g/1 of thorium and 0.005N with respect to H2S04 is 
shown in Fig. 7, from which it is also seen that 99.9% 
thorium recovery could be expected with 5 theoretical 
stages of extraction using an organic to aqueous flow
rate of unity. The uranium would, of course, be 
quantitatively extracted, partition measurements made 
on selective separate fission products representative of 
the first three groups of the periodic table have con
firmed their non-extraction into the amine solvent 
used. Limited extraction of zirconium and molyb
denum is expected and it remains to be determined in 
the pilot runs whether these can be removed in the 
solvent extraction system or whether it will be neces
sary to effect their removal in the final ion exchange 
purification. An outline of the proposed system is 
shown in Fig. 8. 

M.A. AWWAL 

The advantages of the system proposed are: 
(a) The greater suitability of the amine solvents 

under irradiation compared with other conventional 
solvents such as TBP; 

(b) Low acid concentrations necessary to provide 
extraction conditions; 

(c) The potential feasibility of both quantitative 
thorium and uranium extraction as well as separation 
in the solvent extraction system. 

The disadvantage of the system lies in the relatively 
poor solubility of thorium sulphate in aqueous media. 
Further work in progress will indicate the possibility 
of economical application of this system. 
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ABSTRACT -RESUME-AHHOTAL\V1JI-RESUMEN 

A/821 Pakistan 

Extraction du thorium en solution sulfurique 
au moyen d'amines 

par M. A. Awwal 

Pour Ie traitement des combustibles irradies, les 
amines presentent, en tant que solvants, certains 
avantages par rapport aux alkylphosphates, en raison 
de Ia grande radiosensibilite de ces derniers. Des 
etudes nombreuses ont ete consacrees a Ia possibilite 
d'utiliser des amines pour traiter le minerai d'uranium 
en solution sulfurique, mais on s'est beaucoup moins 
preoccupe de les employer comme extracteurs dans le 
traitement du combustible irradie, notamment dans 
le cycle thorium-uranium 233. Le memoire fait etat de 
travaux de recherche fondamentale sur ce procede 
eventuel de traitement. 

Ces travaux ont porte sur les amines primaires, 
secondaires et tertiaires. La premiere categorie s'est 
revelee inutilisable, tandis que les deux autres autori
sent des espoirs. 

Deux amines secondaires, Ia di-n-ioctylamine et Ia 
di (tridecyl) amine, ainsi que deux amines tertiaires, Ia 
tri-n-octylamine et Ia methyl-n-didecylamine, ont fait 
!'objet d'etudes detaillees. Les unes et les autres con
viennent bien pour extraire !'uranium aussi bien que 
le thorium, en solution sulfurique, surtout a des con
centrations de 10-2 a I0-1N. Les amines secondaires 
donnent Ia meilleure extraction avec le thorium, les 
tertiaires avec !'uranium. Les sulfates d'amines secon
daires a une concentration de O,IM ont, pour !'extrac
tion du thorium un coefficient de partage qui decroit 
d'une valeur superieure a 103 pour des concentrations 
d'acide de I0-2N jusqu'a !'unite environ pour des 
solutions sulfuriques aqueuses a 0,5N. Dans des con
ditions semblables, !'uranium donne des resultats 
analogues, mais quatre fois moins eleves. Avec des 
amines tertiaires a 0, I M, le coefficient de partage, pour 
!'extraction du thorium, tombe d'une valeur de 5 en
viron pour H 2S04 I0-2N, eta 0,5 environ pour H2S04 
0,5N. Dans les memes conditions, !'uranium donne, en 
fonction de Ia concentration en acide, un coefficient de 
partage dont Ia courbe est analogue dans sa forme, 
mais multipliee par 102 en valeur. 

Ainsi, tandis que les amines secondaires donnent le 
coefficient de partage le plus eleve pour extraire tant 
!'uranium que le thorium, les amines tertiaires presen
tent dans des conditions analogues des coefficients de 
partage tres differents selon qu'ils s'agit de l'un ou de 
!'autre. Done, bien que les amines secondaires offrent 
de !'interet pour les extraire toutes les deux a Ia fois 
d'une meme solution mere, les amines tertiaires con
viennent mieux pour separer uranium et thorium par 
extraction selective. 

Dans !'etude des coefficients de partage en fonction 
de Ia concentration en sulfates d'amines, on a trouve, 

avec les amines tertiaires, une variation plus marquee 
et done une plus grande latitude dans Ie choix des con
ditions d'extraction. Ces resultats indiquent aussi 
!'existence de deux especes extractives au moins; 
cependant, des experiences d'electrophorese sur papier, 
qui ont clairement montre la presence d'especes 
anioniques definies, n'ont pas confirme !'existence 
d'especes multianioniques. 

Dans les etudes sur Ia charge en thorium, on a 
observe pour des concentrations de thorium supe
rieures a O,OIM une diminution des coefficients de par
tage beaucoup plus marquee pour les amines secon
daires que pour Ies tertiaires. Ces coefficients des amines 
secondaires, cent fois plus eleves que ceux des amines 
tertiaires pour des concentrations de thorium de 
0,005M, ont une valeur a peu pres egale pour des con
centrations de 0,05M. 

Les plus grandes differences existant, selon qu'il 
s'agit de thorium ou d'uranium, entre les coefficients 
de partage des amines tertiaires, l'effet plus grand de Ia 
concentration en amines, et l'analogie generale des 
coefficients aux concentrations superieures du thorium 
font des amines tertiaires un meilleur solvant pour 
isoler et separer !'uranium et le thorium, malgre 
l'avantage apparent des coefficients d'extraction 
superieurs que donnent les amines secondaires dans des 
etudes moins completes des elements en tant que 
traceurs. 

A/821 naKHCTaH 

3KCTpaK~HR paCTBOpHTeneM (aMHHbl) 
TOpHR H3 paCTBOpOB cepHOf1 KHCflOTbl 

M. A. Aeeanb 

AMHHhi «aK pacTnopuTeJiu o6Jia):\aiOT orrpe):\e

JH'HHhiMU npeuMyiqecTBaMH ITO cpaBHeHHIO C <f>oc

<f>aTaMH aJIKHJia npu rrepepa6oTKe o6Jiy'IeHHoro 

TOIIJIUBa BBHl!;y 'IYBCTBHTeJibHOCTH UOCJiel);HUX K 

uaJiy'IeHHIO. XoTJI 6hiJIH nposep;eHLI o6mupuhle 

liCCJiep;oBaHUJI IIOTeH~HaJibHLIX B03MO>KHOCTeH HC

liOJib30BaHUJI aMHHOB B rrpo~ecce rrepepaOOTKH 

ypaHOBOH pyp;hl B cepHOH KHCJIOTe, Ol!;HaKo 

ropaap;o MeHhmc 6hiJIO Bhi'IIOJiueuo pa6oT no uay

'H'HHIO B03MO>KHOCTH rrpu.MeHeHJIH aMHIIOB B Ka

'IeCTBe aKCTpareHTOB npu rrepepa6oTKe o6Jiy'IeH

uoro TOUJIHBa, oco6euuo B ~HKJie Topuif -

U233• B p;oKJiap;e coo6~qaeTCJI o6 ocHOBHhiX xu~r~u
'lecKux liCCJICl!;OBaHUJIX, CBJI3aHHhiX C B03MO>KHhiM 

JlCIIOJih30BaHHCM 3TOH CliCTeMLI rrepepa60TKJI. 

!1CCJICl!;OBaJIJICb uepBH'IHhle, BTOpU'IHhle H Tpet 

TYtl{HhiC aMUHLI. J1CIIOJib30BaHue rrepBH'IHhiX aMH

HOB OKa3aJIOCh HCB03MO>KHhiM, B TO BpeMJI Kah: 

BTOpU'IHhie H TpCTH'IHhle aMHHhl JIBJIJIIOTCJI rrep

CJieKTHBHhiMH. 



450 SESSION 2.6 Pf821 

Ilo.n;po6HoMy uccJie.n;onamno no.n;nepramtch .n;na 

BTopH'IHhlX aMuHa, .n;n-n-oKTHJiaMHH u .n;u- ( Tpu.n;('

I~HJI) 8MHH, a TaKme J);Ba TpeTH'IHhlX 8MHH8, TpH

n-OKTHJiaMHH u MCTHJI-n-ll,u.n;eu;uJiaMHH. KaK nTo

pu'IHhle, TaK H TpCTH'IHhiC aMHHbl IlpOJJ;CMOHCTpH

poBaJIH IIOJ);XOJJ;Hili;He 3KCTparupy101ll;UC CBOHCTBa 

JJ;JIJI 3KCTp8Kli;HH ypaHa H TOpHH H3 CYJih<JiaTHT.IX 

pacTnopoa, oco6eHHO B .n;uanaaone Konu;eHTpauun 
OT 10-2 JJ;O 10 --l H. cepHoii IOICJIOTbl. BTOJIU'IHbiC 

ilMHHhl o6JI8JJ;810T cBOHCTB<H-1 rrpe~IIOUHTeJJbHOii 
3KCTp8K}\HH TOpHH, a TpCTll'-lHblC aMHHbl 3KCTpa

l'HpyiOT npe.n;no'ITHTeJihHO ypan. BTopH'IHLie aMn

nocyJih<JiaThi rrpn KoHn;eHTpau;un 0,1-2 M HMeiOT 

TaKoii Koa<JI<Jiuu;ueHT pacnpe.n;eJieHHH j\JIH aKCT

paKu;uu TOpHH, KOTOphiH yMeHbJJI8CTCJI OT CBepx

DhlCOKOii BeJIH'IHHbl 103 j\JIH 10'-2 H. cepHOH KHC

JIOTbl j.\0 npR6JIR3RTCJibHO ej\HHRll;hl IIpR BOAHOM 

paCTBope 0,5 H. OJJ;HOH KRCJIOTbl. IJpu 8H8JIOfH'I

HLIX YCJIOBHHX ypaH J);aeT Te me peayJihT8Tbl, HO 

yMeHLWeHHhle no neJIH'IHHe B 4 paaa. B CJiy'lae 

C TpeTH'IHbiMH 8MHH8MH npR KOHll;eHTp8li;HU 

0,1 M Koa<JI<JiuuneHT pacnpe.n;eJieHUH JJ;JIH aKCTpaK

n;Hn TopnH yMeHhmaeTCH npJ£6JinanTeJihHO c 5 .n;o 

10 H. CepHOH KHCJIOTbl JJ;O BeJIH'IHHbl OKOJIO 0,5 
npu 0,5 H. cepnoii KHCJIOTJ;I. Ilpn TaKux me ycJio

nusx ypaH JJ;aeT 8H8JIOfH'IHYIO 110 <JiopMe KpHBYIO 

38BHCHMOCTH Koa<JI<Jiun;HeHTa pacnpe.n;eJieHHH OT 

nOHll;eHTpali;HH KHCJIOTbl, HO Koa<JI<JIRD;HCHTLI pac

npCJJ;CJJCHD:H yBeJIH'IHB810TCH B f02 paa. 

TaKRltJ o6paaoM, XOTH BTOpH'IHhle aMHHhl o6ec

ne'lunaiOT 6oJiee BblCOKue Koatfltfluu;ueHThl pacrrpe

.n;eJieHua J);JIH aKCTp8Kli;HR ypaHa R TOpRH, Tpe

TR'IHble aMRHbl o6ecne'IRB810T HaR60JihiiiYIO paa

HRli;Y Mem.n;y BeJIR'IHHaMR JJ;JIH aKCTpaKli;UH ypaHa 

u TOpHH npa o.n;aHaKOBhiX ycJionnHx. IloaToMy, 

XOTH BTOpH'IHble aMHHbl OK83bi88IOTCH npRBJieKa

TeJJbHbiMR J);JIH aKCTp81{li;RH K8K ypaHa, T8K R TO

pRH R3 RCXOJJ;HOfO paCTBOpa, TpeTH'IHble aMRHbl B 

Ka'leCTBe paCTBOpHTeJIH o6ecne'IHB810T JIY'Illiee 

IIOCJieJJ;yiOill;ee paa.n;eJieHRe TOpHH H ypaHa nyTeM 

CeJieKTRBHOfO y.n;aJieHUH paCTBOpHTeJIH. 

IJpu R3y'leHHR 38BHCHMOCTH Koa<Jitfluu;ueHTa 

pacrrpe.n;eJieHRH OT KOHll;eHTpali;RR CYJib<JiaTa aMn

Ha 6hiJJa 06HapymeHa 60Jihlli8H 3aBUCHMOCTh, a 

CJIC)J;OB8TCJihHO, H 60Jibill8H rH6KOCTb B Bbi6ope 

ycJionaii aKcTpaKu;aa JJ;JIH TpeTR'IHhlX aMHHOB. 

3TH peayJihT8Thl y:KaaaJiu TaKme no Kpaiiueii Mepe 

Ha JJ;Be p83JIU'IHbiC pa3HOBHJJ;HOCTH 3KCTp8Kli;RU, 

XOTH aKorrepHMeHTbl no aJieKTpo<Jiopeay Ha 6yMa

re, KOTOpble JICHO nOK838JIU H8JIH'IHe 8HHOHHOH 

paaHOBHAHOCTH, He no.n;Tnep.n;HJIH cylll;eCTno:aaHHH 

HCCKOJibKHX BUJJ;OB aKCTp8Kli;UH. 

liccJie.n;onaHnH c Topuenoii aarpyaKoii yKaahiBa

IOT Ha 6oJiee 3H8'1HTeJibHOe CHHmeHHe aKCTpaK

Il;RU npn UCllOJJh30B8HHH BTOpH'IHbiX 8MHHOB npu 

KOHD;eHTpan;HHX TopnH cnhlme 0,01 M, tJeM B CJIY

qae C TpeTH'IHbiMU 8MHHaMH, T8K 'ITO, XOTH KO

a<JI<JIHu;HeHTbl pacnpeJJ;eJieHHH JJ;JIH BTOpH'IHbiX 8MB

HOB B 100 paa BbllliC, 'leM JJ;JIH TpeTH'IHbiX 8MHHOB 

HpH KOHil;eHTpall;HHX TOpHH 0,005 M, OHU HBJIHIOT

CJI IIO'ITU OJ);UH8KOBhlMH npu KOHD;eHTpali;HHX TO

pHH 0,05 M. 

M.A. AWWAL 

BoJiee aHa'IHTCJILHoe paaJIH'IHe Koatfltfl~:~u;neHTon 
pacnpeJJ;eJieHUH J);JIJI TOpliH H ypaHa npu HCnOJih

:JOB8HHU TpCTH'IH.biX 8MHHOB OJJ;HOBpeMeHHO C 

ooJibmeii aanncHMoCThiO OT KOHD;CHTpau;Hu aMuHon 

ll CXOJJ;HLIX 061ll;HX Koatfltflnn;HeHTOB pacrrpeJJ;eJie

HHH IlpH 6oJiee BbiCOKHX KOHD;eHTpali;HHX TOpHH 

yKaabiBaeT, 'l'ro TpeTH'IHhle aMHHbl o6ecne'IHBaiOT 

JIY'IIDYIO OCHOBY JJ;JIH BhiJJ;CJICHHH ypaHa H TOpHH 

If ,!I,JIJI CHCTeMbl paaJJ;eJieHHH, HeCMOTpH Ha, no

RHJJ;HMOMy, 60JiblliYIO npHBJICKaTeJibHOCTb 6oJJee 

BbiCOKHX KO<lcPcPHli;UeHTOB aKCTp8Kli;HH JJ;JIH BTO

JIH'IHbiX aMHHOB B HCCJieJJ;OB8HHHX C HCnOJib30Ba

IIHCM HHJJ;HK8TOpHbiX KOJIH'IeCTB pearupyiOII\H.~ 
Belll;eCTB. 

La extracci6n de torio a partir de 
disoluciones sulfuricas por aminas 

por M. A. Awwal 

A/821 Pakistan 

Las aminas ofrecen ciertas ventajas como disol
ventes, en el tratamiento de combustibles irradiados, 
en comparaci6n con los fosfatos de alquilo, debido a 
la susceptibilidad a la radiaci6n de los ultimos. 
Mientras que se han hecho estudios extensivos sobre 
el uso de aminas en el tratamiento de minerales de 
uranio en medio sulfurico, se ha hecho menos trabajo 
sobre la posibilidad del empleo de aminas como 
agentes de extracci6n en el tratamiento de combusti
bles irradiados, sobre todo en el ciclo Th-233U. En este 
trabajo se da cuenta de los estudios quimicos basicos 
en relaci6n con este posible sistema de tratamiento. 

Se han investigado aminas primarias, secundarias y 
terciarias. Se encontr6 que el uso de las aminas pri
marias es impracticable mientras que las secundarias y 
terciarias son prometedoras. 

Se estudiaron con detalle dos aminas secundarias, 
di-n-octil amina y di(tridecil)amina y dos terciarias, 
tri-n-octil amina y metil-n-didecil amina. Las aminas 
secundarias y terciarias han mostrado adecuadas pro
piedades de extracci611 para uranio y torio a partir de 
disoluciones conteniendo sulfatos, especialmente en el 
intervalo de 10-2 a 10-lN de H2S04• Las aminas 
secundarias extraen con preferencia el torio y las 
terciarias el uranio. Los coeficientes de reparto del 
torio con sulfatos de aminas secundarias, en concen
traci6n O,lM, decrecen desde un valor superior a 103, 
para concentraciones de acido sulfUrico 10-2N, hasta 
aproximadamente la unidad para concentraciones de 
acido 0,5N. Bajo condiciones similares el uranio da 
resultados ana1ogos pero reducidos en su magnitud 
por un factor de cuatro. Los coeficientes de reparto del 
torio con aminas terciarias O,lM decrecen desde un 
valor de aproximadamente 5, a 10-2NH2S04, hasta un 
valor de aproximadamente 0,5 a 0,5N H2S04• En las 
mismas condiciones la curva de coeficientes de reparto 
del uranio en funci6n de la concentraci6n del acido es 
de forma semejante pero con coeficientes de reparto 
superiores en un factor de 102• 
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Asi, mientras que las aminas secundarias propor
cionan mayores coeficientes de reparto para Ia extrac
ci6n de uranio y torio, con las terciarias se obtiene Ia 
maxima diferencia entre los valores para Ia extracci6n 
de uranio y torio en condiciones similares. En conse
cuencia, aunque las aminas secundarias parecen inter
esantes para extraer tanto, uranio como torio, las 
terciarias ofrecen mejor posibilidad de separaci6n de 
uranio y torio en una subsiguiente reextracci6n selec
tiva a partir del disolvente. 

En estudios del coeficiente de reparto frente a Ia 
concentraci6n del sulfato de amina, se encontr6 una 
mayor dependencia, y por tanto flexibilidad en Ia 
selecci6n de las condiciones de extracci6n, con las 
aminas terciarias. Estos resultados tambien denotaron 
dos especies extraibles distintas, aunque experimentos 
de electroforesis en papel, que mostraron claramente Ia 
presencia de especies ani6nicas, no confirmaron Ia 
existencia de especies multiples. 
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Estudios de saturaci6n de torio con aminas secun
darias para concentraciones de torio superiores a 
0,01 M muestran una caida bastante mayor con aminas 
terciarias, de forma que mientras que los coeficientes 
de reparto a concentraciones de torio 0,005M son 100 
veces mayores que con las aminas terciarias, son casi 
iguales a concentraciones de torio 0,05M. 

Las mayores diferencias entre los coeficientes de 
reparto de torio y uranio en el caso de las aminas ter
ciarias, junto con su mayor dependencia de Ia con
centraci6n de amina y con coeficientes de reparto 
similares para altas concentraciones de torio, indica 
que las aminas terciarias proporcionan Ia mejor base 
para un sistema de extracci6n y separaci6n de uranio y 
torio, a pesar de que al parecer sean mas interesantes 
las aminas secundarias por sus mas altos coeficientes 
de reparto, en estudios realizados en escala de traza
dores. 
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On the behaviour of nitrosylruthenium nitrato complexes 
in TBP-HN03 system 
By M.A. EI-Guebeily, E. Hallaba and R. A. I. Azzam* 

Ruthenium is one of the fission products for which 
separation from uranium and plutonium is compli
cated. Two series of ruthenium complexes have drawn 
special attention in reprocessing chemistry. One is the 
RuNO-nitrato series of complexes. These compounds 
can be prepared either by the method described by 
Martin [I] or by that of Fletcher [2]. The present work 
aims at a comparative spectrophotometric study of the 
two preparations as well as an investigation of some 
aspects of the solvent extraction behaviour of ruthen
ium in the HN03- TBP system at tracer and macro
scopic concentrations. 

EXPERIMENTAL 

I06Ru with less than 5 % 1°3Ru was used because of its 
convenient half-life and radiation energy. The nitrato 
complexes were prepared either by oxidation to Ru04 
followed by absorption in cold HN03 (Martin's 
method, Preparation 1) or by refluxing the RuNO 
hydroxide in HN03 (Fletcher's method, Preparation 
2). The absorption spectra were studied for the two 
inactive preparations with a ruthenium concentration 
of about 10-3M, using a Beckman DU model 2400 
spectrophotometer. The change of the spectrum of 
Preparation 1, due to ageing in 4.1M HNOa was 
studied over a period of 9 days and compared with the 
ageing of Preparation 2 in 3M HNOa for 10 days. 

TBP was purified [2] and distilled at a pressure of 
25 mm mercury. Odourless kerosene was prepared, 
then distilled and the fraction between 150-250°C 
collected. In solvent extraction experiments carrier 
free l06Ru, Preparation 1, and 1.65 x 10-3 M ruthen
ium of Preparation 2, labelled with 106 Ru were used 
in a batch extractor controlled thermostaticaJiy [3] at 
25 ± 1 oc. The organic phase, 20 or 30 % TBP in 
odourless kerosene (volume fraction), was equilibrated 
with nitric acid of the required normality before use 
with the ruthenium solutions. An intermediate mixing 
time of the order of 15-20 min was employed to ensure 
complete equilibration. The distribution coefficient of 
ruthenium between the two phases, DRu, was mea
sured radiometricaJiy, using an EKCO type liquid 
scintillation gamma counter. 

*Atomic Energy Establishment, Inchass, UAR. 

RESULTS AND DISCUSSION 
Absorption spectra studies of Preparations 1 and 2 

In Fig. 1 is shown the spectra of RuNO-nitrato 
complexes both for a fresh sample of Preparation 2 and 
another sample aged in 3M HNOa for 10 days in a 
dark bottle kept cold in a refrigerator. A characteristic 
absorption band is manifested at 500 m(L correspond
ing to the nitrosyl nitrato complexes. It is interesting 
to notice that the two absorption spectra almost co
incide. This is to be expected from the suppression of 
the oxidation rate by cooling and by storing in the 
dark. 

On the other hand, Preparation 1 initially gave 
Ru04 whose absorption spectra in 4.1 M HNOa were 
investigated. Figure 2 shows the ageing effect for a 
period from 10 min to 9 hours. It indicates that the 
initial absorption band of fresh Ru04 between 340-460 
m(L (Fig. 2,a), undergoes a progressive reduction in the 
absorption band width down to a well-defined peak at 
380 mfJ- (Fig. 2,d). This change was accompanied by a 
change in the colour of the solution from yellow to 
green. The behaviour shown by Fig. 2 is most pro
bably caused by the simultaneous existence of varying 
amounts of products formed by the progressive reduc
tion of ruthenium (VIII) to ruthenium {VI) and the 
disproportionation of the latter to tetravalent and 
octavalent states. It is worth mentioning that during 
the first stages of the appearance of the green colour, 
Ru02 was always formed and separated from the 
solution by centrifugation. The formation of Ru02 is 
probably due to direct reduction of Ru04 by humidity 
in the presence of light. In Fig. 3 the effect of ageing up 
to 9 days is indicated. It shows the formation of a new 
band around 490 m!J-. This new absorption band in
creased with time and reached a steady state between 
17 and 24 hours. Before reaching the steady state, 
the green colour disappeared completely and the 
solution assumed the rose-red colour characteristic of 
RuNO-nitrato complexes. The steady state between 
17 and 24 hours seems to correspond to equilibrium 
conditions of RuNO-nitrato species in solution. Other 
authors [4] showed by paper chromatography that the 
equilibrium state is attained within 24 hours. The less 
sharp nature of the band in this case with respect to 
Preparation 1 (Fig. 1) may be due to some differences 
in the content of RuiV species. For further ageing 
periods of 46 hours and 9 days, absorption decreased, 
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Figure 1. Figure 2. Figure 3. 
Spectrum of Preparation 2 Variation of spectrum of Preparation 1 Further ageing of Preparation 1 

probably because the sample was kept at room tem
perature when slow decomposition or hydrolysis might 
occur. 

We may conclude that the two preparations give the 
same characteristic absorption band of the nitro
sylruthenium nitrato complexes at 490-500 mf.L, indi
cating that at equilibrium both have a comparable
composition. Our results indicate that the progressive 
r.eduction of ruthenium in HNOa follows the sequence: 

Ru04 ___,.. Ru VI ___,.. Ru1V ->- RuNO species. 

INVESTIGATION OF THE EXTRACTION 
SYSTEM TBP-H20-HNOa 

Equal volumes of 30 % TBP in kerosene and of 
nitric acid solutions of different concentrations were 
equilibrated for 15-20 minutes. The acid concentration 
in both phases was determined titrimetrically and the 
quantity of water extracted was calculated from the 
change in volume of the system. Figure 4 shows the 
variation of the concentration of nitric acid in the 
organic phase, [HNOa]o, with its concentration in the 
aqueous phase, [HNOa]a. The slope of log-log 
[HNOa]o/[HNOa]a is near to unity which might sug
gest that the chief complex is a monosolvate TBP
HNOa as reported by others [5, 6]. The hydration of 
the complex formed can be determined from the slope 
of the curve of the water extracted into the TBP layer 
versus the nitric acid extracted [5]. Figure 5 represents 
this relation and shows a straight line slope equal to 
unity. On this account the extractable complex of 

TBP from nitric acid and water would be likely to have 
the form TBP . H20 . HNOa. 

On the other hand, following the approach of Brauer 
and Hogfeldt [7], if the relation between the total num
ber of water molecules per TBP-molecule ( Y) and 
[HNOa]a is plotted for our data (30 % TBP) and also 
for those of Alcock et al. (100% TBP) [8], Fig. 6 is 
obtained. This figure shows minima for the two cases 
corresponding to 1 : 4 acid to water dilution. This 
might suggest that the most likely form of the extract
able complex in the system would be TBP. (H20)4 . 
HNOa. This is in line with the work of Brauer and 
Hogfeldt, who indicated that the extractable species in 
H2S04 medium is likely to be TBP . (H20)s . H2S04 . 
Both conclusions are given support by the generally 
accepted fact of the existence of a tetrahydrated 
proton in dilute and moderately concentrated solutions 
[9, 10, 11]. If these conclusions are finally confirmed, 
then the principal reaction would be: 

TBPorg+ H+(H20)4 + N03 ~ TBP. (H20)4. HNOa 

In the context of this reaction, the equilibrium con
stant for the formation of the TBP. (Hz0)4 . HNOa 
complex was evaluated from the Hammett acidity 
function using values for activities in aqueous solution 
and effective nitrate ion concentrations given else
where [2). Table 1 shows that k for both sets of data 
varies with the concentration of water in the organic 
phase and the average value is dependent on TBP con
centration. For both data, Fig. 7 gives a value of 0.5 
for the salting-out coefficient of TBP by HNOa in the 
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Table 1. Equilibrium constant of hypothetical formation of TBP. (H20)4. HN03 

Our data at 30 % TBP 

[HN03]a [H20]o y k 

1 0.150 0.136 0.0392 
2 0.108 0.098 0.0097 
3 0.090 0.082 0.0045 
4 0.126 0.115 0.0052 
6 0.130 0.118 0.0074 
8 0.203 0.185 0.0187 

average 0.0141 

range 1-3.5M HN03. For higher acidities, a value of 
-0.17 is evaluated and may be attributed to hydrogen 
bonding of TBP by HN03. 

Further investigation is necessary before a final con
clusion can be reached concerning the two hypothesis 
for the form of the extractable species. 

SOLVENT EXTRACTION BEHAVIOUR OF 
NITROSYLRUTHENIUM NITRATO COMPLEXES 

Preparation 1 was studied at concentrations of the 
order 10-9 M per batch. Labelled Preparatipn 2 was 
studied using a ruthenium concentration of 1.65 x 10-3 
M. The extractants employed were 30 % TBP in pure 
Egyptian kerosene and 20 % distilled TBP in odourless 
kerosene respectively. 

Influence of nitric acid concentration on DRu 

The effect of nitric acid concentration on DRu was 
studied. Figure 8 represents this relation for tracer 
ruthenium, Preparation 1, using 15, 30 and 60 % TBP 
in pure Egyptian kerosene while Fig. 9 expresses the 
same relation for macroscopic concentrations of Pre
paration 2, using 20 % TBP in odourless kerosene. 
Both figures have in general the same features in spite 
of the different methods of preparation, the ruthenium 
concentrations (10-9 and 1.65 x 10-3M) and the sol
vent concentrations (15 to 60% TBP). This leads to the 
conclusion that the nitrato species at equilibrium have 
generally the same pattern over a wide range of nitric 
acid concentration. The increase of DRu up to 0.5M is 
attributed to the formation of higher nitrato com
plexes, while its decrease at higher acidities is related to 
the decrease in concentration of free TBP, the possible 
change of the valenc state of ruthenium and the salting
out of TBP by HN03 above 3.5 M HN03. 

The values of DRu for macroscopic concentrations, 
Fig. 9, are much lower than those with tracer con
centration, Fig. 8. A similar observation was reported 
by Bruce [12]. This may be caused by the relatively 
higher concentrations of free TBP and the more 
important role that could be played by small impuri
ties of lower butyl phosphates in extracting species of 
tracer ruthenium, e.g. RuiV. 

Neutral nitrate ion effect on ruthenium extraction 

The variation of DRu with the neutral nitrate ion 
concentration was investigated at constant 0.5M 

Other data at 100% TBP-

[HNO•l• [H20]o y k 

1.31 2.72 0.741 0.1418 
2.20 2.06 0.561 0.0491 
3.30 1.12 0.305 0.0153 
4.13 1.22 0.332 0.0150 
6.39 2.16 0.588 0.0363 
8.41 2.56 0.697 0.0835 

average 0.0568 

HN03. Figure 10 shows the effect of NaN03 on DRu 
of tracer concentration while Fig. 11 shows that of 
NaN03 and Al(N03)3 for macroscopic concentra
tions. The observed increase of DRu with increase of 
N03 ion concentration may be attributed to further 
nitration leading to the more extractable higher nitrato 
complexes. However, the reason for the decrease of 
DRu at the lower concentrations of Al(N03)3 is not 
clear and requires further investigation. It resembles, 
however, the behaviour noticed for the RuNO-nitro 
complexes on using both NaN03 and Al(N03)3 as 
salting-out agents [3]. 

Effect of TBP concentration 

The influence ofTBP concentration on DRu at con
stant 0.5 M HN03 has been investigated for both 
tracer and macroscopic ruthenium concentrations. 
Data are represented in Figs. 12 and 13. The number 
of solvating TBP molecules s, associated with each 
extracted complex has been calculated from the 
relation: 

log DRu = Sorglog [TBP]err + constant. 

Log-log DRu/[TBP]err for both sets of data have given 
straight lines with slopes equal to 2. This proves that 
the extractable species of the nitrosylruthenium nitrato 
complexes from TBP are disolvate, which is in agree
ment with the conclusions of other authors [4]. 

Influence of temperature on ruthenium-extraction 

The variation of DRu with temperature was investi
gated using carrier-free RuNO-nitrato complexes in 
the 30% TBP-HN03 system. Figure 14, shows that 
the curves of DRu [HN03] are qualitatively the same 
for all the temperatures used, namely 3, 20, 45 and 
70°C. However, for constant [HN03], DRu decreases 
with increasing temperature. This may be attributed 
to the exothermal character of the process, the dissolu
tion of the nitrato species in TBP being accompanied 
with evolution of heat. In part it may also be related to 
some increase in the rate of hydrolysis to lower nitrato 
complexes. In fact the rate of change of DRu per 
degree centigrade ( -flDRu/flt), may be taken to re
present the positive heat evolved or the amount of Ru 
species dissolved in TBP in arbitrary units. The varia
tion of (-flDRu/flt) between 20 and 45°C with 
[HN03], Fig. 15, emphasises the graphical shape of the 
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Table 2. Influence of ruthenium concentration on ORu 

Distribution coefficient of ruthenium 

Ru cone. Our results Other results 
in moles 20% TBP/0.4M HNOa 30% TBP/3M HNOa 

M 15-20 min mixing 30 s mixing 

IQ-6 0.120 
t0-5 0.125, 0.128 

4 X I0-5 0.0321 
10-4 0.128 

2 X 10-4 0.0307 
4 X IQ-4 0.0302 
2 X I0-3 0.0301 
3 X I0-3 0.120 
4 X 10-3 0.0289 
2 X IQ-2 0.0321 
4 X I0-2 0.0295 
2 X 10-1 0.0278 
4 X 10-1 0.0317 
average 0.030 0.124 

relation DRu/[HNOa]. The absorption of heat indi
cated above 6M HNOa may be related to some endo
thermic nitration process, predominating in the energy 
balance at high acidities. 

M. A. EL-GUEBEIL Yet a/. 

Effect of ruthenium concentration on 
ruthenium extraction 
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The influence of ruthenium concentration was in
vestigated and the data are given in Table 2 together 
with those of other authors [2]. From Table 2 it is clear 
that our results and those of other authors prove that 
the extraction of RuNO-nitrato complexes from nitric 
acid by TBP is independent of ruthenium concentra
tion. This may indicate a mononuclear form of the 
extractable nitrato species in both phases. The differ
ence between the average values obtained from both 
sets of data may be attributed to the different ratios of 
nitrato species existing at different acidities, the differ
ence in the mixing time and TBP concentration. 

ACKNOWLEDGEMENT 

The authors are indebted to Dr. J. M. Fletcher, 
AERE, Harwell, UK, and Dr. M. Ramzi, UAR, AEE, 
for fruitful discussions on the spectrophotometric data, 
and to Dr. F. Obeid of the NRC, Cairo, for advice on 
purification of kerosene. 

REFERENCES 

1. Martin, F. S., J. Chern. Ind., 824 (1953). 
2. Fletcher, J. M., Brown, P. G. M., et at., J. Inorg. Nucl. 

Chern. 12, 154 (1959). 
3. Azzam, R., and Aagaard, P., Kjeller internal. report C-56 

(1961). 
4. Brown, P. G. M., Fletcher, J. M., et at., UKAEA report 

AERE C/R-2260 (1957). 
5. Halpern, M., Kin, T., et at., J. Inorg. Nucl. Chern., 24, 125 

(1962). 
6. Tuck, D. G., J. Chern. Soc., 2783 (1958). 
7. Brauer, E., and Hogfeldt, E., J. Inorg. Nucl. Chern., 23, 

115 (1961). 

8. Alcock, K., Grimley, S. S., et at., Trans. Farad. Soc., 52, 39 
(1956). 

9. Bascombe, K. N., and Bell, R. P., Disc. Farad. Soc., 24, 
158 (1957). 

10. Glueckauf, E., and Kitt, G. P., Proc. Roy. Soc. A., 228, 
322, (1955). 

I 1. Wicke, E., Eigen, M., et at., Z. Physik Chern., I, 340 (1954). 

12. Bruce, F. R., Solvent Extraction Chemistry of Fission 
Products, Proceedings of the First International Confer
ence on the Peaceful Uses of Atomic Energy, P/719, Vol. 7 
p. 100, United Nations (1956). 

ABSTRACT -RESUME-AHHOTA U.111JI-RESUMEN 

A/823 Republique arabe unie 

Comportement des complexes nitrato de 
nitrosylruthenium dans le systeme 
TBP-HNOa. 

par M. A. EI-Guebeily et a/. 

Le memoire se rapporte a une etude entreprise pour 
obtenir plus de donnees sur le comportement des com
plexes nitrato de nitrosylruthenium du point de vue de 
!'extraction par solvant dans le systeme TBP-HNOa. 
Deux concentrations de ruthenium ont ete utilisees, 
l'une a l'echelle des traceurs (10-9M), !'autre macro
scopique (10-3M). Pour Ia concentration a I'echelle des 
traceurs, les complexes ont ete prepares par Ia methode 
de Martin, tandis que pour Ia concentration macro
scopique, on a suivi Ia methode de Fletcher. 

On a entrepris une etude comparative spectro
photometrique des deux preparations a 10-3M de Ru. 

Cette etude a montre notamment que le procede de 
Fletcher permet d'obtenir immediatement les com
plexes nitrato tandis que celui de Martin donne d'abord 
une solution de Ru04 dans l'acide nitrique, qui subit 
ensuite une serie de reductions successives pour donner 
finalement des complexes nitrato au bout de 17 heures. 
Toutes les operations a l'echelle des traceurs ont ete 
executees apr(:s des temps de vieillissement appro
pries. 

Les etudes d'extraction ont commence par le sys
teme TBP-H20-HNOa sans ruthenium; elles ont 
montre que l'espece extraite a Ia forme TBP(H20),-
HN03, oil X est egal a I ou 4, selon la methode d'eva
luation utilisee, avec plus d'indications en faveur de 4. 
La constante d'equilibre k pour Ia formation de ce 
complexe a ete calculee. 

D'autre part, Ie comportement des complexes 
nitrato de nitrosylruthenium aux concentrations 
microscopique et macroscopique a ete etudie a !'aide 
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d'une methode radiometrique. Les mesures ont ete 
faites dans des conditions d'equilibre. Les resultats 
indiquent ce qui suit: 

a) La variation de DRu avec Ia concentration du 
HNOa a Ia meme allure pour des concentrations de 
TBP comprises entre 15 et 60 % et pour un grand 
intervalle de concentration de Ru (entre J0-9M et 
1,65 X 10-3M), quelle que soit Ia methode de prepara
tion du complexe. DRu atteint un maximum a 0,5M de 
HNOa. L'augmentatiQn de DRu entre 0,0 et 0,5M de 
HNOs est imputable a Ia formation de complexes 
nitrato plus eleves, tandis que sa decroissance aux 
fortes acidites est due a Ia diminution de Ia concentra
tion de TBP libre et peut-etre a une oxydation a un 
etat de valence plus eleve du ruthenium. 

b) L'utilisation de NaNOs comme relargant donne 
generalement Ie meme mode de variation de DRu avec 
[N03] tant pour Ia concentration a I'echelle des 
traceurs que pour Ia concentration macroscopique. Le 
comportement est neanmoins different si I'on utilise 
AI(NOs)a, ce qui semble indiquer que des mecanismes 
differents pourraient intervenir dans l'effet de relar
gage. 

c) Le nombre moyen des molecules de solvatation 
de TBP a ete determine: il est de 2 pour J0-9 M ainsi 
que pour I0-3 M de Ru. 

d) Pour une valeur constante de [HN03], DRu est 
independant de Ia concentration de ruthenium entre 
I0-6 et 2 x 10-1M, ce qui semble indiquer que l'espece 
extraite existe sous forme mononucleaire. 

e) Pour les concentrations a l'echelle des traceurs et 
a une valeur constante de [HN03], DRu decroit avec 
!'augmentation de Ia temperature de 3 a 70°C, pour 
une concentration d'acide nitrique de 0 a 6M, ce qui 
est probablement lie au caractere exothermique du 
processus d'extraction eta !'augmentation prevue de Ia 
vitesse d'hydrolyse vers des especes de nitrato ruthe
nium moins extractibles. 

A/823 OAP. 

noaeAeHHe HHTp03H11pyreHHeBbiX HHT
paTHbiX KOMn11eKCOB B CHCTeMe TpH· 
6yTH11ciJocc1Ja T -a30THafl KHC110Ta 

M. A. Snb-re6el1nH et at. 

::ha pa6ora 6LIJia npe,o;npuu.RTa c ~eJibiO uayqe
HHH DOBC,ll;CHH.R BHTpaTHLIX KOMnJie~COB BHTp0-
3HJipyTCHHH B CHCTCMC TpH6yTHJicpoccpa-r - 830T
Ha.R KHCJioTa npu aKcrpaKD;HH pacTBopureneM. EM

JIB HCCJIC,ll;OBaHLI o6e KOH~CBTp8IJ;HH pyTeHH.R: KaK 
uu,o;HKaTopuaH ( 10-9 M), raK u MaKpocKonuqe
cKa.R ( 10-3 M). }:(nH pa6oTLI c uu,o;uRaropuLIMII 
KOJIH'ICCTB8MH KOMnJieKCLI noJiy'laJIH no MeTO,lJ,Y 
Mapruua, ,)J,JI.R MaKpocKonuqecKHX uccne,o;oBa
BHH - no MCTO,lJ,Y cJ>nerqepa. 

CpaBBHTeJILBoe uccne,o;oBauue o6oux npenapa
TOB c Kouu;eurpa~ueii PYTCHH.R 10-3 M npOBO,lJ,H-

M. A. EL-GUEBEIL Yet a/. 

noeL cneRrpocporoMerpuqecKHM nyTeM. IIpM :>ToM 
IJhl.JIBHJIOCb Hap.R,l1,Y C ,o;pyrHMH ,l1,8HHLIMH, '!TO npo
!WAYP8 cJ>neT'Iepa IlpHBO,lJ,HT HCIIOCpC:\CTBCHHO T\ 

o6paaOB3HHIO BHTpaTBLIX KOMIIJICKCOB, T0f,l1,8 Kal\ 
no MeTo,lJ,y Maprnua BHa'laJie nonyqaiOT Ru04 B 
830THOH KHCJIOTC, KOTOpa.R 38TCM IIOCJIC p.Rp;a IIO
CJIC,ll;OB8TCJibHbiX BOCCTaBOBJICHHH ,l1,8CT BHTpaTHbiH 
1\0MnJieKc qepea 17 'l·. Bee pa6oTLI c HHJ:\HKaTop
HbiMH KOJIH'ICCTB8MH npoBO,)J,HJIHCb IIOC.JIC COOTBCT

CTBYIO~eii BLI,lJ,epmKH. 
Mayqenue aKcrpaK~~H uaqaJIOCb c cucTeMhl rpu

t'iyruncpoc«<Jar- BO,)J,a- aaorua.R KHCJiora 6ea py
TCHHH, DpH 3TOM Bbi.RBHJIOCb, 'ITO 3KCTparupyeMLIC 
aneMeHTbl HMCJIH cpopMy TBct> (H20).x HN03, rp;e 

X OK838JIC.R paBHbiM 1 - 4 B 38BHCHMOCTII OT Me
TO,)J,a OllpC,lJ,CJICHH.R, DpH'ICM npe,)J,DO'ITHTCJibHOC 
auaqeuua cocraBJI.Rer 4. Paccqurana KoucrauTa 
pauuouecua K o6paaoBaHHH aToro npo,l1,yKTa. 

C ,11,pyroii CTOpOHbl, 3KCTpaKD;HOHHOe ITOBC)J;CHMC 

HHTp03HJipyreHHCBLIX HHTp8THbiX KOMnJICHCOB 
DpH HH,ll;HKaTopHLIX H MaKpOCHOnH'ICCHIIX HOHIJ;CH
TpaiJ;H.RX 6LIJIO HBY'ICHO pa,ll;HOMCTpll'ICCKitM ny
TCM. MaMepenn.R npoBOAHJIHCh B pauuouecnhlX yc
JIOBII.RX. PeaynLTaTLI noKaabiBaiOT cne,11,yiO~ee. 

MaMeneuue DRu c KOH~eurpau;neii aaoruoir 

RHCJIOTLI HMCCT O)J;HH8KOBLIC o6~He 'ICpTbi ,)J,JIH 
KOHD;CBTpa~HH Tpu6yTHJI«<Joc«<Jara OT 15 )1;0 60% 
H ,IJ;JIH o'leuh mupoKoro ,IJ;Hanaaoua Konu;eurpau;uii 
pyreuu.R (or 10 - 9 ,o;o 1,65 ·10-3) ueaauucuMo or 

MCTO)J;a noay'ICBH.R KOMDJICKCa. DRu HMeeT M8KCu

MYM npH Kouu;eurpau;uu aaoTuoii HHCJIOThl 0,5 M. 
Yuenu'leuue oT 0,0 ,o;o 0,5 M aaoTuoii RHCJIOTLI 
cu.Raauo c o6paaouauueM 6onee BMCORHX uurpar
HMX KOMDJICRCOB, TOr,o;a RaK YMCHLmeuue npu 
OOJILillHX RHCJIOTHOCT.RX ooycJIOBJIHBaeTC.R yMeHL
meuneM Kon~eurpau;uu cuo6o,o;uoro Tpn6yrun«1Joc
cpara H B03MO)I(HMM oRHcneuueM pyrenu.R p;o BLIC
mux 88JICHTBLIX COCTOJIBHH. 

McnoJILaosauue aaoTHORHcnoro uaTpHR B Raqe
crue BLICaJIHBaiO~ero areura uoo6~e ,11,aeT TY me 
o6~y10 Teu,o;eun;uiO B HaM:eHeHBH DRu c Ro&n;eu-

rpan;ueii uouoB NO;- RaR ,li;JI.RHH,li;BRaTopuLix, TaR 

u ,o;JIH MaKpocKonsqecKHX Kou~euTpau;ui. O,o;ua
Ko 3TO ITOBC,li;CBHC OTJIH'I8CTC.R OT BJIH.JIBH.R 830T
HOKHCJI0f0 8JIIOMHHH.R, CCJIH npe,o;IIOJIO)I(IfTb, 'ITO 
BbiCaJIHBaiO~HH a«<J«<JeKT HMCCT paaJIH'IBLIC MC
X8HH3MM. 

BhlJIO onpe,o;eneuo cpe,11,nee 'IHCJio coJILBarnpyiO
~ux MOJICKYJI TpH6yTHJicpoccpaTa, KOTOpoe COCTa
BHJIO 2 KaK ,n;JIH 10-9 M, TaK H ,)J,JI.R 10-3 M pyre
HUH. 

llpu DOCTO.RHHOH (HNOs) BCJIH'IHHa DRu He 

3aBHCHT or Konu;eurpa~uu pyreHHH B ,)J,Hanaaoue 
OT 10-6 ,)1,0 2 ·tO-l M npu YCJIOBHH, 'ITO aRCTpa
rupyeMMe aJICMCHTbl npHCYTCTBYIOT B MOHO.R,)I,Cp

HOH «<JopMe. 
}:(JI.R HH,)J,HK8TOpHLIX KOHD;CHTpa~MH H npH no

CTO.RRHOH [HNOs] BCJIH'IHHa D Ru yMenLmaerca 

c yseJIH'IeuueM reMneparypLI or 3 AO 70° C A.JI1l 
Kouu;enTpa~uii aaoTnoii KHCJIOTLI or 0 ,11,0 6 M, 
~ITO, llO-BH,)J,HMOMy, CB.R38HO C 31\30TCpMHqeCKHM 
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xapaKTepOM upo~ecca 3KCTpaK~HH H O)I(H~aeMhlM 
yBeJIHqeuHeM CKOpOCTH fHApOJIH3a AO BeJIH'JHllhi 

MeHhJIIe aKCTparnpyeMoii. 

A/823 Republica Arabe Unida 

Sobre el comportamiento de los complejos 
de nitrato de nitrosilrutenio en el 
sistema TBP-HN03 

por M. A. EI-Guebeily et of. 

Este trabajo fue emprendido con objeto de obtener 
mas informacion sobre el comportamiento en Ia 
extraccion con disolvente de los complejos nitrato del 
nitrosilrutenio en el sistema TBP-HN03. Se han 
investigado concentraciones de rutenio en escala de 
trazas (10-9M) y macroscopicas (10-3M). Para el 
trabajo con trazas, se prepararon los complejos por el 
procedimiento de Martin, mientras que para con
centraciones macrosc6picas, se utilizo el procedi
miento de Fletcher. 

Se llev6 a cabo por via espectrofotometrica un 
estudio comparativo de ambos preparados, a una con
centraci6n de rutenio 10-3M, cuyo estudio ha revela
do, entre otras cosas, que el procedimiento de Fletcher 
da directamente los complejos nitrato, mientras que el 
procedimiento de Martin conduce inicialmente a 
Ru04 en acido nitrico, lo cual sufre una serie de reduc
ciones sucesivas conducentes a los complejos nitrato 
despues de 17 horas. Todo el trabajo en escalade trazas 
se llev6 a cabo despues de un tiempo de envejecimiento 
conveniente. 

Los estudios. de extraccion se iniciaron con el sis
tema TBP-H20-HN03 sin rutenio y mostraron que Ia 
especie extraible tiene Ia forma TBP(H20)xHN03, en 
donde x se encontr6 que era igual a 1 y 4, dependiendo 
del metodo de evaluaci6n, con mas pruebas en favor 
de 4. Se calcul6 Ia constante de equilibria k para Ia for
maci6n de este compuesto. 
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Por otra parte, se siguio radiometricamente el com
portamiento de extracci6n de los complejos nitrato del 
nitrosilrutenio a concentraciones de trazas y macro
scopicas. Las medidas se efectuaron en condiciones de 
equilibria. Los resultados indican lo siguiente: 

a) La variaci6n de DRu con concentracion de 
HN03 tiene la misma caracteristica general para con
centraciones de TBP entre 15 y 60 % y para un inter
valo muy amplio de concentraciones de rutenio 
(10-9M a I ,65 x 10-3M), independientemente del 
metodo de preparac~on del complejo. La DRu pre
senta un maximo a 0,5M de HN03. El incremento de 
0,0-0,SM de HN03 se atribuye a Ia formacion de 
complejos nitrato mas elevados, mientras que la dis
minucion con acidificaciones elevadas se relaciona con 
Ia disminuci6n de concentraci6n de TBP libre y Ia 
posible oxidacion a un estado superior de valencia 
del rutenio. 

b) El empleo de NaN03 como agente salino da 
generalmente Ia misma tendencia general para Ia 
variaci6n de DRu con [N03-] tanto para concentra
ciones de trazas como macrosc6picas. Sin embargo, 
este comportamiento es diferente del efecto si se 
emplea Al(N03)3, sugiriendo que distintos mecanis
mos estan posiblemente implicados con el efecto 
salino. 

c) Se ha determinado y encontrado que el numero 
medio de moleculas solvatadoras de TBP es de 2 tanto 
para concentraciones de 10-9M, como para 10-3M 
de rutenio. 

d) A [HN03] constante, DRu es independiente de Ia 
concentracion de rutenio sobre el intervalo de 
10-6 a 2 x 10-lM, sugiriendo que Ia especie extraible 
existe en forma mononuclear. 

e) Para concentraciones de trazas y a [HN03] con
stante, DRu disminuye al aumentar la temperatura 
desde 3 hasta 70°C, sobre un intervalo de concentra
cion de acido nitrico de 0 a 6M, Io cual puede relacion
arse con el caracter exotermico del proceso de extrac
ci6n y el aumento esperado de la proporcion de 
hidrolisis a especies de nitrato inferiores menos 
extraibles. 



P/861 Italy 

Radiometric assay of tracer amounts of plutonium 
in depleted uranium 

By V. Maxia, S. Meloni, M. A. Roilier and R. Stella* 

The aim of the present investigation is to assess the 
accuracy of the plutonium determination in depleted 
uranium in the range from 0.8 to 0.1 ppm, by electro
lytic co-deposition of plutonium with uranium, and 
alpha spectrometry. 

The results seem to indicate that the removal of 
plutonium from solution is proportionally smaller 
than that of uranium, which is in agreement with the 
results obtained by 0. A. Cook in 1942 in his co
deposition experiments [1]. At the same time, the 
method seems to be sufficiently accurate to assess as a 
first approximation the presence of plutonium in tracer 
amounts in depleted uranium. 

EXPERIMENTAL 

A few hundred milligrams of uranium depleted to 
0.22 % 235U were irradiated in the ARSI reactor of 
Saluggia, Italy, for 24 hours at a thermal flux of 
1.25 x 1013 nfcm2 s. From an irradiated sample 
weighing about 500 mg, the uranium and plutonium 
were extracted by the hexone solvent extraction 
method and obtained in the form of uranyl and 
plutonyl nitrate solutions. 

Plutonium and uranium were electrodeposited from 
an ammonium oxalate solution, following a procedure 
already used [2], on stainless steel discs suitable for 
alpha spectrometry. The plated area was 50.87 cm2• 

Preparation of standard uranium and 
plutonium solutions 

A disc having an electrodeposit from the original 
solution was counted in an ionization chamber con
nected to a LABEN 200 channel pulse height analyser. 
The amounts of uranium and plutonium were 2.73 mg 
and 2.07 x 10-5 mg respectively, calculated from the 
integrated peak areas for alpha particles of 4.18 MeV 
and 5.15 MeV for 238U and 239Pu. This corresponds 
to a Pu content of 7.6 ppm. 

The solution used to prepare the various plutonium
uranium samples, of plutonium concentration ranging 
from 0.8 to 0.1 ppm, was prepared from the disc. The 
electrolytic deposit was dissolved by treating the disc 
with a hot saturated solution of ammonium carbonate 
to which several drops of 30 % hydrogen peroxide 

* Laboratorio di Radiochimica, Universita di Pavia, Pavia. 

were added. The dissolution of the electrodeposited 
film was immediate. After the disc had been washed 
with dilute ammonium carbonate solution, it was 
dried and alpha counted in order to check the dis
solution yield which amounted to 99 % both for 
uranium and plutonium. Ammonium carbonate was 
used in order to avoid the addition of non-volatile 
ions which could complicate later stages of the 
procedure. The solution containing the diuranate and 
the excess of ammonium carbonate, after addition of 
a few ml of 6M HNOa, was evaporated to dryness and 
ignited. All ammonium salts sublime and only a 
residue of uranyl nitrate remained in the container. 
The residue was taken up with dilute nitric acid and 
brought to 10 ml. 

From this solution containing 0.27 mgfml uranium 
and 2.05 X 10-6 mg/ml plutonium (Solution A) and a 
solution containing 2.02 mgfml of unirradiated 
depleted uranium (Solution B), the mixtures shown 
in Table 1 were prepared. 

Table 1. Composition of the samples for electro
deposition 

Sample Solution A Solution B TotalU Pu 
No. ml ml mg ppm 

1 4.0 4.5 10.179 0.8 
2 2.0 4.8 10.240 0.4 
3 1.0 4.9 10.180 0.2 
4 0.5 5.0 10.245 0.1 

Electrodeposition results 

With each of these samples a disc was electroplated 
in the customary way keeping the electrolysis time 
constant at 120 minutes. The electrodeposition yields 
were checked by alpha counting and are listed in 
Table 2. 

Table 2. Electrodeposition results 

Uramum Plutonium Plutonium 
Sample deposited deposited content 

mg mg X I0-6 ppm 

1 9.24 5.94 0.64 
2 8.3 2.97 0.36 
3 8.23 1.53 0.19 
4 6.92 0.633 0.09 
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CONCLUSIONS 

Simultaneous alpha counting [3], co-deposition or 
simultaneous electrodeposition of uranium and plu
tonium [4] or of plutonium and neptunium [5] has 
been carried out by many workers in recent times. 
The important point noted in the simultaneous 
deposition is not so much the amount of the actinides 
deposited, which depends upon the conditions of 
electrolysis and above all on its duration, but the 
difference between the electrodeposition yield of the 
particular pair of actinides considered. 

Assuming a standard deviation of 3 % in the read
ing of the peak area, this difference was reported to be 
between + 1.1 and -5.6% in the case of the Np-Pu 
pair. In our case, U-Pu, it is between -5.84 and 
- 23.9 %, as shown in Table 3. 

The foregoing leads to the conclusion that, in the 
concentration range from 0.8 to 0.1 ppm of plutonium 
in depleted uranium, the order of magnitude of the 
experimental error in the plutonium assay is about 
20%. 
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Table 3. Simultaneous electrodeposition of U and Pu 

u Pu 
Sample electrodeposited electrodeposited Difference 

% % % 

1 93.1 69.2 -23.9 
2 81.05 72.4 - 8.65 
3 83.67 75.6 - 8.07 
4 67.54 61.7 - 5.84 
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A/861 ltalie 

Analyse radiometrique du plutonium au 
niveau de traceur dans !'uranium appauvri 

par V. Maxia et a/. 

La precision de la determination du plutonium dans 
l'uranium appauvri a ete controlee par une methode 
utilisant le depot electrolytique simultane de plu
tonium et d'uranium, ainsi que Ia spectrometrie alpha. 

Les depots electrolytiques de melanges U-Pu 
obtenus a partir de l'uranium appauvri ont ete separes 
de leur support d'acier inoxydable par dissolution 
chimique, et de nouveaux echantillons ont ete prepares 
pour un second depot electrolytique destine a une 
nouvelle determination de Ia teneur en plutonium. Les 
resultats obtenus sont discutes. 

A/861 HTamU'I 

PaAHOMeTpH4eCKHH aHa/1H3 MHKpoKo-
11H4eCTB nnyTOHHH B o6eAHeHHOM ypa
He 

B. MaKCHa et al. 

Ou;eHeHa TO'IHOCTL orrpe,u;eJieHHH ImyroHHH n 
o6e~HBHHOM ypaHe MBTO~OM 3JIBKTpOJIHTHqeCKOf0 

COOCam~eHHH ITJIYTOHHH H ypaHa H MeTO~OM aJib
!J>a-crreKTpOMeTpOM. 

8JieKTpoocamp;eHHLie U - Pu cMecn, noJiy•wn
Hhle na o6ep;HeHHoro ypaua, 6hlJIH XHMH'leCKH oT
p;eJieHLI C IIJiaCTHHOK H3 HepmaBeiOIIJ;eH CTaJIH, 
rrocJie llero o6paau;hl ohlJIH rro~roTOBJieHhl ~JIH 
BToporo ocamp;eHHH Ha aJieKTpop;e c u;eJILIO uon
TopHoro orrpep;eJieHHH KOHD;BHTpaD;HH IIJIYTOHHH. 
06cym~aiOTCH IIOJiyY:eHHhie peayJILTaTbi. 

A/861 ltalia 

Analisis radiometrico de vestigios de 
plutonic en uranio empobrecido 

por V. Maxia et a/. 

Se ha calculado la precision con que se determina el 
plutonio en uranio empobrecido mediante un metodo 
que entrafia el electrodep6sito de plutonio y uranio, y 
Ia espectrometria alfa. 

Las mezclas de Pu-U obtenidas por deposito 
electrolitico a partir de soluciones que contienen 
uranio empobrecido se disuelven por medios quimicos 
para separarlas de sus soportes de acero inoxidable, 
y se preparan nuevas muestras para un segundo 
electrodep6sito con objeto de determinar de nuevo 
el contenido de plutonio. Se discuten los resultados 
obtenidos. 
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Fuel reprocessing (I) 

Chairman: H. Piatier (France) 

Paper P/786 (presented by H. N. Sethna) 

DISCUSSION 

C. JouANNAUD (France): What is the cost of the 
plant described in paper P/786? 

H. N. SETHNA (India): The total cost of the plant 
is about $7.5 million or 37.2 million rupees. 

F. L. CuLLER, Jr. (United States of America): What 
is the nominal design capacity of the Trombay plant? 
Now that it is in operation, what is the probable actual 
capacity? 

H. N. SETHNA (India): At present we are operating 
the plant at between 5 and 10 kg of uranium per hour. 
We think we can increase this capacity. 

M. A. EL-GUEBEILY (United Arab Republic): You 
mentioned that it was decided to use the plant for 
reprocessing irradiated fuels, not only from the 
Canada-India reactor, but also from other reactors. 
I assume you were referring to the Tara pur reactor and 
the new CANDU reactor to be constructed in India. 
The fuel elements for these two reactors will have 
Zircaloy or stainless steel as cladding materials. Will 
the elements be decladded in the plant or elsewhere? 

H. N. SETHNA (India): We would apply a head-end 
treatment. We might mechanically declad the fuel 
elements from the Tarapur and CANDU reactors at 
Ranapratapsagar; the plant can handle the fuel from 
these reactors. 

Paper P/787 (read by title only) 

There was no discussion of this paper. 

Paper P/773 (presented by E. Detilleux) 

DISCUSSION 

V. V. FoMIN (USSR): What is the liquid level in the 
pulse tube? 

E. DETILLEUX (Belgium): The liquid level in the 
pulse tube varies naturally with the density of the 
solutions in the column, the frequency and amplitude 
of the pulsing and the diameter of the pulse tube. In 
our instrument the equilibrium position oscillates 
generally around 50 % of the height of the pulse tube. 

Papers P/160 and P/161 (presented by 
D. W. Clelland) 

(It was agreed that these papers should be discussed 
together.) 

DISCUSSION 

W. P. BEBBINGTON (United States of America): In 
general your experience and conclusions are consistent 
with our experience in the United States. I should like 
particularly to congratulate you and your colleagues in 
the field of separation on your success in keeping your 
reactor designers under control, so to speak, so that 
you could design a separation plant in which no pro
vision needs to be made for process change. In this 
connection I should like to ask if no provision at all 
has been made for the recycling of off-standard pro
duct streams from any stage to an earlier stage. 

My second question is whether, in the light of the 
successful operating experience over a number of years 
with continuous criticality-safe ion exchange units in 
the United States, such units would now be considered 
more attractive than solvent extraction for final puri
fication of plutonium. 

D. W. CLELLAND (United Kingdom): Thank you 
for your congratulations which, however, are a little 
premature, since we are now designing a head-end 
process to allow us to feed highly irradiated oxide fuels 
to our new plant. Simple provisions have been made to 
recycle uranium product solution to the start of the 
uranium purification cycle and plutonium product to 
the start of the plutonium purification system. The 
necessary equipment was installed mainly in order to 
facilitate commissioning of separate sections of the 
plant and it is not intended to use this equipment in 
normal operation, as the whole process is designed to 
operate without rework or recycle. 

As to your second question, we are very satisfied 
with the performance of our sofvent extraction system 
for plutonium purification and can see no major 
advantage in using the alternative system of ion ex
change units. I must admit, however, that we have not 
been following the most recent advances in ion ex
change technology in the United States. 

W. P. BEBBINGTON (United States of America): I 
also have two questions regarding the instrumentation 
at Windscale. First, do you intend to feed the digital 
information from the data-logger directly to an on
line computer that would print out flow ratios, plu
tonium inventories and the like, and perhaps even 
make flow adjustments or take emergency action? 

Secondly, what is the probable sensitivity of the 
criticality detection system? In other words, how 
small a fraction of a critical accumulation will be 
detectable? 
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D. W. CLELLAND (United Kingdom): We are at 
present investigating the possible use of computers for 
the control of reprocessing plants, but so far these 
techniques cannot be applied in practice. The data
logging equipment on our new plant can be ust;d to 
print out basic operating information such as flow
rates but will not calculate plutonium inventories, 
make flow adjustments or take any emergency action. 

The instrumentation for determining criticality will 
easily detect one tenth of the concentration of fissile 
material which would give rise to a dangerous situa
tion, and we normally operate at about one tenth to 
two tenths of this concentration. 

M. F. PU1iHLENKOV (USSR): What steps are taken 
to prevent the formation of inter-phase deposits in 
extractors and what measures are taken to eliminate 
these deposits ? 

D. W. CLELLAND (United Kingdom): Where there 
is a possibility of precipitating plutonium compounds 
the process is designed to avoid such conditions. 
Moreover, equipment is installed in· the plant to 
double-check the concentrations and flows of inactive 
feeds so that no dangerous conditions will occur. 

N. E. BREZHNEVA (USSR): Do you intend to use the 
same method of reprocessing waste at the new Wind
scale plant as the one hitherto used in the United 
Kingdom, or is vitrifaction of highly active waste 
envisaged? 

D. W. CLELLAND {United Kingdom): The system 
for dealing with highly active waste employed in our 
new plant is similar to that previously used at Wind
scale, namely concentration by evaporation in the acid 
condition followed by storage of the concentrate in 
stainless steel tanks. Research work at Harwell on the 
glass-fixation process for highly active wastes is now 
well advanced and we are considering the application 
of this process on a large scale. 

A. K. GANGULY (India): What were the design 
criteria with regard to the plutonium contamination 
level in the uranium stream? 

D. W. CLELLAND (United Kingdom): In the extrac
tion stages of the uranium purification cycle ferrous 
sulphamate is used to reduce still further the traces of 
plutonium present in the uranium stream after the 
main plutonium-uranium separation. 

H. PIATIER {Chairman): In the conclusion set out in 
paper P/160 it is stated that the cost of reprocessing 
fuel is about 0.055 pence per kWh supplied to the grid. 
I should like to know how this figure was arrived at 
and whether the cost of plutonium was taken into 
account. 

D. W. CLELLAND {United Kingdom): The cost 
quoted is the cost of reprocessing operations and does 
not include the cost of plutonium. It assumes low load 
factors in the early years of the operation of the plant 
and, as can be seen from Dr. Franklin's paper* (in 

* P/159, vol. 11, these Proceedings. 
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Technical Session 2.5), this cost will be substantially 
reduced in future years with higher load factors. 

J. LEDUC (Belgium): In accordance with well
defined plant specifications and current rules for the 
control of nuclear hazards, considerable development 
work and a large number of computer calculations 
have been carried out in connection with the new 
separation plant at Windscale. Most of the work 
involved the development of processes and equipment 
designed to ensure the safe and technically efficient 
operation of the plant. Maintenance and operating 
costs are, of course, important factors to be borne in 
mind. To a certain extent the choice of more versatile 
flowsheets and more expensive materials and equip
ment-although it increases the initial investment and 
the correlated depreciation rate-may lead to a lower 
over-all cost through reduction of shut-down time and 
of maintenance and operating expenses. In this con
nection I should like to ask Dr. Clelland whether any 
survey work has been carried out at Windscale with a 
view to establishing an optimization of the balance 
between investments and operating costs. 

D. W. CLELLAND (United Kingdom): A large num
ber of economic studies relating to process selection 
and plant design were carried out, as a result of which 
the cost of process materials, direct labour charges and 
maintenance expenses were reduced. For example, the 
decision to install equipment to recover nitric acid for 
re-use in the process was based on the economics of 
this system. The installation of a central control 
system with data-logging equipment has considerably 
reduced labour charges, arid the isolation of equip
ment which is known to require regular maintenance 
in small, separate, shielded cells will reduce mainten
ance costs. 

Paper PJ67 
DISCUSSION 

F. L. CuLLER, Jr. (United States of America): In the 
six years during which the Marcoule plant has been 
operating has there been 'any evidence of plutonium 
accumulation, either as hydrous oxide precipitates or 
as compounds with organic degradation products? 

C. JouANNAUD (France): Yes, we have already found 
that there are accumulations of plutonium in the 
degradation products of the solvent. For example, in 
the aqueous solutions of plutonium, we have found 
quantities, by no means negligible, of degraded solvent 
in suspension, containing up to 25 grams per litre. In 
order to avoid this we proceeded to wash the aqueous 
phases leaving the extractors with dodecane. 

Paper P/346 (presented by V. V. Fomin) 

DISCUSSION 

A. ALIAN (United Arab Republic): I should like to 
comment on the first part of the paper, in which the 
thermodynamics of extraction processes using neutral 
phosphorus organic solvents is discussed. Equation 
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(1.1) defines the extraction mechanism; it was used for 
determining the thermodynamic distribution constant, 
K, of U and Pu and can also be used for determining 
the activity coefficient values of nitrates of these 
metals at different nitric acid concentrations of the 
aqueous phase. For some other metal nitrates, how
ever, such as those of americium, thorium, zirconium 
and cerium, the extraction mechanism at high acidities 
is not the same as at low acidities, the solvent in the 
first case being a complex of the solvent with nitric 
acid. The extraction coefficient is thus partially due to 
extraction with the free solvent and partially due to 
extraction with the solvent complex of nitric acid. This 
fact is discussed in paper P/455. * On the other hand, 
the extraction of metal nitrates with amine nitrates 
involves only one mechanism at all acidities, and the 
method of extraction with amine nitrates can thus be 
recommended for determining the values of the acti
vity coefficient of extractable metal nitrates, which is 
the subject of research carried out ih the United Arab 
Republic. 

Paper P/65 (presented by P. Faugeras) 

There was no discussion of this paper. 

Paper P/760 (presented by S. Havelka) 

DISCUSSION 

R. BLOCH (Israel): It was most interesting to learn 
from Dr. Havelka that he and his colleagues success
fully tested polyesters of phosphoric acid for selec
tivity and absorption power. Could he give at least one 
example of a resin with selective adsorption for a 
metal cation to illustrate the possibility, mentioned in 
the paper, of recovering scarce elements from poor 
ores? 

The possibility of using a polymer resin to simulate 
the selectivity of a solvent like tributylphosphate 
(TBP) is exciting. This possibility was, to my know
ledge, first investigated by Dr. Kennedy at Harwell. 
But Kennedy, who used a polyallylphosphate to simu
late TBP, reported low absorption power and very 
little selectivity from aqueous solutions as compared 
with TBP. The fact that a polymer resin shows much 
lower selectivity as compared with a solvent analogue 
was confirmed in our laboratory by experiments with 
the dibutyl ester of phosphorylated polyvinyl alcohol. 

S. HAVELKA (Czechoslovakia): The research workers 
at our institute synthesized about 20 ion-exchangers 
whose separation effectiveness varied widely. One 
of these was, for example, the copolymer of styrene
divinylbenzene containing the -PS(OH)2 group, which 
may possibly be used for the separation of thorium 
from monazite sand. 

J. ScHMETS (Belgium): The reprocessing cycle you 
mention is interesting in principle. We have had 
occasion in Belgium to study a similar process applied 
to uo2, but the formation of a very fine powder made 

* Vol. 12, these Proceedings. 

the technical operations difficult and the process is, 
therefore, still unsatisfactory for use with irradiated 
fuels. The difficulties arise, in particular, during reduc
tion and hydroftuorination, when the powder solidifies 
easily. 

A. S. KERTES (Israel): With regard to the extraction 
of caesium dipicrylamine by nitrobenzene, what 
evidence concerning extraction and conductivity war
ranted the conclusion that the extraction of ion-pairs 
was not involved? 

S. HAVELKA (Czechoslovakia): Conductivity mea
surements ofNa+, K+ and Li+ salts ofdipicrylamine in 
nitrobenzene solutions showed that the conductivity of 
solutions increases with the concentration of dipicryl
amine salts. This has led to the hypothesis that the 
nitrobenzene solutions of dipicrylamine salts behave 
like strong electrolytes. The dependence of distribu
tion coefficients of Cs+ on the concentration of di
picrylamine, Na+ ion and H+ ion was in good agree
ment with the theoretical dependence calculated on 
the basis of the hypothesis mentioned. 

R. E. TOMLINSON (United States of America): 
Several of the papers have reflected an active interest in 
the use of anion exchange resins for chemical separa
tions. We in the United States are also aware of the 
versatility and general usefulness of these processing 
materials, but would offer a word of caution. The 
organic anion exchange materials are unstable when 
loaded with nitrate ion and can decompose violently 
if heated to a temperature of 150°C to 200°C. If such 
a resin is loaded with a nitrate complex of a metal such 
as plutonium, the temperature at which decomposition 
occurs is even lower. In one experiment involving an 
anion resin loaded with a plutonium nitrate complex, 
a slow exothermic reaction was observed at about 
75°C; the reaction rate became very rapid above 120°. 

We are continuing to use anion resins in our 
development and in our production facilities. Pre
cautionary measures are taken to minimize both the 
probability of resin decomposition and the probable 
extent of damage should decomposition occur. At 
Hanford, for example, operating temperatures for 
nitrated resins are kept below 70 oc, nitrates are 
stripped from the resins if operations are to be sus
pended for more than a few hours, and vessels con
taining nitrated resins are provided with pressure 
relief systems to minimize potentially high pressures 
within the process equipment. 

P. REGNAUT (France): With regard to the use of 
anion resins at a temperature of 70 oc for the recovery 
of plutonium, our experience, when we used a Dowex 
1X4 resin in cold 7 N nitric acid, was similar to Dr. 
Tomlinson's. The local temperature of the resin 
increased very rapidly and the glass column containing 
the resin exploded inside the glove-box. 

Paper P/249 (presented by F. L. Culler, Jr.) 

DISCUSSION 

Y. MARcus (Israel): The processing of High Flux 
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Isotope Reactor targets for isolating actinides involves 
amine extraction from concentrated LiCl solution. 
This extraction is very sensitive to acidity. How is it 
proposed to control acidity, and has the intense radia
tion field any effect on acidity? Our experience in 
Israel shows that it may be possible to use partially 
de-neutralized amine or buffering with AlCla for 
acidity control. 

F. L. CULLER, Jr. (United States of America): 
Control of the acidity of the concentrated LiCl solu
tion in very high radiation fields (we plan to operate at 
about 10 watts per litre) is very difficult. Until recently 
it was one of the most difficult problems in the develop
ment of the amine-extraction process for separating 
lanthanides and actinides. Recently, Mr. Russel 
Baybarz of Oak Ridge National Laboratory found 
that the addition of methyl alcohol to the aqueous 
phase essentially eliminated the loss of acidity due to 
radiation decomposition of the liquid. In an ion 
exchange system, alcohol inhibits the formation of 
radiolytic hydrogen and prevents gas binding of the 
column. Partially de-neutralized amine works well for 
one or two stages of contact between aqueous and 
organic phases. After several stages in a mixer-settler, 
however, the amine will be acidic. We have not tried 
buffering with AlCla. 

M. F. PUSHLENKOV (USSR): What is. the minimum 
permissible difference in specific gravity between 
phases when the centrifugal extraction apparatus is 
used? 

F. L. CULLER, Jr. (United States of America): We 
have not determined the minimum difference in 
specific gravity. The units will operate satisfactorily 
under standard Purex flowsheet conditions. The 
Savannah River units operate at a speed which pro
duces a centrifugal force of about 300 times the force 
of gravity. 

M. F. PusHLENKov (USSR): Are there more 
economical methods of regenerating extraction mix
tures after repeated contact with highly active solu
tions? 

F. L. CULLER, Jr. (United· States of America): I 
know of no more economical solvent treatment than 
the sodium carbonate wash followed by re-acidifica
tion to remove decomposition products ofTBP. Some 
solvent extraction experts in the United States think 
that .the addition of MnOz as an absorber helps. I 
think that carbonate wash, followed by filtration to 
remove solids (salts of dibutyl and monobutyl phos
phoric acid) from the solvent and by re-acidification, 
may be the best technique for removing TBP decom
position products. These methods, however, do not 
necessarily remove the unsaturated straight chain 
impurities, which nitrate, in a diluent such as Amsco 
125. These impurities can be removed effectively by 
adsorption on alumina or other adsorbents, but the 
adsorbents have a low capacity and the process may be 
expensive. The solvent-diluent mixture can be vacuum 
distilled if everything else fails. 
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D. W. CLELLAND (United Kingdom): What is your 
opinion of the relative merits of fixed and soluble 
poisons? 

F. L. CuLLER, Jr. (United States of America): 
Soluble poisons are much more effective than fixed 
poisons and much less costly to use. 

D. W. CLELLAND (United Kingdom): Have there 
been any major difficulties in the safety clearing of the 
boron-poisoned system at Idaho? 

F. L. CuLLER, Jr. (United States of America): I 
should like to ask my colleague, Dr. McBride, to 
answer that question. 

J. A. McBRIDE (United States of America): As far 
as I know, we have not yet encountered any difficulties 
in clearing the soluble poison. We have three means of 
preventing unwanted criticality. There are two forms 
of administrative control over the make-up of the 
solutions that go into the system: firstly, the solutions 
are analysed before they are used and, secondly, 
neutron attenuation instrumentation is used to con
firm the presence of the boron in the acid going into 
the dissolver. This instrumentation is linked with an 
automatic valve that shuts off the supply of acid going 
into the dissolver, if there is any evidence of the 
absence of boron. Thirdly, all aqueous solutions circu
lating around the dissolver cooling jackets also con
tain dissolved boric acid and these are carefully moni
tored for the presence of the acid. In addition, we are 
now setting up a series of neutron multiplication tests 
with the fuel in the dissolver under operating con
ditions. So far these measures have satisfied all safety 
authorities. 

B. F. WARNER (United Kingdom): Is the removal 
of solids from the· dissolver solution in a chop-leach 
process necessary for nuclear safety or for operational 
reasons in the extractors? Which technique do you 
favour for carrying out this operation? 

F. L. CuLLER, Jr. (United States of America): Solids 
must be removed in order to prevent them from 
accumulating in the feed preparation system under 
conditions which might lead to the accumulation of a 
critical mass. This is particularly necessary in the case 
of partially enriched fuels irradiated to high pluton
ium content. Another reason for removing solids is to 
protect the solvent extraction system from solids 
which might form emulsions, but this is not important. 
We have observed that approximately 1-2% of the 
solids in UOz clad in stainless steel remains undis
solved in hot tests. A critically safe centrifuge is prob
ably the best solids separator for a plant handling 
radioactivity. 

V. V. FOMIN (USSR): Will the shear or chopper 
operate with actual high burn-up fuel elements? 

F. L. CuLLER, Jr. (United States of America): The 
shear designed for hot cell operation has not yet been 
used with any irradiated fuel; only cold tests have been 
done. We think that the shear will operate with 
thermally hot fuels. 
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Compte rendu de Ia seance 2.6 

Traitement du combustible irradie (I) 

President: H. Piatier (France) 

Memoire P/786 (presente par H. N. Sethna) 

DISCUSSION 

C. ]OUANNAUD (France): Que! est le cout de l'usine 
decrite dans le memoire P /786? 

H. N. SETHNA (Inde): Le cout total de l'usine est 
voisin de 7,5 millions de dollars, c'est-a-dire 37,2 
millions de roupies. 

F. L. CuLLER, Jr. (Etats-Unis d'Amerique): QueUe 
est Ia capacite nominate de l'usine de Trombay? 
Maintenant qu'elle est en fonctionnement, pouvez
vous indiquer sa capacite reelle probable? 

H. N. SETHNA (lnde): L'usine fonctionne actuelle
ment avec 5 a 10 kg d'uranium par heure. Nous 
pensons que cette capacite peut etre augmentee. 

M.A. EL-GUEBEILY (Republique arabe unie): Vous 
avez indique que l'usine devait etre utilisee pour le 
traitement de combustibles irradies, non seulement du 
reacteur Canado-indien, mais aussi d'autres reacteurs. 
Je suppose que vous faisiez allusion au reacteur de 
Tarapur et au nouveau reacteur CANDU qui doit etre 
construit en Inde. Les Clements combustibles de ces 
deux reacteurs seront gaines en Zircaloy ou en acier 
inoxydable. Les elements seront-ils degaines dans 
l'usine ou ailleurs? 

H. N. SETHNA (lnde): Nous utiliserons un traitement 
initial. Nous pourrons degainer mecaniquement les 
elements combustibles des reacteurs de Tarapur et 
CANDU a Ranapratapsagar; l'usine peut traiter le 
combustible de ces reacteurs. 

Memoire P/787 (seul le titre de ce memoire a ete lu) 

Ce memoire n'a pas fait l'objet d'une discussion. 

Memoire P/773 (presente par E. Detilleux) 

DISCUSSION 

V. V. FOMIN (URSS): Quel est le niveau du liquide 
dans le tube pulseur? 

E. DETILLEUX (Belgique): Le niveau du liquide dans 
le tube pulseur varie naturellement avec la densite des 
solutions dans Ia colonne, la frequence et !'amplitude 
des pulsations et Ie diametre du tube pulseur. Dans 
notre appareil Ia position d'equilibre se situe generale
ment a Ia moitie environ de Ia hauteur du tube pulseur. 

Memoires P/160 et P/161 
(presentes par D. W. Clelland) 

(II a ete convenu que ces memoires seraient discutes 
ensemble). 

DISCUSSION 

W. P. BEBBINGTON (Etats-Unis d'Amerique): Vos 
experiences et vos conclusions sont en bon accord avec 
les observations que nous avons faites aux Etats-Unis. 
Je voudrais particulierement vous feliciter, ainsi que 
vos coiJegues, dans le domaine de Ia separation, d'etre 
arrives a freiner, pour ainsi dire, vos coW:gues charges de 
concevoir les reacteurs, ce qui vous a permis d'en
visager une usine chimique pour laquelle il est inutile 
de prevoir des changements de procede. A ce sujet, je 
voudrais demander si l'on n'a jamais tenu compte de 
Ia possibilite de recycler des solutions de produits qui 
ne satisfont pas aux normes d'un etage donne a un 
etage precedent. 

Je voudrais ensuite demander si, etant donne le bon 
fonctionnement observe pendant plusieurs annees aux 
Etats-Unis avec des unites d'echange d'ions en 
continu, sures du point de vue criticite, ce procede 
serait maintenant considere comme plus interessant 
que !'extraction par solvant pour Ia purification finale 
du plutonium. 

D. W. CLELLAND (Royaume-Uni): Je vous remercie 
de vos felicitations, qui sont cependant quelque peu 
prematurees, puisque nous sommes en train d'etudier 
un procede de traitement initial pour pouvoir ali
menter notre nouvelle usine en oxydes fortement 
irradies. 11 a ete facile de prevoir le renvoi des solutions 
d'uranium produites au debut du cycle de purification 
de !'uranium et des solutions de plutonium au debut du 
systeme de purification du plutonium. L'appareillage 
necessaire a ete installe surtout pour faciliter Ia mise en 
service des differentes sections de I'usine, mais il n'est 
pas envisage d'utiliser cet appareillage en fonctionne
ment normal, carle procede d'ensemble est conr;u sans 
recyclage. 

Pour repondre a votre seconde question, je dois dire 
que nous sommes tres satisfaits du fonctionnement de 
notre systeme d'extraction par solvant pour Ia purifica
tion du plutonium, et ne voyons pas d'avantage decisif 
a !'utilisation d'un systeme par echange d'ions. Je dois 
cependant reconnaitre que nous n'avons pas suivi de 
pres les progres les plus recents realises aux Etats-Unis 
dans Ia technologic de l'echange d'ions. 

W. P. BEBBINGTON (Etats-Unis d'Amerique): J'ai 
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egalement deux questions a po~er concernant !'instru
mentation a Windscale. Premierement, avez-vous 
!'intention d'envoyer directement les donnees nume
riques venant de J'enregistreur de donnees a un calcu
lateur en circuit qui pourrait imprimer les chiffres 
concernant les rapports de debit, les quantites de plu
tonium, etc., et peut-etre meme corriger les debits ou 
faire les operations de commande necessaires en cas 
de danger? 

Deuxiemement, quelle est Ia sensibilite probable du 
systeme de detection de criticite? En d'autres termes, 
quelle fraction d'une accumulation critique sera 
detectable? 

D. w. CLELLAND (Royaume-Uni): Nous etudions 
actuellement Ia possibilite d'utiliser des calculateurs 
pour Ia commande des usines de retraitement mais ces 
techniques ne peuvent pas pour le moment etre mises 
en pratique. L'appareillage d'enregistrement de don
nees de notre nouvelle usine peut servir a imprimer des 
donnees de base sur le fonctionnement de l'usine, par 
exemple, les debits, mais il ne peut calculer les con
centrations de plutonium, ajuster les debits ou faire les 
operations de commande necessaires en ca~ de danger. 

L'appareillage de detection de criticite pourra facile
ment detecter un dixieme de Ia concentration en 
matieres fissiles qui creerait une situation dangereuse 
et, normalement, le fonctionnement se fait entre un et 
deux dixiemes de cette concentration. 

M. F. PUSHLENKOV (URSS): Quelles mesures 
prenez-vous pour eviter Ia formation de depots aux 
interfaces entre phases dans les extracteurs, et com
ment eliminez-vous ces depots? 

D. W. CLELLAND (Royaume-Uni): Quand il y a un 
risque de precipitation de composes de plutonium, le 
procede est con<;u de fa<;on a eviter de telles conditions. 
De plus, il y a dans l'usine des appareils qui verifient 
une deuxieme fois les concentrations et les debits des 
solutions inactives d'alimentation pour empecher toute 
condition dangereuse. 

N. E. BREZHNEV A (U RSS): A vez-vous !'intention 
d'utiliser a Ia nouvelle usine de Windscale Ia methode 
de traitement des dechets deja utilisee au Royaume
Uni, ou bien envisagez-vous Ia vitrification des dechets 
de haute activite? 

D. W. CLELLAND (Royaume-Uni): Le systeme de 
traitement des dechets de haute activite de notre 
nouvelle usine est analogue au systeme deja utilise a 
Windscale, c'est-a-dire concentration par evaporation 
en milieu acide et stockage de Ia solution concentree 
dans des recipients en acier inoxydable. Les recherches 
entreprises a Harwell sur Ia vitrification des dechets de 
haute activite sont maintenant bien avancees, et nous 
envisageons ]'application a grande echelle de ce 
procede. 

A. K. GANGULY (Jnde): Quels etaient les criteres 
appliques au pro jet en ce qui concerne le niveau de con
tamination en plutonium des solutions d'uranium? 

D. w. CLELLAND (Royaume-Um): Dans les etages 
d'extraction du cycle de purification de l'uranium, on 
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utilise du sulfamate ferreux pour reduire les traces de 
plutonium presentes dans Ia solution uranifere apres Ia 
separation principale plutonium-uranium. 

H. PrA TIER (President): Dans Ia conclusion du 
memoire P/160 il est dit que le coOt du traitement du 
combustible irradie correspond a 0,055 penny par kWh 
fourni au reseau. Je voudrais savoir comment ce 
chiffre a ete obtenu et si :on a tenu compte du plu
tonium. 

D. W. CLELLAND (Royaume-Uni): Le prix indique 
est le prix des operations de traitement et ne comprend 
pas le prix du plutonium. II suppose des facteurs de 
charge faibles pour les premieres annees de fonctionne
ment de l'usine et, comme l'indique le memoire du 
Dr Franklin* (Seance technique 2.5), ce prix dimi
nuera fortement a l'avenir avec des facteurs de charge 
plus cleves. 

J. LEDUC (Belgique): En accord avec des specifica
tions bien defini.es de l'usine et les regles actuelles pour 
Ia protection contre les risques nucleaires, un travail 
considerable de mise au point et de nombreux calculs 
sur machines ont etc entrepris a )'occasion de Ia con
struction de Ia nouvelle usine chimique de Windscale. 
Une grande partie de ce travail concernait Ia mise au 
point de procedes et d'appareillages destines a assurer 
a l'usine un fonctionnement sur et techniquement 
efficace. Les frais d'entretien et de fonctionnement sont 
evidemment des facteurs qu'il importe de garder 
presents a !'esprit. Le choix d'un schema plus souple et 
de materiaux et d'appareils plus cofiteux, bien qu'aug
mentant l'investissement initial et le taux d'amortisse
ment correspondant, pourrait peut-etre conduire a un 
cofitglobal plus faible par reduction des peri odes d'arret 
de l'usine et des depenses d'entretien et de fonctionne
ment. Ace sujet, je voudrais demander au Dr Clelland 
si !'on a cherche a Windscale a optimiser l'equilibre 
entre les investissements et les cofits de fonctionne
ment. 

D. W. CLELLAND (Royaume-Uni): Un grand nom
bre d'et"udes economiques relatives au choix du pro
cede et a Ia conception de l'usine ont ete entreprises et 
ont conduit a une reduction du prix des materiaux, des 
depenses directes de main-d'ceuvre et des depenses 
d'entretien. Par exemple, Ia decision d'installer 
l'appareillage pour recuperer l'acide nitrique et le 
reutiliser dans le procede a etc basee sur !'etude 
economique de ce systeme. L'installation d'un systeme 
de controle central avec enregistreur des donnees a 
considerablement reduit les depenses de main-d'ceuvre 
et le fait d'isoler l'equipement qui a besoin d'etre 
regulierement entretenu dans de petites cellules 
separees et protegees va reduire les frais d'entretien. 

Memoire P/67 

DISCUSSION 

F. L. CuLLER, Jr. (Etats-Unis d'Amerique): Au 

* Voir les presents Actes, P/159, vol. II. 
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COUTS des six annees de fonctionnement de J'usine de 
Marcoule, y-a-t-il des preuves d'accumulation du 
plutonium, sous forme de precipites d'oxydes hydrates, 
ou de composes avec des produits organiques de 
degradation? 

C. JoUANNAUD (France): Oui, nous avons deja 
trouve des accumulations de plutonium dans les pro
duits de degradation du solvant. Par exemple, dans les 
solutions aqueuses de plutonium, nous avons trouve 
des quantites vraiment non negligeables de solvant 
degrade en suspension, avec des concentrations allant 
jusqu'a 25 g/1. Pour eviter cela, nous lavons avec du 
dodecane les phases aqueuses quittant les extracteurs. 

Memoire P/346 (presente par V. V. Fomin) 

DISCUSSION 

A. ALlAN (Republique arabe unie): Je voudrais faire 
quelques observations sur Ia premiere partie du me
moire qui discute Ia thermodynamique du processus 
d'extraction avec des solvants organiques neutres 
con tenant du phosphore. L'equation (I, 1) definit le 
mecanisme d'extraction; elle a servi a determiner Ia 
constante thermodynamique de repartition, K, pour 
!'uranium et le plutonium et peut aussi servir a deter
miner les valeurs des coefficients d'activite des nitrates 
de ces metaux pour differentes concentrations de 
l'acide nitrique dans la phase aqueuse. Pour certains 
autres nitrates metalliques cependant, comme ceux 
d'americium, de thorium, de zirconium et de cerium, le 
mecanisme d'extraction n'est pas le meme a acidite 
elevee eta faible acidite, le solvant dans le premier cas 
etant un complexe forme par le solvant avec l'acide 
nitrique. Le coefficient d'extraction est done du en 
partie a ]'extraction par le solvant libre et, en partie a 
celle par le complexe du solvant avec l'acide nitrique. 
Ceci est discute dans le memoire P/455*. Par contre, 
]'extraction des nitrates de metaux au moyen des 
nitrates d'amines ne comporte qu'un seul mecanisme 
pour toutes les acidites, et l'on peut done recom
mander Ia methode d'extraction au moyen des nitrates 
d'amines pour determifter les valeurs des coefficients 
d'activite des nitrates de metaux que I' on peut extraire; 
cette question fait l'objet de recherches en Republique 
arabe unie. 

Memoire P/65 (presente par P. Faugeras) 

Ce memoire n'a pas fait !'objet d'une discussion. 

Memoire P/760 (presente parS. Havelka) 

DISCUSSION 

R. BLOCH (Israel): J'ai ete tres interesse d'apprendre 
que le Dr. Havelka et ses collegues avaient etudie avec 
succes des polyesters d'acide phosphorique au point de 
vue selectivite et pouvoir d'absorption. Pourrions-nous 

*Voir Ies presents Actes, vol. 12, seance 2.12. 

avoir ne serait-ce qu'un exemple de resines a absorp
tion selective pour un cation metallique afin d'illustrer 
la possibilite, signalee dans le memoire, de recuperer 
des elements rares a partir de minerais pauvres? 

La possibilite d'utiliser une resine polymere pour 
simuler la selectivite d'un solvant comme le tributyl
phosphate (TBP) est extremement interessante. A rna 
connaissance, cette possibilite a ete etudiee pour Ja 
premiere fois par le Dr Kennedy a Harwell. Mais 
Kennedy, qui utilisait un phosphate polyallyle pour 
simuler le TBP, a signale un faible pouvoir d'absorp
tion et tres peu de selectivite a partir de solutions 
aqueuses, par rapport au TBP. Le fait qu'une resine 
polymere presente une selectivite beaucoup plus faible 
que celle d'un solvant a ete confirme dans notre 
laboratoire par des experiences avec I' ester dibutylique 
de l'alcool polyvinylique phosphoryle. 

S. HAVELKA (Tchecoslovaquie): Les chercheurs de 
notre institut ont fait Ia synthese d'une vingtaine 
d'echangeurs d'ions dont l'efficacite de separation 
varie beaucoup. L'un de ces composes, par exemple, le 
copolymere du Styrolene divinylbenzene contenant le 
groupe PS(OH)2, pourrait etre utilise pour extraire le 
thorium des sables a monazite. 

J. ScHMETS (Belgique): Le cycle de retraitement que 
vous mentionnezest interessant en principe. No us avons 
eu !'occasion d'etudier en Belgique un procede simi
laire pour U02, mais Ia formation d'une poudre tres 
fine rendait Ia realisation technique difficile et le pro
cede n'est done pas encore satisfaisant pour le traite
ment des combustibles irradies. Les difficultes se pre
sentent, en particulier, pendant Ia reduction et 
l'hydrofluoruration, quand la poudre se solidifie 
facilement. 

A. S. KERTES (Israel): En ce qui concerne I' extrac
tion de Ia dipicrylamine de cesium par le nitrobenzene, 
avez-vous des preuves concernant !'extraction et Ia 
conductivite qui justifient Ia conclusion excluant 
!'intervention de paires d'ions? 

S. HAVELKA (Tchecoslovaquie): Les mesures de con
ductivite des sels de dipicrylamine deNa+, K + et Li+ en 
solution dans le nitrobenzene ont montre que Ia con
ductivite des solutions croit avec Ia concentration en 
sels de dipicrylamine. D'ou !'hypothese que Ies solu
tions de sels de dipicrylamine dans le nitrobenzene se 
comportent comme des electrolytes forts. 

La variation des coefficients de distribution de Cs+ 
en fonction de Ia concentration de Ia dipicrylamine, de 
!'ion Na+ et de l'ion H+ est en bon accord avec Ia varia
tion theorique calculee a l'aide de !'hypothese ci
dessus. 

R. E. TOMLINSON (Etats-Unis d' Amerique): Plu
sieurs memoires indiquent un vif interet pour !'utilisa
tion de resines echangeuses d'anions pour les separa
tions chimiques. Nous reconnaissons, aux Etats-Unis, 
Ia diversite d'emploi et l'utilite generale de ces mate
riaux, mais je voudrais faire une mise en garde. Les 
materiaux organiques echangeurs d'anions sont 
instables quand ils sont charges en ions nitrate et peu
vent se decomposer violemment si on les chauffe a une 
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temperature de 150 a 200°C. Si une telle resine est 
chargee d'un complexe nitrique d'un metal tel que le 
plutonium, la temperature de decomposition est encore 
plus basse. Au cours d'une experience avec une resine 
anionique chargee d'un complexe nitrique de plu
tonium, on a observe une reaction exothermique lente 
a environ 75°C; la vitesse de reaction est devenue tres 
grande au-dessus de 120 oc. 

Nous continuous a utiliser des resines anioniques 
dans nos installations de recherche et de production. 
Des precautions sont prises pour limiter Ia probabilite 
de decomposition de Ia resine et I'etendue probable 
des degats en cas de decomposition. A Hanford, par 
exemple, les temperatures d'utilisation des resines 
nitrees sont maintenues au-dessous de 70 oc, les nitrates 
sont extraits des resines si les operations doivent etre 
arretees pour plus de quelques heures, et les appareils 
contenant des resines nitrees sont equipes de systemes 
permettant de faire tomber Ia pression pour limiter 
d'eventuelles pressions elevees dans l'appareillage en 
service. 

P. REGNAUT (France): En ce qui concerne !'utilisa
tion de resines a une temperature de 70 oc pour 
recuperer le plutonium, nous avons fait des constata
tions analogues a celles du Dr Tomlinson en utilisant 
une resine Dowex I X 4 dans de l'acide nitrique 7 N a 
froid. La temperature locale de Ia resine s'est elevee 
tres rapidement, et Ia colonne de verre qui contenait Ia 
resine a explose dans Ia boite a gants. 

Memoire P/249 (presente par F. L. Culler, Jr.) 

DISCUSSION 

Y. MARCUS (Israel): Le traitement des cibles du 
reacteur a haut flux pour la production d'isotopes 
(HFIR) en vue d'isoler les actinides comprend )'extrac
tion par amine a partir d'une solution concentree de 
LiCI. Cette extraction est tres sensible a l'acidite. 
Comment pensez-vous regler l'acidite? Le rayonne
ment intense a-t-il un effet sur l'acidite? L'experience 
que nous avons acquise en Israel indique que l'on 
pourrait utiliser une amine partiellement deneutralisee 
ou regler l'acidite avec A!Cb comme tampon. 

F. L. CuLLER, Jr. (Etats-Unis d'Amerique): II est 
tres difficile de regler I'acidite de Ia solution de LiCl 
concentre dans un champ de rayonnement intense 
(nous pensons operer a environ 10 W par litre). Ce 
probleme etait jusqu'a present l'un des plus difficiles 
dans Ia mise au point des procedes d'extraction par 
amines en vue de Ia separation des lanthanides et des 
actinides. Tout recemment, M. Russel Baybarz de 
l'Oak Ridge National Laboratory a decouvert que 
!'addition d'alcool methylique a Ia phase aqueuse 
eliminait en grande partie Ia perte d'acidite due a Ia 
radiolyse du liquide. Dans un systeme d'echange 
d'ions, l'alcool inhibe Ia formation d'hydrogene 
radiolytique et empeche Ie blocage de Ia colonne par Ie 
gaz. Une amine partiellement deneutralisee ne 
fonctionne bien pour un ou deux etages de contact 
entre les phases aqueuse et organique. Cependant 
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apres plusieurs etages dans un melangeur decanteur, 
!'amine sera acide. Nous n'avons pas essaye de tam
ponner avec AlCb. 

M. F. PUSHLENKOV (URSS): QueUe est la plus 
petite difference de densite acceptable entre les phases 
quand vous utilisez l'appareil d'extraction centrifuge? 

F. L. CuLLER, Jr. (Etats-Unis d'Amerique): Nous 
n'avons pas determine Ia difference minimale de 
densite: les appareils fonctionnent de fa<;on satisfai
sante dans les conditions normales du schema Purex. 
Les unites de Savannah River fonctionnent a une 
vitesse qui donne une force centrifuge egale a 300 fois 
environ celle de la gravite. 

M. F. PUSHLENKOV (URSS): Y a-t-il des methodes 
plus economiques pour regenerer les melanges d'extrac
tion apres des contacts repetes avec des solutions tres 
actives? 

F. L. CuLLER, Jr. (Etats-Unis d'Amerique): Je ne 
connais pas de traitement du solvant plus economique 
que le lavage au carbonate de soude suivi d'une 
reacidification pour eliminer les produits de decom
position du TBP. Certains specialistes americains de 
!'extraction par solvants pensent que !'addition de 
Mn02 comme absorbant peut aider. Je pense que le 
lavage a,u carbonate, suivi de filtration pour eliminer 
les solides (sels de l'acide dibutylphosphorique et de 
l'acide monobutylphosphorique) contenus dans le 
solvant et de reacidification, constitue sans doute la 
meilleure technique pour eliminer les produits de 
decomposition du TBP. Cependant, ces methodes 
peuvent ne pas eliminer les impuretes non saturees a 
chaine lineaire, qui se nitrent dans un diluant tel 
que l'Amsco 125. On peut eliminer efficacement ces 
impuretes par absorption sur de l'alumine ou d'autres 
absorbants, mais les absorbants ont une faible capacite 
et le procede peut etre couteux. Si les autres methodes 
echouent, le melange solvant-diluant peut etre distille 
sous vide. 

D. W. CLELLAND (Royaume-Uni): Que pensez-vous 
des merites respectifs des poisons fixes et solubles? 

F. L. CuLLER, Jr. (Etats-Unis d'Amerique): Les 
poisons solubles sont beaucoup plus efficaces que les 
poisons fixes et d'un emploi beaucoup moins cofiteux. 

D. W. CLELLAND (Royaume-Uni): Ya-t-il eu des 
difficultes importantes pour assurer Ia securite du 
systeme empoisonne au bore, dans !'installation de 
!'Idaho? 

F. L. CuLLER, Jr. (Etats-Unis d'Amerique): Je 
voudrais demander a mon collegue, le Dr McBride, 
de repondre a cette question. 

J. A. McBRIDE (Etats-Unis d'Amerique): A rna 
connaissance, nous n'avons pas encore rencontre de 
difficultes dans le controle du poison soluble. Nous 
disposons de trois methodes pour prevenir tout 
incident de criticite. II y a deux types de contr6le 
administratif de Ia preparation des solutions qui 
doivent aller dans le systeme: d'abord, les solutions 
sont analysees avant emploi, et ensuite un appareil 
mesurant )'attenuation des neutrons est utilise pour 
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confirmer Ia presence du bore dans l'acide qui va au 
dissolveur. Cet appareil est lie a une vanne auto
matique qui interrompt !'alimentation du dissolveur 
en acide s'il semble y a voir absence de bore. Troisieme
ment, toutes les solutions aqueuses qui circulent dans 
les circuits de refroidissement du dissolveur contien
nent egalement de l'acide borique dissous, dont Ia 
presence est verifiee avec soin. De plus, nous sommes 
en train d'etablir une serie d'essais de multiplication 
des neutrons, avec le combustible dans le dissolveur, 
dans les conditions de fonctionnement normal. Ces 
mesures ont jusqu'a present toujours donne satisfac
tion aux responsables de Ia sfirete. 

B. F. WARNER (Royaume-Uni): Dans le procede par 
decoupage et lixiviation, !'elimination des solides que 
contient Ia solution dans le dissolveur est-elle rendue 
necessaire par des considerations de sfirete nucleaire 
ou pour des raisons de bon fonctionnement des 
extracteurs? Quelle methode preconisez-vous pour 
cette operation? 

F. L. CuLLER, Jr. (Etats-Unis d'Amerique): 11 faut 
enlever les solides pour les empecher de s'accumuler 
dans le systeme de preparation de la solution dans des 
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conditions qui pourraient conduire a !'accumulation 
d'une masse critique. Ceci est particulierement neces
saire dans Ie cas des combustibles partiellement 
enrichis irradies jusqu'a une forte teneur en pluto
nium. Une autre raison en faveur de !'elimination des 
solides est de proteger le systeme d'extraction par 
solvants contre des solides pouvant provoquer la 
formation d'emulsion, mais ceci n'est pas important. 
Nous avons observe dans des essais a chaud 
qu'environ 1 a 2% des solides provenant de uo2 gaine 
en acier inoxydable ne se dissolvent pas. Une centri
fugeuse, sure au point de vue criticite, est probable
ment le meilleur separateur de solides pour une usine 
traitant des produits radioactifs. 

V. V. FOMIN (URSS): La tron<;onneuse fonction
nera-t-elle avec des elements combustibles fortement 
irradies? 

F. L. CuLLER, Jr. (Etats-Unis d'Amerique): La 
tron<;onneuse con<;ue pour fonctionner en cellule 
chaude n'a pas encore ete utilisee pour du combustible 
irradie; on n'a fait que des essais <<froids>>. Nous 
pensons qu'elle fonctionnera avec des combustibles a 
temperature elevee. 

nepepa6oTKO TOnnMaa (I) 

flpeiJceiJame.llb.' A. nHaTbe (ttJpaHU,Hfl) 

,lJ,oHnaA P/786 (npeACTaBHII X. H. CeTHa) 

,D,I-1CKYCCI-1fl 

K JRYAHHO (<l>pan~HH): RaKOBa cTORMOCTh 
ycTaHo8KH, ormcannoii B ;o;oKJia;o;e P/786? 

X. H. CETHA (MH;o;nH): 06IQaH CTOHMOCTh yc
TaHoBKH COCTaBJIHeT OKOJIO 7,5 MJIH. i');OJIJI., IIJIH 
37,2 MJJH. pynni'I. 

<D. JI. HAJIJIEP, MJI. (CIDA): RaKoBa HoMn
uaJihHaH npoeKTHaH IIpOH3BO;zJ;HTeJibHOCTh ycTa
IIOBKH B TpoM6ee? Teneph, Kor;o;a ona BCTynnJia 
B <IKCUJiyaTa~HIO, KaKOBa ee BepOHTHaH <f>aKTli'IC
CKaH IIpOH3BO;J;~TeJihHOCTh? 

X. H. CETHA (Mnp;HH): B nacToHm;ee BpeMH 
Mbl 3KCllJiyaTHpyeM ycTaHOBKy C npOH3BO;zl;HTe.'Ih
IlOCThiO OT 5 p;o 10 1£e ypana B qac. MJ.I noJiaraeM, 
•rTo cMomeM yBeJIHqHTh ::ny rrpoH3BO;zJ;HTeJihHOCTh. 

M. A. 8Jib-fEBEllJIM (OAP): Bbi ynoMrma
Jrn 0 TOM, 1ITO 6biJIO perneHO HOll0Jih30BaTh llTY 

ycTaHoBKY ;z:J;JIH nepepa6oTKH o6Jiyqennoro TOUJili
Ba He TOJibKO KaHa;zJ;CKO-HII;zJ;HHCKOrO peaKTOpa, HO 
Tai<me H ;o;pyrux peaKTopoB. H noJiararo, qTo Bhl 
nMeJIH B BH;z:J;Y TaparrypCimii peaKTOp H HOBbill pe-

ai<Top THna CANDU, KOTOpbiii: 6yp;eT uocTpoeH 11 
.Hn;o;nn. TenJIOBhi;zJ;cJIHIOI~ne aJieMeHThi ;z:J;JIH aTnx 
JJ:BYX peaKTOpOB 6y;o;yT HMeTb liOKpbiTHH H3 ll;Hp
KaJioH uJin HepmaBerom;eii cTaJin? By;o;yT o6oJIO'lKH 
C TB3JJOB CHUMaThCH Ha ycTaH'lBRe HJJJI r;o;e-HH
OY;:J;b eiQe? 

X. H. CETHA (Mn;o;HH): Mbi 6y;o;eM nponaBo
;rJ;HTh o6pap6oTKY oT HaqaJia u ;o;o KOHu;a. Mhr, Be
poHTHO, 6y;o;eM IIpOH3BO;zJ;HTb MCXaHnqecKyiO pac
'fCXJIOBKY TB3JIB TapanypCKOfO peaKTOpa H peaK
Topa Tnrra CANDU B PananpaTarrcarape, ycTa
noBKa CMO)KI'T nepepa6aThiBaTb TOllJIHBO H3 3TifX 
peaHTOpOB. 

,lJ,oHnaA P/787 (3a4HTbreaeTCfl TOIIbHO Ha3-
eaHHe) 

llo 3TOMY ;rJ;OimaAy JJ;IfcKyccnH HC 6biJIO. 

,lJ,OHIIaA P/773 (npeACTaBHII a. ,lJ,eTHHe) 

,D,HCKYCCI-1fl 

B. B. <l>OMMH (CCCP): 1\aKoB yponenb IIH!iV 

KOCTJI B ny.llhCUpyrom;eft Tpy6Re? 
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8. ,[(ETMllE: (BeJibfHR): Ypoaenb iKHl~KoCTH n 

HYJJbCHpyiOU(eii: Tpy6Ke, CCTCCTBCHHO, MCHRCTCR U 

aaBHCHMOCTll OT IIJIOTHOCTH paCTBOpoB li KOJIOHHC, 

•racToTbl H aMIIJIHTY~bl nynbca~HH H l~HaMeTpa 

uynLcupyiOU(eii: Tpy6KH. B narneM npu6ope paaHo

necnoe HOJIOiKCHHe KOJIC6JICTCR 06bllJ:HO OKOJTO 

50% oT BbiCOTLI nyJJLcupyiOU(eii: Tpy6nH. 

,lJ,oKnaAbl P/160 H P/161 
,lJ,. Y. Knen3HA) 

,lJ,HCKYCCHfl 

Y. II. BEBBHHfTOH (CiliA): B o6ll(eM Ba

ma npanTHKa If BbiBO~bl COBIIa~aiOT C Harneii 

npanTHKOii: B CIIIA. MHe oco6eHHO xoTenocL 61>1 

Hoa~paBHTL Bac u Barnux nOJIJier, pa6oTaiOU(HX B 

o6JTaCTif paa~eJieHHR, c TCM ycrrexoM, KoToporo 

BLI ~OCTHfJIH H, Tan CKaaaTL, p;epiKHTe IIO)J; KOH

TpoJTeM IIpOenTHpOBU(HnOB peaKTOpOB, Tan liTO 

BLI cMorJIH cnpoenTHpoaaTL ycTaHoBKY )J;JIR paa

;~eJieHHR, B KOTOpOH He HYiKHO upe~IIpHHHM3Tb Hlf-

1\UKHX npep;aapiiTCJlhHbiX MCp ~JIH H3MCHCHHH 

rrpo~ecca. B ;noii CBH3ll H xoTeJI 61>1 cnpocHTL, 

HpHHifMaJIHCh Jllf KaKife-HH6yp;L rrpep;BapuTeJib

HbiC MepLI B006ll(e )J;JIH pe~HpKyJIH~Iflf HeCTaH

,uapTHhiX IIpO)J;YnTOB C JII060H CTa)J;HH Ha 6oJICC 

paHHIOIO CTa)J;IfiO. 

Moii BTopoii Bonpoc COCTOHT B CJiep;yiOU(eM: 

MOiKHO JIH B cBeTe ycnernHoro onLITa ;mcnnyaTa

~HH B TelJ:eHHe HeCnOJThnlfX JICT Ha HenpepLIBHO 

;~eHCTBYIOU(HX KpHTHlJ:eCnlf 6eaorraCHhiX HOH006-

MeHHLIX ycTaHoBKax B CIIIA TenepL CliHTaTL Ta

nue ycTaHoBKH 6onee aaMaHlJHBLIMH, qeM 3KCTpan

~HH paCTBOpHTeJieM ~JIH aaKJIIOlJ:HTeJILHOH OlJ:HCTKH 

IIJIYTOHHH. 

,[(. Y. KJIEJI8H,[( (Coe~HHCHHoe KoponeBCTBO): 

Bnarop;apiO Bac aa 1\0MITJIHMeHThl, KOTOPLie, op;Ha

Ho, HeCI\OJI.bl\0 npeiK)J;eBpeMeHHLI, IIOCI\OJILKY Mbl 

ceftqac npoeKTHpyeM noJIHLIH npo~ecc, 1\0TOphlji 

II03BOJIHT HaM nepepa6aThiB3Tb CHJILHO 06JiyqeH

HOe Ol\HcHoe TOIIJIHBO Ha Harneii HOBoii ycTaHoBKe. 

llpOCThle IIpC)J;BapHTCJibH.bie MepLI 6LIJIH HpHHHTbl 

)J;JIH pe~HPI\YJIR~HH ypaHOBOfO paCTBOpa B HCXOA

Hhlll ~HKJI OlJ:HCTI\H ypaHa H IIJIYTOHHeBOfO npo

JIYKTa B HaqaJILHYIO CT3)1;HIO CHCTeMbl OlJ:HCTKU 

rmyToHHH. Heo6xop;uMoe o6opyp;oBaHue 6hiJIO yc

cTaHOBJieHo fJiaBHbiM o6pa30M )J;JIH TOfO, 1J:T06LI 

o6ecne'IHTL ITYCI\ OT~eJILHLIX Cel\~HH YCTaHOBI\H, 

n ne npep;nonaraeTCH HCIIOJIL30BaTL 3TO o6opy

iJ:OBaHue 1IpH HOpMaJI.bHOII 31\CIIJiyaTa~HH, Tal\ l\31{ 

necL npo~ecc pacc'IHTaH na pa6oTy 6ea noaapaTa 

HJIH pe~HpKyJIH~HH. 

qTo 1\acaeTcH Barnero BToporo Borrpoca, To Mhl 

BeCLMa YAOBJieTBOpeHLI pa60TOH Hameii CHCTeMl>I 

~1\CIIpal\~H paCTBOpHTeJJeM )J;JJH OlJ:liCTI\H IIJIYTO

HHH H He BH~HM HHI\al\HX 60JJbiiiHX npeHMYU(CCTB 

B HCIIOJlh30BaHHH ~pyroil: CHCTeMhl C liOH006MeH

HbiMH ycTaHBKaMH. O~Hal\o H p;onmeH OTMeTHTI>, 
1lTO Mbl HC CJIC~HJIH aa IIOCJJC)J;HHMH )J;OCTHiKeHHR

MH B TeXHOJiorHH HoHHoro o6MeHa B CIIIA. 

Y. n. BEBBMHrToH (CiliA): Y MeHH ecTL 
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Cll(e ~Ba BOnpoca OTHOCHTeJILHO OCHall(eHHH npn

oopaMH ycTaHOBKH B BHH~Cl\eHJie. Bo-nepBbiX, 

naMepeHbl JJH Bhl 3al\JJa~b1BaTL HH«!lopMa~HIO 
J~H«l>pOBLIX BbllJ:liCJIHTCJJLHbiX MaiiiHH H3 npu6opa, 

aBTOMaTHlJ:eCI\H CKaHHpyiOU(ero H aaiTHCbiBaiOU(ero 

uapaMeTphl rrpo~ecca, nerrocpe~CTBeHHo B ycTa

HOBJJeHHyiO B TCXHOJJOfHlJ:CCKOH ~CIIH BbllJ:HCJJH

TeJJLHYIO MaiiiHHy, KOTOpaH 6yp;eT ~aBaTb ,D;aHHble 

0 IIOTOKe, CO~epiKaHHH IIJJYTOHHH H T. II •. H, B03-

MOiKHO, ~aiKe IIpOH3BO~HTb peryJJHpOB8HHC UOT0-

1\a H IIpllHHMaTb 3KCTpeHHhle Mepbl? 

Bo-BT.opLIX, KaKoBa aepoHTHaH liYBCTBHTeJJb

HOCTL CHCTCMbl onpep;CJJCHHH KpHTHlJ:HOCTH? ,[(py

l'HMH CJJOBaMH, KaKyiO ~OJJIO H8KOIIJJeHHOH KpHTH

qecl\OH MaCChi MOiKHO 6y~eT o6HapyiKHTb? 

,[(. Y. RJIEJI8H,[( (Coe~HHCHHoe RoponeBCT

Bo) : B HaCTOHU(ee BpeMH Mhl nccne~yeM aoaMOiK

Hoe HCIIOJJb30BaHHe BbllJ:HCJIHTeJJLHbiX MaiiiHH )J;JJH 

yrrpaaJieHHH ycTaHOBI\aMH no nepepa6oTI\e o6ny

qenHoro TOUJIHBa, HO IIOKa Cll(e 3Ta TeXHHKa He 

HpllMeHHeTCH Ha npHI\THKe. llpH60pLI, aBTOM8TII-

1IeCKH cKaHupyiO~He H aanncLIBaiOU(lle napaMeT

pLI npo~ecca Ha Harneif HOBOH ycTaHOBI\e, MOiKHO 

HCIIOJJh30BaTb ~Jl11 perHCTpa~HH OCHOBHbiX 31\C

IIJiyaTa~JIOHHbiX p;aHHhlX, HanpHMep CKOpOCTJI 

IIOTOI\OB, HO He )J;JIH paClJ:eTa cop;epiKaHHH II.'IYTO

HHH II He )J;JIH peryJJnpoBaHH11 llOTOKa JIJIII 1IpH

H11THH Kal\IIX-~'IH6o 31\CTpeHHLIX Mep. 

llpiiOOpbl ~JIH orrpep;eJJeHHH 1\piiTlllJ:HOCTJI MO

ryT JJel'KO o6HapyiKHBaTL O)J;Hy p;eCHTyiO l\OH~£'H
Tpa~lfH /WJJH~Cl'OCH Bell(eCTBa, KOTOpaH MOiKCT 

npnBeCTH I\ OIIaCHOH CHTya~HII, H Mbl 06LI'UIO pa

OOTaeM npu 0,1-0,2 Tal\oii 1\0H~eHTpa~HH. 

M. <1>. IIYIUJIEHKOB (CCCP): l\al\He Mepbl 

IIpiiHHMaiOTCH ~JIH rrpe~OTBpall(CHJIH 06pa30BaHlUI 

Memlfla3HhlX OTJJOiKeHHH B 31\CIIpal\~HOHHbiX arrna

paTaX H ~JJ11 ycTpaHCHH11 aTHX OTJJOiKeHHH? 

,[(. Y. RJIEJI8H,[( (Coep;HHeHHoe Koponeacrno): 

TaM, rp;e cyll(eCTayeT onaCHOCTL ocamAeHHH coe

AHHeHHH IIJIYTOHHH, npo~ecc paCClJ:IITLIBaCTC11 Ta

KHM oopa30M, 1J:T06LI H30CiKa'fb o6paaoBaHHH Ta

KJIX ycnoanii. KpoMe Toro, Ha aaBop;e ycTaHOBJJeno 

o6opyp;oBaHHe ~JI11 ~BOHHOH npoaepl\H KOH~eHTpa
~HH H IIOTOKOB Heal\THBHLIX rrpop;yl\TOB, TaK 'ITO 

HHI\al\HX orracHLIX ycnoanii He B03HHI\aeT. 

H. E. BPEiKHEBA (CCCP): HaMepeHLI Jin 

BLI ucrronLaoaaTI. Ha noaoii ycTaHOBKe B BHHA

cl\eifne TaKoif me crroco6 nepepa6oTKH oTxop;oB, 

1\al\oi'I ~o CHX nop npHMeHHJICH B BeJIHI\o6pHTa

HHH, HJill npe~IIOJiaraeTC11 OCTCKJJOBLIBaHHe BhlCO

ROaKTHBHbiX OTXO~OB? 
,[(. Y. KJIEJI8H,[( (Coe~HHeHHOe RoponeBCTBo): 

Cnoco6 nepepa6oTKH BhlCOKOaKTHBHLIX oTxo~oB Ha 

Hameii HOBOH ycTaHOBKe llO~o6eH TOMy, KOTOpLiii 

paHLrne HcnoJILaoaaJJCH B BnH~Cl\eifne, a HMeHHo 

1\0H~eHTpHpOBaHHe OTXO~OB HCIIapeHHeM UOCJJP 

o6pa60TI\H 1\JICJJOTOH C IIOCJiep;yiOU(HM xpaHeHH6M 

1\0H~eHTpaTa B 6aKaX 113 HepiKaBeiOU(eH CTaJiu. 

IlpoBOAHMhle B Xapy3JIJie HaylJ:HLie uccnep;oaaHUH 

npo~ecca OCTeKJIOBhiB8HHH BbiCOI\OaKTHBHbiX OTXO

~OB B HaCTOHU(ee BpCMH 3HalJ:HTeJJbHO IIpO)J;BHHY

JJHCL, H Mbl paCCMaTpHBaCM IIpHMeHeHHC 3TOI'O 

npo~ecca B 6onLmoM MacmTa6e. 
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A. K. r AHr¥JIH (HH,I\HJI): RaKOBbl npoeKT

Hble KpHTBpHH B OTHOIDeHHH ypoBHJI aarpH3He

HHJI llJIYTOHHeM B ypaHOBblX ITOTOKax? 

,[(. ¥. KJIEJI::iH,n (Coe):\HHeHaoe RopoJieBCT

no) : Ha CTa,I\HJIX <H<cTpaKD;HH B D;HKJie oqHCTKH 

ypaHa npHMeHJieTCJI CYJIL<ilaMaT )J;BYXBaJieRTHoro 

meJieaa ,I\JIJI em;e 66JILmero yMeRLmeHHH HH)J;HKa

TOpHhiX KOJIHqecTB ITJIYTOHHJI B ypaHOBOM llOTOKe 

llOCJie OCHOBHOfO OT)J;eJieHHJI IIJIYTOHHJI OT ypaHa. 

A. IIHATbE (<DpaHD;HH): B aaKJIIOqeJIHII 

;J;OKJia):\a P/160 yKaahiBaercJI, qTo CTOHMOCTh 

nepepa60TKH TOITJIHBa COCTaBJIJIBT OKOJIO 

0,055 neHC/1'>6T • 'l 3JIBKTp03HeprHH, ITOCTYIIaiOIJJ;BM 

n aneproceTb. MHe xoTeJIOCb 6hl aaarb, KaK aTa 

n;H4lpa 6hiJia noJiyqeaa H KaKyro n;eay Ha nJiyTo

HHii: UpHHHMaJIH npH paC'IeTaX. 

,[(. ¥. KJIEJI3H,[( (CoeJJ;HReRHoe KopoJieBcT

ao): YKaaaHHaH BeJIH'IHRa onpeJJ;eJIHeT cTOHMOCTb 

rrepepa60TKH OTXO)J;OB, B Hee He BKJIIO'IeHa CTOH
MOCTb rrJiyTOHHJI. Oaa npeJJ;IIOJiaraeT HH3KHe 

Koa<P<ilHD;HeHTbl aarpyaKH B nepBhle fOJJ;bi 3KCITJiy

aTaJ~HH ycTaHOBKH, H, KaK M01KRO BHJJ;BTh H3 JJ;O

KJiap;a P/159 JJ;-pa <DpaHKJIHRa, rrpeJJ;craBJieRHoro 

Ha aaCeJ);aHHH 2,5 HaCTOHIJJ;eH KoR<f>epeRD;HH, 3Ta 

CTOHMOCTb 6yJJ;eT 3Ha'IHTeJibHO COKpam;eRa B 6y,I\y

ID;BM llpH 6oJiee BhiCOKHX Koa<P<ilHD;HeHTaX aa

rpyaKH. 

.[(. JIE.[(IO (BeJibrHH): B COOTBBTCTBHR C xopo

IIIO onpe)J;eJieHRhiMH TeXHH'IeCKHMH ycJIOBHJIMH 

YCTaHOBKH If COBpeMeRRhiMH rrpaBHJiaMH KOHTpO

JIJI JI)J;epHOH 6eaonaciJOCTH 3Ha'IHTeJihHhiH OO'be:M 

OllhiTHO-KORCTpyKTOpCKHX pa6oT H 60JihiUOe KOJllt

'I('CTBO pa<{'IBTOB Ha BhJ'IltCJiltTBJlbHhiX MaiiiitHaX 

6hiJIH npoBeneHhl B CBH3H c HoBoil vcTaHoBKoii 

,1JIH paap;eJieHnH B Bnap;cKeii:Jie. B ocHoBHOM nc

cJiep;oBaHnH 6hiJIH CBHaaRhl c paapa6oTKoil npo

n;eccoB H o6opyp;oBaana, npeJJ;Haaaaqeaaoro JJ;JIH 
o6ecneqeana 6eaonacaoii: n TexHH'IeCKH a<P<PeK

THBHOH pa6oTbl ycTaHOBKH. HecoMnenHo, CTon

MOCTb 06CJIY1KHBaHHJI H 3KCIIJiyaTaD;IIII flB.JIJICTCJI 

Ba1KHhiM clJaKTOpOM, KOTOphiH HY1KHO HMBTh B 

BUJJ;y. B KaKoii-To CTenean Bhl6op 6oJiee rn6Knx 

TeXHOJIOfll'leCKliX CXeM H 6oJiee )J;Opornx MaTepH

aJioB n o6opyJJ;oBaHna (xoTH aTo yBeJIH'InBaeT nep

BoaaqaJibRhle KaiTHTaJIOBJI01KeHHJI H COOTBeTCTBY

IOID;Ue HOpMbl aMopTnaan;nn) MomeT npnBecTn :n 
6oJiee Hli3KOH o6m;eii: CTOliMOCTll aa C'leT COKpam;e

HliJI BpeMeHU Ha OCTaHOBKll ll paCXOJJ;OB Ha o6cJiy-

1KliBaHUe H aKcnJiyaTan;nro. B 3Toil cnaan H xoTeJI 
6hl cnpocHTh JJ;-pa KJieJiaHJJ;a, 6hiJia Jill npoBeJJ;eHa 

B BHH)J;CKeiiJie KaKaa-JIIr6o pa6oTa B n;eJIHX OIITH

Mnaan;nn 6aJiaHca MemJJ;y KannTaJIOBJiomeHHJIMH 

H 3KCIIJiyaTaD;HOHHblMH paCXOJ);aMU. 

,[(. Y. KJIEJ13H,[( (CoeJJ;nneaaoe KopoJieBcT

no): IlpoBe;J;eHO 60JihllOe KOJIH'IeCTBO 3KOHOMH'Ie
C'KHX HCCJie)J;oBaHHH, CBJI3aHHhiX C BbiOOpOM npo

I~ecca H KOHCTpyKD;HH ycTaHOBKH; B peayJII>TaTe 

:lTHX HCCJieJ);oBaHHH 6hiJIH COKpam;eHbl CTOHMOCTh 

MaTcpHaJIOB, npHMble paCXO)J;bl Ha OIIJiaTy TpyJJ;a Jl 

pacxoJJ;hi Ha o6cJiymHBaHHe H peMoHT. HanpHMep, 

pemeHHe YCTaHOBHTb o6opy)J;OBaHHe JJ;JIJI H3BJie'IC

HHJI a30THOH KHCJIOTbl JJ;JIJI ITOBTOpiioro HCII0Jlh30-
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BaHHJl ;B npon;ecce 6blJIO OCHOBaHO Ha 3KOHOMHKC 

aToii: cHCTeMhl. Coap;aaHe n;enTpaJibHoii: CHCTeMhl 

yrrpaBJieHHJl C OOOpyp;onaHHeM JJ;JIJI aBTOMaTH'IeC

IiOfO CKaHHpoBaHHJI H aaiiHChiBaRHJI rrapaMeTpOB 

IIpon;ecca 3H3'1HTeJihRO COKpaTHJIO paCXO)J;hl H8 

OIIJiacy Tpy,I\a, a H30JIJID;HJI o6opy)J;OBaHHH, KOTO

poe, KaK uanecTno, Tpe6yeT peryJiapaoro o6cJiy-
1KHBaHHH B He60JihJliHX, OT)J;eJibHblX 3KpaHHpOBaH

HbiX KaMepax, 3Ha'IHTeJibHO COKpaTHT paCXO)J;bl Ha 

o6CJJY1KHBaHHe H peMOHT. 

,D,oKnaA P/67 

,D,Ji'ICKYCCJi'!fl 

<D. JI. KAJIJIEP, MJI. (CiliA): BbiJin JIU n re
'leane mecTn JieT :mcnJiyaTan;un ycTaHOBKn B 

MapKyJJe KaKne-Jin6o rrpHaHaKn HaKonJieHHH nJiy

To~nH UJIH B BUJ);e OCa)J;KOB l'U)J;pOOKHCU, HJIU B 

BHJJ;e coeAHHeHuii c opraHn'leCKHMn npo,r~yKTaMn 
paaJiomeHHJl? 

K. mv AHHO (<DpaHD;HH): ,[(a, Mbl yme YCTa

HOBHJIH, qTO llJIYTOHHH HaKaliJIHBaeTCJI B npop;yK

TaX paaJiomeHHH pacTBOpHTCJJH. HarrpnMep, B 

BO)J;HbJX paCTBOpax HJIYTOHIIJI Mhl OOHapymHJUI 

W)JIH'ICCTBa (n JJ;ame He HCaHa'IHTeJII>Hhle) paaJJo

iKHBmeroca pacTnopnTeJJH B cycneHanH, coJJ;epma

meii: JJ;o 25 z/.n,. ,[(JIH Toro 'ITOObi na6emaTL aToro, 

Mbl CTaJIU UpOMhiBaTb J);OJJ;CKaHOM BO)J;Hbie clJaabi, 
BLIXO~l;SIID;He 113 3KCHpaKD;IIOHHhiX annapaTOB. 

,D,oKnaA P/346 (npeAcTaeHn B. B. llloMHH) 

,D,HCKYCCHfl 

A. AJIHAH (OAP): Mae xoTeJIOCL 61>1 cJJ;eJiaTh 

HeCKOJibKO aaMeqaHHH K rrepBOH '13CTU JJ;OKJiaJ);a, 

rJJ;e o6cymJJ;aeTcH TepMOJJ;HHaMHKa npon;eccos aKc

TpaKD;HH UpH HCIIOJib30BaHHH HeHTpaJJbHbiX <floc

<flopopraHH'IeCKHX pacTBOPHTeJieii. YpanHeHHe 

( 1.1) OIJpe):\eJIHeT MeXaHH3M 3KCTpai<JJ;HH; ORO HC

llOJib3yeTCJI )J;JJH orrpeJJ;eJieHHH KOHCTaHThi K Tep

Mop;naaMH'IeCKoro pacrrpeJJ;eJieHHH )J;JIH ypaaa u 

ITJIYTOHHJI, H ero M01KHO TaKme HCITOJih30BaTh J);JIJI 

orrpep;eJieHHJI 3Ha'leHIIH KOa<f><f>HI~HeHTOB aKTHB

HOCTU HUTpaTOB 3THX MeTaJIJIOB npn pa3JIH'IHhiX 

KOHD;eHTpaJJ;HJlX 330THOH KHCJIOTbl B BO)J;HOH 4laae. 

Ho JJ;JIH HHTpaToB HeKoTOpLix JJ;pyrnx MeTaJIJIOB, 

TaKHX, KaK aMepUD;HH, TOpHif:, D;HpKOHUH H n;e

pnii:, MeXaHH3M aKCrrpaKD;HH rrpH BhiCOKHX KHCJIOT

HOCTJIX He TaKOH me, KaK npH HH3KHX KHCJIOTHO

CTJIX, TaK KaK paCTBOpHTeJio B nepBOM CJiyqae 

HBJIHeTCJI KOMIIJieKCOM paCTBOpHTeJIJI C a30THOi{ 

KncJJoToil. TaKHM o6paaoM, KoaclJ<Pnn;HeHT aKcT
paKn;nn qaCTU'IHO CKJia):\hiBaeTCJI U3 3KCTpaKJJ;HJI 

CB060)J;HblM paCTBOpHTeJieM H 'laCTH'IHO H3 3KCT

paKIUIH KOMIJJieKCOM paCTBOpHTeJIJI C aaOTHOii 

KHCJIOTOii. 3TOT 4laKT o6cymJJ;aeTCJI B )J;OKJia~~e 
P/455 *. C p;pyroii: cTopOHhi, aKcTpaun;na Hn-

* HacTOll~ee BaAaHue, T. 12. 
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Tp8TOB MeTaJIJIOB HHTpaTaMH 8MHHOB BKJIIO'IaeT 

JJHlllh O)l;HH MexaHHaM npu JIIOOOH KHCJIOTHOCTH, 

u noaToMy cnoco6 a.Kcnpa.Kquu HHTpaTaMu aMH

HOB MOlliHO pe-KOMeHJJ;OB8Th AJHI onpe-p;eJieHHft Be

JIH'IHH KOatflq>HqHeHTOB 8KTHBHOCTH H3BJie.KaeMhlX 

HHTpaToB MeTaJIJIOB, 'ITO u HBJIJieTcJI oo'bei<TOM 

HCCJie]J;OB8HHH, npoBO,!l.HMhlX B 0o'be]J;HHeHHOii: 

ApaocKoii PecnyoJIHKe. 

,D,oKnaA P/65 (npeACTaBHn n. Cbomepa) 

ITo aToMy )J;OKJia.u.y p;ucKyccuH He ohlJio. 

,D,oKnaA P/760 (npeACTaBHn C. raaenKa) 

,D,I-1CKYCCI-1R 

P. BJIOX (llapauJih): BechMa HHTepecHo ya

HaTh OT JJ;-pa faBeJIKH, '-ITO OH H ero KOJIJierH yc

neiUHO HCnhlT8JIH nOJIHatfluphl tfloctflopHOH I<HCJIO

Thl Ha H3oupaTeJihHYIO H aocopoqHOHHYIO cnocoo

HOCTh. He MorJIH ohl Bhl npunecTu xoTJI ohi o;:vm 

npHMep CMOJihl C H30HpaTeJihHhlM norJIOiqeHHeM 

~JIJI KaTHOHa MeTaJIJia, 'ITOOhl npOHJIJIIOCTpHpOB8Th 

y.KaaaHHYIO B ,!l.OKJiap;e B03MOlliHOCTh H3BJie'leHHJI 

peJJ;KHX <JJieMeHTOB H3 Oe]J;HhlX pyp;? 

BoaMomHoCTh ucnoJILaonaHHJI noJIHMepHoii cMo

Jihl ,!l.JIH HMHTaqHH HaoupaTeJihHOH CnOCOOHOCTH 

paCTBOpHTeJIH, nOJJ;OOHOro TpHOYTHJI!floclflaTy, cy
m;eCTByeT. HacT.KOJibKO H aHaiO, aTy B03MOlliHOCTh 

nnepnhle uccJie.u.onaJI )1;-p ReHHe.u.u B XapyaJIJie. 

IIoJih3YHCh noJIHaJIJIHJIOBhlM tfloctflaToM .U.JIJI HMH

Taquu TpHOYTHJitPOCtPaTa, OH YCTaHOBHJI, '-ITO 

tfloctflaT ooJiap;aeT HH3Koii norJio~qaro~qeii cnoco6-

HOCThiO H O'leHb HeOOJihiDOH H30HpaTeJihHOH cno

COOHOCThiO Ha BO.U.HhlX paCTBopoB no cpaBHeHHIO c 

TpuoyTuJI!floctflaToM. ToT tflaKT, 'ITO noJiuMepHaH 
CMOJia npoJIBJIJieT aHa'-IHTeJihHO ooJiee HHaKyro ua-

6upaTeJihHYIO cnocooHOCTh no cpanHeHHIO c aHa

JJOrH'IHhlM paCTBopuTeJieM, OhlJI no.u.Tnepm.u.eH B 

Hameii Jia6opaTOpHH a.KcnepHMeHT8MH C ]J;HOYTH

•TOBhlM a4JupOM H8ChliiJ;eHHOrO tfloctflopOM nOJIHBH
HHJIOBOI'O CnHpTa. 

c. r ABEJIRA (qexocJIOB8I<HJI): Hay'IHhie pa

OOTHHI<H Hamero HHCTHTyTa CHHTe3HpOB8JIH OKO

JIO 20 HOHOOOMeHHhlX CMOJI, paa]J;eJIHTeJihHaJI cno

COOHOCTh KOTOphlX KOJieoJieTCJI B IDHpOKOM JJ;Halla-

30He. HanpuMep, o.u.Ha Ha aTux cMoJI - conoJiuMep 

CTHpOJI,!J.HBHHHJioe:kaoJI, co.u.epma~quii rpynny 

- PS ( OH) 2, KoTophlii, nepoHTHO MomHo ucnoJII.ao

naTh ]J;JIJI Bhi,!J.eJieHHJI TOpHJI H3 MOHaqHTOBOI'O 

uec.Ka. 

m. IIIMETC (Be.rrhrHH): Qu.KJI pereHepaqHH, 

o I<oTopoM Bhr ronopHJIH, B npHHqHne HHTepec<~H. 
B BeJIMHH 6hiJia noaMomHoCTh H3Y'-IHTh no.u.oo

Hhlii npoqeCC IIpHMeHHTeJibHO K .U.BYOKHCH ypaHa, 

no o6paaonaHue o'leHh TOHKoro nopom.Ka aaTPYA

HJieT TeXHH'-IeCKHe onepaqHH, H noaTMY npoqecc 

nee erqe He ro.u.uTCH ll.JIH npuMeHeHHH .K o6Jiy'leH

HOMY TOITJIHBy. B 'laCTHOCTH, TPYAHOCTH noamn<a-
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lOT BO BpeMH BOCCT8HOBJieHHH H rHlJ.POtPTOpHpOBa

HHJI, Korp;a nopomoK JierKo rrpenpa~qaeTcJI B TBep

~oe ne~qecTBO. 

A. C. REPTEC (llapaHm>): Ra.KHe .u.oKaaa

TeJibCTBa OTHOCHTeJihHO aKCnpaKqHH H IIpOBO,IJ;li

MOCTH noaBOJIHJIH C,!J.eJiaTh BhlBO,!J. 0 TOM, 'ITO He 

IIpOHCXOlJ.llT oopa30B8HHe <JKCTpaKqHOHHhlX nap 

UpH <JKCTpal<qHH JJ;HnHKpHJiaMHHa qe3HJI HHTp0-

6eH30JIOM? 

C. fABEJIRA (qexoc.rroBaKHJI): llaMepeHHH 

upoBO,!l.HMOCTH coJieii N a+ , K + 11 Li + .u.unuKpHJJ

aMHna B paCTBopax HHTpo6enaoJia uoKaaaJIH, 'ITO 

HpOBOJJ;HMOCTh paCTBOpa B03p8CTaeT C yBeJIH'-Ie

HHeM KOHqCHTpaq:HH COJICH ,!l.HllHKpHJI8MHHa. iho 
npHBeJIO K rHIIOTeae 0 TOM, 'ITO HHTpooeH30JihHhle 

paCTBOphl JJ;HIIHKpHJI8MHHOBhlX COJieii Bep;yT Ce

-6H nOJJ;o6HO CHJihHhlM <JJICKTpOJIHT8M. 3aBHCH-

MOCTh KoatfltfluqHeHTOB pacnpeJJ;eJieHHJI Cs + oT 

.KonqeHTpail;Hif .u.nnuKpuJiaMHHa, uona Na + u 

noHa H + Haxo.u.uJiaCL B xopomeM corJiacuu c Teo

peTH'IeCKoii 38BHCHMOCThiO, paCC'-IHTaHHOH Ha OC

HOBC yKa3aHHOH rHITOTe3hl. 

P. 3. TOMJIIIHCOH (CillA): llpe.u.cTaBJien

Hhle neCKOJihKO .U.OKJia)J;oB oTpamaroT ooJihmoii HH

Tepec K HCnOJih30BaHHIO 8HHOHOOOMeHHhlX CMOJI 

.U.JIH XHMH'Iec.Kux cnoco6oB paa.u.eJieHHJI. B CIIIA 

Mhl TaKme aHaeM o paaHoo6paauu H mupoKoM uc

noJih30BaHHH <JTHX MaTepHaJIOB, 110 Mhl JJ;OJilliHhl 

c.u.eJiaTh HeKoTopoe npep;ynpemlJ.enue. OpraHH'Ie

c.Kue 8HHOHOOOMeHHhle MaTepHaJihl neyCTOH'-IHBhl, 

Kor.u.a narpymenhl HOHOM HHTpaTa, u MoryT 6yp

no paaJiaraTLCH npH HarpenaHHH 11.0 150-200° C. 

ECJIH Ta.KyiO CMOJIY HarpyaHTh HHTpaTHhlM KOM

nJie.KCOM T8KOrO MeTaJIJia, K8K ITJIYTOHHH, TeMne

paTypa, npH KoTopoii npoHCXOlJ.HT paaJiomenue, 

.u.ame e~qe Hume. B OlJ.HOM a.KcnepuMenTe c anuoH

HOH CMOJIOH, Harpym~lHHOH .KOMnJie.KCOM HHTpaTH 

IIJIYTOHHJI, Me,!J.JieHH8JI 3K30TepMH'-IeCK8JI pea.KqHH 

HaoJIIO.U.aJiach npu TeMnepaType oKoJio 75° C; cKo

poCTh pea.KqHH 3H8'1HTeJihHO yBeJIH'IHJI8Ch npu 
TeMnepaType Bhime 120° C. 

Mhl npolJ.OJimaeM npuMeHJITh aHHOHHhie CMOJihl 
IIpH H8IDHX paapaOOTKaX H Ha IIpOH3BO~CTBCHHhlX: 
ycTaHOBKax. IIpunuMaiOTCJI MepLI npe.u.ocTopom

HOCTH ]J;JIJI COKpam;eHHJI BepOHTHOCTH pa3JIO>KCHJIJI 

CMOJihl H nepOJITHOH CTeneHH y~qepoa B CJIY'-181' 

noaHHKHOBeHHJI paaJiomeHHH. HanpuMep, B Xan

tflopp;e paooque TeMnepaTyphl JJ;JIH HHTpaTHLJX 

cMoJI nOlJ.lJ.CP>KHBaiOTCH nHme 70° C, HHTpaTLI Bhi

MhlBaiOTCJI H3 CMOJI, eCJIH onepaqHH aa.u.epmHBa

IOTCH ooJII.me '-leM Ha HecKOJihKo qacon, u cocylJ.hl, 

co.u.epmam;He HHTpaTI:Ihie CMOJihl, cna6menhl cn

cTeMaMH ]J;JIJI CHHTHH JJ;8BJieHHH, 'ITOOhi CBeCTH H 

MHHHMYMY B03MO>KHhle BhiCOKHe /J,aBJieHHH n Tex

HOJioruqecKoM o6opylJ.OBanuu. 

$. PEHO (<l>paHqHH): B oTnomenwu ucnoJIL

aouaHHH 8HHOHHhlX CMOJI HpU TeMnepaType B 

70° C JJ;JIH H3BJIC'IeHHJI IJ.JJyTOHHJI HaJII OllhiT C HC

l10Jih30B8HHeM CMOJlhl j,ayaKC 1 • 4 B XOJIO]J;HOii 

7 H. aaOTHOH KUCJIOTe IIOlJ.OOeH OllhlTy, OIIHC8HHO

MY )1;-poM ToMJIHHCOHOM. JloKaJILHaH TeMnepaTy

pa CMOJihi yneJIH'IHJiaCh otteHh OhiCTpo, H CTei\JI.HH-
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Hafi 1\0JIOHHa CO CMOJIOii B30pBaJiaCb B tU'p'JaTO'l

HOM nmalf>y. 

,lJ,oKnaA P/249 (npeACTaBHn Ol. 11. Kan
nep, Mn.) 

,lJ,i;tCKYCCi;tfl 

H. MAPKYC (Ibpau.'lb): TiepepaooTtm MHWP

neH: peaKTOpa C BhiCOKHM IIOTOKOM )"\JIH IIo.TJy'IeHHH 

ll30TOIIOB B ~CJIHX Bhl)"\eJICHHH aKTHHU)"\OB BI\JIIO

'IaeT 31\CTpaKIJ;HIO aMHHOB H3 KOHIJ;eHTpHpOBaHHO

ro paCTBOpa XJIOpHCTOrO JIHTHH. ::ha m<CTpaKIJ;HH 

o'IeHh 'IYBCTBHTeJibHa K KHCJIOTHOCTH. KaK IIpe;1-

IIoJiara~TCH perynupoBaTh KHCJIOTHOCTI> H OKa3hi

BaeT JIH HHTeHCHBHOe IIOJie H3y'IeHHH KaKOe-JIH6o 

BJIHHHHe Ha KHCJIOTHOCTh? Harna IIpaKTHKa B Ih

panne IIOK83biBaeT, 'ITO MOlliHO HCIIOJib30BaTh 'Ia

CTH'IHO )"\CHCHTpaJIH30BaHHhiH RMHH IJJIII oylf>ep

Hoe AeiicTBHe AlCh ;rJ;JIRi perynnpoBaHHH KHC

JIOTHOCTH. 

<D. JI. RAJIJIEP, MJI. (CiliA): PerynupoBaHne 
KHCJIOTHOCTH KOHIJ;eHTpHpOBaHHOrO pacTBopa XJIO
pHCTOrO JIHTHH B O'IeHh ClfJihHhiX IIOJIHX H3Jiyqe

HHH (Mhl IIpC;rJ;IIOJiaraeM pa6oTaTh IIO'ITH npu 

10 Br/.~t) o'IeHh TPYAHO. ,IJ,o nocne;r~;Hero BpeMeHn 

:no 6hlJio o;r~;Hoii H3 caMhlX TPYAHhlX npo6JieM B 

pa3pa60TKe rrpou;ecca aMJIHHOH 3KCTpaKD;HH fJ,JIH 

pa3;rJ;eJieHHH KaHTaHH;rJ;OB u aKTHHH;rJ;OB. He;r~;aBHo 
r-H Pace-en Beii6apu; H3 0Kpu;r~;mcKoii nau;uoHaJih

Ho:ii: Jia6opaTOpHH YCT3HOBHJI, 'ITO ;ri;OOaBJieHHe Me

THJIOBOrO CIIHpTa B BOAHYIO lf>a3y IIO cyn.t;eCTBY 

COKpau~aeT IIOTepiO aKTHBHOCTH BCJief(CTBHe paa

JIOllieHJIH lliJI)"\KOCTH IIO;rl; ;rJ;CHCTBHeM H3Jiy'IeHHH. 
B JIOHOOOMCHHOH CHCTeMe CIIHpT HHru6upyeT o6-

pa30BaHHe pa;rJ;HOJIHTH'IeCKOrO BO;rJ;OpOf(a H rrpe;1-
. OTBpan.t;aeT CBH3h ra30B B KOJIOHHe. l.JaCTH'IHO ;rJ;t'

neiiTpaJIH30BaHHhiH aMHH xoporno ;rJ;eHCTByeT B 

Te'IeHHe Ofi,HOH HJIH ABYX CTafi,HH KOHTaKTa Mem

II.Y BOIJ,Hoii H opraHH'IecKoii lf>aaaMH. Ho rrocne 

UeCKOJlhKHX CTafi,HH B CMCCHTCJit'-OTCTOihiHKe 

aMHH CTaHOBHTCH KHCJIOTHhlM. M1>1 He HCIIOJih3o
BaJIH 6y<lJepHoe ;r~;eiicTBHe AICI3. 

M. <D. TIYIIIJIEHHOB (CCCP): RaKoBa Muuu-

MaJihHO ;rJ;OIIYCTHMaH paaHuu;a B y;r~;eJII.HOM Bece 

Mem;r~;y <Pa3aMu rrpu IIpuMeHeHHH u;eHTpo6emHoro 

:mcrpaKD;HOHHoro aiirrapaTa? 

<D. JI. RAJIJIEP, MJI. (CiliA): M1>1 ne onpeiJ,e

JIHJIH MHHHMaJihHOH pa3HHD;hl B YACJihHOM BeCe. 

YcraHOBKH ycrreumo pa6oraiOT IIpH CTaH;r~;apTin>Ix 
ycJIOBHHX TexHoJioruqecKoii cxeMhl IIypeKC-IIpo

r~ecca. YcTaHoBKa B CaBaHHa-PuBepe pa6oTaeT 

1IpH CKOpOCTH, KOTopaH C03;rJ;aeT n;eHTpo6emHyiO 

CHJiy, IIO'ITH B 300 pa3 npeBbllliRIOli~YIO CHJIY TH

meCTH. 

M. <D. TIYiliJIEHROB (CCCP): Cyrn;ecTBYIOT 
.TIH OOJiee 3KOHOMH'IHhle CIIOC06hl pereHepupoBa

IIHH 3KCTpaKIJ;HOHHhiX CMeceif IIOCJie HeOl~HOKpaT
HOrO KOHTpaKTa C CHJibHO llKTHBHhiMH paCTBO

paMH? 

• <1>. JI. 1\AJIJIEP, MJI. (CiliA): fl He ana10 nn

KaKoro 6onee JKOHOMH'IHOrO CIIOCOOa o6pa6oTKl1 
paCTBOpHTCJIH, KpoMe IIpOMhiBKH Kap6oHaTOM HaT

pHH C IIOCJie;rJ;yiOn.t;HM IIOBTOpHhiM IIO)"\KHCJieHHeM 

IJ,JIH YAaJieHun IIpop;yKToB pa3nomeHun TpH6$'THJI

Ifloclf>aTa. HeKoTophle aMepHKaHCKHe CIICI~HaJIHCTht 
JIO 3KCTpaKD;HH paCTBOpHTeJieM C'IHTaiOT, 'ITO MO

J«CT IIOMO'Ib fJ,06aBJieHHe ABYOKHCII Mapran~a B 

Ka'IeCTBe IIOrJIOTHTeJIH. fl C'IHTaiO, 'ITO IIpOMhiBKa 

KapOOHaTOM C IIOCJiefl,yiOn.t;eif <f>HJibTpaiWeH fi,JIH 

yfl,aJICHliH TBCp;rJ;biX BeiD;eCTB ( COJICH fi,HOYTHJI- ll 

MOHo6yTHJIIf>oc<f>opHOH KHCJIOThl) H3 paCTBOpHTe
.TIH, a TaKme IIOBTOpHoe IIOfi,KHCJICHHe MOil\eT 

CTaTh HaiiJIY'IUIHM CIIOCOOOM y;rJ;aJICHUH IIpop;yK

TOB pa3JiomeHnH Tpn6yTnJIIf>oclf>aTa. Ho aTu ciio
co6bi ne o6n3aTeJII.Ho yp;aJIHIOT Henachl~eHHhl<' 
npHMecu c npHMhiMU CBH3HMII, KOTOpi.Ie HHTPYIOT

cn B TaiWM paa6aBnTeJie, KaK aMcKo-125. 3rn 

npnMecu 1110mno a<J><f>eKTIIBHO yp;aJIHTh rryTeM 

ap;cop6u;nn Ha OKHCII aJIIOMIIHHH liJIH p;pyrHX ap;

cop6eHTaX, HO ap;cop6eHThl HMeiOT MaJiyiO eM

IWCTh n IIpou;ecc MomeT 6h1Th ;r~;opornM. CMech 

paCTBOpHTeJIH C pa36aBHTeJieM MOlliHO IIOfi,Bepr

HYTh BaKyyMHoii p;ucTnJIJIHD;HH, ecnn Bee p;pyrHe 
cpeACTBa OKamyTCH 6eCCHJibllhiMH. 

,II,. Y. RJIEJI3H,IJ, (Coep;nnenHoe RopoJieBcT

Bo) : RaKOBo Barne MHeHHe o cpaBHHTeJibHhiX 

IIpeHMy~eCTBaX lf>nKCIIpOBaHHhiX If paCTBOpiiMhlX 

rrorJioTnTeneii? 

<D. JI. RAJIJIEP, MJI. (CiliA): PacTBopHMhiC 

nornoTn:Tenn 3Ha'IuTeJihHO 6onee a<J><f>eKTHBHhf, 

'ICM <f>nKCHpOBaHHhle, II HX Ilpn:MeHCHHC OOXO;rJ;IIT

CH ;r~;emeBJie. 

,A. Y. RJIEJI3H,A (Coep;nHennoe 1\oponeBcT-

Bo): BhlJIIf Jin: KaKne-nu6y;r~;h 6oJihrnue aaTpy;r~;ne
HHH B 6e30IIaCHOH O'IIICTKe CHCTCMhi, OTpaBJieH

HOH 6opoM B Aii;r~;axo? 

<D. JI. RAJIJIEP, MJI. (CiliA): .H xoTeJI 6bl no

upocnTh OTBeTHTh Ha ::!TOT BOIIpOC MOCrO KOJIJICry 

;~-pa MaK-fpaii;r~;a. 

,A. A. MAR-BPAll,A (CiliA): HacKOJihKO MHe 

113BeCTHO, y nac ;r~;o cux IIop He 6hiJIO Tpyp;nocTeii: 

upn o'IHCTKe paCTBopnMoro norJIOTHTenn. Mhl 

pacnonaraeM TpeMn cpe;r~;cTBaMu AJIH IIpe;r~;oTBpa

~ennn nemeJiaTe.TihHOii KpnTH'IHOCTH. Cy~ecTBY
eT ADa BH;rJ;a a;J;l\UIHIICTpaTHBHoro KOHTponn aa 

HpJirOTOBJICHliCM paCTBOpOB, IIOCTyUaiOn.t;HX B Cl!

CTCMy: BO-IICpBI>IX, paCTBOpbi aHaJIH3IIpyiOTCJI AO 

TOl'O KaK OHH HCIIOJih3YIOTCH, II, BO-BTOpbiX, 

~JIH IIO;rJ;TBepm;r~;eHIIH IIpHCYTCTBIJH 6opa B KHCJIO

TC, IIOCTyiiaiOn.t;eii B aunapaT ~JJH paCTBOpeHHH, 

HCHOJlh3YIOTCH npu6opLI, p;eHCTBYIOn.t;HC Ha OCHo

Be npnnu;niia aaMep;nennn neiiTponoB. 3Tu npn6o

pbi COefi,IIHeHhl C aBTOMaTH'I£'CKUM nJiallaHOM, 

1\0TOpbiH npenpan.t;aeT llOAa'ly KHCJIOTI.l B amiapaT 

;\JIH paCTBopeHHH, CCJIU CCTh HaKlll'-HU6YAL 11p11-

31Wl\H OTCYTCTBJ.ffi oopa. B-TpCTbJIX, BCC BO~Hbl(' 
paCTBOpbi, u;upr>y JlltpyiOn.t;Ue BOKpyr KomyxoB ox
JlamACHHH aniiapaTOB ;:J;JIH paCTBOpCHHH, TaKme 

r.o~epmaT paCTBopeHHYIO 6opHyiO KllCJII>Ty, H OHll 
TJIJ;aTCJihHO npoBepHIOTCH Ha npncyTCTBIIe KliCJlO

Thi. l\poMe Toro, Mhi ceit'lac HaqnnaeM cepn10 
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IICilLITaHHH Ha paaMHOii\CHHC HCHTpOHOB B TOllJIJf

HC B aunapaTC ;~JHJ paCTBOpCHHIJ npn paOOlJHX yc

.TJ:OBHHX. floKa 3TH MepLI y;(oBJJeTaopHJIH ace Bt'

;WMCTBa, oTBe'Iarou~ue aa ueaouacuocTh. 

B. <D. YOPHEP (Coe.r~nnennoc 1\opoJieBcTBo): 

Heo6xo;.(nMo y,ll;aJJeJJHe TBep,L~LIX aen(CCTB ua pac

TBopa B annapaTe ,L~JIH pacTBopennH B I(CJIHX 

H,li;CpHOH oeaonaCHOCTH HJIH IIO COoopaiKCHUHM 

:H\CnJiyaTal(nn annapaToB ;.(JIH aKcnpaHI(Hu? 1\a

t\OMY cnoco6y BLI OT,l);aeTe, npeATIO'ITenue AJIH 

BLITIOJIHCHHH :noii OIIPpai(HH? 

<D. JI. HAJIJIEP, MJI. (CIIIA): Taepp;Lie Beii(C

C1Ba uymuo yp;aJIHTL, '1To6LI npep;oTBpaTHTL HX 

HaKOIIJICHHC B CHCTCMC ,li;JI.II TIOp;rOTOBKH HCXO,li;HO

ro npop;yHTa npn ycJioaunx, KOTOpLie MoryT npn

BCCTH K H8KOIIJICHHIO KpHTH'ICCKOH MaCChi. 3ro 

oco6eHHO HCOOXOlV1MO B CJiy'Iae lJaCTHlJHO Ooora

ll(tmHoro TOTIJIHBa, 06Jiy'ICHHOrO AO BbiCOKOrO CO

;(epHiaHH.II IIJIYTOHHH. ,[J;pyroii npu'Iuuoii AJIH y,ll;a

,TtCHHH TBI.'p,LILIX Be~eCTB HBJIHCTCH 38~HT8 CIICTP-
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Mbl ·aKCTp8KI(Hif paCTBOpHTCJICM OT TBepp;biX Bl'

ll~CCTB, 1\0TOpble MOryT oopaaoBaTh :JMYJILCHH, HO 

aTo neaamuo. MLI ua6mop;aJIH, 'ITO npu6JIH3HTeJJI,

uo 1-2% TBepp;biX BCII(CCTB B ABYOKHCH ypaua, 

aaKJIJO'IenuoH: B o6oJIO'IKH na uepmaaeroll(eii eTa

JIB, OCT8JOTC.II HepaCTBOpHMhiMH npH ropii'IHX HC

UbiT8HHHX. QeuTpu<flyra, 6eaonacua11 B OTHome

HHII KpHTH'IHOCTH, BCpOHTHO, HBJIHCTCH CaMhiM 

XOpOIDHM cpep;CTBOM ,li;JIH OT,li;CJICHHH TBCp,ll;hiX BI.'

IQCCTB Ha 3aBop;e, rp;e IIpHXO,li;HTCH HMI.'Tb ,li;CJIO C 

pa,li;H08KTHBHOCTbiO. 

B. B. <DOMMH (CCCP): Pa6oTaeT pea<u> 

HJIH OTCCK8TCJib Ha CHJibHO BhiropeBIDHX TCIJJJO

Bhi,LICJIHJOII(HX :JJJCMCHTax? 

<D. JI. KAJIJIEP, MJJ. (CIIIA): PeaaH, npe)tnaa

HalJeHHhiH ,li;JIH paoOTbi B ropH'IHX KaMepax, ell(e 

ue n}luMeHJIJICH ua ooJiytJ:eHHOM TOIIJIHBP; OhiJJu 

npoBep;eHbi TOJihKO HCIIhiT8HHH B XOJIO,li;HbiX ycJIO

BHHX. MLI ClJHTaeM, 'ITO peaaK 6yp;PT pa6orarh e 

Tl:'pMH'ICCKII rOpH'IHM TOIIJIHBOM. 

Tratamiento de combustibles irradiados (I) 

Presidente: H. Piatier (Francia) 

Documento P/786 (presentado por H. N. Sethna) 

DISCUS ION 

C. JOUANNAUD (Francia): ~ Cual es el coste de la 
instalacion descrita en el documento P/786? 

H. N. SETHNA (India): El coste total de la instalacion 
es aproximadamente 7,5 millones de d6lares, o sea 
37.2 millones de rupias. 

F. L. CuLLER, Jr. (Estados Unidos de America): 
~ Cual es la capacidad nominal de la instalacion de 
Trombay? Ahora que esta en funcionamiento, ~ cual 
es Ia capacidad real probable? 

H. N. SETHNA (India): Actualmente estamos 
tratando en la instalacion entre 5 y 10 kg de uranio por 
hora. Creemos que podemos aumentar esta capacidad. 

M.A. EL-GUEBEILY (Republica Arabe Unida): Vd. 
mencion6 que decidieron usar Ia planta para el trata
miento de combustibles irradiados, no s61o del reactor 
canadiense-hindu, sino tambien de otros reactores. 
Supongo que se referia Vd. al reactor de Tarapur y al 
nuevo reactor CANDU que se construira en la India. 
Los elementos combustibles de ambos tendran Zir
caloy o acero inoxidable como vaina. ~Van a desen
vainar los elementos en Ia planta o en algun otro 
lugar? 

H. N. SETHNA (India): Aplicaremos un tratamiento 
previo. Podriamos desenvainar mecanicamente los 

elementos combustibles de los reactores de Tarapur y 
CANDU en Ranapratapsagar; la instalaci6n puede 
manejar los combustibles de estos reactores. 

Documento Pf787 (se ley6 solamente el titulo) 

No hubo discusi6n de esta memoria. 

Documento P/773 (presentado por E. Detilleux) 

DISCUSION 

V. V. FOMIN (URSS): ~ Cual es el nivel del liquido 
en el tubo de pulsaci6n? 

E. DETILLEUX (Belgica): El nivel del liquido en el 
tubo de pulsacion varia, naturalmente, con la densidad 
de las disoluciones de la columna, frecuencia, y 
amplitud de la pulsacion y diametro del tubo de 
pulsaci6n. En nuestro aparato la posicion de equi
libria oscila generalmente alrededor del 50 % de la 
altura del tubo de pulsaci6n. 

Documentos P/160 y P/161 (presentados por 
D. W. Clelland) 

(Se convino en que estos documentos se discutieran 
juntamente) 

DISCUS! ON 

W. P. BEBBINGTON (Estados Unidos de America): 
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En general su experiencia y conclusiones estan de 
acuerdo con nuestra experiencia en Estados Unidos. 
Me gustaria felicitar a Vd. y sus colegas en el campo 
de los procesos de separacion por su exito en mantener 
bajo control, por asi decirlo, a los ingenieros de reac
tores, de forma que Vds. pudieran proyectar una 
planta de separacion en la que no hay necesidad de 
prever cambios en el proceso. En relacion con esto me 
gustaria preguntar si no se previo en absoluto el 
reciclado de corrientes distintas de las previstas desde 
cualquier etapa del proceso a otra anterior. 

Mi segunda pregunta es si teniendo en cuenta Ia 
satisfactoria experiencia adquirida durante aiios en 
Estados Unidos con instalaciones de cambio de ion 
criticamente seguras y en trabajo continuo, tales 
unidades podrian considerarse ahora mas satisfac
torias que· la extraccion con disolventes para la 
purificacion final del plutonio. 

D. W. CLELLAND (Reino Unido): Gracias por sus 
felicitaciones que son, no obstante, algo prematuras ya 
que actualmente estamos estudiando un proceso 
previo que nos permita alimentar elementos com
bustibles conteniendo oxidos, altamente irradiados, en 
nuestra nueva planta. Se ha previsto simplemente 
poder reciclar las disoluciones conteniendo uranio y 
plutonio al principio de sus sistemas de purificacion. 
Se instalo el equipo necesario principalmente para 
facilitar la instalacion de las otras secciones de la 
planta, pero, en operaciones normales, no se usara 
este equipo, puesto que el proceso complefo esta 
proyectado para funcionar sin necesidad de reciclados. 

En cuanto a su segunda pregunta, estamos muy 
satisfechos con la operacion de nuestro sistema de 
extraccion con disolventes para purificacion de 
plutonio y no vemos ventaja en el uso de cambio de 
ion. Debo admitir, no obstante, que no hemos seguido 
los ultimos avances de la tecnologia del cambio de ion 
en los Estados Unidos. 

W. P. BEBBINGTON (Estados Unidos de America): 
Yo tengo tam bien dos preguntas con relacion a la 
instrumentacion en Windscale. Primera, i., piensan 
Vds. pasar directamente la informacion digital del 
equipo de almacenamiento de datos a un computador 
en-linea, que registrara caudales, plutonio almacenado, 
etc., e incluso quizas hiciera ajustes de caudales o 
entrara en accion en caso de emergencia? 

En !legundo Iugar, i.,cual es la sensibilidad probable 
del sistema de deteccion de criticidad? En otras 
palabras, i., que fraccion minima de una acumulacion 
critica seria detectable? 

D. W. CLELLAND (Reino Unido): Actualmente 
estamos investigando el posible uso de computadores 
para el control de instalaciones de reproceso, pero 
hasta ahora estas tecnicas no se pueden aplicar a la 
practica. El equipo de almacenamiento de datos en 
nuestra nueva planta se puede usar para imprimir la 
informacion basica de operacion, tal como caudales, 
pero no para calcular el plutonio almacenado, ni hacer 
correcciones de caudales o tomar medidas en caso de 
emergencia. 

La instrumentacion para la determinacion de criti
cidad detectara facilmente un decimo de la concentra
cion de material fisible que podria dar Iugar a una 
situacion peligrosa. Nosotros trabajamos normal
mente a aproximadamente uno o dos decimos de esta 
concentracion. 

M. F. PUSHLENKOV (URSS): i., Que medidas se 
toman para prevenir la formacion de depositos en la 
interfase de los extractores y cuales para eliminar 
dichos depositos? 

D. W. CLELLAND (Reino Unido): El proceso esta 
proyectado para evitar condiciones de precipitacion de 
plutonio donde existe tal posibilidad. Ademas, se ha 
instalado equipo para verificacion doble de los cau
dales y las concentraciones de las alimentaciones 
inactivas de forma que no se den condiciones peli
grosas. 

N. E. BREZHNEVA (URSS): i.,Piensan Vds. usar en la 
nueva instalacion de Windscale el mismo metodo de 
tratamiento de residuos que hasta ahora han usado en 
el Reino Unido, o se preve la vitrificacion de residuos 
altamente activos? 

D. W. CLELLAND (Reino Unido): El sistema de 
tratamiento de residuos altamente activos empleado 
en nuestra nueva instalacion es analogo al usado en 
Windscale, es decir, concentracion por evaporacion en 
medio acido, y almacenamiento en depositos de acero 
inoxidable. El trabajo de investigacion en Harwell 
sobre la fijacion en vidrios de residuos de alta actividad 
esta actualmente bastante avanzado, y estamos con
siderando la posibilidad de su aplicacion en gran 
escala. 

A. K. GANGULY (India): i.,Cuales fueron los cri
terios con referencia al nivel de contaminacion por 
plutonio de la corriente de uranio? 

D. W. CLELLAND (Reino Unido): En las etapas de 
extraccion del ciclo de purificacion de uranio se utiliza 
sulfamato ferroso para reducir las trazas de plutonio 
presentes en la corriente de uranio despues de la 
separacion uranio-plutonio. 

H. PIA TIER (Presidente): En la conclusion obtenida 
en el documento P/160 se establece que el coste de 
reproceso del combustible es aproximadamente 
0,055 peniques por kWh suministrado a la red. Me 
gustaria saber como se llego a este numero y si se tuvo 
en cuenta el coste del plutonio. 

D. W. CLELLAND (Reino Unido): El coste dadoes el 
de las operaciones del reproceso y no incluye el plu
tonio. Este coste supone bajos factores de carga en los 
primeros aiios de operacion de la central, como se 
puede ver en el trabajo del Dr. Franklin* (Sesion 
Tecnica 2. 5), pero se reducira sustancialmente en el 
futuro con mayores factores de carga. 

J. LEDUC (Belgica): En relacion con la nueva 
instalacion de separacion de Windscale, se ha llevado 
a cabo un considerable trabajo de desarrollo y un gran 

* Estas Aetas, documento P/159, vol. 11. 
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numero de calculos en computador, de acuerdo con 
especificaciones de la planta bien definidas y con las 
normas corrientes de control de peligros nucleares. La 
mayor parte del trabajo incluyo el desarrollo de pro
cesos y equipo diseiiados para asegurar una operacion 
segura y eficaz de Ia planta. Los costes de manteni
miento y operacion son, por supuesto, factores 
importantes para tenerse en-cuenta. Hasta cierto punto; 
Ia eleccion de diagramas de flujo mas versatiles y 
materiales y equipo mas costosos, aunque aumenta Ia 
inversion inicial y la velocidad de depreciacion, puede 
ocasionar un coste total menor, gracias ala reduccion 
de tiempos de parada y gastos de mantenimiento y 
operacion. En relacion con esto quisiera preguntar al 
Dr. Clelland si se ha llevado a cabo en Windscale 

' algun estudio para establecer una determinacion 
optima de equilibrio entre gastos y costes de opera
cion. 

D. W. CLELLAND (Reino Unido): Se llevo a cabo un 
gran numero de estudios econ6micos en relacion con la 
seleccion del proceso y diseiio de la planta, gracias al 
cual se redujeron el coste de los materiales del proceso, 
mano de obra directa y gastos de mantenimiento. Por 
ejemplo, la decision de instalar equipo para recuperar 
acido nitrico y volverlo a usar en el proceso se derivo 
de estudios economicos de este sistema. La instalacion 
de un sistema central de control con equipo de alma
cenamiento de datos ha reducido considerablemente 
los costes de mano de obra, y, asimismo, el aisla
miento del equipo que es sabido que necesita man
tenimiento regular en pequeiias celdas blindadas 
separadas, reducira los costes de mantenimiento. 

Documento Pf67 

DISCUSI6N 

F. L. CuLLER, Jr. (Estados Unidos de America): 
Durante los seis aiios que la instalacion de Marcoule 
lleva en operacion, i, ha habido pruebas de acumula
cion de plutonio, bien como precipitados de oxido 
hidratado o bien como compuestos con productos 
organicos de degradacion? 

C. JouANNAUD (Francia): Si, hemos encontrado ya 
que hay acumulaciones de plutonio en los productos 
de degradacion del disolvente. Por ejemplo, en las 
disoluciones acuosas de plutonio hemos encontrado 
cantidades no despreciables de disolvente degnidado 
en suspension, conteniendo hasta 25 gramos por litro. 
Para evitar esto, lavamos las fases acuosas que salen de 
extractores con dodecano. 

Documento P/346 (presentado por V. V. Fomin) 

DISCUSI6N 

A. ALlAN (Republica Arabe Unida): Me gustaria 
comentar la primera parte del trabajo, en la que se 
discute la termodinamica de los procesos de extracci6n 
usando como disolvente compuestos fosforados 
organicos neutros. La ecuacion (1.1) define el meca
nismo de extraccion; se uso para determinar la cons
tante termodinamica de distribucion K del U y del 
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Pu y tambien se puede usar para la determinacion de 
los coeficientes de actividad de los nitratos de estos 
metales a diferentes concentraciones de acido nitrico 
de la fase acuosa. Para los nitratos de algunos otros 
metales, como los de americio, torio, circonio y cerio, 
el mecanismo en extraccion a altas concentraciones de 
acido no es el mismo que a bajas concentraciones, 
siendo el disolvente en el primer caso un complejo del 
disolvente con el acido nitrico. El coeficiente de 
extraccion es asi debido, en parte, a.la extraccion por 
el disolvente libre y, en parte, a la producida por el 
complejo del disolvente con el acido nitrico. Este hecho 
se discute en el documento P/455*. Por otra parte, la 
extraccion de nitratos metalicos con nitratos de 
aminas implica tan solo un mecanismo a cualquier 
acidez, por lo que se puede recomendar el metodo de 
extraccion con nitratos de aminas para determinar los 
valores de los coeficientes de actividad de nitratos 
metalicos extraibles. Este tema es objeto de investiga
cion en Ia Republica Arabe Unida. 

Documento P/65 (presentado por P. Faugeras) 

No hubo discusion de esta memoria. 

Documento P/760 (presentado por S. Havelka) 

DISCUSI6N 

R. BLOCH (Israel): Fue muy interesante escuchar al 
Dr. Havelka que ely sus colaboradores probaron con 
exito poliesteres del acido fosforico en cuanto a 
selectividad y poder de absorcion. i, Podria darnos, al 
menos, un ejemplo de una resina con adsorcion 
selectiva por un cation metalico para ilustrar la posi
bilidad, mencionada en el trabajo, de recuperacion de 
elementos raros a partir de minerales pobres? 

La posibilidad de usar una resina de polimerizaci6n 
para simular la selectividad de un disolvente como 
fosfato de tributilo (TBP) es muy interesante. Esta 
posibilidad fue, segun creo, investigada primeramente 
por el Dr. Kennedy en Harwell. Pero Kennedy, usando 
un polialil fosfato para simular el TBP, encontro un 
bajo poder de absorcion y escasa selectividad a partir 
de disoluciones acuosas, en comparaci6n con el TBP. 
El hecho de que una resina de polimerizacion muestre 
mas baja selectividad en comparaci6n con un disol
vente analogo fue confirmado en nuestro laboratorio 
en experimentos con el dibutil eter de polivinil alcohol 
fosforilado. 

S. HAVELKA (Checoslovaquia): Los investigad.ores 
de nuestro instituto sintetizaron aproximadamente 
20 cambiadores de ion cuya eficacia de separaci6n 
varia ampliamente. Uno de ellos, por ejemplo, era el 
copolimero del estireno divinil benceno que contiene 
el grupo -PS(OH)2, que puede usarse, en la separaci6n 
de torio a partir de arenas monaciticas 

J. ScHMETS (Belgica): El ciclo de reproceso que V d. 
menciona es, en principio, interesante. En Belgica 

• Estas Aetas, Vol. 12. 
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hemos tenido ocasi6n de estudiar un proceso similar 
aplicado a UOz, pero Ia formaci6n de un polvo muy 
fino hizo que las operaciones fueran dificiles y el 
proceso es, por tanto, no satisfactorio para su uso con 
combustibles irradiados. Las dificultades se encuentran 
principalmente durante Ia reducci6n e hidrofluorura
ci6n, en que el polvo solidifica facilmente. 

A. S. KERTES (Israel): Con relaci6n a Ia extracci6n 
de cesio dipicrilamina por nitrobenceno, (,que prueba 
respecto a extracci6n y conductividad garantiz6 Ia 
conclusion de que no habia extracci6n de pares de 
iones? 

S. HAVELKA (Checoslovaquia): Las medidas de 
conductividad de las sales de Na+, K + y Li+ de 
dipicrilamina en disoluci6n en nitrobenceno demos
traron que Ia conductividad de las disoluciones incre
mentaba con Ia concentraci6n de las sales de dipi
crilamina. Esto ha conducido a Ia hip6tesis de que 
las disoluciones en nitrobenceno de sales de dipicri
Iamina se comportan como electrolitos fuertes. La 
dependencia de los coeficientes de distribuci6n de Cs+ 
con Ia concentraci6n de dipicrilamina, Na+ y H +- esta 
de acuerdo con los valores te6ricos calculados bajo Ia 
base de Ia hip6tesis mencionada. 

R. E. TOMLINSON (Estados Unidos de America): 
Varios trabajos han reflejado el interes que despiertan 
las resinas ani6nicas en separaciones quimicas. En 
Estados Unidos conocemos tambien Ia versatilidad y 
aplicaci6n general de estos materiales, pero nos 
gustaria prevenirles. Los materiales organicos de 
cambio ani6nico son inestables cuando estan cargados 
con iones nitrato y se pueden descomponer violenta
mente si se calientan a una temperatura de 150°C a 
200 oc. Si una resina de este tipo se carga con un 
complejo nitrato de un metal tal como plutonio, Ia 
temperatura de descomposici6n es a(m menor. En un 
experimento con una resina ani6nica cargada con un 
complejo nitrato de plutonio, se observ6 una reacci6n 
exotermica lenta a aproximadamente 75 oc; Ia veloci
dad de reacci6n se hizo muy nipida por encima 
de 120°C. 

Nosotros continuamos usando resinas anionicas en 
nuestras instalaciones de desarrollo y produccion. Se 
toman medidas de precaucion para minimizar Ia 
probabilidad de descomposici6n de las resinas y Ia 
probable extension del peligro caso de que ocurriera 
dicha descomposicion. En Hanford, por .ejemplo, las 
temperaturas de operacion para resinas en forma de 
nitrato se mantienen por debajo de 70 oc, los nitratos 
se separan de las resinas si las operaciones han de ser 
suspendidas por mas de unas horas, y los recipientes 
conteniendo resinas en forma nitrato estan dotados de 
sistemas de seguridad para evitar las posibles altas 
presiones dentro del equipo del proceso. 

P. REGNAUT (Francia): En relacion con el uso de 
resinas ani6nicas a una temperatura de 70 oc para Ia 
recuperacion de Pu, nuestra experiencia usando una 
resina DOWES 1 x 4 en acido nitrico 7 N en frio fue 
amiloga a Ia citada por el Dr. Tomlinson. La tempera
tura local de Ia resina aumento muy nipidamente y Ia 

columna de vidrio conteniendo Ia resina explot6 
dentro de Ia caja de guantes. 

Documento P/249 (presentado por F. L. Culler, Jr.) 

DISCUSI6N 

Y. MARCUS (Israel): El tratamiento de blancos 
irradiados en el High Flux Isotopes Reactor para 
aislar elementos actinidos implica la extraccion con 
aminas a partir de disoluciones concentradas en LiCI. 
Esta extracci6n es muy sensible a Ia acidez. l. Como se 
propone controlar Ia acidez, y tiene efecto sobre Ia 
acidez el intenso campo de radiacion? Nuestra expe
riencia en Israel ha demostrado que puede ser posible 
el uso de aminas parcialmente neutralizadas y tam
ponar con AICb para controlar la acidez. 

F. L. CuLLER, Jr. (Estados Unidos de America): El 
control de Ia acidez de Ia soluci6n concentrada LiCl en 
campos de muy alta radiacion (pensamos trabajar 
alrededor de 10 W por litro) es muy dificil. Hasta hace 
muy poco esto fue uno de los problemas mas dificiles 
en el desarrollo del proceso de extraccion con aminas 
para separar lantanidos y actinidos. Recientemente el 
Sr. Russel Baybarz del Laboratorio Nacional de Oak 
Ridge encontro que Ia adicion de alcohol metilico a Ia 
fase acuosa elimina esencialmente Ia perdida de acidez 
debida a Ia descomposicion delliquido por radiacion. 
En un sistema de cambio de ion, el alcohol inhibe Ia 
formaci6n de hidrogeno radiolitico y previene Ia 
formacion de burbujas de gas en Ia columna. Las 
aminas parcialmente no neutralizadas funcionan bien 
durante una o dos etapas de contacto entre las fases 
acuosas y organicas. Sin embargo, despues de varias 
etapas en un mezclador-sedimentador Ia amina se 
acidifica. Nosotros no hemos probado a tamponar 
con A!Cb. 

M. F. PusHLENKov (URSS): l. Cual es Ia diferencia 
minima permisible en peso especifico entre fases 
cuando se usa el extractor centrifugo? 

F. L. CuLLER, Jr. (Estados Unidos de America): No 
hemos determinado Ia minima diferencia en peso 
especifico. Los extractores trabajan satisfactoriamente 
bajo las condiciones normales de un diagrama de flujo 
Purex. Los extractores de Savannah River trabajan a 
una velocidad que produce una fuerza centrifuga 
300 veces superior a Ia de Ia gravedad. 

M. F. PUSHLENKOV (URSS): (, Existen metodos mas 
econ6micos de regeneracion de mezclas de Ia extrac
ci6n (disolventes) despues de repetidos contactos con 
soluciones muy activas? 

F. L. CuLLER, Jr. (Estados Unidos de America): Yo 
no conozco un metoda de tratamiento de disolventes 
mas economico que el lavado con carbonato sodico 
seguido por reacidificacion para eliminar los productos 
de descomposicion del TBP. En Estados Unidos, 
algunos expertos piensan que Ia adicion de Mn02 
como absorbente tambien sirve. Yo creo que ellavado 
con carbonato, seguido de filtracion para eliminar 
solidos (sales del acido mono y dibutil fosforico) del 
disolvente y reacidificacion, puede ser Ia mejor tecnica 
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para eliminar los productos de descomposicion del 
TBP. No obstante, estos metodos no eliminan, 
necesariamente, las impurezas constituidas por com
puestos de cadena recta no saturados en un diluyente 
tal como Amsco 125 y que pueden nitrarse. Estas 
impurezas pueden ser eliminadas eficazmente me
diante absorci6n con alumina u otros absorbentes pero 
estos tienen baja capacidad y el proceso puede ser 
caro. La mezcla disolvente-diluyente se ·puede destilar 
a vacio en caso de fallar todo lo demas. 

D. W. CLELLAND (Reino Unido): l.Cual es su 
opinion sobre las ventajas relativas de los venenos 
fijos y solubles? 

F. L. CuLLER, Jr. (Estados Unidos de America): 
Los venenos solubles son mucho mas eficaces y menos 
costosos que los fijos. 

D. W. CLELLAND (Reino Unido): l.Ha habido 
alguna dificultad importante en Ia limpieza del sistema 
envenenado con boro en Idaho? 

F. L. CuLLER, Jr. (Estados Unidos de America): Me 
gustaria pedir a mi colega, el Dr. McBride, que 
contestara esa pregunta. 

J. A. McBRIDE (Estados Unidos de America): Por 
lo que yo se, no hemos encontrado dificultades en 
guitar los venenos solubles. Tenemos tres metodos de 
evitar la criticidad. Hay dos formas de control admi
nistrativo sobre Ia preparacion de las disoluciones 
que entran en el sistema: primero, las disoluciones se 
analizan antes de su uso y, en segundo Iugar, se usa 
instrumentacion de atenuacion neutr6nica para con
firmar Ia presencia de boro en el acido que entra en el 
disolvedor. Esta instrumentacion esta conectada a una 
valvula automatica que cierra el suministro de acido al 
disolvedor, si hay pruebas de falta de boro. En tercer 
Iugar, todas las disoluciones acuosas que circulan por 

ACT A DE LA SESI6N 2.6 479 

las camisas de refrigeracion del disolvedor contienen 
tambien acido borico disuelto y son cuidadosamente 
controladas para verificar su presencia. Ademas, 
estamos poniendo a punto una serie de ensayos de 
multiplicacion neutronica con el disolvedor en condi
ciones de trabajo. Hasta ahora estas medidas han 
satisfecho a todas las autoridades de seguridad. 

B. F. WARNER (Reino Unido): l, Es Ia eliminaci6n de 
solidos en un proceso <<chop-leach>> necesaria por 
razones de seguridad nucleat o por razones de opera
cion de los extractores? l, Cual es Ia tecnica que Vds. 
prefieren para llevar a cabo esta operacion? 

F. L. CuLLER, Jr. (Estados Unidos de America): 
Los solidos se deben eliminar para evitar su acumula
cion en el sistema de preparacion de Ia alimentacion 
bajo condiciones que podrian conducir a Ia acumula
cion de una masa critica. Esto es particularmente 
necesario en el caso de combustibles irradiados par
cialmente enriquecidos y con un alto contenido en 
plutonio. Otra razon para eliminar solidos es que en el 
sistema de extracci6n pueden formarse emulsiones, 
pero esto no es importante. Hemos observado que 
aproximadamente 1-2% de los s6lidos en Ia vaina de 
acero inoxidable del uo2 permanecen sin disolver en 
pruebas activas. Una centrifuga criticamente segura, es 
probablemente, el mejor metodo de separaci6n de 
s6lidos en una instalaci6n radiactiva. 

V. V. FoMrN (URSS): l, Trabajara Ia cuchilla de un 
sistema <<chop-leach>> con elementos combustibles de 
alto grado de quemado? 

F. L. CuLLER, Jr. (Estados Unidos de America): La 
cuchilla disefiada para operaci6n en celdas calientes no 
ha sido aun usada con combustibles irradiados; sola
mente se han hecho pruebas sin actividad. Creemos 
que Ia cuchilla funcionara con combustibles termica
mente calientes. 
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Le traitement des combustibles irradies par les halogenes 
et leurs composes 

par M. Bourgeois et P. Faugeras* 

INTRODUCTION 

Les methodes chimiques de traitement des com
bustibles irradies par les halogenes et leurs composes 
sont basees sur les differences des proprietes physiques 
et chimiques des halogenures des elements constituant 
le combustible irradie (principalement leur tension de 
vapeur, comme le montre Ia figure 1). 

La forme iodure a ete envisagee et Ia forme bromure 
laissee de cote; !'utilisation des chlorures est etudiee a 
l'etranger (notamment a Mol eta Karlsruhe). Mais les 
travaux les plus importants et les realisations les plus 
avancees se limitent au domaine des fluorures. 

Malgre un prix de revient plus eleve, le choix de 
l'hexafluorure d'uranium comme etat sous Iequel se 
fait Ia purification a ete dicte par sa stabilite et sa 
facilite de transformation et de manipulation sous 
forme solide, liquide ou gazeuse. En revanche, le 
caractere tres exothermique des reactions et l'analogie 
des proprietes de !'uranium et du plutonium ne sont 
pas sans poser de delicats problemes. 

Exothermicite des reactions 

L' evacuation des calories produites peut etre 
facilitee en operant soit dans un milieu liquide, soit en 
phase gazeuse dans un lit fluidise de particules solides 
inertes chimiquement. 

Dans les deux precedentes conferences de Geneve, 
les precedes de volatilisation des fluorures decrits 
utilisaient un milieu liquide constitue soit par les 
fluorures d'halogene (trifluorure de brome a Argonne 
et Brookhaven, trifluorure de chlore- acide fluorhy
drique a Oak Ridge), soit par un bain de fluorures 
fondus (Argonne et' Oak Ridge). Actuellement, a notre 
connaissance, seul le procede aux sels fondus d'Oak 
Ridge reste etudie sur des combustibles irradies. II faut 
toutefois noter le developpement aux laboratoires de 
Brookhaven d'un nouveau procede en phase liquide 
utilisant des melanges tels que oxydes d'azote- acide 
fluorhydrique. 

Par contre, les precedes en phase gazeuse con
naissent depuis 1959 un grand developpement grace a 
!'utilisation des lits fluidises, qui permettent un 
meilleur controle des reactions gaz-solide tres exo
thermiques. Cette technique par fluidisation, nee 
dans les laboratoires de Brookhaven [1], fait actuelle
ment l'objet d'importantes etudes, notamment dans 
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les laboratoires d'Argonne, de Brookhaven et de Mol 
et a Fontenay-aux-Roses. 

Separation uranium-plutonium 

II est possible d'obtenir une separation uranium
plutonium en operant une fluoruration selective de 
l'uranium en hexafluorure volatil, le plutonium ne 
depassant pas Ie stade de tetrafluorure non volatil. 
C'est ce qui se produit dans les procedes en phase 
liquide utilisant les fluorures d'halogene. En phase 
gazeuse, il faut faire appel a des reactifs moderes tels 
que Ie trifluorure de brome ou le tetrafluorure de 
soufre. Il reste ensuite, dans une deuxieme etape, a 
separer le plutonium des fluorures de produits de 
fission non volatils qut l'accompagnent, par exemple 
par action d'agents fluorants plus energiques, comme 
Ie fluor ou le pentafluorure de brome, qui transforment 
le tetrafluorure de plutonium en hexafluorure de 
plutonium volatil. 

Pression (mm Hg) 

105 r----.----,----.----.---~r----r---, 

-100 -50 0 50 100 150 200 250 
Temperature ( •C) 

Figure 1. Courbes de tension de vapeur de differents fluorures 



484 SEANCE 2.7 Pf66 M. BOURGEOIS et P. FAUGERAS 

Dans le cas de formation simultanee d'hexa
fluorures d'uranium et de plutonium, il convient d'en 
faire Ia separation. Les hexafluorures d'uranium et de 
plutonium ont des courbes de tension de vapeur 
voisines. L'instabilite de l'hexafluorure de plutonium, 
de plus, complique leur separation par distillation. 
Plus seduisante apparait Ia separation du plutonium 
par reduction selective de son hexafluorure en 
tetrafluorure solide. Cette reduction, qui doit laisser 
intacts les autres fluorures volatils, peut etre realisee 
soit par decomposition thermique, soit par reaction 
chimique avec un agent comme le tetrafluorure de 
soufre, le brome, les freons. 

La decontamination de I'hexafl.uorure d'uranium, et 
c'est Ia Ia raison d'etre de ces procedes, peut etre 
efficacement realisee par distillation ou par absorption
desorption sur fluorure de sodium, ou en combinant 
ces deux techniques. 

En France, les etudes de volatilisation ont debute en 
1957 par Ia preparation de l'hexafluorure de plutonium 
et !'etude du procede en sels fondus. La corrosion 
excessi~e due a ce milieu nous a conduits en 1959 a 
orienter plutot nos recherches vers les precedes 
utilisant les fluorures d'halogene et vers les reactions 
en phase gazeuse. 

L'etude des precedes en phase liquide a ete 
poursuivie en collaboration avec Ia Societe d'Electro
chimie d'Ugine. Tres vite, le trifluorure de brome a ete 
ecarte a cause du danger d'emballement de Ia reaction, 
au profit du milieu trifluorure de chlore- acide 
fluorhydrique. Une installation pilote a l'echelle du 
kilogramme a tres bien fonctionne sur materiaux 
inactifs [2, 3). 

Malgre les resultats encourageants obtenus, !'etude 
a ete arretee en 1962 au profit du procede en phase 
gazeuse, qui semble plus universe] et moins dangereux. 

Les combustibles envisages dans ces etudes sont les 
suivants: alliage uranium-zirconium gaine Zircaloy; 
alliage uranium-aluminium gaine aluminium; alliage 

Tour d'absorption a Ia potasse 
(HCI) 

Anneoux 
RASCHIG 

Condenseur 
(Zr Cl

4
) 

statique 

uranium-molybdene gaine aluminium; ceramiques 
U0 2-Pu0 2 • 

ALLIAGES URANIUM-ZIRCONIUM ET 
ALLIAGES URANIUM-ALUMINIUM 

Principe 

Le traitement com porte les operations suivantes: 
(a) Attaque par l'acide chlorhydrique anhydre a 

300-400 oc. Le zirconium ou !'aluminium est 
transforme en chlorure volatil, l'uranium en 
trichlorure peu volatil; 

(b) Action du fluor sur le residu, transformant 
notamment le trichlorure d'uranium en hexa
fluorure volatil. Cette etape peut etre precedee 
d'un passage d'acide fluorhydrique donnant du 
tetrafluorure d'uranium et chassant le chlore; 

(c) Purification de l'hexafluorure d'uranium par 
distillation ou par absorption-desorption sur 
fluorure de sodium. 

Les etudes des reactions chimiques et des conditions 
operatoires, commencees a l'echelle laboratoire, se 
sont poursuivies d'abord a l'echelle semi-industrielle 
dans un reacteur a lit fluidise de 100 mm de diametre, 
puis a J'echelle industrielle dans un reacteur de 200 mm 
de diametre. Cette derniere etape correspond a une 
installation prevue pour Ia recuperation d'uranium 
des dechets de fabrication d'elements combustibles. 

Etudes a l'echelle laboratoire et semi-industrielle 

Les essais ont ete conduits sur des tournures 
d'alliage uranium-zirconium a 6 % d'uranium et sur 
des plaques de ce meme alliage gaine de Zircaloy 2, 
dans un reacteur a lit fluidise, a I' echelle de 1 kg 
d'alliage. Ils ont permis de preciser les meilleures 
conditions chimiques et les resultats auxquels il fallait 
s'attendre a plus grande echelle. 

La vitesse dechloruration suivie a !'aide du degage
ment d'hydrogene est plus sensible a !'action du debit 

Vers 
_t..:.oaclteur a lit fluidise Ia tour 

d'absorption 

Alumine fluidisee 

Tours d'absorptlon 
sur FNa (UF

6
) 

.._--HCI. 

Recueil de UF 
6 Recuell de Zr Cl

4 o o o o Refrigeration 
• • • • Chauffage 

Figure 2. Schema de !'installation pilote de traitement de UZr (1 0 kg/i) 
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Figure 3. Schema de l'appareillage destine aux etudes a l'echelle 100 g 

d'acide chlorhydrique qu'a !'action de Ia temperature. 
La vitesse d'attaque maximale observee a ete d'environ 
I kg d'alliage par heure avec un rendement de 80% en 
acide. La perte minimale en uranium entraine avec le 
tetrachlorure de zirconium est environ 0,1 % (60 ppm 
dans le tetrachlorure de zirconium). 

La fluoration s'effectue avec un mauvais rendement 
en fluor, etant donne les faibles quantites d'uranium 
presentes. Apres deux a trois heures de reaction, 
l'alumine du lit fluidise retient 500 a 700 ppm d'ura
nium. Cette valeur n'augmente pas apres une serie de 
plusieurs cycles de reaction. 

Etudes a l'echelle industrielle 
L 'installation a ete realisee et exploitee par les 

etablissements Kuhlmann a l'usine de Brignoud (Isere) 
dans le cadre d'un contrat avec le Service de chimie de 
Ia Direction des materiaux et combustibles nucleaires. 

Appareillage 
L 'appareillage utilise differe peu de I' installation 

semi-industrielle qui lui a servi de modele (fig. 2). Le 
reacteur proprement dit, de 200 mm de diametre et de 
I ,60 m de hauteur, est rempli de 50 kg de corindon 
« 70 fils » constituant Ie lit, supporte par 3 kg de 
corindon « 20 fils ». Les gaz sont filtres par passage de 
haut en bas sur le lit statique de 14 kg de corindon 
« 70 fils », soit 20 em de couche filtrante reposant sur 
3 kg de corindon « 20 fils ». Le filtre peut etre 
exterieur ou mieux interieur au reacteur. L'hexa
fluorure d'uranium est recupere dans les pieges 
refroidis a- 60°C a partir des colonnes a fluorure de 
sodium chauffees a 400°C. Le fluor en exces est brfile 
dans une tour a charbon. 

Essais avec des alliages uranium-zirconium 
Chloruration. Elle s'opere a 400°C avec un debit 

d'acide chlorhydrique pur de 3,5 a 4 m 3/h. L'intro
ductiou de l'alliage se fait par charges de 5 a 10 kg, 

en morceaux massifs ou en dechets comprimes. Les 
vitesses de combustion sont de 1,5 kg/h. En charge
ment continu, une vitesse de 2,5 a 3 kg/h peut etre 
facilement obtenue. Les rendements d'utilisation de 
I'acide chlorhydrique varient de 30 a 50%. Une partie 
du trichlorure d'uranium est entrainee sur le filtre: 
apres plusieurs chlorurations successives, on a re
trouve environ un quart de !'uranium sur Je filtre, 
maintenu egalement a 400°C. Les pertes par en
trainement a travers le filtre avec le tetrachlorure de 
zirconium sont inferieures a 0,2 %. Le rendement de 
recuperation du tetrachlorure de zirconium est 
d'environ 98%. 

Fluoruration. On effectue, en general, plusieurs 
chlorurations successives (jusqu'a 15) pour accumuler 
!'uranium dans le reacteur. Apres un balayage de 
longue dun!e a !'azote, on fait passer le fluor sur le lit 
de fluidisation et sur Je filtre a 200-300°C avec un 
debit voisin de 500 1/h (inferieur au debit minimal de 
fluidisation). Le lit est fluidise de temps en temps a 
!'azote pour homogeneiser et eviter les passages pre
ferentiels. Le rendement en fluor peut atteindre 50%. 
La quantite d'uranium restant dans le lit est en general 
de 25 a 30 g, correspondant a une teneur de 500 a 600 
ppm par rapport a I'alumine. 

Essais avec des alliages uranium-aluminium 
Les operations sont identiques, mais il est avanta

geux de faire Ia chloruration a plus basse temperature 
(300°C). Les resultats obtenus sont sensiblement 
voisins de ceux du traitement des alliages uranium
zirconium. 

TRAITEMENT DES ALLIAGES 
URANIUM-MOL YBDENE GAINES ALUMINIUM 
Le procede, com me dans le cas des alliages uranium

zirconium, comporte plusieurs etapes de volatilisation 
[3, 5]. 
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Figure 4. Attaques d'alliage UMo par le fluor dilue; influence de 
Ia concentration et de Ia temperature · 

(a) Degainage par action de l'acide chlorhydrique. 
L'aluminium est elimine sous forme de 
trichlorure vola til; 

(b) Conversion de l'alliage en produits inter
mediaires, soit par un melange acide chlor
hydrique-oxygene, l'uranium etant transforme 
en oxydes et le molybdene en oxychlorure 
volatil; soit par un melange acide fluor
hydrique-oxygene, l'uranium etant transforme 
en un melange d'oxydes, de tetrafluorure et 
d'oxyfluorure, et le molybdene en oxyfluorure 
volatil; 

(c) Attaque des residus obtenus par le fluor et 
volatilisation du plutonium, de l'uranium et du 
molybdene residuaire sous forme d'hexa
fluorures; 

(d) Separation du plutonium des fluorures volatils 
par reduction selective; 

(e) Decontmnination de !'uranium et separation 
des hexafluorures d'uranium et de molybdtme 
par distillation. 

Les etudes a l'echelle laboratoire de la deuxieme 
etape du procede ont fait I' objet d'une communication 
au XXXIIe Congres de chimie industrielle [6]. Nous 
avons egalement examine les reactions des melanges 
acide fluorhydrique-oxygene sur les alliages uranium
molybdene en lit fluidise de corindon, a l'echelle de 
100 g. L'elimination du molybdene lors de cette etape 
n'ayant jamais depasse 90%, no us avons simplifie le 

procede en operant l'attaque directe de /'alliage par /e 
fluor apres le degainage. 

Etude a l'echelle de 100 g 
Elle a pour but de determiner les vitesses de reaction 

du fluor sur les alliages uranium-molybdene en 
fonction de la temperature et de la concentration du 
fluor dans l'azote . 

L'appareillage est schematise figure 3. Il comprend 
essentiellement un reacteur a lit fluidise de 30 mm de 
diametre, deux colonnes de cristallisation d'hexa
fluorures refroidis a- 80°C par passage d'azote froid. 

On constate que la vitesse de reaction augmente 
avec la concentration du fluor dans les gaz et que cette 
augmentation est beaucoup plus rapide a 400°C qu'a 
300oC (fig. 4). A 300°C, la penetration moyenne 
estimee de l'uranium-molybdene a 10% de molybdene 
varie de 0,3 a 0,6 mm/h lorsque la concentration du 
fluor passe de 10 a 60%, alors qu'a 400 oc elle varie de 
0,5 a plus de 2 mm/h quand la concentration du fluor 
passe de 30 a 50%. Les rendements d'utilisation du 
fluor sont faibles (10 a 25 %). 

Etude a l'echelle semi-industrielle 
La figure 5 represente !'installation dont les photo

graphies (fig. 6 et 7) donnent une vue d'ensemble. 

Appareillage et reacteur 
Il est en monel et comporte un cylindre (o 100 mm, 

hauteur 400 mm) surmonte d'un vase d'expansion 
(o 150 mm, hauteur 400 mm). Ces deux parties soot 
chauffees independamment par resistances blindees 
thermocoax. La partie inferieure est munie d'ailettes 
helico1dales et d'une double enveloppe pour le 
refroidissement par air comprime. Pour les premiers 
essais, nous disposions d'une grille de fluidisation. Afin 
de permettre la vidange du lit par gravite, celle-ci a 
ete remplacee par des billes de nickel de 6 a 8 mm de 
diametre, reposant elles-memes sur une couche de 
corindon «12 fils». Le lit est constitue par 5,5 kg de 
corindon «70 fils». 

Filtres.-La filtration des gaz a ete effectuee 
successivement sur des bougies en reps de nickel, puis 
sur des bougies rem plies de co rind on, et, actuellement, 
sur lit statique de corindon place dans une colonne de 
100 mm de diametre et de I m de haut. La composition 
de ce lit est, de bas en haut, la suivante: 2 em de billes 
de nickel, 3 em de corindon «12 fils», 10 em de 
corindon «24 fils», 45 em de corind~n « 12 fils». 

Colonnes de piegeage.-Le trichlorure d'aluminium 
et des hexafluorures d'uranium et de molybdene soot 
pieges respectivement dans deux colonnes refroidies 
interieurement par des ailettes verticales et horizon
tales soudees sur des tubes dans lesquels circule le 
fluide refrigerant ( eau pour le trichlorure d'aluminium, 
azote froid pour les fluorures). Les produits sont 
recueillis sous forme liquide dans des pots refroidis. 

Events.-L'acide chlorhydrique en exces est absorbe 
dans une colonne a aspersion de lessive de soude. Le 
fluor, apres avoir ete debarrasse des dernieres traces 
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Cnstall1seur Al CL3_ . 

N2 froid 

Decolmatoge 

Reacteur a lit tluide 

Borre au 

Cristolliseur UFs 

Recueil 
Al Cl3 par 
liquetactio 

ou vide 

::E-~c:l-- Pression N2 
ou vide Tour d'obsorption 

a La potasse 

Re~ueil UFs 
par liquefaction 

• • • • Chouffage 
Figure 5. Schema de !'installation de traitement des alliages UMo (echelle: 1 barreau EL 3) 

de fluorures par passage sur colonne a fluorure de 
sodium, est absorbe sur une colonne d'alumine activee. 

Essais et resultats 
Les essais ont lieu sur des barreaux types EL3 a 2 

oiL 10% de molybdene, gaines d'aluminium. Le poids 
du barreau est d'environ 1,8 kg, dont 0,15 kg de 
gaine environ. 

Le degainage dure environ 2 h avec un debit de 600 a 
1 000 1/h d'acide chlorhydrique pur a 300-400°C. On 
constate une attaque superficielle du barreau. Le 
rendement d'utilisation de l'acide chlorhydrique est de 
l'ordre de 15 a 20%. Le trichlorure d'aluminium est 
recupere a environ 70%. Les pertes en uranium par 
entrainement avec 1e trichlorure d'aluminium sont 
faibles (0, 1 %). 

Lafluoruration dure de 4 a 5 hades temperatures de 
350 a 450°C. L'attaque se fait avec un debit gazeux 
total superieur a 2 m 3 /h. On enrichit progressivement 
le melange en fluor jusqu'a 30% environ. Lorsque 

l'attaque est terminee, on diminue progressivement 1e 
debit d'azote jusqu'a zero. II faut eviter toute elevation 
brusque de Ia temperature qui pourrait conduire a Ia 
formation d'agglomerats de corindon et de trifluorure 
d'aluminium. La zone delicate de Ia reaction est Ia 
partie inferieure du barreau. La retention de !'uranium 
dans le lit est de l'ordre de 200 a 500 ppm dans le 
corindon. Le rendement de recuperation de !'uranium 
est de 90 a 98 %. Le rendement d'utilisation du fluor 
est faible (10 a 20%). 

ETUDE DU PLUTONIUM 
Comportement a Ia fluoruration 

Cette etude est effectuee dans un appareillage 
analogue a celui represente sur Ia figure 3. 

Etude de Ia separation des hexafluorures d'uranium 
et de plutonium 

Cette etude est menee sur deux plans: 



488 SEANCE 2.7 P/66 M. BOURGEOIS et P. FAUGERAS 

Figure 6. Vue de !'ensemble experimental de traitement des 
alliages UMo 

F1gure 7. Ensemble experimental de traitement des alliages UMo; 
vue du reacteur 
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Figure 9. Installation pilate sur materiaux irradies; maquette de 
Ia cellule principale 

Figure 10. Maquette de Ia cellule principale; vue d'une partie 
de l'appareillage 

(a) Recherche d'un corps susceptible de reduire 
l'hexafluorure de plutonium et inerte vis-a-vis 
des fluorures volatils d'uranium, de niobium, 
de ruthenium de tellure, d'iode, etc.; 

(b) Determination des vitesses de reduction de 
l'hexafluorure de plutonium par ce reducteur. 

La premiere partie est etudiee par le Centre de 
recherches de Lyon de Ia Societe d'electrochimie 
d'Ugine. Parmi les composes etudies (S0 2, H 2, 

freons), les plus selectifs sont actuellement les freons. 

PROJET D'INSTALLATION PILOTE SUR 
MATERIAUX IRRADIES [3] 

Une installation de traitement des combustibles 
irradies en lit fluidise est en projet de construction au 
Centre d'etudes nucleaires de Fontenay-aux-Roses, 
avec Ia collaboration de Ia Societe d'electrochimie 
d'Ugine. Cet ensemble est destine a I' etude (a I'echelle 
de quelques kg) du traitement de differents types de 
combustibles: uranium-zirconium; uranium-alumi
nium, etc. Cette installation doit comporter deux 
cellules: 

(a) Une cellule principale, protegee a et y, 
abritant les appareils susceptibles de contenir 
les produits actifs (fig 8); 

(b) Une cellule annexe destinee a Ia distillation et 
au traitement des effluents. 

La cellule principale est constituee d'une enceinte 
etanche IX Ventifee de 9,50 m de long, 4 ill de large, et 
4,60 m de haut, protegee par des blocs superposables 
de beton baryte ( epaisseur 85 em). Dans cette cellule 
prendront place: Ie reacteur a lit fluidise, le filtre a lit 
statique, les cristallisoirs et electrofiltres destines au 
recueil du chlorure d'aluminium et des tluorures 
volatils, Ia pompe de recyclage du fluor, et le systeme 
de separation du plutonium. Les appareils sont dis
poses sur deux !ignes, de part et d'autre d'une ossature 
support placee au milieu de Ia cellule. Tous les 
appareils sont prevus demontables a !'aide d'un 
telemanipulateur lourd et d'un pont roulant de 500 kg. 
Les photographies 9 et 10 representent Ia maquette de 
Ia cellule principale. 

Dans Ia cellule annexe s' effectueront: Ia distillation 
de l'hexafluorure d'uranium, !'adsorption de l'acide 
chlorhydrique sur charbon actif (desorbe ensuite sur 
une colonne de lavage a Iessive de soude), et la 
reaction du fluor sur charbon, puis sur alumine 
activee. 

Des analyses en ligne sont prevues par chromato
graphie en phase gazeuse et par comptage IX et y [7]. 
Les appareils seront places dans des boites a gants 
logees sous Ia cellule principale. 
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ABSTRACT-RESUME-AHHOTALl.I-171-RESUMEN 

A/66 France 

The reprocessing of irradiated fuels by 
halogens and their compounds 

By M. Bourgeois and P. Faugeras 

A brief description is given of the experiments lead
ing to the choice of the process, volatilization of 
fluorides by gas phase attack. 

The chemical process is described for certain current 
types of clad fuels; the aluminium or the zirconium 
cladding is first volatilized as chloride by attack with 
gaseous hydrogen chloride. The uranium is then trans
formed into volatile hexafluoride by attack with 
fluorine. These reactions are carried out consecutively 
in the same reactor in the presence of a fluidized bed of 
alumina which facilitates heat exchange. 

The experiments have been carried out in quantities 
from I 00 grams to several kilograms of fuel, first with
out activity, and then with tracers. 

A description is given of the laboratory research 
which was carried out at the same time on the separa
tion of uranium and plutonium fluorides. 

Finally, an apparatus is described which is intended 
to test the process on irradiated fuel at an activity level 
of several thousands of curies of fission products. 

A/66 OlpaH4HR 

nepepa60TKa o6nyLteHHOrO TOnnHBa 
ranoreHaMH H HX COeAHHeHH~MH 
M. 5ypmya, n. Olomepa 

KpaTKo onnchlBaiOTCH onhiTLI, KOTOphie npnBe
JIH K paapa6oTKe npon;ecca BoaronKn raaoo6paa
u.blx qJTOPHAOB. ,ll;aeTCH onncanne XHMH'IecKoro 
npon;ecca nepepa6oTKn HeKoTophiX cyiD;eCTBY
IOID;HX TnnoB TonJinBa B o6oJio'IKe. Ha nepBoii 
CTaAHH aJIIOMUHUH UJIU IJ;HpKOHHH o6pa6aThlBaiOT
CJI COJIHHOH KHCJIOTOJI H B03fOHHIOTC11 B BH,J;C 
XJIOPHAOB. 3aTeM ypaH npeo6paayeTCH B JieTy'lee 
IUeCTllWTOpHCTOe COeAHHeHHe llOA Boap;eii:CTBIH'JI[ 
tll1'0pa. 3TH onepan;nn OCyiiJ;eCTBJIHIOTCH B llOCJIC-

)\OB31fCJihHOM HOpH~Ke B TOM me CaMOM peaKTOpe 
B nceBAOKHTIHID;eM CJIOe H3 OKHCH aJIIOMHHHH, KO
TOpbiH o6JierqaeT npon;ecc TenJioo6MeHa. 

Ont.IThl npoBo~HJIHCL cnaqa.Jia c ncnoJILaoBaHH
eM HeaKTHBHOrO TOTIJIUBa BeCOM OT .100 e AO He
CKOJihKJIX KJIJIOrpaMMOB, aaTeM C JICTIOJI.b30BaHHeM 
pa~noaKTHBHhlX HHAHKaTOpOB. 

,ll;aeTCH orrucanne rrpoBo~nBrnnxcH napaJIJieJih
no Jia6opaTopHbiX HCCJie~oBaHJIH ITO OT)J;eJieHHIO 
qnopnAOB ypana oT WTOPHAOB IIJIYTOHHH. 

HaKoHen;, p;aeTCH onncaHne cTpOHID;eiicH ycTa
HoBI\H ,!l,JIH nay'leHnH npon;ecca na o6.'1y1feHHOM 
TOTIJIJIBe C aKTJIBHOCThiO npop;yKTOB p;eJieHHH B 
npe~eJiaX HeCKOJI.bKJIX TLICH1J KIOpH. 

A/66 Francia 

Tratamiento de los combustibles 
irradiados con hal6genos y sus compuestos 
por M. Bourgeois y P. Faugeras 

Se describen brevemente los experimentos que 
indujeron a los autores a escoger el procedimiento de 
volatilizaci6n de los fluoruros por ataque en fase 
gaseosa. 

Se describe el proceso quimico para ciertos tipos 
corrientes de combustibles revestidos: en la primera 
fase, el aluminio o el circonio es volatilizado en forma 
de cloruro por acci6n del acido clorhidrico. Seguida
mente, el uranio se transforma en hexacluroro volatil 
por acci6n del fluor. Estas operaciones se verifican 
sucesivamente en un mismo recipiente de reacci6n, en 
presencia de un !echo fluidificado de alumina cuya 
finalidad es facilitar los intercambios termicos. 

Se ha experimentado con cantidades comprendidas 
entre 100 g y varios kilogramos de combustible 
inactivo, y tambien con indicadores. 

Se describen los estudios de laboratorio realizados 
paralelamente sobre la separaci6n de los fluoruros de 
uranio y de plutonio. 

Por ultimo, se describe una instalaci6n en con
strucci6n, destinada a ensayar el procedimiento con 
combustible irradiado, en una escalade varios millares 
de curios de productos de fisi6n. 
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Fluoride volatility processes for the recovery of fissionable 
material from irradiated reactor fuels 

By R. C. Vogel,* W. H. Carr,** G. I. Cathers,** J. Fischer,* L. P. Hatch,*** 
R. W. Horton,** A. A. Jonke,* R. P. Milford,** J. J. Reilly*** and G. Strickland*** 

This paper surveys the US work on fluoride 
volatility separation processes since the 1958 Geneva 
Conference. In these processes, spent reactor fuels are 
converted to fluorides, and the necessary decontamin
ation is carried out by distillation or absorption
desorption. General post-1958 references are [1, 2, 3]. 

FLUORIDE VOLATILITY PROCESSES FOR 
HIGH-ENRICHMENT FUELS 

Fused-salt process 
The process has been studied in the laboratory, on 

a semi-works scale, and in the Oak Ridge National 
Laboratory (ORNL) Fluoride Volatility Pilot Plant 
[4]. Current emphasis is on process development for 
zirconium-matrix fuels such as the Core-l seed of the 
Shippingport pressurized water reactor (PWR). Lack 
of space prevents discussion of the application of the 
process to Zr0 2-U0 2 fuels (PWR Core-2 seed) 
[2a, 5], and Be0-U0 2 fuels (TORY II-A PLUTO 
reactor) [2a, 6-8]. Processing of Th0 2-based fuels [9] 
and dissolving stainless steel [2a, 10] have also been 
considered. 

Process outline and description of ORNL pilot plant 
Fuel elements ( 42 kg Zr-0.5 kg U each) submerged 

in molten NaF-LiF-ZrF 4 (37.5-37.5-25 mole %; 
mp 605 oq [6] are converted to ZrF 4 and UF 4 in the 
dissolver [11] with HF (Fig. 1). The resulting melt 
(mp ~ 450 oq is 27.5-27.5-45 mole % NaF-LiF
ZrF 4, plus UF 4• Submicron-size particles in the 
dissolver off-gas are removed by a condenser
scrubber system. In a flash cooler, the off-gas is cooled 
to about 20 ac by contact with liquid HF at -40 ac. 
The unvolatilized HF washes solids down a vertical 
condenser, providing more scrubbing. The off-gas and 
vaporized HF leave a reboiler and are recycled [2c]. 

The molten salt is transferred to the fluorinator [11], 
where volatile UF 6 is formed by introducing fluorine 
at 500 °C. Less than I % of the fission product 
activity in the form of entrained or volatile fluorides 
accompanies the UF 6 • After the uranium content of 
the melt is reduced to :::::; 10 ppm, the waste salt is 

* Argonne National Laboratory, Argonne, Illinois. 
**Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

***Brookhaven National Laboratory, Upton, New York. 

transferred to a container for permanent disposal as a 
solid by burial in concrete. 

The gaseous stream from the fluorinator enters the 
movable-bed absorber [11]. The NaF pellets in the 
lower section are held at 400 ac; they remove entrained 
solids and some volatile fluorides such as CrF 5 and 
ZrF 4• Most of the volatile fluorides and UF 6 are then 
sorbed by the intermediate section at 100 °C. By 
raising the bed to 150 ac, MoF 6 is separated from 
UF6 • Then the MoF6 is swept from the NaF with 
negligible uranium loss. Finally, UF 6 is removed by 
raising the entire bed to 400 ac and sweeping UF 6 

through the top portion of the unit with fluorine. 
After desorption is complete, the NaF pellets in the 
first zone are discharged into the waste salt in the 
fluorinator, and fresh pellets are charged to the top. 

To remove the technetium and neptunium fluorides, 
the UF 6 stream from the absorber flows through the 
impurity trap, a fixed bed of MgF 2 pellets operated at 
about 100 ac, as developed at the Paducah gaseous 
diffusion plant [12]. Fines in the product stream from 
pellet powdering are removed by nickel mesh followed 
by a porous, sintered nickel plate [13]; then the UF 6 is 
cold trapped. 

Results from pilot plant runs 
Fourteen runs have been made with dummy 

zirconium elements, fourteen with unirradiated ura
nium-zirconium elements, and eleven with elements of 
> 15% 235U burn-up. Of the latter, the first six runs 
were with long-decayed (5 to 6.5 yr) fuel elements [5]. 
After this series, MgF 2 beds were added to remove 
technetium and neptunium. The last five runs were 
made with short-decayed (6 to 13 months) elements. 
Operations were smooth, particularly during the last 
three runs. For the busiest three months of the 
program, the average radiation dose received by the 
operators was 420 mr, and no individual's exposure 
exceeded 100 mr in any week. Capability for sustained 
operation with high burn-up uranium-zirconium fuel, 
cooled for 6 to 12 months, was demonstrated, with low 
losses and excellent decontamination. 

Results of the run with 6-month decayed fuel are 
typical of the five short-decayed runs. In I 0.2 h, at an 
HF flow-rate of 125 g/min, 90% of the charge 
dissolved at a rate of 3.36 kg of Zrjh; in 14.5 h, 
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100% dissolved. In a single pass through the dissolver, 
35 to 45% of the HF was consumed, the rest was 
recirculated. In fluorination, fluorine flow-rates were 
10 g/min for 100 min and 22 g/min for 20 min with a 
utilization of 7 %. The uranium concentration was 
reduced from an initial 4 337 ppm to 2. The uranium 
loss to the waste salt was 0.02 %, including unrecover
ed uranium from the NaF bed. 

The decontamination factors (DF's) achieved in the 
last five runs were among the highest ever reported for 
any radiochemical process, even with three cycles of 
solvent extraction. For the 6-month decay run, they 
were: 90Sr, > 10 9 ; 137Cs, > 5 X J0 9 ; 106Ru, 
> 5 ;.,; JOB; I25Sb, > JOB; I27mTe, I29mTe, and 
I 32Te, > J0 9 ; 95Zr- 95Nb, > 1010. In some later runs, 
<t Zr-Nb DF up to > 5 x J0 10 was achieved; how
ever, the 125Sb DF fell to > 106. 

Semi-works runs demonstrated the feasibility of 
dissolving and fluorinating in the same vessel and of 
using a partial salt-recycle procedure for supplying 
the initial ZrF 4 • Partial recycle was used satisfactorily 
for eight zirconium dissolutions. Six dissolution
fluorination cycles (using 6 in sections of Zr-U alloy 
plate-type sub-assemblies) in an INOR-8* vessel, and 
five in an Alloy 79-4** vessel, were made without 
difficulty [14]. 

Corrosion 

Although the corrosion rates of molten fluorides 
with HF or fluorine are high by ordinary standards, 
the rates are reproducible and known and can be 
compensated for during plant design. The dissolver and 
the fluorinator in the pilot plant are made of INOR-8 
and Nickel 201 ( < 0.02% carbon) respectively. We 
now feel that nickel should not be used because of 
intergranular attack and that INOR-8 and Alloy 79-4 
are satisfactory. The latter is slightly favored for the 
fluorinator or a combination dissolver-fluorinator [15]. 

The highest corrosion rate for the INOR-8 dissolver 
was ~ 0.06 mill/h of HF exposure ( 1.1 mill per 18 h 
run). For the nickel fluorinator, values ranged from 
0.25 to 0.9 mill/h for fluorine exposure (0.5 to 1.8 
mill per 2 h run) [14, 16]. Molten salt exposure times 
were 600 to 520 h, during which HF was present for 83 
and 79 h, and fluorine was present for 36 and 34 h in 
the INOR-8 and Alloy 79-4 vessels respectively [17]. 
Maximum corrosion rates for the INOR-8 and Alloy 
79-4 semi-works combination dissolver-fluorinators 
during alternating exposure to HF and fluorine molten 
salt were 0.7 and 0.4 mill/h respectively, based on 
fluorine exposure time only. 

Sorption Studies 

Laboratory tests with highly irradiated fuel (decay 
times ranging from only 15 to 30 days upwards to 

* Nominal composition: Ni, 71 "o; Mo, 15~ :, ; Cr, 7~,~; 
Fe, 5'~o- INOR-8 is also known as Hastelloy Nand lnconel 
608. 

** Nominally Ni, 79°;,; Mo, 4° ~; Fe, 16~ 0 • It is similar to 
HyMu 80 and Moly Permalloy 
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several years) established the behavior of fission 
products in UF6 purification beds of NaF [18,19] as 
follows: 

(a) IF 7, TeF6: not sorbed at 100 oc; 
(b) MoF6, possibly TcF6 and RuF6 : partially 

sorbed at 100 oc but desorbed more easily than 
UF 6 ; 

(c) UF6, NpF6, PuF6, NbF 5: completely sorbed 
at 100 °C; 

(d) UF6, NpF6, remaining TcF6 and MoF 6 : 

completely desorbed between 300 and 400 oc; 
(e) ZrF 4, NbF 5, CrF 4, PuF 6, possibly RuF 5, and 

fluorides of Cs, Sr, and rare earths: irreversibly 
filtered and/or sorbed at 400 oc. 

Of the compounds not separated from UF 6 in the 
NaF step, TcF6 and NpF6 may be separated from 
UF 6 by irreversible sorption by MgF 2 at 100 °C. 

The UF 6 removal rate from gas streams by NaF 
pellet beds from 30 to 225 oc is first order with respect 
to UF 6 concentration, and the capacity depends 
inversely on temperature [20]. In gasometric sorption 
studies, a very active form of NaF was prepared by 
decomposing the nominal compound 4HF·NaF. The 
compound 2Naf.UF6 was then prepared by contact
ing NaF with UF6 [21]. Methods of reducing UF6 

retention on MgF 2 beds during TcF 6 and NpF 6 

removal were also studied [22]. 

Application to aluminum-matrix fuels 

The alloy can be dissolved with HF in 67-21-12 
mole % KF-ZrF cAlF 3 until a composition of 
52-16-32 mole %is obtained [23, 24]. In laboratory
scale experiments at 600 °C, dissolution rates increased 
from 7 to 43 mill/has the AIF 3 concentration increased 
from 12 to 29 mole %. Rates in semi-works runs 
averaged 10 mill/h in 62-38 mole % K F-ZrF 4, with 
the AlF 3 concentration increasing from 0 to 15 mole 
%. Corrosion of INOR-8 and Alloy 79-4 during the 
hydrofluorination of aluminum is less than that 
experienced with the current NaF-LiF-ZrF 4 solvent 
for zirconium [25, 26]. 

Fluidized-bed process for metallic fuels 
With zirconium or aluminum matrix fuels, ZrC1 4 or 

AICI 3 made by reaction with HCI can be separated 
from uranium since the UCI 3 is less volatile. The 
Zircex process [27, 28] uses the volatility of ZrC1 4 and 
lends supporting data to this concept. Heat removal in 
ZrC1 4 or A1Cl 3 formation is difficult because of low 
heat capacities of gaseous reactants and products. The 
need for high reaction rates further complicates heat 
removal. The use of an inert fluidized bed of alumina 
around the metallic reactant for removing the heat in 
an exothermic reaction was demonstrated [29-31] for 
hydrochlorination of zirconium, Zircaloy-2 and 
aluminum, the chlorination of stainless steel, fluorina
tion of uranium, and oxidation and fluorination of 
uranium monocarbide. 

Process out I i ne 
In the proposed process for zirconium-matrix fuel 
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[32], the element is dropped on an unfluidized bed of 
alumina and allowed to settle by passing gas through 
the bed at subfluidization rates. Volatile ZrCI 4 is 
formed by passing HCl through the fluidized bed at 
400 oc. Most of the UCla formed remains in the bed, 
but part is carried in the off-gas to a down-flow high 
temperature filter of alumina particles. The UCla in 
the fluidized bed and filter is converted to UF 4 with 
HF at 350 oc, and then fluorinated by starting at a 
fluid-bed temperature of 250 oc and ending at 500 oc. 
The UF 6 formed is decontaminated by absorption
desorption or by fractional distillation. The ZrCl 4 is 
converted to Zr0 2 by steam in a second fluidized-bed 
reactor at 400 oc. A pilot plant to demonstrate this 
process with unirradiated fuel was recently placed in 
operation at Argonne National Laboratory (ANL) 
[33]. 

Hydrochlorination step 

Studies of the exothermic hydrochlorination step 
were made in 1.5 in diam fluidized-bed reactor [29, 34]. 
Particle sizes of alumina in the range of 40 to 100 mesh 
and a ratio of about 3 kg of alumina to 1 kg of metal 
were satisfactory [30, 34]. Sections of Shippingport 
PWR type fuel assemblies [35] having 16 plates 
spaced < 0.1 in apart were successfully hydro
chlorinated using 40 to 80 mesh alumina [33, 36]. 
Satisfactory operation occurred with maximum plate 
temperatures ,:::; 200 oc higher than the bed [30, 33, 34], 
Other studies [33] indicated complete reaction of 13 kg 
of multiplate Zircaloy-2 assemblies in 5 h at 400 to 
500 oc. The uranium loss through the packed-bed 
filter can be kept < 0.2% if the filter temperature is 
kept ,:::; 350 oc [34, 36] to prevent loss of volatile UC1 4 • 

Fluorination step 

Fluorination of the UCla in the fluidized bed and in 
the filter bed yields UF 6, with chlorine as major 
and ClF a as minor products. The CIF a is cold trapped 
with the UF 6• The ClF a can be avoided by first 
reacting the UCla with HF for an hour at 350 oc to 
produce UF 4 [34]. 

The conditions for recovering :;?; 99 % of the 
uranium as determined in bench-scale experiments [34] 
were fluorination for 2 h at 250 oc followed by 2 h at 
500 oc. The uranium concentration remaining on the 
alumina is 0.005 %. Since the alumina must be dis
carded periodically to dispose of accumulated fission 
products, any uranium retained by the alumina at this 
stage represents a loss. Re-use of the fluidized-bed and 
filter-bed material is expected to be possible (but is not 
yet thoroughly investigated) without affecting uranium 
recovery. Depending upon the number of times that 
the bed can be re-used, the uranium loss in the alumina 
waste is expected to be much less than 1 %. Pilot plant 
experiments under way will provide additional 
confirmation. Fluorination of the alumina without 
prior hydrofluorination has yielded good uranium 
removal [29]. 
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Pyrohydrolysis step 

The ZrC1 4 or AICI 3 produced during hydro
chlorination represents a waste stream that requires 
processing for more convenient storage. Experiments 
in a 6 in diam fluidized-bed reactor showed that 
gaseous ZrC1 4 may be converted to Zr0 2 by reaction 
with steam at 350 oc [37, 38]. Satisfactory results were 
obtained with ZrCI 4 feed rates up to 5 kg/h and in 
pilot plant runs [33] in which pyrohydrolysis was done 
in conjunction with hydrochlorination. 

Application to aluminum-matrix fuels 

For aluminum-uranium alloy fuels, the process is 
almost the same as for zirconium except that hydro
chlorination and pyrohydrolysis are at 300 °C. Bench 
scale [39] and pilot plant [33] results are nearly the 
same for zirconium, except that complete hydro
chlorination of 13 kg aluminum assemblies required 8 
h, compared with 5 h for an equal weight of zirconium. 
Fuel plate temperatures remained at 400 oc. 

Fluoride volatility processes for graphite-matrix 
fuels 

A potentially important fuel is pyrolytic-carbon
coated, enriched uc2 dispersed in graphite; for 
example, that used in the Ultra High Temperature 
Reactor Experiment (UHTREX) [40]. Particles of 
mixed uranium-zirconium carbides coated with py
rolytic graphite (perhaps also SiC) are of interest to the 
DRAGON Project [41]. 

A simple method to remove the bulk constituent and 
penetrate the coating is to burn the fuel, leaving 
U 30 8, which may then be processed either by aqueous 
means or by fluoride volatility. AbsorptioJ;l on NaF is 
suitable for UF 6 decontamination. Two methods of 
carrying out the fluoride volatility process have been 
investigated and are described below. 

Fixed-bed procedure 

ORNL has studied direct burning of fixed-bed 
oxidation. Consecutive oxidation and fluorination 
were done batchwise (20 kg of fuel) in a pipe-shaped 
nickel reactor. During oxidation, the wall temperature 
was 500 to 700 oc, and the reaction zone was at 1 000 
to 1 200 °C. An oxygen-nitrogen mixture was fed to 
the fuel bed through multiple ports. The oxygen 
concentration was selected to promote diffuse rather 
than point combustion. At the top of the reactor, the 
gases were cooled during oxidation and fluorination. 
The oxidation gases passed through a cooler to filters 
which consisted of a Rigi-Mesh unit and an absolute 
filter, and then exhausted to the plant off-gas system. 
Oxide accumulation on the filter has been only 30 to 50 
g per fuel batch. 

Fluorination was carried out in the same vessel with 
reactor-wall temperatures at 400 to 500 a c. The UF 6 

and other volatile fluorides were condensed in a trap 
and later moved to NaF absorbers. For irradiated 
fuels, the residue remaining in the reactor would 
consist of non-volatile fluorides of corrosion products, 



SESSION 2.7 P/250 

fission products, and structural components. The 
residue in cold runs was a dry, free-flowing material 
that could be dumped for disposal. The total oxida
tion and fluorination time was ~ 16 h. The uranium 
loss to this waste stream was 0.01 to 0.03 %. 

Fluidized-bed procedure 

Brookhaven National Laboratory (BNL) is operat
ing a fluidized-bed process. An inert fluidized bed of 
alumina (3 kg of graphite to 20 kg of Al 20 3) at 
~ 750 ac removes the heat from fuel elements burning 

in nearly pure oxygen at a gas velocity of 1 ft/s. 
Continuous burner operation is possible by using 
separate oxidation and fluorination reactors. Fuel and 
alumina are added to the oxidizer; bed material 
containing U 30 8 can be discharged continuously from 
the bottom of the oxidizer and transferred pneu
matically to the fluorinator. Fluorination is carried out 
batch wise at 450 oc using 25 vol %fluorine in argon at 
0.5 ftjs. The UF6 evolved is condensed and may be 
decontaminated by absorption-desorption or distil
lation. 

Results from a series of runs made in 2 in id reactors 
indicate that between 89 and 96% of the uranium was 
removed by fluorination. Since the alumina is recycled, 
the uranium remaining in the bed is not lost. Cold 
engineering-scale studies have begun in a 4 in by 12ft 
high oxidizer with a bed height of 6 ft. 

Nitrofluor process 

In the BNL Nitrofluor process [2d], anhydrous HF 
solutions containing N 20 4, N 20 3, or NOF are used to 
dissolve zirconium or aluminum-matrix fuels as well 
as UC 2, BeO, and stainless steel. This process is in an 
earlier stage of development than other fluoride 
volatility processes. NOF-N 2-0 3HF [42], a 95 oc 
azeotrope, is the preferred solvent because of high 
dissolution rates and lack of corrosion of Monel as 
well as nickel equipment. The fuel-solvent reaction 
begins rapidly at room temperature, and heat must be 
removed within a few minutes. Then the solution is 
gradually heated to 90 oc for zirconium, or 120 oc for 
aluminum, to maintain a satisfactory dissolution rate. 
The off-gas is mainly NO, with some N 20; no hydro
gen is evolved. The NOUF 6 formed is soluble, but 
most of the zirconium salt precipitates and settles 
rapidly. The dissolver contents are centrifuged; the 
liquid phase passes to the evaporator-fluorinator; the 
solid phase is mixed with fresh solvent and centrifuged 
again before being discharged to waste. Centri
fugation was simulated by a series of washing
filtration steps in which uranium loss to the solid 
residue was < 0.5%- The combined solutions are 
evaporated and the distillate sent to solvent recovery 
equipment. The distillate is largely HF and can be re
used in making more solvent. The residue left after 
evaporation is fluorinated several times with BrF 3 at 
150 ac, and the volatile material is then fractionated to 
separate the UF 6 formed. Final decontamination is 
performed on a NaF bed. 
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Monel engineering-scale equipment has been con
structed to study uranium-zirconium dissolution. The 
6 in diam dissolver has an internal HF-cooled coil and 
surmounts a vessel in which the precipitated salt will 
settle. This vessel will be used for separating uranium 
without washing the solids. Laboratory experiments 
have shown that successive treatments with excess 
BrF 3 can reduce the uranium in such solids to < I %. 

FLUORIDE VOLATILITY PROCESSES FOR 
LOW-ENRICHMENT FUELS 

US work on dissolving low-enrichment uranium 
fuels in BrF 3 or ClF 3 was stopped because (a) dis
solution of uranium in BrF 3 presented control 
problems [43, 44]; (b) the trend toward use of oxide 
rather than metal fuels made new processes more 
appropriate; and (c) the low solubility of plutonium 
and many fission product fluorides in the interhalogens 
presented difficulties. 

Current research is concentrated on U0 2 clad with 
Zircaloy-2 or stainless steel. At irradiations of I 0 000 
MWdjt, plutonium concentrations are ~ 0.5% and 
fission products are ~ 1 % of the UO 2 weight. While 
most effort involves fluidized beds, comments on 
application of the nitrofluor and the fused-salt 
fluoride-volatility processes follow. 

The nitrofluor solvents may have application if 
plutonium can be recovered. They can dissolve UO 2, 

UC 2, stainless steel and BeO. After solvent evapora
tion, uranium and plutonium might be recovered by 
fluorination with BrF 3 and fluorine. High uranium 
recovery has been obtained, but in one experiment only 
partial plutonium recovery was obtained in the pres
ence of salt produced from Zircaloy-2 cladding. 

In a fused salt process for a fuel containing 0.5% 
plutonium in uranium, the problem is to volatilize the 
plutonium economically from a salt initially 250 ppm 
in plutonium. Work with NaF-ZrF 4 and NaF-LiF
ZrF 4 mixtures showed that nearly complete plutonium 
volatilization as PuF 6 occurs at 500 to 600 a c. How
ever, the equilibrium between plutonium in the salt and 
in the gas required that the salt be contacted with a 
relatively large volume of fluorine for high recovery. 
With a continuous liquid phase, reasonable times 
require high sparging rates, with attendant salt 
entrainment problems. An alternative is a gas-phase
continuous contactor. Preliminary work on uranium 
volatilization from falling drops of molten salt 
indicated that a spray contactor may be feasible. With 
1151.1. diam drops at 600 oc and a 3.25 s fall time, 99.8% 
volatilization was obtained. The hypothesis is that the 
salt drop must be maintained completely molten to 
prevent a film of frozen salt from hindering inward 
fluorine diffusion and outward UF 6 (or PuF 6) 

diffusion. 

Outline of fluidized-bed process 

ANL is developing methods in which solid fuels are 
contacted with gaseous reagenis to separate the fuel 
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from the cladding and then to convert oxides to UF 6 

and PuF 6• Inert fluidized solids are used for heat 
removal and temperature control. A conceptual 
flowsheet is available [32]. 

After mechanical removal of extraneous hardware, 
Zircaloy-2 clad U0 2 elements are immersed in a bed 
of fluidized granular alumina. HCl gas reacts with the 
cladding to convert it to volatile ZrCI 4, which is 
removed and discarded as waste. If the cladding is 
stainless steel, it may be removed by mechanically 
exposing the uo2 to nitrogen-diluted oxygen at 475 oc 
[33]. The formation of the less dense U 30 8 ruptures 
the cladding, exposing the U 30 8 for subsequent 
fluorination. In other work, BNL found that the 
oxidation of stainless steel 304 and 348 by oxygen in an 
alumina fluidized bed is accelerated if the bed contains 
5% FeF 3 or AIF 3 [45]. At 700 to 725'' C, penetration 
rates were 1.5 to 5 mill/h. 

After decladding, the fuel pellets in the fluidized bed 
are fluorinated at ~ 500 ac to volatilize U F 6-PuF 6• A 
two-zone oxidation-fluorination scheme has been 
emphasized. The lower zone is a static bed of U0 2 

pellets with fluidized alumina grain in the interstices; 
the upper zone is a fluid bed above the pellets. An 
oxygen-nitrogen fluidizing gas mixture enters at the 
bottom, and fluorine is introduced just above the 
pellet bed. U 30 8 fines form in the lower zone and 
move to the upper zone. There they are fluorinated to 
form UF6, which leaves in the gas stream. 

Most of the fission products remain and are dis
carded with the alumina bed material as solid waste. 
The UF 6 and PuF 6 are distilled to remove the remain
ing fission products and to produce two fractions: 
pure UF 6 and a mixture of U F 6 and PuF 6• The latter 
reacts with a steam-hydrogen mixture in another 
fluidized bed to form a granular Pu0 2-U0 2• 

Discussion of process chemistry 

Because PuF 6 is subject to more severe limitations in 
preparation and handling than UF6, its behavior has 
been an important part of the development pro
gramme. Fifty-gram quantities were prepared when 
fluorine was allowed to react with Pu0 2 or PuF 4 at 
500 to 550 CC [46]. The results show that it can be 
prepared with 97 to 99% yields in laboratory equip
ment. 

Since in large-scale fluorination of Pu0 2, PuF 6 must 
be transported from the hot reactor to a condenser, its 
thermal decomposition rate is important. At some 
temperatures < 500 uc, depending on the PuF 6 to F 2 

ratio, the equilibrium favors formation of fluorine 
and PuF 4 • Since decomposition rate decreases with 
temperature, the amount of decomposition can be 
minimized by. rapidly cooling the effluent gas stream 
[47]. Significant PuF 6 thermal decomposition will be 
limited to sections of the processing system which are 
above 150 uc [48]. Self-decomposition from (/..
radiation will occur at 0.2% per day in the gas phase 
and 2% per day in the condensed phase [47]. De
composition will require periodic refluorination of the 
equipment to recover the deposited PuF 4 • 
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Fluorination of the irradiated U0 2-Pu0z in the 
presence of granular alumina is proposed. Since the 
alumina is a waste, the nearly complete volatilization 
of uranium and plutonium is important. Synthetic 
mixtures of UO 2, PuO 2, alumina, and representative 
inactive fission-product oxides simulating a fluidized 
bed charge were fluorinated in boats in a tube furnace. 
The uranium was removed, but the plutonium was 
retained to some extent by the solids, particularly in 
the presence of the fission-product elements. In the 
experiments [49] giving the best results, the first period 
of the fluorination was carried out at 450 ac with 
10 vol %fluorine, 25% oxygen and 65% nitrogen, and 
the second period of the fluorination at 550 ac was 
carried out with 75 vol %fluorine and 25% oxygen. In 
three experiments, when the first period was 2 h and 
the second 5 h long, residual plutonium averaged 
0.011 ± 0.005%. Jn seven experiments, when both 
periods were 10 h, the residual plutonium averaged 
0.007 ± 0.001%. The per cent plutonium loss de
pends also upon the ratio of alumina to U0 2-Pu0 2 

originally charged and the number of times the 
alumina is re-used before discard. If the fuel is 0.5% 
Pu0 2 in U0 2, and if the weight ratio of U0 2-Pu0 2 

charged to alumina in the fluid bed is 1:1, a retention 
of 0.007% plutonium in the alumina amounts to a 
1.4% plutonium loss for a single use of the alumina, 
and a Joss of 0.5% for threefold use. 

Several of the volatile fission product fluorides will 
be evolved with the UF 6 and PuF 6 • The successful 
decontamination of UF 6 by distillation was demon
strated on a pilot plant scale [50]. Also UF 6 is 
purified commercially by distillation to produce feed 
for isotope separation [51]. Compounds such as 
TcF6 and NpF6 are removed industrially by adsorp
tion on MgF 2 beds [52]. 

Although the technology of decontaminating UF 6 is 
fairly well developed, mixtures of UF 6 and PuF 6 have 
not been distilled, and work is planned on this 
problem. A procedure was also studied for separating 
U F 6 and PuF 6 by selective PuF 6 thermal decomposi
tion in a flow system [53]. 

In the final step of the proposed process, the 
PuF 6-UF 6 fraction obtained by distillation is con
tacted with a steam-hydrogen mixture in a fluidized 
bed. This operation was demonstrated on an engin
eering scale with UF 6 alone but without PuF 6 [54]. The 
product consists of dense (> 9.0 g/cc) spheroidal 
uo2 particles, which can be further densified by 
sintering. Investigation of this operation with .mixed 
U F 6-PuF 6 will be possible in the ANL pilot plant. 

Description of ANL plutonium recovery pilot plant 

A pilot plant is being constructed to study various 
steps of the fluidized-bed process using non-irradiated 
mixtures of U0 2 containing Pu0 2 and fission-product 
oxides [32]. The important steps to be studied are 
fluorination, condensation of the hexafluorides, and 
conversion of the hexafluorides to oxides. Since data are 
available on the conversion ofUF6 to U0 2,a thorough 
study with the mixed oxides may be postponed. 
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The main process reactor, the fluorinator, is of 3 in 
diameter and can handle fuel charges of 10 kg or 
more. The equipment, most of which is constructed of 
nickel, is housed in two large oc-containment boxes. 
Sufficient concrete shielding is provided to permit 
investigation of fission product behavior at y levels 
that allow limited direct personnel access. Decladding 
and distillation equipment may be added later. 
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Procedes de volatilisation des fluorures 
pour Ia recuperation des materiaux fissiles 
dans les combustibles nucleaires irradies 

par R. C. Vogel et a/. 

Dans les procedes de volatilisation des fluorures, les 
matieres fissiles contenues dans les combustibles 
nucleaires irradies sont transformees en hexafluorures 
volatils que l'on peut separer des produits de fission et 
des autres materiaux par volatilisation. Les avantages 
possibles sont: a) un plus petit nombre d'etapes dans 
le traitement; b) !'utilisation de reactifs peu sensibles 
aux effets nuisibles des radiations; c) l'uranium (hexa
fluorure d'uranium) sous Ia forme desiree pour Ia 
separation isotopique; d) les dechets radioactifs so us 
forme solide et d'un volume reduit, et e) une protection 
peu volumineuse. On etudie ces procedes a Ia fois pour 
les combustibles tres enrichis et peu enrichis. 

Dans les procedes par sels fondus pour Ies com
bustibles enrichis, le combustible est dissous a 650°C 
ou a plus basse temperature dans un melange de 
fluorures fondus par passage d'acide fluorhydrique 
gazeux dans le bain. L'uranium est alors transforme 
en hexafluorure a 500°C et volatilise. L'hexafluorure 
est decontamine des produits de fission par un cycle de 
sorption- desorption; on utilise du fluorure de sodium 
comme absorbant. 

Dans une serie recente d'essais en pilote chaud, on a 
recupere de l'hexafluorure d'uranium tres decon
tamine. Le meilleur facteur de decontamination indi
viduel (environ lQlO) correspondait au zirconium, le 
moins bon (environ lQS) au ruthenium. 

Dans les procedes de volatilisation des fluorures en 
lit fluide, le combustible irradie est immerge dans un 
lit d'alumine inerte fluidisee et l'on fait agir des gaz 
sees sur le combustible. Le lit fluide dissipe Ia chaleur 
de reaction. Ce procede, quand on !'applique a des 
combustibles enrichis gaines de zirconium ou d'alu
minium, com porte les eta pes principales suivantes: 
a) De l'acide chlorhydrique reagit avec le zirconium (a 
environ 400°C) ou !'aluminium. Les chlorures de zir
conium ou d'aluminium entrent en reaction avec de Ia 
vapeur de eau dans un lit fluide separe et sont con
vertis en oxydes. b) Les chlorures d'uranium et de 

produits de fission restant dans Ie lit d'alumine sont 
transformes en fluorures par l'acide fluorhydrique. 
c) Ces fluorures sont ensuite fluorures et l'hexafluorure 
d'uranium volatilise est recueilli dans des pieges froids. 
d) On peut poursuivre Ia decontamination par distilla
tion ou par Ies procedes decrits ci-dessus. Ce procede 
actuellement est I' objet d'experiences en pilote froid. 

On travaille sur le procede de volatilisation des 
fluorures en lit fluide pour les combustibles peu 
enrichis d'oxyde d'uranium gaines de Zircaloy ou 
d'acier inoxydable. Ces combustibles contiennent du 
plutonium qui doit etre recupere. Le procede etudie 
actuellement com porte les eta pes principales suivantes: 
a) L'uranium et le plutonium sont separes de Ia gaine. 
Pour le zirconium, cette separation a ete realisee a 
l'echelle pilote avec de l'acide chlorhydrique par for
mation et volatilisation du tetrachlorure de zirco
nium. Un procede possible pour Ies gaines en acier 
inoxydable consiste a extraire l'oxyde de Ia gaine 
tron<;onnee par formation d'UaOs en poudre par oxy
dation du bioxyde. b) Les oxydes sont fluorures par du 
fluor gazeux a 500 oc environ. c) On peut utiliser Ia 
distillation des hexafluorures pour eliminer les pro
duits de fission et separer Ies hexafluorures en hexa
fluorure d'uranium et en un melange plus concentre en 
plutonium. d) Le melange d'hexafluorures de pluto
nium et d'uranium peut etre transforme en oxydes par 
reaction avec de l'hydrogene et de Ia vapeur d'eau, et 
les oxydes transformes a nouveau en combustible 
nucleaire. 

On a prouve partiellement Ia validite du procede a 
lit fluide a l'echelle pilote en inactif. Les etudes de 
laboratoire permettent d'envisager son utilisation pour 
les combustibles contenant du plutonium. Les installa
tions pour les essais en pilote avec du plutonium et des 
traces de produits de fission sont en voie d'achevement. 

La methode en lit fluide a encore prouve sa souplesse 
dans Ia realisation des reactions gaz- solides en per
mettant de recuperer l'hexafluorure d'uranium a partir 
de combustibles a matrice de graphite. Une usin~ 
pilote pour appliquer ce procede aux combustibles a 
matrice de graphite est en cours de construction. 

La technologic des procedes de volatilisation des 
fluorures est proche du point oil l'on pourra com
mencer Ies plans d'une installation industrielle pour 
les combustibles a uranium enrichi. Des etudes 
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supplementaires seront necessaires pour confirmer les 
espoirs d'application de ces procedes aux combustibles 
peu enrichis et contenant du plutonium des reacteurs 
de puissance. 

A/250 CWA 

np04eCCbl, OCHOBaHHble Ha 11eTyYeCTH 
~TOPHAOB, A11R H3B11eYeHHR Ae11R~ero
CR MaTepHalla H3 0611yYeHHOrO peaK

TOpHOrO ropiOYero 

P. H. CUorenb et al. 

B npo~eccax, ocnoBaHHhiX ua paanwmoii neTy

'IeCTH lPTOpH,U.OB, ,l];eJJHIIJ;MHCH MaTepHaJJ B OTpa6o-

1'aHHOM H,ll;epHOM ropiOlfeM npeBpam;aiOT B JJeTy-

1!He reKCacPTOpH,ll;hl, KOTOpbie MO)I(HO OT,l];eJJHTb OT 

HpO.U.YKTOB ,l];eJJeHHJI H ,ll;pyi'HX MaTepHaJJOB C IIO

MOIIJ;biO ucnapenu.11 (BoaroHKH). BoaMO)I(HhJMII 

npeuMy~eCTBaMH 3TOrO npo~ecca HBJJHIOTCH CJle

AYIOIIJ;He: a) Mem.mee KOJIHlfeCTBo cTyrreueii o6pa

ooTKD, b) JfCITOJib30BaHJfe peaKTIIBOB, Meuee lfYB

CTBHTeJJbHbiX K Bpe,ll;HOMY B03,ll;eHCTBMIO o6nyqe

HMH, c) ypanoBLIH npo.u;yKT (reRcaqJTopu.u; ypaua) 
JJOJJyqaeTCH B BM,ll;e, HC06XO,ll;HMOM ,ll;JIH paa,ll;eJJeHMH 

H30T01TOB, d) pa,ll;MOiil.l\TMBHhle OTXO,ll;bl UOJJYlfaiOT

CH B TBep,ll;OM BM,ll;e M MaJJOM o6'beMe, e) He06XO

~MMOCTb B H660JibiDOM aaiiJ;MIIJ;eHHOM npOCTpaHCT

IIC. 3TH npo~eCChl paapa6aThiBaiOTCH ,ll;JIH ropiOlfe

ro C BbiCOl\MM H Hlf3l\HM o6oram;eHHeM. 

B npo~eccax ,ll;JJH o6oram;enuoro ropiOqero c uc

noJIL30BauueM pacnJiaBJieHHbiX coJieii: ropiOqee 

paCTBOpHIOT npH 650° C HJIH HMil\e B CMCCH pac

TrJJaBJieUHhiX lPTOpH,ll;OB IIYTCM nporrycRaHMH lfJTO

pMCTOfO Bo,u.opo,u.a qepea pacnJiaB. 3aTeM ypan 

<f>TOpnpyeTCH ,u.o reRcalf>Topn.na ypana npn 500° C 
If B03fOHHCTCH. reRcalf>TopH,U. OlfHIIJ;aeTCH OT TiflO
AYRTOB ,U.CJJCHMH C UOMOIIJ;biO ~HRJia Cop6~HH -
,U.CCop6~HH C HCTIOJJb30BaHMCM B Ka1fi.'CTBe UOrJIO

THTCJUI lf>Topu,n;a HaTpHH. 

He,n;aBiw B pn,u.e aRcnepHMeHTOB, npoBe.u.euuLI~ 
Ha ropHlfHX OllhiTHhiX YCTaHOBKax, 6hiJI H3BJIC1JeTI 

reRcalf>TopH,n ypana BhiCOKOH CTCIICHM OlfHCTIUI. 

HaHBLicmnii Roalf>lf>n~ueuT O'IHCTRH (oRoJio 1010) 

6b1JI UOJIYlfCH P,JJH ~HpROHHH, a CaMbiH Hll3l\llll -

,ll;JIH PYTCHHH ( OKOJIO 108). 

B npo~eccax, ocuoBaHHhlX ua paaJJHlfHOH JieTy
•recTH WTOpli,U.OB C l\MUHIIJ;HM CJIOeM, OTpa6oTaHHOC 

rop10qee norpymaeTCH B cJioii omumeuuoii nuepT
noii: 0.1\MCH aJIIOMifHMH, a CYXHe raahl 'BCTyiTaiOT B 

peai\~UIO c ropiOlfUM. Rnnum;uii CJioii pacceuBacT 

Terrno peaK~HM. B rrpuMeneuuu R o6oram;eunoMy 
IJ,HpROHHeBOMY MJIH aJIIOMHHHCBOMY ropiOlfeMy 

ClTOT npo~ecc HMeeT CJIC,ll;YIOIIJ;He OCHOBHbie CTyne

HM: a) XJJOpHCThiH BO.U.OpO,ll; BCTynaeT B peaRI.\fiiO 

JJH60 C ~HpROHifeM (npH6JIH3HTeJihHO Ol\OJJO 

400° C), JIH6o c aJIIOMHHHeM. XJiopH.U.hl ~HpRonnH 
JfJJH aJJIOMHHHH rrpeBpam;aiOTCH B Ol\HCJJhl B OT

,ll;eJJbHOM l\HOHIIJ;eM CJIOe aa ClfCT peal\~MH C IIa

poM; b) XJIOPH.U.bl ypaHa H IIPO.U.YRTOB ,n;eJieHMH, 
OCTaiOIIJ;HeCH B CJIOe H3 Ol\MCH aJIIOMMHHH, npeBpa-
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JJWIOTCH Bo <~TOpHJJ.bi no.u; ,u.eiicTBHeM lf>TopHCToro 

no,u.opo,u.a; c) lfJTopu,u.hl aaTeM lf>TopupyiOTCH, a uc

napHBIIIMMCH reHcalf>Topu,u. ypana co6upaiOT B xo
.rw,nuLrx JJOBYIIIHax; d) ,U.aJibHeii:myiO OlfHCTJ\Y 

MO)I(HO OCYIIJ;CCTBHTb C IIOMOIIJ;blO ,!J;HCTHJIJIH~Hll 

HJJH MeTo,u.oB, onucaHHLIX Bhlme. B uacTonm;ee 

BpeMH 3TOT MeTO,!J; ,u.eMOHCTpHpyeTCH B XOJIO,IJ.HhlX 

3KCIIepHMeHTaX Ha IIOJiyaaBO,U.Cl\HX YCTaHOBRaX. 

IJpOBO,U.HTCH pa6oTa IIO npo~eccaM, OCHOBaHHLIM 

ua paaJIHlfHOH JieTylfeCTH lf>Topu,u.oB, B RHnnm;eM 

CJIOe ,IJ.JIH rQpiOlfero H3 JJ.BYORHCH ypaHa HH3KOI'O 

o6oram;eHHH B o6oJiolfRe ua ~HpKaJioJI HJIH uepma

BeiOm;eii CTaJIH. 3To ropiOqee co,u.epiKHT IIJIYTOHHH, 

KoTopLiii cJie,u.yeT H-3BJielfL. HacTo~Hii npo~ecc 
HMeeT CJie,U.yiOIIJ;He CTyiieHH: a) ypaH H UJIYTOHHii 

oT,u.eJIHIOT oT o6oJiolfRH. B cJiylfae ~HpKOHHH aTo 
paa,l];eJieHHC 6LIJIO npo,u.eJiaHO B TeXHHlfeCRHX MaC

IIITa6ax C IIOMOIIJ;biO XJIOpHCTOrO BO,U.Opo,u.a IIyTeM 

o6pa30BaHHH H BLI,U.eJieHHH (HCIIapeHHH) TeTpa

lPTOpH,ll;a ~HpRoHHH. BoaMomHhlii cnoco6 y,u.aJie

HHH o60JI01JKH H3 HepmaBeiOm;eii CTaJIH COCTOHT B 

y,u.aJieHHH Ol\HCH H3 CpeaaHHOH (H3MeJILlfeHHOH) 

o6oJIOlfKH aa cqeT o6paaoBaHHH nopomRoo6paauoii 

U30 8 rryTeM OKHCJieHHH JJ.BYORHCH; b) ORHCJILI 

lf>TopupyiOTCH raaoo6paaHhiM lf>TopoM npH6JIH3H
T6JILHO npu 500° C; c) ,n;ucTHJIJIJJ~HIO reKcalf>Topu

.U.OB MO)I(HO HCIIOJib30BaTL ,ll;JIH y,ll;aJieHHH IIpO,U.yR

TOB ,n;eJieHH}l H paa,n;eJieHMH reRcalf>TopH,ll;OB Ha 

reRcalf>Topu,n; ypaua H cMeCL c 6oJibmeii: KOH~eu
Tpa~ueii: IIJIYTOHHH; d) CMeCb reRcalf>TopH.U.OB IIJiy

TOHHH H YJ3aHa MO)I(HO nepeBeCTH B OKHCJibl aa 

ClfeT peai<~HH C BO,ll;OpO,U.OM H napOM, H3 ROTOphiX 

3aTeM MO)I(HO CHOBa H3rOTOBHTb peai<TOpHoe 1'0-

piOlfee. 

flpo~eCC C l\HIIHIIJ;HM CJIOeM 6biJI lJaCTHlJHO npo

.U.eMOHCTpHpOBaH B HHmeuepHhiX MaCIDTa6ax H.l 

Hepafl;HOaRTHBHbiX MaTepHaJiaX. lfcCJie,ll;OBaHHH B 

Jia6opaTopuhlx MacmTa6ax noHaaLIBaiOT nepcneH

THBHOCTL npHMeHeHHH aToro npo~ecca R ropiOlfe
My, co,u.epmam;eMy IIJIYTOHHii. B nacToum;ec 
npeMH aaKaHlJHBaeTCH ooopy,u.oBaHHe fl:JIH ,ll;eMOH

CTpai~HH npo~ecca B IIOJiy3aBOACRHX MaCIIITa6ax 

C HCUOJib30BaHIICM UJIYTOHMH H HH,ll;Hl\aTOpHhiX 

KOJJHlfCCTB IIpO,ll;YRTOB .U.eJICHHH. 

BoJILmne BoaMomHoCTH MeTo,u.a RHnnm;ero cJioJJ 

,U.JIH ocym;ecTBJieHHH peaR~Hii: Mem.u.y raaoo6paa

HLIM H TBepJJ,biM BCIIJ;CCTBOM 6biJIH upo,n;eMOHCTpH

fJOBBHhl IIpH H3BJJe1JeHHH reRcalf>TopH,n;a ypaHa H3 

ropiOqero B rpalf>HTOBOH MaTpH~e. B HaCToum;ec 
BpeMH CTPOIITCH IIOJiy3aBO,U.Cl\aH ycTaHOBRa, l\OTO

paH IIpo,U.eMOIICTpnpyeT B03MOiKHOCTb IIpHMeHe

IIHH aToro npo~ecca ,U.JIH ropiOlfero B rpalf>HToBoii 

MaTpH~e. 

TexHoJioruu npo~eccoB, ocuoBaHHLIX 11a pa3-

JIH1JHOH JieTylfeCTH lf>Topu,u.oB, npu6JIIIiRaeTcH 1\ 
TOH CTa)l,HH, KOr,U.a yme MO)I(IIO 6y,u.eT HalfaTb KOH

CTpynpoBaHHe YCTaHOBl\H B npOMbiiDJICHHhiX MaC

IDTa6ax .U.JIH ropiOqero ua o6oram;euuoro ypaua. 

,lJ;JIH IIO,U.TBepiKfl;CIIHH nepCIICl\THBHOCTH IIpHMeHe

HHH 3TIIX CXeM ,U.JIH ropiOlfero 3HepreTHlfeCRHX 

peaRTopoB HHaRoro o6oram;eHHJI, co.u.epmam;ero 

IIJIYTOHHH, HCOOXO,U.HMa ,U.OIIOJIHHTCJILHaH paapa
OOTRa. 
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Volatilizaci6n de fluoruros 
para Ia recuperaci6n de material fisionable 
procedente de combustibles nucleares 
irradiados 

por R. C. Vogel et a/. 

En los procesos de volatilizaci6n de fluoruros, las 
sustancias fisionables presentes en los combustibles 
nucleares agotados se convierten en hexafluoruros 
vohitiles que pueden separarse de los productos de 
fisi6n y otros materiales por volatilizaci6n, con las 
siguientes posibles ventajas: a) tratamiento con menor 
numero de eta pas; b) empleo de reactivos poco 
susceptibles de deterioraci6n por las radiaciones; 
c) obtenci6n de un producto (hexafluoruro de uranio) 
en forma apropiada para la separaci6n isoto pica; 
d) desechos radiactivos so lidos y de escaso volumen; 
e) poco espacio para el blindaje. Estos procesos se 
estan investigando para aplicarlos a los combustibles 
sea cual fuera su grado de enriquecimiento. 

En los procesos a base de sales fundidas para com
bustibles enriquecidos, el combustible se disuelve a 
una temperatura de 650 ac, o inferior, en una mezcla de 
fluoruros fundidos por la que se hace burbujear fluo
ruro de hidr6geno. El uranio se convierte en hexa
fluoruro a 500 ac y se volatiliza; del hexafluoruro se 
separan los productos de fisi6n por un procedimiento 
de sorci6n - desorci6n que utiliza fluoruro de sodio 
como absorbente. 

En una reciente serie de experimentos realizados en 
planta piloto de elevada actividad, se recuper6 hexafluo
ruro de tiranio considerablemente descontaminado. 
El factor individual de descontaminaci6n mas alto fue 
el correspondiente al zirconio (1010, aproximadamente) 
y el mas bajo el del rutenio (108, aproximadamente). 

En el proceso de volatilizaci6n de fluoruros en lecho 
fluidificado, el combustible agotado se sumerge en un 
!echo de 6xido de aluminio inerte y se le hace reaccio
nar con gases secos; ellecho fluidificado disipa el calor 
de reacci6n. Este proceso, cuando se aplica a com
bustibles enriquecidos que contienen zirconio o 
aluminio, consta de las principales eta pas siguientes: 
a) el cloruro de hidr6geno reacciona con el zirconio 
(a unos 400aC) o con el aluminio y los cloruros se 
convierten en los 6xidos correspondientes por reacci6n 
con vapor de agua en un lecho fluido separado; b) los 
cloruros de uranio y de los productos de fisi6n que 
permanecen en el !echo de 6xido de aluminio se con
vierten en fluoruros por acci6u del fluoruro de hidr6-
geno; c) estos fluoruros se tratan seguidamente con 
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fluor y el hexafluoruro de uranio volatilizado se recoge 
por condensaci6n; d) para obtener un mayor grado de 
descontaminaci6n, puede recurrirse a la destilaci6n o 
a los procedimientos antes descritos. Este proceso 
se experimenta actualmente en una plata piloto 
inactiva. 

Se esta investigando el proceso de volatilizaci6n de 
fluoruros en lechos fluidificados para combustibles de 
di6xido de uranio poco enriquecidos, con revesti
miento de Zircaloy o de acero inoxidable, que con
tienen plutonio que ha de recuperarse. En su forma 
actual, el proceso comprende las siguientes etapas 
principales: a) Ia separaci6n del uranio y plutonio del 
revestimiento que, en el caso del zirconio, se ha prac
ticado en escala industrial con cloruro de hidr6geno 
por formaci6n de tetracloruro de zirconio y volatiliza
ci6n del mismo; un procedimiento posible para el 
acero inoxidable consiste en separar el 6xido de Ia 
vaina cortada mediante Ia formaci6n de U30 8 en polvo 
por oxidaci6n del di6xido; b) los 6xidos se tratan con 
fluor gaseoso a unos 500 ac; c) los hexafluoruros 
pueden destilarse para eliminar los productos de fisi6n 
y para desdoblar los primeros en hexafluoruros de 
uranio y en mezcla mas rica en plutonio; d) Ia mezcla 
de hexafluoruros de plutonio y de uranio puede con
vertirse por reacci6n con hidr6geno y vapor de agua 
en los 6xidos correspondientes, a partir de las cuales 
puede volverse a elaborar el combustible. 

Se han realizado parcialmente demostraciones 
practicas del proceso de lecho fluido a escala industrial 
utilizando materiales no radiactivos, y los estudios 
realizados a escala experimental muestran que es 
posible aplicarlo a los combustibles que contengan 
plutonio. Se esta terminando de construir una planta 
piloto para demostraciones practicas con plutonio y 
trazas de productos de fisi6n. 

Ademas, al recuperar el hexafluoruro de uranio de 
los combustibles con matriz de grafito, se ha demos
trado que es posible adaptar el metodo del !echo 
fluido para llevar a cabo reacciones entre gases y 
s6lidos. En la actualidad se esta construyendo una 
planta piloto para aplicar este proceso a combustibles 
con matriz de grafito. 

La tecnologia del proceso de volatilizaci6n de 
fluoruros se encuentra en una etapa que pronto per
mitini la construcci6n de una planta a escala indus
trial para el tratamiento de combustible de uranio 
enriquecido, pero seran necesarias nuevas investiga
ciones para confirmar las prometedoras perspectivas 
de aplicaci6n de estos procedimientos a los com
bustibles poco enriquecidos que contienen plutonio de 
reactores de potencia. 
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Pyrometallurgical and pyrochemical fuel processing 

By L. Burris, Jr.,* K. M. Harmon,** G. E. Brand.*** E. W. Murbach,*** and 
R. K. Steunenberg* 

Simplified high temperature processes are being 
developed at a number of atomic energy installations 
in the United States with the objective of minimizing 
the cost of recycling fuels discharged from power 
reactors. Lower costs are expected to result from rapid 
recycle of the fuel and a consequent reduction in fuel 
inventory, a minimum of chemical conversion steps, 
small solution volumes and resultant compact equip
ment, direct production of solid wastes, decrease in 
criticality problems because of the absence of aqueous 
solutions, and possible retention of valuable alloying 
agents in certain fuels. Because of these characteristics, 
pyrometallurgical and pyrochemical processes are par
ticularly suited to use in a small plant located at the 
reactor site. 

The major objectives of these processes are repair of 
radiation damage and restoration of fuel reactivity. 
Removal of fission products is often just sufficient to 
maintain satisfactory nuclear and metallurgical pro
perties of the fuel. Because of the high residual activity 
levels, remote refabrication of fuel elements is re
quired. This is not considered to be a serious dis
advantage because the concentrations of radioactive 
isotopes of fissionable and fertile materials would 
increase in extensively recycled fuel to an extent that 
would preclude direct handling of the fuel material 
even if fully decontaminated from fission products. 

EBR-11 FUEL CYCLE FACILITY AND 
ASSOCIATED PROCESSES 

The concept of a close-coupled reactor and pro
cessing plant is typified by Argonne's EBR-II complex 
(Second Experimental Breeder Reactor), which in
cludes a fuel processing plant [1] known as the Fuel 
Cycle Facility (Fig. 1). When available, discharged fuel 
which has been cooled about 15 days will be dis
assembled, processed, refabricated, and reassembled 
into reactor core sub-assemblies, all by remote opera
tions [1 ]. This reactor system will be the first to operate 
on a closed fuel cycle and therefore will be the first for 
which problems inherent in continued fuel recycle, 
such as build-up of heavy isotopes, can be assessed. An 
enriched uranium alloy (46 wt% 235U) containing 

* Argonne National Laboratory, Argonne, Illinois. 
**Hanford Atomic Products Operation, Richland, Wash

ington. 
***Atomics International, Canoga Park, California. 

5 wt % fission (noble metal fission products in the 
following weight per cents: molybdenum, 2.5; ruth
enium, 2.0; rhodium, 0.26; palladium 0.19; zirconium, 
0.1; and niobium, 0.01) will be used in the initial 
EBR-II core loading. 

A number of pyrometallurgical processes will be 
demonstrated in the EBR-II Fuel Cycle Facility. Melt 
refining, the furthest developed pyrometallurgical 
process, will be initially employed for recovery of dis
charged EBR-II fuel [1]. EBR-II fuel pins (0.144 in 
diam. by 14 in long) will be reformed from refined fuel 
material by injection casting [2], a procedure in which 
molten fuel is forced by gas pressure into precision
bore Vycor (commercial silica) tube moulds. 

Highly radioactive fuel will be exposed in the 
annular processing cell (Fig. 1), which has a volume of 
65000 ft3. To prevent oxidation of the fuel, an argon 
atmosphere is maintained within this cell. Those 
operations in which the fuel will not be exposed to the 
surrounding atmosphere will be conducted in the 
rectangular cell in an air atmosphere. In initial opera
tions, the rate of air in-leakage into the annular argon
atmosphere cell has been only 0.005 ft3/min, well 
within the design specification of 0.01 ft3/min. Oxygen 
and water concentrations have easily been maintained 
below 50 ppm by an auxiliary purification system. 
Nitrogen is not removed from the argon, but because 
a portion of the gas is regularly replaced with pure 
argon in connection with operation of material trans
fer locks, the nitrogen concentration is expected to 
reach an equilibrium value of less than 5 vol %. 

In addition to being leak-tight, the cell walls have 
been found to provide adequate and reliable shielding. 
Thus, operation of the facility awaits only the comple
tion of equipment installation and check-out. 

Melt refining 

Melt refining is a process m which most of the 
fission product elements are removed from molten 
fuel by volatilization and by selective oxidation reac
tions. Prior to melt refining, the stainless steel cladding 
(10-mill thick) and most of the sodium used as ather
mal bond are removed mechanically from the fuel 
pins, which are then chopped into approximately two
inch lengths for charging into a lime-stabilized zirconia 
crucible. After the pins have been melted, the melt is 
liquated for one to three hours at 1400 °C, and then 
poured into a mould. On the full plant scale of 10 kg 
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of fuel, the ingot yields for unirradiated fuel material 
have ranged between 90 and 95 %. Condensable 
fission products that are volatilized (mainly cesium and 
iodine) are collected in a moulded porous cup or "fume 
trap" composed of amorphous alumina-silica fibres 
and inverted over the crucible. Fission product gases 
released to the argon atmosphere of the furnace are 
passed through a charcoal trap to remove traces of 
iodine, stored to allow decay of 5.3-day xenon, and 
then released to the atmosphere through the suspect 
stack (Fig. 1) under controlled dispersal conditions. 
The electropositive fission products, such as yttrium, 
the rare earths, strontium, and barium, react with the 
zirconia crucible to form oxides which deposit along 
the wetted crucible surfaces. In recent high activity 
level experiments [3] made with EBR-11-type fuel 
irradiated to burn-ups of up to 18000 MWd/tU 
(megawatt days/metric ton of uranium), fission 
product removals (%)were as follows: rare earths and 
yttrium, 97 to 99 +; barium and strontium, 99 +; 
cesium, 99 + ; iodine, 99 +; tellurium, 95 to 99 + ; 
zirconium, 9 to 28; molybdenum and ruthenium, 0. 

About 10000 curies of iodine-131 activity will be 
present in 10 kg of IS-day-cooled EBR-II fuel having a 
burn-up of 20000 MWdjtU. Laboratory experiments 
with both highly irradiated fuel and uranium-fission 
alloy spiked with iodine activity have shown that 
about 99 % of the fission product iodine will collect on 
the fume trap and the upper surfaces of the crucible, 
apparently as condensed cesium iodide. Less than 
0.01 % of the iodine has appeared in the furnace 
off-gases. 

In melt refining studies with uranium-fission
plutonium alloys, essentially no selective plutonium 
removal from the fuel alloy occurred. As a possible 
modification of the current process, melt refining of 
uranium-fission-plutonium alloys beneath a molten 
chloride flux has been examined briefly. It appears that 
excellent removal of the electropositive fission pro
ducts by selective oxidation and extraction into the 
flux can be achieved, along with high recoveries 
( > 98 %) of the uranium arid plutonium. 

Skull reclamation process 

After a melt refining operation, a residue or "skull" 
composed of the oxide dross and some unpoured 
metal (about 5 to 10% of the charge) remains in the 
crucible. An auxiliary process employing liquid metal 
solvents (Fig. 2) will be used to recover and purify 
uranium contained in the skull [4]. Since melt refining 
does not remove noble metal fission products such as 
molybdenum, ruthenium, and zirconium from the fuel, 
these are largely removed from the small sidestream of 
fuel that passes through the skull reclamation process 
in order to maintain their concentrations in the bulk 
fuel material at nearly constant values. 

The skull material is first oxidized to convert it to a 
free-flowing oxide which is poured from the crucible. 
The remainder of the process consists of: (a) selective 
extraction of the relatively noble fission product ele
ments into zinc from a suspension of the skull oxides 

L. BURRIS, JR., et al. 503 

~ 
~ 

0 
0 - 100 - 31: 

31: ....J 
X <( 

::::> ..... 
....J ILl 
IJ.. ::E 

~ ~ 
0 0 z z 
0 0 
0 0 

TEMPERATURE• 800°C 
MIXING RATE• -300rpm 
CRUCIBLE • tantalum 
ATMOSPHERE• argon 

Figure 3. Distribution of selected elements between zinc
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in a molten halide salt, (b) reduction of the uranium 
oxides by, and dissolution of the uranium in, a 
magnesium-zinc solution, (c) precipitation of uran
ium, first as approximately UZn12 out of the mag
nesium-zinc solution, and then as uranium metal, with 
the supernatant magnesium-zinc solutions being dis
carded after each precipitation, (d) dissolution of the 
uranium product in a magnesium-zinc solution, and 
(e) transfer of this solution to a second vessel where 
the solvent metals are vaporized. 

Several batches of skull oxide will be processed 
together. In current pilot plant operations at a scale of 
1.5 kg of uranium, which is approximately one-third of 
full plant scale, all the steps between oxidation and 
retorting are conducted in a single tungsten crucible 
(13 in od by 19 in high). Liquid salt and metal solu
tions are transferred from the crucible through a 
transfer tube by gas pressure. Because tungsten is not 
easily machinable, auxiliary items such as agitators 
and transfer tubes are fabricated from a molybdenum-
30% tungsten alloy. The retorting operation will be 
conducted in a beryllia crucible. 

Pilot plant and laboratory-scale runs have shown 
uranium recoveries to be about 95 %. Since less than 
10% of the total discharged EBR-11 fuel is diverted 
through the skull reclamation process, yields of 95 % 
are adequate and result in over-all uranium recoveries 
of 99.5 %. The fission product removals which have 
been achieved (rare earths, 90 %; ruthenium, 80 %; 
molybdenum, 90 %; palladium, > 99 %; zirconium, 
75 %; barium, > 99 %; and strontium, > 99 %) are 
sufficient to maintain the desired concentrations of the 
fissium alloying elements in the EBR-11 fuel. 

The process for reclamation of melt refining skulls, 
although specialized in its present application, has 
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considerable potential since it can accommodate 
metal, oxide, and carbide fuels. It is, however, limited 
to uranium fuels, since it is incapable of effecting 
separation of plutonium from rare earth fission 
products, a separation which is required for plutonium 
bearing fuels. 

Blanket process 

The objective of the process for the EBR-11 natural 
uranium blanket material is to concentrate the plu
tonium from about 1 wt % in discharged material to 
at least 40 wt % in uranium so that it may be used for 
enrichment of future plutonium core loadings of 
EBR-11 or other reactors. In the blanket process [1, 5], 
blanket material is dissolved at 800°C in a 12 to 14 
wt % magnesium-zinc alloy to produce a 12 to 14 
wt% uranium solution. Most of the uranium is then 
precipitated from solution by increasing the magne
sium concentration to approximately 50 wt % and 
cooling the solution to about 400°C. The plutonium
bearing supernatant phase is then removed. The con
centrations of plutonium and uranium in the 50 wt % 
magnesium-zinc product solution are about 0.08 and 
0.04 wt% respectively. The solution is then concen
trated to between 1 and 10 wt % plutonium by evapor
ating most of the magnesium and zinc, and the con
centrate is fed into the core fuel cycle for enrichment 
of the fuel. 

The blanket process has been demonstrated up to 
the evaporation of the plutonium product solution in a 
series of laboratory-scale runs. In these runs, the per
centage of plutonium separated from the bulk uranium 
(which could be recycled) varied between 92 and 100, 
and the ratio of plutonium to uranium in the product 
solution (prior to evaporation) was such that the 
plutonium concentration in uranium would have been 
between 44 and 70 wt %. 

LIQUID METAL PROCESSES FOR 
URANIUM-PLUTONIUM FUELS 

Other processes utilizing liquid metal solvents for 
the recovery of uranium and plutonium from fast 
breeder reactor cores have also been under develop
ment [5]. The separation of fis~ion products from 
uranium and plutonium is effected by equilibration of 
the fuel constituents between liquid metal and molten 
salt solvents. In a typical process, a metallic fuel clad 
with refractory metal would be chopped and added to 
liquid zinc, which would dissolve the uranium, plu
tonium, and most of the fission products. The uran
ium, plutonium, and more reactive fission products 
would then be extracted from the zinc by oxidation 
with zinc chloride in a molten chloride solvent. The 
noble metal fission products and the cladding would 
remain in the zinc, which would be discarded. Next, 
the uranium and plutonium would be extracted from 
the salt by selective reduction with a cadmium-zinc
magnesium alloy, leaving yttrium, the rare earths, 
strontium, barium, and the other electropositive 
fission products in the salt. Finally, the uranium and 
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plutonium would be recovered by vacuum distillation 
of the liquid metal solvent. 

In the rare earth extraction step, MgCb is the 
C·""Idizing agent, magnesium the reducing agent. These 
are diluted by other salts and metals: the MgClz by 
alkali metal chlorides to lower the melting point of the 
salt phase, and the magnesium by zinc, cadmium, or 
both to lower the activities of uranium and plutonium 
in the metal phase. Distribution coefficients of pertin
ent elements between molten MgCb and magnesium
zinc solutions at 800°C are shown in Fig. 3. On the 
basis of these distribution data, about four stages 
would be required to remove 95 % of the rare earth 
fission products with a plutonium recovery of 99 %· A 
long-range effort has been started on the development 
of countercurrent extraction techniques for liquid 
metals and molten salts. 

Refractory metals such as tungsten or tantalum are 
required to contain zinc-magnesium solutions at 
temperatures in the neighbourhood of 800°C. By 
including cadmium in the solution, both the tempera
ture and corrosion rate are reduced to an extent that 
stainless steel may be a satisfactory container material. 
Distribution coefficient measurements and determina
tions of the solubilities of uranium and plutonium in 
this ternary solvent have indicated that processing 
could be done at temperatures of 500°C or lower. 

Up to the present time the primary emphasis in this 
process has been on metallic fuels. However, it appears 
that oxide or carbide fuels could also be accommo
dated. For example, oxides could be subjected to the 
noble metal extraction and reduction procedures of the 
skull reclamation process, followed by the molten salt 
extraction of rare earths from uranium and plutonium 
in the liquid metal solution. Carbide fuels could be 
oxidized and processed by the same procedure. The 
direct decomposition of uranium carbide by molten 
salts to form uranium chlorides and by liquid zinc to 
form metallic uranium solutions has also been 
demonstrated. 

HANFORD SALT CYCLE PROCESS 
At Hanford, a closed-cycle process using a molten 

chloride solvent and given the name Salt Cycle is being 
developed in connection with the Plutonium Recycle 
Programme (PRP). This process is designed to handle 
mixed Pu02-U02 fuels and to produce reactor-grade 
U02, Pu02, or Pu02-U02 solid solutions. It is com
prised of these operational steps: (a) mechanical de
cladding of the fuel, (b) oxidation in air (at. about 
450°C) to convert the U02 to UaOs, thus powdering 
the fuel and making for easy dissolution, (c) dissolution 
of the oxides in a chloride salt melt by reaction with an 
anhydrous mixture of HCl and chlorine, (d) recovery 
of the plutonium and uranium in the desired forms, 
and (e) clean-up and preparation of the melt for reuse 
with the following batch of feed. 

A number of chloride salt systems have been in
vestigated. An equimolar LiCl-KCl system (mp 
460 oq is currently favoured for operation in the 
temperature range of 530-600°C. 
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Dissolution of the fuel can be accomplished with 
either gaseous HCl or chlorine. However, a mixture of 
the two seems to give the best results in terms of 
dissolution rate and final oxidation state of the 
uranium and plutonium. Use of gaseous HCl alone 
converts UaOs to a mixture of uranium(IV) and 
uranyl(Vl) chlorides, and Pu02 to plutonium(III) 
chloride. With chlorine in the sparge gas, uranyl (VI), 
chloride (U02Cb) and a mixture of plutonium(III) 
and plutonium(IV) chlorides are produced. As yet, 
little is known about the behaviour of the fission 
products during the dissolution process except that 
antimony, ruthenium, iodine, and zirconium are 
evolved from the system in the off-gas. 

Once dissolution has been completed, the processing 
sequence and conditions can be arranged to recover 
from the melt the products required by the over-all 
fuel cycle. A favoured process scheme calls for removal 
of part of the uranium as a by-product, to be discarded 
or diverted to some use outside this particular fuel 
cycle, in order to increase the plutonium/uranium 
ratio in the melt prior to succeeding steps. Pu02 and 
uo2 may then be co-deposited as a mixture of oxides 
which are enriched in Pu02. Deposition of U02 from 
the melt is readily achieved by an electrolytic operation 
in which uranyl (VI) chloride is reduced to U02 on a 
graphite cathode [7-9]. Electrolytic U02 produced 
under properly controlled conditions is crystalline 
(crystal densities greater than 99% of theoretical), is 
nearly stoichiometric (oxygen/uranium ratio of 2.0 
to 2.001) and can be easily crushed to yield oxide 
grains which are well suited for fuel element fabrica
tion by vibratory compaction. Decontamination fac
tors of 50-100 and 1000-2000 can be achieved in this 
operation for plutonium and the rare earths respec
tively. Little decontamination is obtained from fission 
products such as zirconium, whose chlorides may 
undergo a metathesis-type reaction with the deposited 
U02. By proper control, electrolytic U02 can be pro
duced with lithium and potassium contents of less 
than 50 ppm and a chloride content of less than 
10 ppm. 

Production of reactor grade U02 which is essen
tially free of plutonium requires maintenance during 
the electrolysis of a cell atmosphere that is oxygen and 
water free. By a slight change in conditions, i.e., use of 
an oxygen-chlorine sparge during electrolysis, solid 
solutions of Pu02 in U02 can be produced [10]. These 
materials are crystalline and dense, and have been 
made with as much as 35 wt% Pu02. Rare earth 
removals have thus far been relatively low when Pu02 
and uo2 are deposited together, rare earth decon
tamination factors being in the range of 3-25 (plu
tonium basis). 

By another variation in the process, a unique form 
of Pu02, a finely divided, black, crystalline material 
with a bulk density of about 6 g/cm3, can be preci
pitated. The precipitation is accomplished by treat
ment of the melt with an oxygen-chlorine sparge, 
using a higher temperature than is used for the electro
lytic co-deposition of Pu02 and U02. Very good 
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separation of the plutonium from uranium is achieved 
along with rare earth decontamination factors of 
100-200. 

Development of the Salt Cycle process has been 
carried to the point that successful engineering-scale 
(100 pounds uo2 per batch) studies of the oxide 
dissolution and uo2 electrodeposition steps have been 
made with unirradiated fuel. Hot-cell runs are cur
rently being made with 25-pound lots of irradiated 
U02-Pu02 fuels from the Plutonium Recycle Test 
Reactor. The experience thus far indicates that the 
process can be engineered for irradiated fuels and that 
it can be operated successfully. 

AIROX PROCESS 

The AIROX (Atomics International Reduction 
Oxidation) process for U02 fuels [11] is based on the 
oxidation of U02 to UaOs with oxygen and reconver
sion to U02 by reduction with hydrogen. The reac
tions are: 3U02+02 - 4oo"c--+Ua0s and UaOs+ 
2H2 - 6oo"c--+3U02 + 2H20. The oxide is converted 
to a powder by the 30 % volume increase occurring 
during oxidation. 

The oxidation step is used to remove oxide fuel 
from cladding. Fuel rods are punctured at 3-cm inter
vals along the length and exposed to oxygen at 400 oc. 
The increase in volume causes the cladding to split, 
allowing the oxides to fall free. The declad material is 
then reduced to uo2 by hydrogen and blended with 
enriched U02 to restore nuclear reactivity. By repeat
ing the oxidation-reduction treatment three times, a 
material with excellent sintering properties is pro
duced. Densities of pellets prepared from this material 
are consistently above 95 % theoretical. Virtually all 
the xenon, krypton, iodine and cesium and appreciable 
amounts of tellurium are removed, but little or no 
removal of plutonium or rare earths occurs. Ruthen
ium can be removed by one oxidation above 725 oc. 
When the process was tested on one-metre sections of 
stainless steel-dad, unirradiated uo2 and on 8-inch 
lengths of stainless steel clad U 02, irradiated to 
20000 MWdjtU [12], over 99.9% of the fuel was 
removed from the cladding in two to three hours. 
Periodic tapping during oxidation aided removal. 
Samples of the declad materials dissolved over 20 
times more rapidly in nitric acid than the materials as 
received, indicating a possible use of the process as a 
head-end treatment for aqueous reprocessing. 

A series of kilogram-scale experiments was carried 
out to study the physical and chemical effects of fission 
product elements that accumulate during repeated 
recycle of the fuel [13]. A reactor cycle was simulated 
by the addition of fissia (oxides of stable isotopes of 
representative fission products) to the U02. The 
fissia mixture contained oxides of barium, cerium, 
cesium, lanthanum, molybdenum, niobium, neo
dymium, praseodymium, ruthenium, samarium, stron
tium, yttrium and zirconium in the approximate ratios 
found in discharged thermal reactor fuel. Fissia was 
added to uo2 powder to a concentration of 2 wt% 
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(simulating a burn-up of 20000 MWd/tU) and the 
mixture was cold pressed and sintered in hydrogen at 
1 000°C. The resultant pellets were then carried 
through three oxidation-reduction cycles, after which 
another 2 wt % fissia was added. The process was 
repeated until five cycles, simulating a total burn-up 
of 100000 MWdjtU, were completed. The increase in 
the fissia concentration had no significant effect on 
the chemical reactivity of the oxide mixture and 
appeared to improve its sintering properties. T?e 
densities of the pellets prepared from the matenal 
simulating higher burn-ups were from 97 to 99 % of 
theoretical. In a small-scale experiment with highly 
irradiated fuel (20000 MWdjtU) made to determine 
the refabricability of highly irradiated uo2 fuel, an 
average pellet density of 94 % of theoretical was 
obtained [12]. 

No equipment or processing problems have been 
encountered which would prevent further scale-up of 
the process. Fuel cycle cost studies which were made 
for a 1000 MW(e) complex (a boiling water reference 
reactor) and for a fuel burn-up of 15000 MWdjtU 
indicated an economic advantage for the AIROX 
process as compared with aqueous processing [11 ]. 

PROCESSES FOR CARBIDE FUELS 

Three methods for reprocessing uranium carbide 
fuels are being investigated at Atomics International. 
One process is oxidation-carbothermic reduction, 
another a nitride-carbide cycle, and the third is fused 
salt electrolysis. 

Oxidation-carbothermic reduction process 

In this process, uranium monocarbide is converted 
to an oxide and reconverted to the carbide by reaction 
with carbon at elevated temperatures in vacuum. 
Oxidation rates of UC have been measured in air, 
oxygen, and C02 using a thermobalance [14, 15]. In 
oxygen, at pressures from 5 to 700 mm, ignition (rapid 
weight gain) of reactive* UC occurred at 275 to 325 ac. 
Initial (linear) rates of weight gain were as high as 
34 mgjmin g. In air, ignition took place at about 
350°C with initial rates of weight gain of 1.5 to 
2.5 mgjmin g. In C02 below 525°C, UC oxidized 
according to a first order rate equation. Rate constants 
ranged between 1.3 x 10-2 min -1 at 500°C and 
4.4 x 10-4 min-1 at 375°C. 

The carbothermic reduction of U02 was studied at 
temperatures above about 1500°C in vacuum [16]. A 
mixture of uo2 and ball-milled graphite (pelletized in 
some experiments with an acrylic binder) was heated 
in a molybdenum crucible in a vacuum induction 
furnace. Reaction rates were determined by measuring 
the carbon monoxide evolved. Carbon analyses indi
cated that the reaction products, some of which had 
been arc-melted, were within 0.1 wt % of theoretical 
(4.80 wt %) for the powder mixtures and ranged from 

* Material which has been exposed to moist laboratory air. 
Freshly arc-melted UC oxidizes quite slowly below ~600°C. 
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4.55 to 4.80 wt% for the pellets. The reaction rates 
were correlated by the second order rate equation: 
Kt = xj(l ~ x), where x is the fraction of the reaction 
completed and K is the rate constant (h -1). The rate 
constants for both pellets and powders increased from 
0.57 h -1 at 1330 octo 40 h -1 at 1680 °C. An Arrhenius 
plot of these data yielded an activation energy of 
73.5 kcaljmole. Heusler's data [17] for the equilibrium 
pressure of CO over U02-carbon mixtures give a 
theoretical activation energy of 87 kcal/mole. 

Fission product removals during the carbothermic 
reduction process were: Cs and Sr, 97-99 %; Ce and 
rare earths, 15-70 %; and Ru, ,...,0 %. over the tem
perature range 1560 to 1940°C. 

Nitride-carbide process 

In this process, UC reacts with nitrogen at about 
900°C to form a mixture of U2Na and carbon. Heating 
this mixture above 1 500 ac in vacuum reverses the 
reactions. 

Rate-of-weight-gain data of reactive UC were ob
tained in a thermobalance as a function of nitrogen 
pressure an<i were correlated by the pseudokinetic 
equation, 3/4 Kt = (1 ~ x)-i ~ 1, which corresponds to 
a reaction of7j4 order [18]. Rate constants as a function 
of temperature for 200 rom of nitrogen pressure are: 

oc K oc K 
550 0.044 X 10-2 900 1.112 X 10-2 
650 0.323 X 10-2 950 1.307 X 10-2 
750 0.934 X 10-2 1000 0.80 X 10-2 
850 1.680 X 10-2 1050 0.514 X 10-2 

An Arrhenius plot of these data shows a slope reversal 
above 900°C, indicating a change in reaction mechan
ism. The low temperature data give an activation 
energy of 32 kcaljmole. Over the range 10 mm to 
600 rom nitrogen, the slope of a plot of log P versus 
log K is 3/4. 

Kinetics of the reconversion of the U2Na to UC 
were studied at temperatures up to 1645 oc in a high 
temperature thermo balance [19]. The reaction appears 
to go in two steps: (a) loss of nitrogen to form UN, 
and (b) reaction with carbon to produce UC. The 
weight loss curves are essentially linear until the com
position UN is reached. An Arrhenius plot of these 
linear rates gives an activation energy of 90 kcaljmole 
for this step. Chemical and X-ray analyses of mixtures 
show that UN and carbon were products of the first 
step. The sec~nd step, formation ofUC with evolu~ion 
of nitrogen, follows a parabolic rate law with an activa
tion energy of 31 kcaljmole. Nitrogen was almost 
completely removed from samples containing more 
than the stoichiometric amount of carbon (4.80 wt %). 
Some fission product removal occurs during denitrid
ing between 1700 and 1950°C, namely, cesium and 
strontium, 90-99 %; cerium, 19-60 %; rare earths, 
39-75 %; zirconium-niobium, 1-15 %. 

Molten salt electrolysis 

In this process, uranium monocarbide is dissolved 
anodically in a salt bath composed of LiCl-KCl 
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eutectic [20]. Uranium goes into solution, probably as 
uranium(IJI) chloride, and is deposited as metallic 
dendrites on a molybdenum cathode. Three runs with 
a salt bath initially composed of 10 wt% UF4 in the 
LiCl-KCl eutectic and purified by sparging with 
chlorine and by scavenging impurities with uranium 
shavings gave current efficiencies of 51 to 60 %. With 
less carefully purified salt baths, the current efficiency 
was as low as 7 %. After a suitable deposit is obtained, 
the cathode is lifted out of the salt bath, cooled in 
argon, and then transferred to a container of hot 
mercury. The uranium deposit dissolves readily and 
the occluded salt floats to the surface. The salt phase is 
separated by decantation and the mercury is vapor
ized in a propane atmosphere. Mercury removal is 
complete at 550°C. As the mercury is removed, UC 
forms, as shown by X-ray diffraction, by reaction of 
uranium with the propane. 

Decontamination factors in an experiment with 
irradiated UC were as follows: strontium and barium, 
103_104; rare earths and ruthenium, J02_J03 ; cerium 
50-85; zirconium, 1-2. Although the electrolytic pro
cess provides higher fission product removals than the 
other two UC processes, it would probably be the most 
difficult of the three to scale up. 

SUMMARY 

Pyrometallurgical and pyrochemical processes in 

L. BURRIS, JR., eta/. 507 

various stages of development are available for pro
cessing nuclear fuel materials. A particular process 
may be best suited to fuel of a particular type. Al
though these processes offer promise for decreasing 
fuel cycle costs, they lack the economic and engineer
ing evaluation and the confidence which are engender
ed by sustained operation of a large-scale processing 
plant. The impending operation of the EBR-1£ Fuel 
Cycle Facility will go far in providing information 
concerning the large-scale operation of pyrometal
lurgical processes. 
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A/251 Etats-Unis d'Amerique 

T raitement pyrometall u rgiq ue et 
pyrochimique du combustible irradie 

par L. Burris, Jr., et a/. 

Les methodes de traitement a haute temperature du 
combustible irradie sont etudiees dans le but de 
realiser le recyclage rapide du combustible decharge 
d'un reacteur de fa~on aussi directe que possible. Avec 
ces procedes on espere obtenir de faibles couts de 
recyclage du combustible, en maintenant au minimum 
l'inventaire de combustible, en evitant les conversions 
chimiques ou en les simplifiant, en utilisant de faibles 
volumes pour le traitement, done une installation com
pacte, en produisant directement des dechets solides, 
en evitant des restrictions severes de masses critiques, 
et en ayant la possibilite de conserver des elements 
d'addition precieux. En raison de ces caracteristiques, 
les procedes pyrometallurgiques peuvent etre utilises 
pour la recuperation des combustibles de reacteurs 
rapides dans des installations implantees sur le site 
du reacteur. 

Une installation de traitement situee au voisinage 
immediat du deuxieme reacteur surgenerateur experi
mental (EBR-11) servira a experimenter les divers 
procedes pyrometallurgiques en liaison avec la recu
peration des combustibles d'EBR-11. Le premier com
bustible d'EBR-11, un alliage d'uranium enrichi et de 
fission, sera traite par purification par fusion, un pro
cede de fusion simple, au cours duquelles produits de 
fission sont elimines par volatilisation et par oxydation 
des scories. L'equipement necessaire a la purification 
par fusion de lots de 10 kilogrammes de combustible a 
ete installe dans !'atelier de cycle de combustible 
d'EBR-11 et doit entrer en service avant la fin de i964. 

ll faut deux autres procedes dans le cycle de com
bustible d'EBR-11 pour a) recuperer 235U des residus 
fondus des creusets de purification et b) concentrer le 
plutonium forme dans la couverture en uranium. Dans 
ces procedes, on utilise comme solvants des metaux 
fondus (par exemple le zinc et le magnesium) et des 
halogenures fondus. Les deux procedes en sont au 
stade de l'etude en usine pilote. D'autres procedes 
utilisant des metaux liquides et des sels fondus sont 
etudies pour le traitement des combustibles des sur
generateurs rapides qui contiennent du plutonium. Les 
combustibles a base de metal, d'oxyde et de carbure 
peuvent etre traites par les procedes a metaux et a sels 
fondus. 

A Hanford, un procede en cycle ferme, utilisant 
comme solvant des chlorures fondus, par exemple un 
systeme chlorure de lithium-chlorure de potassium, est 
etudie en liaison avec un programme de recyclage du 
plutonium (PRP). Le combustible, un melange d'U02 
et Pu02, est dissous par action de l'acide chlorhydrique 
ou du chlore sur le bain de chlorures fondus. On peut 

recuperer !'uranium et le plutonium contenus dans le 
bain, sous des formes permettant le recyclage dans le 
reacteur, par a) depot electrolytique d'U02 ne conten
ant pratiquement pas de plutonium; b) depot electro
lytique de solutions solides d'oxydes d'uranium et de 
plutonium, et c) precipitation de Pu02 ne contenant 
pratiquement pas d'uranium. 

L'action de reactifs gazeux sur les oxydes d'uranium 
et les carbures est utilisee dans les etudes de traitement 
chimique des combustibles entreprises par Atomics 
International. Le but de ces procedes est limite a 
!'elimination des degats provoques par les radiations 
et au reenrichissement du combustible. Les com
bustibles a base d'oxyde d'uranium sont pulverises 
avant nouvelle fabrication par une suite d'oxydations 
a !'oxygene ou a l'air et de reductions a l'hydrogene. 
L'un des procedes utilises pour les combustibles en 
monocarbure d'uranium comprend une oxydation en 
phase gazeuse suivie d'une reduction carbothermique 
de l'oxyde pour reconstituer le carbure. Un autre pro
cede consiste en une nitruration en phase gazeuse pour 
former un melange de nitrure d'uranium et de carbure, 
suivie de Ia conversion en monocarbure par chauffage 
du melange sous vide a une temperature superieure a 
1500°C. Un troisieme procede qui, a Ia difference des 
procedes par reaction en phase gazeuse, assure une 
elimination notable des produits de fission, comprend 
la dissolution electrolytique du carbure dans un bain 
de chlorure fondu. L'uranium metallique produit est 
dissous dans le mercure et transforme en carbure par 
distillation du mercure en atmosphere d'hydrocarbure. 

A/251 CWA 

nHpOMeTannyprHY6CKaH H nHpOXHMH
YeCKaH o6pa6orKa rop10Yero 
11. 6eppHc, Mil, et al. 

Paapa6aThiBaiOTCJI MeTO~hi BhiCOKOTeMneparyp

Hon nepepa6oTKH ropiOllero ~JIJI 6blcTporo rro

nropHoro ucrroJih30BaHHJI BblrpymeHHoro peaK

ropHoro ropiO'Iero. 3a ClJ:eT HCIIOJib30BaHHJI 3THX 

npou;eccoB omHp;aiOT ~OCTHlJ:h HH3KOH CTOHMocru 

TOBapHOI'O MCTIOJih30BaHHJI ropiOllero B peayJibTa

Te MHHHMaJibHhiX M3~epmeK Ha MaTepHaJihJ, OT

Ka3a MJIH ynpOIIJ;eHHJI XHMHlJ:eCKHX rrpeBpaiD;eHHH, 

ue6oJihiiJHX o6'heMoB npou;ecca, a cJiep;oBaTeJibHO, 

llCilOJJhBOBaHIIH KOMIIaKTHOfO o6opyJWBaHHJI ;:J,JJH 

11epepa6onm,. Henocpe~CTBeHHoro noJJy'leHHH 

TBepp;hiX OTXOAOB, OTCYTCTBHJI pe3KMX orpaHHlJ:e

HHi:J: KpHTH'leCKOii MaCChi H B03MO»>:HOI'O COXpaHt:'

HMJI IJ;eHHhlX JierupyiOlllHX p;o6aBOK K ropiO'leMy. 

BJiarofl,apH ;)THM xapaKrepHCTHKaM nHpoMeTaJJ

•lYPfH'lecKIH' npou;ecCbl MO»>:HO HCHOJJh30BaTh AJJH 
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Jf3BJie1JeHH.II ropiOqero peaRTOpOB Ha 6hiCTphiX 

neiiTponax na ycTaHOBRax ll,JIH o6pa6oTRH, pacrro

,1omeHHhlx rro6JIH30CTH oT peaRTopa. 

,lJ;JIH '~eMOHCTpa~HH pa3JIH1JHhiX 11HpoMeTaJIJiyp

Ht:1JeCRHX npo~eCCOB B CB.II3H C H3BJie1JeHHeM ro

piO'Iero ua peaRTopa EBR-11 6y)J;eT ucnoJILaonaHa 

yc.TaHOBRa, naxo)J;HI~aHCH n6JIH3H 3Toro peaRTopa. 

nepnoe ropiOqee peaRTopa EBR-11, CIIJiaB o6o

rall.leHHLIH ypan - <f>nccnyM, 6y)J;eT o6pa6aThl

naTLCH paljJHHHponaHHeM pacnJiana - npocToii 

onepa~HCH ITJiaBJieHHH, C IIOMO~hiO ROTOpOH npo

J~YRTI>T AeJieHHH y)J;aJIHIOTCH aa cqeT yJieTylJHBa

HHH H ORHCJIHTCJihHhlX peal\~Hif, y]J;aJIHIO~HX 
llPOC. 06opyAOBaHHe ycTaHoBJ<lf )J;JI.II paljJHHHpO

BaHH.II pacnJiaBa uapTHHMH no 10 K? ropiOqero 

OhiJIO ycTaHoBJieHo nouJIH30CTH peaRTopa EBR-11; 

OiRHll,a€TCH, 'ITO oHa BCTYliiiT B CTpoii R ROH~y 
1964 roll,a. 

Tpe6yeTCH e~e ll,Ba npo~eeca B ~HKJie o6pa
ooTRH ropiOqero peaKTopa EBR-11: a) H3BJieqc

HHe U235 ua ocall,KOB B THrJie rrocJie pa<f>unupona

IIHH pacuJiaBa H b) I<OH~eHTpHpOBaHHe IIJIYTOHlf.II, 

o6paaonanrnerocH B MaTepnaJie ypanonoii 30Hhl 

nocrrpoHaBOACTBa. B 3THX rrpo~eccax B RalJeCTBe 

paCTBOpHTeJieii HCITOJlb3YIOTCH paCITJiaBJieHHhl€ 

MeTaJIJibi (naupnMep, ~HHK n Marnn:ii) n pac

JIJiaB.TieHHhie raJIOH)J;Hhie COJIH. 06a upo~ecca paa

paooTaHLI )1;0 MaCIIITaOOB IIOJiyaaBO)J;CKOH ycTaHOB

KH. Paapa6aTLIBaiOTCJI APYI'He npo~ecChi c uc

ITOJibaonanueM cpe]J;bl H3 iRH)J;RHX MeTaJIJIOB H 

paCITJiaBJI€HHbiX COJie:ii )J;Jl.II H3BJI€1J€HHJI COll,epma

~ero nJiyToHHii ropiOqero peaKTopa-paaMHOiRH

TeJIH Ha 6hiCTpLix neiiTponax. ,lJ;JIJI npo~eccon, 
OCHOBaHHhiX Ha HCITOJlb30BaHHH iRHll,RHX MeTaJIJIOB 

H COJICif, IIOll,XOll,HT ropiOqee B BH)J;e MeTaJIJia, 

OKHCJIOB H KapOH)J;OB. 

B Xan<f>op]J;e B CBJI3H c ocy~ecTBJieHHeM npo

rpaMMhi IIOBTOpHOrO HCIIOJih30BaHHJI IIJIYTOHHJI 

(PRP) npHMeHJieTCJI npo~ecc C aaRphlTLIM ~HK
JIOM, paCTBOpHTeJieM CJIYiRHT paCITJiaBJieHHhiii 

XJIOpH]J;, HaiTpHMep CHCTeMa XJIOpH]J; JIHTHJI - XJIO

pH]J; RaJIHH. fopiO'Iee - CMeCh ABYOKHCH ypaHa C 

)J;BYORHChiO ITJIYTOHHJI - paCTBOp.IIIOT nyTeM npo

nycKaHHJI 1Jepe3 BaHHY H3 pacnJiaBJieHHOl'O XJIO
pHll,a, XJIOpHCTOl'O B{>ll,OpOll,a HJIH XJIOpa. J13BJieqe

HHe ypaHa H IIJIYTOHHJI H3 pacnJiaBa B ljJopMaX, 

npHrO)J;HhiX ll,JIJI IIOBTOpHOl'O HCIIOJlh30BaHUJI B pe

aKTOpe, MiRHO )J;OCTHlJh a) 3JieRTpOOCaiRll,eHH€M 

)J;BYOKHCH ypaHa, ITO cy~eCTBY He CO)J;epma~eii 
ITJIYTOHHJI, b) 3JieKTpOOCaiR)J;eHHeM TBep)J;LIX pac

TBOpOB ABYORHCeii: ypaHa H IIJIYTOHHJI H C) Bhlll,€

Jl€HH€M )J;BYOKHCH IIJIYTOHHJI, He CO)J;epma~eii 
ypaH. 

(J)upMOH <<ATOMHKC HHTepHe:iirnHm> )J;JIJI H3Y-

1J€HHJI rrepepaOOTKH ropiO'Iero HCIIOJlh3YIOTCJI pe

aK~HH raaoo6pa3HbiX peareHTOB C OKHCJiaMH ypa

im H Hap6Hll,aMH. 3all,a'fH Kamll,oro rrpo~ecca 
orpaHH'fHBaiOTC.II BOCCTaHOBJieHHeM pall,Ha~HOH

H.biX IIOBpeiRll,eHHH H IIOBTOpHhiM o6ora~eHHeM 
ropiO'Iero. fop10qee H3 ORHCH ypaHa paCITbiJIJieT

CJI )J;JIJI fiOBTOpHOrO H31 OTOBJieHHJI IIyTeM IIOITepe

M€HHOl'O OKHCJieHJ,t:H RHCJIOpO]J;OM HJIH B03AYXOM 

H BOCCTaHOBJI€HHJI BOJ.\OPOAOM. 0AHH JI3 npo~ec-
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COB ll,JI.II ropiO'Iero H3 MOHORap6H)J;a ypaHa COCTO

JIT B OKHCJI€HJIJI raaoo6pa3HLIX Be~eCTB C IIOCJie

ll.YIO~HM Kap6oTepMH1JeCKHM BOCCTaHOBJieHHeM 

oKHCJI AJIH perenepa:QHJI Kap6uf);a. ,D;.pyro:ii npo

~ecc COCTOHT B HHTpHpoBaHJIH raaoo6pa3H.biX Be

~eCTB C ~eJihiO IIOJIY1J€HJIJI CM€CH HliTpHf!; ypa

na - yrJICpOll,, aa KOTOpbiM CJ1Cll,Y€T BTOpli'IHOe 

HpeBpa~eHHe B MOHORapOlill, rryTeM HarpeBaHHH 

CM€CJI B BaKyyMe )1;0 TeMrrepaTypLI Bhlill€ 1500° C. 
TpeTHii rrpo~ecc, RoTopLiii B npoTJIBononomnoCTh 

npo~CCCaM, OCHOBaHHbiM Ha HCIIOJih30BaHJIJI peaK

J~HH raaoo6paaHhiX nee~CTB, o6ecnequnaeT aHalJH

TeJILHoe y]J;anenue npo]J;yRToB )J;eJieHJIH, aaRJIIO

qaeTcH B 3Jl€KTpOJiliTJI1JeCKOM paCTBOpeHHH Kap

OHAa B nanne H3 pacrrnannennoro xnopn)J;a. 

MeTaJIJIJI'IeCRJiii ypan pacTBopHeTCJI B PTYTH u 

CHOBa rrpeBpa~aeTCJI B RapOHll, IIyTeM )J;HCTHJIJIJI

~IIH pTyTn: B cpe)J;e H3 yrJieBo,ll;opo)J;a. 

A/251 Estados Unidos de America 

Tratamiento pirometalurgico y 
piroqufmico de los combustibles 

por L. Burris, Jr., eta/. 

Se est<in investigando los metodos de tratamiento de 
combustibles a elevada temperatura a fin de obtener 
una transformacion nipida y lo mas directa posible de 
los combustibles desechados de los reactores. Con 
ayuda de estos procesos se confia en aminorar el costo 
de la transformacion del combustible, pues se reducen 
al minimo los gastos de inmovilizacion de este, se 
evitan o simplifican las transformaciones quimicas, el 
volumen de las sustancias sometidas a tratamiento es 
pequefio, y por lo tanto, el equipo utilizado es de 
dimensiones reducidas, se producen directamente 
desechos solidos, no hay restricciones severas en 
cuanto a la masa critica y es posible retener valiosos 
elementos de aleacion del combustible. Debido a setas 
caracteristicas, los procesos pirometalurgicos pueden 
emplearse para recuperar combustibles de reactores 
rapidos en instalaciones de tratamiento situadas en Jas 
proximidades del reactor. 

Una instalacion de tratamiento contigua al Second 
Experimental Breeder Reactor (EBR-2) se utilizara 
para hacer una demonstracion practica de diferentes 
procesos pirometalurgicos cuya finalidad es recuperar 
los combustibles de dicho reactor. La primera carga 
de combustible del EBR-2, una aleacion de uranio 
enriquecido-fisio, se recuperara mediante refino por 
fusion, un procedimiento sencillo con arreglo al cual 
los productos de fision se eliminan por volatilizacion y 
reacciones oxidativas de espumado. En la instalacion 
de transformacion del combustible del EBR-2 se ha 
montado equipo para refino por fusion de partidas de 
10 kg de combustible, y se espera que entre en servicio 
a fines de 1964. 

En el ciclo de combustible del EBR-2 son necesarios 
otros dos procedimientos para: a) recuperar el uranio-
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235 contenido en los residuos del crisol utilizado para 
el refino por fusion, y b) concentrar el plutonio for
mado en Ia envoltura fertil de uranio. En estos pro
cesos se utilizan como disolventes metales (por 
ejemplo, cine y magnesio) y haluros fundidos. Estos 
procedimientos se han perfeccionado y se encuentran 
ahora en fase de experimentacion en planta piloto. Se 
estan investigaqdo otros procesos que utilizan metales 
liquidos y sales fundidas para recuperar combustibles 
de reactores rapidos reproductores que contienen 
plutonio. Los procesos a base de metales y sales 
liquidos pueden aplicarse a los combustibles en forma 
de metal, de oxido y de carburo. 

En Hanford, se esta investigando, como parte del 
programa de regeneracion del plutonio (PRP), un 
proceso de ciclo cerrado que utiliza como disolvente 
un cloruro fundido, por ejemplo, una mezcla de 
cloruro de litio y de cloruro de potasio. EI com
bustible, que consiste en una mezcla de dioxido de 
uranio y dioxido de plutonio se disuelve tratando el 
bafio de cloruro fundido con un chorro de cloruro de 
hidrogeno o de cloro. La recuperacion del uranio y del 
plutonio contenidos en Ia masa fundida, en forma 
apropiada para su regeneracion y nuevo empleo en el 
reactor, puede Ilevarse a cabo por: a) electrodeposito 
de dioxido de uranio practicamente exento de plu-

L. BU R.R.IS, j R.., et a/. 

tonio, b) electrodeposito de soluciones solidas de 
dioxido de uranio y plutonio y c) precipitacion de 
dioxido de plutonio practicamente libre de uranio. 

En estudios sobre transformacion de combustibles 
que realiza Ia Atomics International se utilizan reac
tivos gaseosos con oxidos y carburos de uranio. La 
finalidad de los procesos se limita a reparar los daiios 
provocados por las radiaciones y a enriquecer de 
nuevo el combustible. Los combustibles en forma de 
oxido de uranio se pulverizan para su reelaboracion 
por oxidacion con oxigeno o aire, que alterna con una 
reduccion mediante hidrogeno. Un proceso para los 
combustibles de monocarburo de uranio consiste en 
oxidacion gaseosa seguida de reduccion carbotermica 
del oxido para regenerar el carburo. Otro proceso 
consiste en una nitruracion gaseosa para producir una 
mezcla de nitruro de uranio y carbono, seguida de 
reconversion en monocarburo por calentamiento de 
Ia mezcla a! vacio a temperaturas superiores a 1500 °C. 
Un tercer proceso que, a diferencia de las reacciones 
gaseosas permite una separacion apreciable de pro
ductos de fision, comprende Ia disolucion electrolitica 
del carburo en un baiio de cloruro fundido. El uranio 
metalico obtenido como producto se disuelve en 
mercurio y se vuelve a convertir en carburo por destila
cion del mercurio en atmosfera de hidrocarburo. 
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3KCTpOKL\MOHHO•XpOMQTOrpacfJM'IeCKOe BbiAeneHMe 

B. M. BAOBeHKO, A. c. KpMBOXOTCKMM, M. n. Koaana.CKOSI, 

E. A. CMMpHoaa, c. M. KynMKOB, H. A. AneKceeaa, n. M. &enoa 

IIoJiyqeu.He 'IHCTLIX npenaparoB aMepun;un u 

KIOpHH HeOOXO)J;HMO )J;JIH H3y'leHHH XHMH'IeCKHX H 

H,ll;6pHLIX CBOHCTB H ,ll;JIH TeXHH'Ie'C:Koro :O:C110JIL30-

BaHHH aTHX aJieMeHTOB. TpmcnJiyTouneBLie aJie

MeHTLI o6.paayiOTCH npii OOJiyqeHHII llJiyTOHHH HJIH 

ypaua 6oJILIIIHM HHTerpaJILHLIM noToKOM ue:HTpo

HOB B Hp;epuLix peaKTopax. IIpH o6Jiy'leuuu aua

'IKTeJILHLIX KOJIH'IeCTB HCXO,ll;HLIH MaTepuaJI ,ll;HC

neprHpOBaH B HHepTIWM uanoJIHn·TeJie, o6ecnequ

BaiOID;eM HeOOXO)J;HMLIH 'TellJIOOTBO)J;; HeOOJILIIIHe 

KOJIH'IeCTBa MOryT OOJiy'laTbCH 6ea HaiiOJIHHTeJIH. 

B Ka'leCTBe nocJie)J;Hero B 'lacTHOM CJIYlJae xcnoJIL
ayeTcH MeTaJIJIB'IecKHH Maruu:H. PacTBopeuue o6-

Jiy'leHHLIX Manuuif-KepaMn'lecRux 6JioKoB p;ocru

raeTcH nyTeM o6paOO'TI\H aaoTHOH KHCJIOTOH. 

IIepepa6oTKa noJiyqeunoro pacTBopa p;oJimua 

npe,ll;yCMaTpHBaTL OT)J;eJieHHe aKTIIHH)J;HhlX aJieMeH

TOB OT MaKpOKOMllOHeHTa, eCJIII TaKOBOH HMeeTCH, 

O'IIICTKY rpyniiLI aMepHD;IIH - KIOpHH OT llJIY'TO

HHH, OT)J;eJieHHe HX OT pep;K03HMeJILHLIX aJieMeH

TOB - IIpO,ll;yKTOB p;eJieHHH H, HaKOHen;, paap;eJieHHe 
aMepHD;HH H KIOpHJI. 

Penreuue nepBOH aap;aqu p;ocTnraeTcH uaH6oJiee 

npOCTO - :3KCTpaKD;IIeH aMepiiD;HH, KIOpHH :0: pep;

K03eMeJIL.HhlX aJieMeHT·OB; llJIJTOHIIR rrpH aTOM .BLI

p;eJIHeTtCH npep;BapHTeJILHO TaKil\e IIJTeM :3KoCTpaK

D;IIH. B KaqecTBe aRcTpareuTa ,ll;JIH H3BJie'leHHH 

llJIJTOHHJI Il3 paCTBOpOB C BLICaJIJIBaTeJieM HaMH 

ucrrOJIL30BaJiu.cL cboccbopoprau:o:qecKue coep;uue

HHH, TpeTH'IHLie aMHHLI .II THO<f>eHKapOOHHJITpH

<f>TopaqeTOH (TTA), )J;JIH aKCTpaKn;HH 113 6eccoJie

BLIX pacTBopoB - TTA. IIoJiy'leHHLIH Koun;eHTpar 

aMepHD;HH H KIOpHH MOil\eT 3aTeM nepepaoaTLI

BaT:LCJI :3KtCTpaKD;IIOHHLIM HJIH XpOMaTOrpa<f>H'I·e
CKHM MeTO)J;OM; HaHOOJiee n;eJiecoo6pa3HO npoBO

)J;HT:L npe,Z~;BapHTeJILHYIO O'IHCTKY C llOMOID;LIO 
:3KCTpaKD;HH )J;H-2-aTHJireKCHJI<f>oc<f>opHOH KHCJIOTOR 

(A28fct>l\) H TpHp;eD;HJiaMKHOM (T,IJ;A) H3 KOH

n;eHTpHpOBaHHLIX paCTBOpOB XJIOpHCTOl\0 JIH'THH H 

OKOH'IaTeJILHYIO C llOMOID;LIO xpoMaTorpaqJHH C 

HC110JIL30BaHIIeM COJIHHOH KHCJIOTLI H aJIL<f>a-OKCH

If300YTHpaTa aMMOHHJI B Ka'leCTBe :3JIIOeHTOB. 

1. SKCTPAKU~OHHOE B~aEnEH~E 
rPYnnbt AMEP~U~fl ~ KI:OP~fl 

IIoJiy'leHHLI.e B peayJILTaTe pacTBopeuu:a o6Jiy

'leHHLix o6pa3D;OB paCTBOphl 110 CBOeMy COCTaBy 

BeCLMa Y,ll;OOHLI )J;JIH OT,ll;eJieHHH aMepHD;HH H KIOpHH 

OT llJIYTOHHJI. qeTLipeXBaJieHTHhlH llJIYTOHHH XO

pomo :3KCTparHpyeTCJI :0:3 a30THOKHCJILIX paCTBOpOB 

c rroMOID;LIO TT A 1- 3• ,lJ;JIH aKcTpaKD;HH nJiyTOHHH 

ua o6JIYlJeHHLIX MaTepuanoB, cop;ermarn;ux aMepu

n;u:H, KIOpHH H npop;yKTLI p;eJieHHH, aBTOphl HC1IOJib-

30BaJIH 0,2 M pacTBop TTA B 6euaoJie. Bop;HMH 

paCTBOp )J;JIH :3KCTpaKD;HH ,ll;OBO)J;HJIH )1;0 KHCJIOTHO

CTH 0,5 M, IIJIYTOHHH cTa6uJiu:aupoBaJiu: 'B IV-Ba

JIMITHOM COCTOHHHH \IIHTpHTOM HaTpHH. Ilpn 

aKcTpaKn;nu: c noMOID;LIO TTA aHa'IHTeJI:LHLiii u:u

Tepec rrpep;CTaBJIHeT KHHeTH'IeCKHH <l>aKTOp, TaK 

KaK CKOpOCTL peaKD;HH o6pa30BaHHH XeJiaTa .HeBe

JIHKa H 110:3TOMy OKa3LIBaeT 60JILIIIOe BJIHHHHe Ha 

·cTeneuL uaBJie'leHHH aKcTparHpyeMoro Bern;ecTBa. 

,lJ;JIH .onpep;eJieHHH CKOpOCTH :3KCTpaKD;IIH IIJIYTOHHH 

(IV) u:ay'laJIH BJIHHHHe npeMeHH KOHTaKTa <Paa ua 

BeJIH'IHHY ·ero H3BJie'leHHH B ropH30HTaJILHOH 
rryJILCaD;HOHHOH KOJIOHHe. 06'1>eM CMeCHTeJILHOH 

'laCTH cocTaBJIHJI 135 .M.tt. IIpnMeHeHHe TaKoif IKO

JIOHKH noaBOJIHJIO BM6paTL ycJioBHH~ Korp;a npu 

pa3HhlX TipOH3BO)J;HTeJILHOCTHX Mem1JaaHaH 110-

BepXHOCTL MeHHJiacL ueaua'IHTeJIMIO. Crmomuo:H 

cf>aao:H HBJIHJICH 0,2 M pacTBOp TTA B 6euaone. 

lJepea KOJIOHHy C pa3JIH'IHOH CKOpOCTLIO npony

CKaJIH BO)J;HhlH paCTBOp, cop;epmaiD;HH llJIYTOHHH. 

,lJ;JIH cpaBHeHHH H3y'laJIH KHHeTHKY :3K'CTpaKD;HH He 

TOJILKO ua 0,5 M pacTBopa aaoTHOH KHoCJIOTM, uo 

u H3 paCTBopa c BLicaJIHBaTeJieM. IIoJiytJeHHLie p;aH

HLie npep;cTaBJieHLI ua p.Hc. 1. KaK BH)J;Ho H3 

pHCJHKa, KOJilPrHCTBO H3BJie'leHHOrO llJIYTOHHJI B 
3Ha'IHTeJILHOH CTeneHH 3aBHCHT OT BpeMeHH KOH

TaKTH,POBaHHH <f>aa. 
KoucTaHTY cKopocTu: peaKD;HH onpep;eJIHJIH no 

ypaBHe!HHIO foJILJJ;IIIMH)J;Ta 4• BeJIH'I:n:Ha KOHCTaHTLI 

Ka )J;JIH cJiy'laH aKcTpaKD;HH ua 0,5 M aaoTHOH 

KHCJIOTLI cocTaBJIHJia (0,33 ± 0,03) .Mun-1• B npu-



512 3ACE,li,AHI-1E '2.7 P/345 

CyTCTBHH HHTpa·Ta MarHHH 3HalJe.HHe KORCTaHThl 

6MJIO B necKOJihKo paa Menbme: Ka= (0,09±0,03) 
Mun-l, lJTO CBH):J;eTeJibCTByeT 0 60JibillOM BJIHHHHH 

K<>H~eHTpa~HH COJieH B paCTBOpe na CKOpOCTb 3KC

TpaK~HH. 

lJa paCTBOpOB, cop;epmam;HX aaoTHyiO KHCJIOTY H 

6.0JibiDOe KOJIHlJeCTBO HHTpaTa MRrHHH, IIJIYTOHHH 

% 
100 

~· 

0 2 4 8 8 10 

II 

20 ,MMH 

PHc. 1. 3a&H·CHMOCTb H3sne"'eHHll nnyToHHll (IV) 0,2 M 
paclBopoM TT A a ,6eH3one oT apeMeHH KOHTaKTa q,a3: 

1-0,5 M a30THaH KJICJIOTa; 2-0,5 M a3oTHaH Knc;w-

Ta + 3,5 M HHTpaT MarHRH 

H3BJieKaeTCH TaKlRe MeTO):J;OM lRH):J;IWCTHOH 3KCTpaK

~HH paCTBOpaMH TaKHX WOCWOpopraHHlJHCKHX 

coep;HHeHHii:, KaK TpH6yTHJIWOCWaT (TBCl>) H 

,[I,2SfCl>l{ HJIH paCTBOpaMH aMHHOB: TpHOKTHJiaMH

Ha (TOA) H TpHp;e~HJiaMJIHa (T,[I,A) B nnepTHbJX 

paa6aBHTemix. Roa<l><l>H~HeHThi pacrrpep;eJieHHH 

ITJIYTOHHH (IV) H KIOpHH ):J;JIR yKaaaHHhiX Bbime 

3KCTpareHTOB rrpHBC):J;CHbl B Ta6JI. f. 

COCTBB BO~Horo PBCTBopa 

B. M. B,ll,OBEHKO et al. 

p;eJieHHH. 9KCTpaK~HH 3THX aJieMeHTOB MOlReT IlpO

BO,IJ;HTbCH KaK H3 lJHCTbJX paCTBOpOB, He CO,ll;epma

ID;HX IIOCTOpOHHHX COJieii, TaK H H3 paCTBOpOB C 

BhlcaJIHBaTeJieM. B nepBOM cJiyqae B KalJecTBe 

3KCTpareHT;OB MOryT rrpHMeHHTbCH XeJiaToo6paayiO

ID;H6 peareHThl, H3BJieKaiOm;He aKTHHH});Hhle H JiaH

TaHH}J;Hhle 3JieMeHThl H3 paCTBOpOB C HeBblCOKOH 

KHCJIOTHOCThiO 1• 5• Bo BTopoM cJiytJae B KatJecTBe 

3KCTpareHTOB MOryT H·CIIOJib30BaTbCH HeHTpaJib

Hble tPOCWopOpraHHlJ·eCKHe COe});HHeHHH 6• 7; npH 

3TOM •C.O,ll;epmaHHe H36hiTOlJHOH KHCJIOThl B paCTBO

pe )J;·OJilRHO 6biTb B03MOlRHO M·eHbille BO Ha6emaHHe 

KOHKypeH~HH Mem.n;y 3KCTparnpyiOID;HMHCH Me

TaJIJlaMH H RHCJIOTOH. 

liMeiOm;HecH B JIHTepa'fYpe CBe,IJ;e.HHH 06 3KC

Tpa:K~HH aMepH~HH H KIOpHH c rroMom;hro TT A ne 

·oop;epmaT CBe.n;enuii o crroco6ax rrop;.n;e.pmanuH 

He06XO):J;HMOro 3HalJeHHH pH paCTBOpa H BJIHHHHH 

paa6aBHTeJIH Ha 3KCTpaK~HIO, lJTO orpaHHlJHBaeT 

IlpHMeHHMOCTb 3KCTpaK~HH TpaHCIIJiyT.QHHeBhlX H 

pep;KoaeMeJihHhiX aJleMeHTOB ·C IIOMOID;hiO TT A. 
AnTOphl uayqaJIH BJIHHHHe rrpupo.n;M paa6aBHTeJieii: 

Ha 3KCTpaK~HIO aMepH~HH, :KIOpHH H pe)J;:K03eMeJib

HbJX aJieMeHTOB ( ~epHH, eBporrHH, TYJIHH, Tep6uH, 

JIIOTe~HR) c rroMOID;hiO 0,2 n 0,05 M pacTBOpoB 

TT A. 3naqe.nue pH pacTBopa yc·TaHaBJIHBaJiocb 

rryTeM rrpn6aBJICHHH ne6oJihiDHx KOJIHlJeCTB aaoT

noii: KHCJIOTbl HJIH aM)IHaKa. ,[l,aHHhle, IIOJiylJeUHbie 

ITO 3KCTpaK~HH KIOpHH H Tep6HH, rrpe,n;cTaBJieHhl 

na puc. 2 H 3. 
B H•C•CJie,n;oBa~moii o6JiaCTH pH HaBJieqenue aJie

MeHTOB H3 BOp;HhlX paCTBOpOB YBCJIHlJHBaeTCH ·C 

BOapacTaHHeM pH HCXOJJ;HOrO BO):I;HOrO paCTBOpa; 

rrpH p;aJibHeii:meM BOapa·cTaHHH pH nalJHHaeT yme 

CKa3bloBaTbCH rH)J;pOJIH3 Me"TaJIJIOB. 

Ha anaqenna Koawwu~HeHTOB pacrrpep;eJieHHH, 

KaK BH,ll;HO H3 pncyHKOB, OKa3hlBaeT BJIHHHHe IIpH

pop;a paa6aBHTeJIH. BoJiee BhlCOKHe aHatJeHHH 

K03WWH~HeHTOB pacrrpe,n;eJieHHH IIOJIYlJaiOTCH IIpH 

HCIIOJib30BaHHH KHCJIOpOfl;CO):J;e.pmam;HX paa6aBHTe-

Hoalfli!IHI\1'16HT HoaiPIPHI\HeHT 
HI'ITpaT a30THaH CocTaB aHcTpareHTa pacnpe~eneauH pacnpe~eneaufl 

MarHI!fl, M HHCJIOTa, M nnyTOHI!fl (IV) HIOPI!II 

2,5 1,33 5%-Hhiii TBID B AeRaHe 43 0,005 
2,5 1,94 0,001 M A29fll>R B AeRaHe 300 0,003 
2,5 1,30 0,2 M TAA B ACRane 130 0,002 
2,5 3,00 0,2 TOA B 6eH3oJie 

BeJIHlJHHhi Koaw<Pn~HeHTOB pacrrpep;eJieHHH rro

HaaMBaiOT, lJTO BCe yKaaaHHbiC 3KCTpareHTbl MOryT 

6hfTb HCIIOJib30BaHbl ):J;JIH 3KCTpaK~HH IIJIYTOHHH C 

Bhi•coKoii: OlJHCTKoii: oT aMepH~HH n KIDpHH. Tpanc

rrJiyToHHeBbie 3JieMeHTbl npaKTHlJCCKH TIOJIHOCTbiO 

OCTaiOTCH B BO):J;HOM paCTBOpe. 

fpyrrnOBOe Bbi):J;CJICHHe TpaHCIIJIYTOHHCBbiX H 

pe,IJ;K03eMeJibHhiX 3JICMCHTOB HBJIHCTCH CTa,IJ;HCH 

O'IHCTKH aMepH~HH H KIOpHH OT MaKpOKOMIIOHeHTa, 

CCJIH 0!11 npHCYT·CTBYCT, H OT MHOrHX IIpO,l\YKTOB 

27 

Jieii:. ,[I,JIH ycTaHOBJieHHH COCTaBa COe,n;HReHHH, 

B BH):J;C HOTOpbiX HCCJiep;yeMhle aJieMeHTbl !llaXO

):J;HTCH B opraHHlJeCKHX paCTBOpHTeJIHX, 6hlJIH 

orrpep;eJieHbi aaBHCHMOCTH Koa<PqJH~HeHTa pacrrpe

.n;eJieHHH OT KOH~eHTpa~HH HOHOB BO,ll;Opo,n;a B BO)J;

HOM paCTBOpe H TT A B opraHHlJeCKOH waae. 

IloJiy'leHHbie 3Ha'ICHHH K03WWH~HeHTOB pacrrpe

p;eJieHHH OKaaaJIHCb IlpHMO rrponop~HOHaJibHhl 

TpeTbeii: cTerreHH KOH~e.HTpa~HH TT A n o6paTHO 

rrporrop~HOHaJibHbl Tp6'TbeH CTeneHH KOH~eHTpa-
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PHc. 2. 3a&HCHMOCTb K03!p
IPH14HeH·Ta pacnpeAeneHH.II 
ICtopH•.II a OT pH npH 3KCT
paKI.4HH 0,2 M pacTB·opoM 
TTA 1s pa36a·BH·Ten.IIX: 

PHC. 3. 3aBHCHMOCTb K03qJqJHLIH8HTa pacnpeAe
neHH.II Tep6H.II o: oT pH npH ::tKcrpaK1.4HH 0,05 M 

P~o~c. 4. 3asHCHMOCTb KO::t!p~H14HeHTa 
pacnpeAeJ1eHH.II Tep6H.II a OT KOH1.4eHT
p84HH KHCl10pOACOA8p>K811.1ero p836a-pacTsopoM TT A a pa36aBHTen.IIX: 

1 - XJIOpOqlOpM; 2 - TOJiyoJI; 
3- 6eH3oJI; 4- ):VI6yTHJIOBhiM 

1 - 6eH30JI (KOH~eHTpa~H.II HIITpaTa Tep6Hll 
t0-4 M); 2- 6eHaoJI (KoH~eHTpa~H.II HHTpaTa 
Tep611.11 10-5M); 3- aMHJia~eTaT; 4- AH6yTH
JIOBhlii acfJHp (KOH~eHTpa~H.II HHTpaTa Tep6HJI 

BHTeJ1JI S: 

1- aMHJia~eTaT (0,1 M pacTBop TTA 
B 6eH30Jie, pH = 2,4, KOH~eHTpa~HII 
HHTpara rep611.11 10-5M); 2- AH6y
THJIOBhlii acflnp (0,15 M pacTBop TTA 
B 6eH30Jie, pH = 2,75, KOH~eHTpa-qHS 

3cfJHp; 5- 3MHJia~eT3T 10-4 M) 

:qHH HOHOB BO~opo~a. 0TCIOAa CJieAyeT, "'JTO peaK
:qHH 3~C'TparHpOBaHHH MOil\eT 6hlT.b BhlpaiReHa 
ypaBHeHHeM Me3+ + 3HA =+± MeA3 + 3H+. lJ:JIH 
BhlHCHeHHH llpH'lHHLI 6oJiee BLICOKOH aKCTparH
pyeMOC'TH UCCJie,n:yeMhlX aJieMeHTOB IIpH HCTIOJIL30-
BaHHH KHCJiopo,n:coAepmar:qnx paa6aBHTeJie:ii rrpn
MeHHJICH MeTOA pa36aBJieHHH. flpH IIOCTOHHICTBe 
IWH:qenTpa:qnn TTA B opraHn'leCKO:ii cf>aae MeHHJI
CH COICTaB IIOCJieA'fleH nyTeM li3MeHe'H.JIH COOTHO
IIIeHim Mem,n:y xopomo aKcTparnpyror:qHM RHCJIO
po~coAepmar:qHM paa6aBHTeJieM H IIJIOXO :JKCTpa
rHpyiOI:qHM paa6aBHTeJieM - 6enaoJioM. Ha puc. 4 
IIpHBOAHT'CH ,n:aHHhle, IIOJIYlJeHH.bie IIpH H3y'leHHH 
3aBHCHMOCTH Koacf>cf>H:qHeHTOB pa•CIIpe,n:eJieHHH Tep-
6HH OT KOHI~eHTpa:qHH aMHJia:qeTaTa HJIH AH6yTH
JIOBOrO acf>npa B pacTBQpax TT A B 6enaoJie npn 
nocTOHHHo:ii Kon:qeHTpa:qnn TT A H HOHOB BOAO
po,n:a. PeayJILTaTLI roBopHT o TOM, 'ITO B oprann
'lecKoii cf>aae HMeeT MecTo o6paaoBanne eoJILBaTa 
Me (TT A) aS, r,n:e S - MOJieKyJia KHCJIOPOAco,n:ep
mar:qero paa6aBHTeJIH. 06paaoBaHHeM COJILBaTa 
CJieAyeT · 06'.bHCHHT.b nOBhliiiHHHYIO aKcTparnpye
MOC'TL TpaHeTIJIYTOHHeBLIX H pe,n:K03eMeJI.b'HhlX 
3JieMeHTOB npH UCnOJIL30BaHHH KHCJIOpOACO,n:epma
I:qHX paa6aBHTeJie:ii TT A. 

B ,n:aJILHeiirnnx HICeJie,n:oBaHHHX ,n:JIH coa,n:aHHH 
Onpe,n:eJieHHLIX CTa6HJILHLIX 3Ha'leHnii pH BO,ll;HOro 
paCTBOpa 6LIJI H.C.IIOJI.b30BaH pH,ll; 6ycf>epH.biX CMe
ce:ii, o6ecrre1JHBaror:qnx onpeAeJieHHoe aHa'len:o:e 

HHTpaTa Tep611.11 10-5 M) 

pH. PeayJII.TaTI.I uc·cJieAOBaHHH noKaaaJIH, 'ITO B 
aaBHCHMOCTH OT HICnOJI.b3Y8MOrO 6ycf>epHOrO p8CTBO
pa M·Oii\HT Ha6JIIO;rl;aTI,oCH KaK YB8JIH'l8HH8 1 TaK li 

YM8HLIII8HH8 H3BJie'leHHH aJieMeHTOB UO cpaBH8-
'HHIO C 3KCTpaK:qHeH 6ea HCIIOJIL30BaHHH 6ycf>epa. 
TaK, HarrpnMep, npn pH = 3,5 paBHhlM o6'.beMOM 
0,2 M TTA B 6eH30Jie H3BJieKaeTCH 70% KIOpHH 
H3 a:qeTaTHOrO 6ycf>epa H 20% H3 :qHTpaTH'OrO 6y
wepa; B OTCYTCTBHe 6ycf>epHOrO paCTBOpa npH TOM 
me 3Ha1Je'HHH pH H3BJieKaeTCH 40% KIOpHH. lJ:aH
H.bl8 no aKcTpaK:qHH aMepH:qHH H KIOpHH o.~ M 
pa·cToopaMH TTA na a:qeTaTnoro 6y«J>epa npeA
cTaBJI8Hhl na pHC. 5. Ha~r6oJiee ·6JiaronpHHTHLie 
peayJILTaThl no H3BJie'leHHIO noJiy'leHhl npn aKc
Tpa"K:qHH na a:qeTaTnoro 6ycf>epa pa,cTBOpaMH TTA 
B aMHJia:qeTaTe. 

Cyr:qecTBeHnoe ·aHa'leHHe ~JIH aKc·TpaK:qnn aMe
pn:qHH H KIOpHH HM8eT RHHeTH1J8CKHH cf>aKTOp. 
May'leHHe cKopoCTH aKcTpaK:qHH KIOpHH pacTBo
poM TT A B 6enaoJie n.poBO,ll;HJIOCL B ropnaonTaJI.b
no:ii IIyJILCHpyiOI:qe:ii KOJIOHHe B YCJIOBHHX, OIIH'CaH
HLIX Bhliiie. iloJiy'leHH.bie AaHHhle npeA•CTaBJieHI:.I 
Ha pHC. 6. 3Ha1JeHHe KOHCTaHT.bl ·CKOpocTH reTepo
reHHOH peaK:qHH, paOC'IHTaHHOH no ypa·BHeHHIO 
foJib,ll;IIIMH,n:Ta, B o60HX CJiy'laHX 3KC'TpaK:qHH 'B 

npucyTCTBHH HHTpaTa MarHHH H 6e3 nero paBHLI 
(0,57 ± 0,06) Mun-1• 

lJ:JIH H3BJie'leHHH aMepH:qHH H KIOpHH H3 paCTBO
pOB C BI:.IeaJIHBaTeJleM MOryT npHMel!H'l'J)CH paCTBQ--
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Ta6nHI..(a 2. 3aaHCHMOCTb Ko:t<J><J>HL!HeHTa pacnpeAeneHHll 

KIOpHll OT KOH48HTPB4HH a30THOH KHCnOTbl 

B BOAHOM paCTBOpe 2,5 M no HHTpary MarHHJI 

Hoa$$H~HeHT~ pacnpe~eneHHH 

"" "!. "" <0 

3KCTpareHT 0 .... .... 
~ ~ ~ II II II II 

"" - .... ~ ~ ~ ~ - 0 ~'>. ~'>. ~'>. ~'>. 

40% TE<D 1,8 2,2 13 62 69 70 
B ne«aHe 

0,36 M 3,2 30 
)];2:3f<DK 
B ne«aHe 

0,8 M T)];A 2,4 3,2 2,0 
B 6eHsone 

phl TeX me 3KCTpareHTOB, KOTOphle HCIIOJib30Ba

JIHCb ,n:JIH aKcTpaKn;nn rrJiyTOHHH. O.n:uaHo KoHn;eu

Tpan;nR 3KCTpareHTa B opraHJfliCCKOM paCTBOpe 

rrpn aToM ,n:oJimHa OhlTL 3Ha'IHTeJILHo BI.Ime. 

CHJihHOe BJIHRHHe Ha xoo«P«Pnn;neHThl pacrrpe

,n:eJieHHH TpaHCIIJIYTOHHCBhlX ::IJICMCHTOB OKa3biBaer 

KOHD;CHTpaD;HH a30THOH KHCJIOThl B BO.Jl:HOM paCTBO

pe. ,l..(aHHhle IIO ::IKCTpaKD;HH KIOpHH yHa3aHHhlMH 

aKcTpareHTaMH npnBe,n:eHLI B Ta6JI. 2. M3 npnBe

,n:eHHLIX B TaOJIHD;C ,n:aHHbiX CJie,n:yeT, 'ITO TpaHCIIJiy

TOHHCBhle aJieMeHThl MoryT 6LITL H3BJie'IeHLI H3 

BO.Jl:HOrO paCTBOpa HHTpaTa MarHHH npH YCJIOBHH, 

CCJIH KOHD;CHTpan;HR a30THOH KHCJIOTbl 6y,n:eT HeBe-

B. M. B,ll.OBEHKO ~~. 

2. 3KCTPAKLU"'OHHOE PA3,D,EJIEHHE 
AKTI-1HH,D,HbiX H PE,D,K03EMEJibHbiX 

3JIEMEHTOB 

fioJiy'IaiOIIJ;HHCH B pe3yJII.TaTe 3KCTpaKD;H11 KOH

IJ;CHTpaT aMepnn;nH n KIOpnH co.n:epmnT 3HR'In

TeJILHLie KOJI11'ICCTBa pe,n:K03CMCJihHhlX SJICMCH

TOB - rrpo,n:yKTOB .Jl:CJICHHH, 'IaCTO IIpeBhlillaiOIIJ;11C 

KOJIH'IeCTBO aMepHIJ;HH 11 KIOp11H. BBn,n:y 6oJII.moii 

y,n:eJibHOH aKTHBHOCT11 KaK pe,n:K03CMeJibHhlX, TaR li 

aKTHHH,n:HbiX ::IJICMCHTOB D;CJICCOoOpa3HO np0113B{)

.Jl:11Tb c6poc OCHOBHOH MaCChl OCKOJIKOB IIYTCM 

aKcTpaKD;1111. B JI11TepaType orr11can PM MeTo,n;oB 

pa3.Jl:CJICH11H pe,n:K03CMCJibHhlX li aKTHH11,n:HhlX ::IJIC

MCHTOB C IIOMOID;biO 3KCTpaKIJ;1111 aMHHaM11 11 aJI

KliJicPOC<!IOpHhlM11 K11CJIOTaM11 113 paCTBOpOB XJIO
p11,n:a JIHT11H S, 9• 

ABTOphl n3y'IaJI11 rpyrrrroBoe pa3,n;eJieH11e TpaHc

IIJIYTOH11eBLIX li pe;r(K03CMCJibHhlX ::IJICMCHTOB ny

TCM ;)KCTpaKD;H11 113 KOHD;CHTp11pOBaHHhlX pacTBO

pOB xJiop11cToro JIHT11H J(23r$R. 11 xJiop11,n;oM TJ(A 

B pa3JI11'IHbiX pa30aBHTCJIHX B 3aB11CHMOCT11 OT CO

CTaBa BO,Il;HOI'O paCTBOpa, KOOID;CHTpan;1111 ::IJreTPareH

Ta 11 IIp11pO,n:hl pas6aB11TCJIH B CTaT11'ICCR11X ycJIO

BHHX. B Ta-6JI. 3 npe~TaBJieHhl ;o;aHHhle no 

H3BJie'IeHHIO pH,n:a TpCXBaJICHTHhlX 3JICMCHTOB 

0,3 M ,l..(23f$I\. B pa3JIH'IHhlX pa36aB11TeJIHX 113 

BO,n:HbiX paCTBOpOB XJIOp11CTOr{) JlllT11H C pa3JIIfli

HhlM co.n:epmaHlleM coJIHHoii KHCJIOTLI. M3 TaOJIHD;hl 

BH,Il;HO, 'ITO IIpH :lKCTpaKD;IUI ,l..(23f$I\. 113 paCTBO-

Ta6nM~ 3. 3a&MCHMOCTb <H3Bn8'18H1Htll B<KT·HtH~.p,HbiX 14 JlatiT<MI•HAf'lbiX aiJ18MetiTOtl OT ycJtOBHH 3•KClpit~HM 

0,3 M pacTBO·POM ,D,23f<l>K M3 pacTBopoa xnopHAa nMTHll 

HoHIIeHTpa- I<OHII8HTpa-
Paa«!asuTem, ~UH ~HII 

LICI, M HCI, M Am 

IlomraJIKH JI 
6euson 13,0 0,007 11,9 
To me 12,0 0,007 10,3 

• 13,0 0,010 ,. 12,0 0,010 
• 13,0 0,040 
• 12,0 0,040 

OKTaH 13,0 0,003 25,7 
• 13,0 0,068 13,9 

KepocHH 13,0 0,003 21,8 
• 13,0 0,068 9,6 

KcHJIOJI-o 13,0 0,007 3,7 
• 12,0 0,007 3,5 
• 12,0 0,135 0,5 

mma. Han6oJiee 6JiarorrpHRTHLie pe3yJILTaTLI rro

JIY'IeHhl .Jl:JIH ::IKCTpaKIJ;HH C IIOMOID;biO 40% -Horo 

pacTBopa TB$ B ;o;eKaHe. Bo ncex cJiy'IaHx ocHoB

HhlMH COIIYTCTBYIOID;IIMII IIpHMCCHMH 6y;o;yT pep;K0-

3CMCJibHbie ::IJICMCHThl II meJie30 ( CCJIH OHO IIp11-

CYTCTBYCT B BO.Jl:HOM pacTBope), KOTOpbiC B ::ITIIX 

ycJIOJUUIX TaKme rrepexo;o;HT B opraHH'IeCKYIO «Pa3y. 

Hasneqeuue, % 

Cm Ce Eu Tb Tm 

92,6 
84,8 

17,2 74,7 
9,6 73,5 
7,9 30,1 81,0 
5,1 19,8 76,0 

88,9 99,9 
16,3 43,1 64,5 68,4 83,7 

13,4 34,2 49,3 51,3 55,7 
9,3 13,5 82,8 86,5 
9,0 12,4 69,1 84,5 
1,1 1,2 6,3 29,5 

pOB XJIOpHCT·OrO JIHTHH rrpe11MYID;CCTBCHHO 113BJIC

RaiOTCH pe;r(R03eMeJII.Hhle ::IJICMCHThl; np11 ::ITOM 

ax-cTpaRD;HH B03pa·cTaeT c yBeJIIfliCH11eM 11x nopH,n;
KOB<oro HOMepa. I\.IOpHH li aMep11D;11H 3KCTpar11py

IOTCH B He3Ha'IHTCJihHOH CTCIIeH11; CJIC;r(OBa"TCJibHO, 

B03MOiRHO IIpOH3BO;r(11Tb rpyniiOBOe pa3,IJ;CJICHHe 

JiaHTaHH;r(OB H TpaHCDJIYTOH11CBhlX ::IJICMCHTOB ny-
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PHc. 5. 3aBHCHMOCTb K03ip¢H4HeHTa pacnpeAeneHHll aMe-
?H4~otl1 a OT 1PH npH> 3<KCTpaKI..IIHH:i 

1-0,2 M pacrnopoM TTA B 6eHBOJie; 2-0,2 M pacrno
poM TTA B 6eHaoJie 113 an;erarHoro 6ycpepa; 3- 0,2 M 
pacrnopoM TT A n aMIIJian;erare; 4- 0,2 M pacTBopoM 

TT A B aMIIJia~eTaTe 113 an;erarHoro 6ycpepa 

TeM ~KCTpaKI:~HH H3 paCTHO.pOB XJIOpHCTOI'O JIHTHJI. 

8:rocTpa'K~HJI C IIOMOIIl;:biO ,[(28f<J>I\ 3aBHCHT OT 

KOH~eHTpa~HH XJIOpHC'TOI'O JIHTHJI H OOJIJI'HOH KHC

JIOTbi B BO~HOM pacrBope. Roa4Jqm~HeHTI>I pacrrpe

~eJieHHJI paCCMaTpHBaeMbiX 3JieMeHTOB yMeHI.IDa

IOTCJI C yBeJIHTieHHeM KOH~eHT'pa~HH oCOJIJIHOH 

KHCJIOTbi B paCTBOpe. 

,[(pyrHM HC•CJie].\OBaHHbiM HaMH a:rocrpareHTOM 

aBJIJieTcJI 20% -HbiH XJIOPHJ.\ T ,[(A, :ncrroJih30BaH

HI>IH }.\JI1'1 3KCTpaK~HH H3 paiCTBOpa, CO}.\epmam;ero 

0,015 M COJIJIHOH KHCJWTbi H 13 M XJIOpHCTOI'O 

JIHTHJI. IloJiyTieHRMe peayJihTaThl npnBe}.\eHbi B 

ra6JI. 4. 

Ta6nH4a 4. 3KcrpaK4H•l1 K10pHl1 H eaponHll 
20%-HbiM pacraopoM TAA a pa3nH'IHbiX pu6aa11renl1X 

Paa6aaHTeJib 
HsaJie'leHae HaBJie'leHHe 

HIOPIIfl, % eapOIIIIfl, % 

n-OKTaH . . • • • . • T ,II; A H Cl He pacTnoplleTCII 
qeThlpeXXJJOpiiCThiH yrJJepOJJ; 22,0 0, 6 
BeHaoJJ • . • 65,6 11,4 
TOJiyOJJ • • • • 71,6 9,6 
KCIIJIOJI.... 91,0 21,6 
XJJopoif>opM • . 0,01 0,01 
XJiop6eHBOJI 77, 6 9, 6 
MaoaMHJian;eTaT 64,4 5, 6 
XJiopeKc 78,4 35,6 
HHTpo6eHaoJI . . 71,4 21,0 
JioJIIIaJIKHJI6euaoJI 83,4 18,6 
,[I;H6yTHJIKap6HTOJI 55,8 4,8 

V. M. VDOVENKO eta/. 
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PHc. 6. 3aaHCHMOC:Tb 113Bne'leH11l1 K10p11l1 0,2 M pacraopOM 
TT A a 6eHaone or apeMeHH KOHTaKra q,aa: 

1- an;eraTHLIH 6ycpep, pH = 3,8; 2- an;eraTHLiii 6y
cpep + HIITpaT MarHlfll, pH = 3,3 

Bee paccMOTpennMe paa6aBnTeJin oxaaMBaiOT 

cym;ecTBeHHOe BJIHJIHHe Ha H3BJieTieBHe RIOpHJI H 

eBponnJI aMHHOM. B ~eJIOM KIOpnii aKoCTJ>arnpye-TCJI 

3HaTIHTeJI:bHO JiyTime eBpOIIH1I ReaaBHoCHMO OT IIpH

M8H1IeMOI'O paa6aBnreJIJI. BJIHJIHHe Kon~eurpa~nn 
XJIOpHCTOI'O JIHTHJI Ha H3BJI8'18HHe KIOpHJI H eBpo

llHJI na BOJ.\HbiX pa·cToopoB, co}.\epmam;nx 0,015 M 
COJIHHOH KHCJIOTbi, 20% -RbiM pacTOOpoM XJIOpH}.\a 

TJ];A B paaJinTin~x pa36aBnTeJIJIX rrpe}.\CTaBJieno 

Ha pnc. 7 n B Ta6JI. 5. 

Ha pncyuKa BHll;Ha peaKaJI aan:ncnMOCTh H3BJie

TieHHJI KIOpHJI OT KOH~eHTpa~HH XJIOpHCTOI'O JIH

THJI. 8xcrpaK~HJI KIOPHJI crauoBHTCJI aaMeruo:ii: 

JIHID:b TIOCJie TOro, KaK KOIH~eHTpa~JI XJIOpHCTOI'O 

JIHTHJI J.\OOT:nrHHT 9 M. B noccJiell;oBaHuoii o6JiaCTH 

KOH~eHTpa~HH RIOp.HH aKCTpar:npyeTCJI 3Ha'IH

T8JibRO Jiy'IIDe eBpOIIHJI, 'ITO yKa3biBae·T Ha B03-

MOii\HOCTh paa].\eJieHHJI TipH HCIIOJI:b30BaHHH TIOTITH 

Kail\,li;Ol'O H3 rrpHB8ll;8HHbiX paa6aBHTeJieH. 

Ha J.\aHHI>IX ra6JI. 4 cJiell;yer, TITO ua:n6oJIJ:,mnii 

Koa4J<flnn;HeJIT pacrrpe}.\eJieHHJI a !KIOpHJI rrpn 

aR!crpaRD;HH T,[(A rroJiyTia8'TCJI B Toft cncTeMe, rll;e 

aMHH paCTBopeH B KCHJIOJie, H Koa<fl<flnn;neRTbi 

paa}.\eJieHHJI D RIOpHJI :n eBponnJI TaKme .HMeiOT 

caMMe BbiCOKHe auaTieHHJI B aroii mreTeMe. ITo 

Mepe yMeH:biD8HHJI KOH~8HTpa~HH XJIOpHCTOI'O JIH

THJI B BOll;HOM paCTBOpe KO:l<fl<flnn;HeHThl pa3~J;eJie
HHJI yBeJIH'IHBaiOTC1'1 ll;JlJI BCeX npell;CTaBJieHHbiX 

paa6aBHTeJieii. 
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Ta6nHL\a 5. Ko3cpcpHL\HeHTbl pacnpeAeneHH~ K~pH~ H eaponH~ npH 3KCTpaKL\HH 20%-HbiM pacraopoM T AA 
H3 pacTBopoa xnopHcToro nHTH~ 

1\o~eH-
1\CIIJIOJI IIonHammnGeason 

Tpa~HII 

LiCI, M 11Cm 11Eu D 11Cm 11Eu D 11Cm 

13,0 10 0,30 33 5,0 0,20 25 3,4 
12,6 5,3 0,090 59 3,8 0,13 29 2,3 
12,2 3,1 0,050 62 2,6 0,070 37 1,6 
11,8 1,9 0,020 95 1,8 0,030 60 1,2 
11,2 1,8 0,004 250 1,3 0,014 93 0,65 
11,0 0,9 0,006 150 0,3 

3KorrepnMeHTaJILHhle ,n;aHHhle no H3y<IeiHHIO 3a

BHCHMOCTH H3BJie'leHHH KIOpHH H eBpOIIHH C no

MO~hiO T,UA oT KHiCJIOTHOCTH Bo,n;noro pacTBopa, 
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PHc. 7. 3aaHCHMOCTb H3ene'leHHll KtopHll H eaponHll 
20%-HbiM pacraopoM xnopHAa TAA a pa3nH'IHbiX pa36a-

BHTenllx OT KOHL\eHTpaL\HH XnOpHAa nHTHJI: 

I - aKcTpaKI.I;J'!H KIOpim; II - aKcTpaKI\HH eBponnH; 
1, 7 - KCHJI'OJI; 2, 8- IIOJIHaJIRHJI6eH30JI; 3, 9- TOJiyoJI; 
4, 10- XJIOp6eH30JI; 5, J1 - HHTpo6eH30JI; 6, 12 - 6eH30JI 

cop;epma~ero XJIOpHCThlH JIHTHH, noHa3hiBaiOT, 'ITO 

c yneJilf'Iemre'M riwHn;eHTpan;nn ImcJIOThi H3BJie-

1ICHIIe KaK KIOpHH, Tal\ H eBpOIIHH yMeHblllaeT

CH He3aBHCHMO OT HCIIOJib3YeMOfO paa6aBHTeJIH. 

B Ta6JI. 6 npe,n;cTaBJieHhi ,n;aHHhle no Koa<fl<flnn;neH-

XnoplleHsOJI Tony on HHTpoGeHBOJI 

11Eu D 11Cm 11Eu D 11Cm 11Eu D 

0,10 34 2,5 0,10 25 2,5 0,30 8,3 
0,05 46 1,7 0,0!>0 34 2,2 0,13 17 
0,03 53 1,2 0,030 40 2,0 0,070 28 
0,010 120 0,8 0,010 80 1,7 0,040 42 
0,008 81 0,6 0,008 75 1,5 0,020 60 
0,004 75 0,37 0,004 92 1,0 0,016 62 

TaM pa3p;eJieHHH D 'B 3aBHCHMOOTH oT Koxn;eHTpa

n;nn T,UA HCI 'B :~«:HJIOJie. Pe3yJILTaThl noKa3hl

BaiOT, 'ITO yB>eJIH'!eHHe ·KOHIJ;eHTpan;HH :l.KCTpareHTa 

CHJibHO yxy,n;rnaeT pa3~eJieHHe KIOpHH H eBpOnHH. 

Ta6nHL\a 6. Ko3cpcpHL\HeHTbl pa3AeneH-Hll KtopHll H ea-ponHll 
8 3a.Bii+CHMOC1lH OT K0~4etfiP1141+H TAA HCI 

npH 3KCTpaKL\HH H3 BOAHOrO pacTBOpa, COAep>KaiL\ero 
13,4 M LiCI H 0,015 M HCI 

1\oH~eHTpa~HIJ T,ll;A HCI, oG. % 

10 
15 
20 
30 

D 

40 
21 
12 

5 

3. 04111CTKA AMEPIIIU.IIIfl Ill KtOPIIIfl 
XPOMATOfPAWIII4ECKIIIM METO~OM 

1\oHIJ;eHTpaThl TpaHcypaHOBhlX 9JieMeHTOB, noJiy

l!aeMh!e nOOJie 9KCTpaKIJ;HOOIHhlX 1Ipon;e-CCOB, .CO)l;ep

iKaT e~e 3HalJHTeJibHhle KOJIH'leCTBa IIpHMeCeii 

rrpO)l;)11KTOB ,n;eJie.HHH. IIpeo6Jia,n;aro~HMH npHMecJI

Mil B ~paKIJ;HH aMepHIJ;HH -- KIOpHH HBJIHIOTCH 

aJieMeHTbi rpynnhl JiaHTaHH~OB. McnOJihSOBaHHe 

XpOMaTorpa<flH'!eCKHX MeTO)l;OB O'IHCTKH n03BOJIJieT 

noJiy'IHTb TpaHrcypaHOBhle ~meMeHThl c 6oJinrneii 

CTeneHbiO 'IHCTOThl. 

Pa3)l;eJieHHe yKa3aHHhlX aJie'MeHroB, HMeiO~nx 
6om.rnoe XHMH'IOCKoe cxo,n;cTBO, JierKo ocy~e
CTBJIHeT·CJI 9JIIOHpOBaHHeM COJIHHOH KH•CJIOTOH C Ka

THOH006MeHHhiX cMoJI 10• 11 • IIpaKTH'leCKoe npn

MeHeHne aroro Mero,n;a )l;ae-r oco6eHHO o~yTHMLiii 
a<fl<fleRT npH BapbHpoBaHHH KOHIJ;eHTpan;HH COJIH

HOH KH•CJIOTbi, KOTOp-oe Mhl HCnOJih30BaJIH B Harneii 

pa6oTe. lbMeHeHHe KOHIJ;eHTpan;HH COJIHHOH KHC

JIOThl n03BOJIHeT nOJIYlJHTb rpyrrrry aKTHHHP,HhlX 

aJieMeH'TOB C •60JibliiOH CTeiieHbiO OlJHCTKH KaK OT 

rpynnhl JiaHTRBH):Qih!X SJieMeHTOB, TaK H OT OCTa

TO'IHhlX MaKpo3arpH3HeHnii (meJie3o, Marnnii 

II np.) • ,UJIH pa3p;eJieHHH HCIIOJib30BaJiaCb CMOJia 

KY-2 c pa3MepoM 3epeH 0,2--0,4 CM!Mun no ce

P.IIMeHTan;nn. Pa3p,eJieHHH neJIHCb rrpn KOMHaTHoii 

TeMnepaType B ROJI·DHKax BhlCOTOH 80 H p;Ha'MeT

pOM 3 MM. lf3 IIOJiy'leHHhiX pe3yJibTaTO'B CJiep;yeT, 

'ITO HaiiDOJiee y)l;a'IHOH Ol!epe,TJ;HOCThiO CMeHhl KOH

n;eHTpaiJ;IIIl SJilOeHTa-- COJIJIHOH KJICJIOThl, OKa3a-



SESSION 2.7 P/345 V. M. VDOVENKO eta/. 517 

. ... 
:z: 
Ill 

6~ 
10 ~ 

15 
10 

4 
10 

0 
;1: ... 
0 

Cm 
P.3 • 

PHc. 8. XpoMaTorpaMMa O'IHCTKH 
TpaHcypaHOBbiX 3neMeHTOB OT 
MaKponpHMecelf lKeneaa, Mar
HHll H MHKponpHMeCeH pe,qK0-
3eMenbHbiX 3neMeHTOB npH 3niO
HpoBaHHH COnliHOH KHCJIO'T'OH ne
peMeHHOH KOHI.IeHrpa.l.IHH, Ycno
BHll: BbiCOTII KOnOHKH 80 MM, 
,q·HaMeTp 3 MM, cMona KY-2, aep
HO 0,2-0,4 CM/MHH no cep.H
MeHT(I.l.IHH1 reMneparypa 18° C; 
P.3.- pe,qkoaeMem>Hble 3neMeH-

PHc. 9. XpoMarorpaMMbl orp.eneHHll nnyrOHHll, aMepHf.4Hll H KIOpHll OT pep.Ko
aeMenbHbiX 3neMeHT'OB H naHTaHa npH 3n10HpoBIIHHH COnliHOH KHCnOTOH ne

peMeHHOH KOHf.4eHrpaf.4HH. Ycnoa~o+ll Te lKe, 'ITO H Anll pHc. 8 
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PHc. 1 0. XpoMarorpa$H'IeCKOe pa3AeneHHe rpaHcypaHOBbiX H peAKO
aeMenbHbiX 3neMeHTOB B np1>1CYTCTBHH MIIKpOKOnH'IeCTB XnOpHAII naH
TIIHII. YcnoBHll re lKe, 4TO H p.nll pHc. 8, 9. B onbiTax I, II, Ill, IV aa
q)yaKa KOnOHKH Hll 0, 1, 10 H 100% eM,KOCTH COOTBeTCTBeHHO; P.3-

pep.Ko3eMenbHble 3neMeHTbl 
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PHc. 11. XpoMarorpaMMII 
paaAeneHHll aMepHf.4Hll, 
KIOpHll H nnyTOHHll 0,3 M 
pacnopoM anb<Pa-OKCH
Hao6yrHpara aMMOHHll. Yc
noaHll: BbiCOTII KOnOHKH 
70 MM, P,HIIMeTp 2,5 MM. 
C·Mona KY-2, aepHo 0,1 -
0,2 CM/MHH no Ce,O.H•MeH
Tilf.4HH, TeMneparypa 85-
900 C, CKOpocTb 3n10HpO
BCI•HHll 100-110 ceK H<' 

~eann10 
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Jiaci> (pnc. 8) cJie~yrom;aH (npn naJIIPIHH JiaHTa

HH)l;HI>rx, aRTHHH)l;HhlX ::meMeHTOB II MaKpOIIpHMe

ceii Tnna meJieaa, MarHnn:): cna'IaJia nponycKaeTcH 

2-3 M coJin:HaH KHCJiora, oHa 6hlcrpo BhlMI>maer 

MaKponpHMeCH, a JiaHTaHHP,HI>Ie II aKTIIHH~Hhle 

aJieMeHT.bi OCTaiOTCH em;e Ha CMOJie; 3aTCM 3JIIOHpO

BaHHe Be,n;ercH 12-13 M 1COJIHHoii ·KHcJioroii ,n;JIH 

6LICTpOIO BhlM.bl'BaHHH rpyiiii.bi aKTIIHH)l;HhlX aJie

M6HTOB IIpH O)l;HOBpeMeUHOH 3a)J;epmKe JiaHTaHH)J;

H.biX. HaKoHe~, B l\OJIOHKY nponycKaercH 6 M co

JIHHaH KHCJIOTa )l;JIH 6.biC'l'pOrO BhlM.biBaHHH JiaHTa

HH)J;HhlX aJieMeHTOB II OCB060lli)J;6HHH KOJIOHKH ~JIH 
nocJiep,yrom;ero ncnoJILaosaHHH. II pn OTCy'I'cTBHH 

MaKponpnMeceii meJieaa n MarnnH or.n;eneHne nJiy

TOHHH, aMepH~HH, KIOpHH OT JiaHTaHH)J;HhlX 3JI6-

MeHTOB JierKo nponaso~nTcH B rex me ycJIOBHHX 

12-13 M coJIHHoii KHCJioroii c rrocJie)J;yrom;nM 

BhlMhlBaHneM JiaHraHH,li;HhlX aJieMeHTOB 6 M coJIH

HOii KIICJIOTOH. 

RaR BHP,HO na pncyHKa, nnyroHnii, aMepnn;ri 

II KIOpHH lJ ycJIOBIIHX HX OT)J;CJI6HHH OT pe)J;K03e

MeJI.bH.biX aJieMeHTOB 3JIIOHpyiOTCH IIpaKTH'IeCRII B 

O)l;HOM IIHKe, 'ITO. II03BOJIHeT IIOJIY'IHT.b O)l;HY o6m;yro 

<f>pa·K~nro rpaHcypanoB.biX aJieMeHTOB. BJIHHHHe 

MaKpOKOJIH'IeiCTB JiaHTaHa KaK npe)l;CTaBJITeJIH pe)J;

K03eMeJII>HbiX aJieMeHTOB, KOTOp.biH '!aCTO HCIIOJI.b-

3yeTCH TaKme II B Ka'!eCTBe HOCHTeJIH ·rpaHcypa

HOB.biX aJieMeHTOB, Ha rpynnonoe paa.n;eJieHne aK

THHH)J;H.biX II JiaHTaHHP,Hl>IX 3JieMeHTOB BH)J;HO Ha 

xpoMarorpaMMax, npnBe)J;eHH.biX Ha pnc. 10. 06pa

m;aer Ha ce6H BHHMaHIIe TO o6cTOHTeJII>CTBO, 'ITO 

yxy)J;illeHIIe paa,n;eJieHIIH TpaHcypaHOB.biX II pep,K0-

3eMeJibH.biX 3JieMeHTOB Ha'IHHaeT CKa3biBaT.bCH IIpii 

10%-HOH aarpyaKe eMKOCTH CMOJI.bi; IIpli ,n;aJI.bHeH

illHM yneJIH'leHHII KOJIH'leCTBa JiaHTaHa paan;eJieHHe 

pep,K03eMeJII>HhlX II aKTIIHliP,HbiX 3JieMeHTOB rrpaR

TH'IeCKII ne Ha6Jiro,n;aercH. IIa rroJiy'IeHHI>IX p,aH

HI>rx BHP,HO, 'ITO a.liiOIIpOBaHHe COJIHHOH KHCJIOTOH 

rrepeMeHHOH KOH~enrpa~Hli rrpn He CJIIIillKOM 

60JihiiTOH aarpyaKe ITO MaKpOKOMITOHeHTy IT03BO

JIHeT IIOJIY'IHTb B O)l;HOM ITHKe <f>paK~HIO ITJIYTO

iHHH, aMepii~HH, KIOpHH, CB060)J;HYIO OT pe,n;:ttoae

MeJibH.biX aJieMeHTOB. II pn aT·OM .n;ocrnraercH otin

crKa II OT OCT a TKOB MHOfiiX rrpO'IIIX OCKOJIO'IHbiX 

3JieMeHTOB II OT MaKporrpnMeceii. 
fiOJiytieHHe HH)l;HBH)l;yaJII>HbiX TpancypaHOB.biX 

aJieMeHTOB C ITOMOIIl;biO ROMITJieKC006paayiOIIl;HX 

3JIIOeHTOB Ha KaTHOH006MeHHOH CMOJie HBJIHeTCH 

Haii6oJiee rrpep,ITO'lHTeJII>HbiM MeTOfl;OM, II03BOJIHIO-

B. M. B,IJ,OBEHKO et al. 

Ill;HM ITOJiy'laTb TpaHcypaHOBhle aJieMeHThl B O'IeHI> 

'Ilf'CTOM BHf];e. 

Ra'K rroKaaano HeKorophlMli aBropaMH 12- 15, JIY'I

mnM H3 opraHII'IeCKHX KOMIIJieKC006pa30BaTeJieH-

3JIIOeHTOB HBJIHeTCH aJII><f>a-OKCIIH306yTHpaT aMMO

HHH. ,lJ;JIH paap;eJieHHH aMepH~HH II RIOpHH HaMil 

IICITOJI.b30BaJicH aTOT Mero.n;. O.n;aoBpeMeHHO .n;ocTII

raeTCH O'lHCTKa OT ITJIYTOHHH, HaKaiTJIIIBaiOm;erOCH 

B peayJII>TaTe pacrrap;a KIOpiiH. IIIIK ITJIYTOHHH rrpii 

paap;eneHnii npe.n;rrrecrByeT rrnKy KIOpiiH, rrpaKTII

'lecKn COBrra,n;aH C IIHIWM KaJIII<f>OpHIIH. 

PeayJII>TaTLI paa,n;eJI~HHH rmyroHHH, aMepii~IIH 
II KropnH .n;pyr or p;pyra aa CMOJie RY -2 c paaMe

poM 'l3CTH~ IIO cep;HMeHT3~HH 0,1-0,2 CM/MUH 

rrpn reMneparype 85-90° C npiiBe.n;eHhl na p11c. 11. 
,lJ;aHH.ble an~><f>a-cneKTpoMeTpHII n pa.n;noxnMII

'lecKoro aaaJinaa rroKa3I>IBaiOT, 'ITO rrpnMecn aJII>

<f>a-IIaJiy'laTeJieii B ITHKOBLIX <f>paK~HHX OTP,eJII>HhlX 

3JI6M6HTOB, ITOJiytiCHHhlX Ha Of];HOH onepa~HH xpo

MaTorpa<f>n'leCKOI'O paa,n;eJieHHH, ne rrpeBI>Irrraror 

10-2-10-30/0 IIO aJII><f>a-aKTIIBHOCTH. 
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ABSTRACT -RESUME-AHHOTAL4V1JI-RESUMEN 

A/345 USSR 

Separation of americium and curium by 
extraction and chromatography 

By V. M. Vdovenko eta/. 

Americium and curium are produced by the irradia
tion of plutonium or uranium dispersed in an inert 
material (e.g., magnesium). The blocks of magnesium
ceramic are dissolved by treatment with nitric acid. 
After separation of the major constituents, the ameri
cium-curium is separated from plutonium and the 
fission products; finally, the pure americium and 
curium are separated. 

The separation of the actinide group is carried out 
using chelating agents for pure solutions and neutral 
organophosphates for solutions containing a salting
out agent. The best results are obtained with a 40 % 
solution of TBP in decane. 

To separate the actinides from the rare earths the 
recommended procedure is extraction by di-2-(ethyl
hexyl)phosphoric acid and tridecylamine from con
centrated lithium chloride solutions. 

For the final separation of americium and curium, 
chromatography is used, hydrochloric acid and am
monium a-hydroxyisobutyrate are used as eluants with 
a cation exchange resin. The best method of obtaining 
the various transplutonium elements is the use of 
complexing eluants on cation exchange resins. 

A/345 USSR 

Separation de !'americium et du curium par 
extraction et chromatographie 

par V. M. Vdovenko eta/. 

Pour obtenir a l'etat pur !'americium et le curium 
produits sous forme dispersee dans une matiere inerte 
(en !'occurrence du magnesium metallique) lors de 
!'irradiation du plutonium ou de !'uranium par un haut 
flux integre de neutrons, on dissout les blocs magne
sium-ceramique en les traitant par l'acide nitrique. On 
prevoit ensuite de separer les actinides du macro
composant, de debarrasser du plutonium le groupe 
americium-curium, de separer ces elements des pro
duits de fission et enfin de separer !'americium du 
curium. 

La separation du groupe des actinides se fait par 
extraction au moyen d'agents chelatants a partir de 
solutions pures, et au moyen d'organophosphates 

neutres a partir de solutions contenant un relargant. 
On a obtenu les resultats les meilleurs avec une solu
tion de TBP a 40 % dans du decane. 

Pour separer le groupe des actinides des terres rares, 
il est recommande de proceder a !'extraction par l'acide 
di-(2-ethylhexyl)phosphorique et par Ia tridecylamine 
a partir de solutions concentrees de chlorure de lithium. 

Pour separer finalement !'americium du curium, on 
opere par chromatographie a !'aide d'acide chlor
hydrique et d'a-hydroxyisobutyrate d'ammonium 
comme eluants a partir de resines echangeuses de 
cations. L'obtention des divers elements transplu
toniens a !'aide d'eluants complexants sur une resine 
echangeuse de cations constitue Ia methode Ia meil
Ieure. 

A/345 USSR 

Separaci6n del americio y del curio por 
extracci6n y cromatograffa 

por V. M. Vdovenko eta/. 

Para obtener en estado puro el americio y el curio 
producidos en forma dispersa en una materia inerte 
(en este caso, magnesia metalico) cuando se irradia 
plutonio o uranio mediante un alto flujo integrado de 
neutrones, se disuelven los bloques de magnesio
ceramica tratandolos con acido nitrico. Se preve 
despues separar los actinidos del macrocompuesto, 
liberar el plutonio del grupo americio-curio, separar 
estos elementos de los productos de fisi6n y, por 
ultimo, separar el americio del curio. 

La separaci6n del grupo de los actinidos se logra 
por extracci6n mediante agentes quelatantes a partir 
de soluciones puras y mediante 6rganofosfatos neutros 
a partir de soluciones que contengan un reactivo de 
salificaci6n. Se han obtenido los mejores resultados 
con una soluci6n de fosfato de tributilo al 40 % en 
decano. 

Para separar el grupo de los actinidos de las tierras 
raras se recomienda efectuar Ia extracci6n mediante el 
acido di-(2-etilhexil)-fosf6rico y Ia tridecilamina a 
partir de soluciones concentradas de cloruro de litio. 

Por ultimo, para separar el americio del curio se 
opera por cr9matografia con acido clorhidrico y 
a-hidroxiisobutirato de amonio como eluyentes a 
partir de resinas cambiadoras de cationes. La obten
ci6n de los diversos elementos transplutonianos con 
eluyentes complejantes mediante una resina cambia
dora de cationes constituye el mejor metodo. 
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Retraitement de combustibles nucleaires par volatilisation* 

par J. Schmets**, G. Camozzo***, A. Francesconi****, P. Godrie****, 
R. Heremans****, G. Pierini***, et P. Speeckaert**** 

Le retraitement des combustibles par volatilisation 
est generalement considere comme etant un des pro
cedes destines a concurrencer les methodes de regene
ration par voie aqueuse. Cette opinion est fondee d'une 
part sur le facteur de decontamination eleve qu'il 
permet d'atteindre, d'autre part sur le volume reduit 
et la simplicite des installations ainsi que sur !'obten
tion directe des residus sous forme de concentres. La 
diminution des dangers de masse critique et !'absence 
de degats radiatifs plaident aussi en sa faveur. Un des 
produits finaux, l'hexafluorure d'uranium, presente 
l'avantage de pouvoir etre introduit directement dans 
une cascade d'enrichissement isotopique. Entin, divers 
procedes permettent d¥ repasser de maniere simple des 
fluorures aux oxydes ou aux metaux. 

La methode est basee sur les proprietes chimiques et 
physiques favorables des fluorures volatils d'uranium 
et de plutonium, qui permettent une separation rela
tivement aisee des materiaux en presence. Dans cer
tains cas, les proprietes similaires mais moins differen
ciees des chlorures d'uranium ont ete mises en jeu. 

L'interet de la volatilisation s'est accru au fur et a 
mesure que l'on apprenait a connaitre les conditions 
de synthese et de transfert de l'hexafluorure de plu
tonium. Le champ d'application s'etendait ainsi des 
combustibles fortement enrichis en uranium a ceux 
contenant du plutonium. 

Les trifluorures de chlore et de brome liquides [I] 
qui, a l'origine, etaient utilises pour la transformation 
en hexafluorure d'uranium ont ete abandonnes au 
profit de !'utilisation de reactifs gazeux. Pour mettre 
ceux-ci en reuvre, on a generalement fait appel a des 
operations en lit fluide [2c,2d,2g,2h]. Cette technique 
appliquee au retraitement constitue, elle aussi, une 
innovation depuis la derniere Conference de Geneve. 

La contribution apportee par le Belgique a la 
regeneration des combustibles par volatilisation con
cerne deux domaines, celui des ceramiques et celui des 

* Centre d'etude de l'energie nucleaire (CEN), Md. Une 
partie importante de ce travail a ete realisee dans le 
cadre du programme commun de recherche et de 
developpement EURATOM/Etats-Unis (contrats 
nos 008-60-4/RDB, 049-61-4/RDB, 098-62-11/RDB). 

* * Chef de Ia section Genie chimique du departement 
Chimie. 

*** Detache d'EURATOM. Division Recherches et 
Enseignement, Bruxelles. Membre de Ia section Genie 
chimique du departement Chimie. 

**** Membre de Ia section Genie chimique du departement 
Chimie. 

alliages. Le premier de ceux-ci a fait l'objet d'une etude 
des possibilites de differents cycles; le second a donne 
lieu a des recherches sur l'attaque chimique et la 
separation des constituants des alliages, notamment 
l'alliage uranium-aluminium. 

RETRAITEMENT DES CERAMIQUES 

La plupart des reacteurs de puissance dont Ia cons
truction est actuellement envisagee font appel a 
!'utilisation de ceramiques comme combustible. Ces 
types d'elements se pretent particulierement bien au 
retraitement par volatilisation en raison de l'etat con
centre des matieres fissiles et fertiles. 

Ces dernieres sont soumises a des reactions gaz
solide qui, d'une part, pulverisent le combustible et 
facilitent la formation des hexafluorures de plutonium 
et d'uranium et, d'autre part, permettent d'etaler le 
degagement de la chaleur lors de ces transformations. 
II est envisage de convertir finalement les hexafluorures 
en dioxydes par la technique des sels fondus. 

Differents cycles de retraitement ont ete examines; 
ils peuvent se schematiser comme suit: 

U02(Pu02)_.Q!-+ U aOs(Pu02) NHa-+ U 02(Pu02)~-+ 

UF 4(PuF 4)_1:!-+ UF G(PuF 6)~-+ U02(Pu02) (1) 
fond us 

U 02(Pu02)~UaOs(Pu02)~UF 4-U02F2(PuF 4) 

(2) 

U02(Pu02)_.Q!-+UaOs(Pu02)__t:-+UF4-U02F2(PuF4) 

CIFa-+UF/1(PuF4)_£!-+(PuF6)~-+(Pu02) (3) 
fond us 

U02(Pu02) HNOa-+UOa(Pu02) SF4-+UF6,11(PuF4) 

_1:!-+(PuF s)~-+(Pu02) 
fondus 

(4) 

U C(PuC)__!:!£-+ U F 4(PuF 4) CIFa ->-UF 6,11 (PuF 4)~-+ 
(5) 

(6) 

La plupart des experiences decrites et commentees 
ont ete realisees sur 0,5 a 4 kg d'uranium, ce qui cons
titue une echelle significative pour des combustibles a 
enrichissement eleve. En plus des essais technologiques, 
un grand nombre d'experiences ont ete effectuees sur 
des quantites de l'ordre du gramme d'uranium et de 
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plutonium. Les informations ainsi recueillies ont con
duit a un choix de certains cycles. 

La technique du lit fluide presente differents avan
tages pour realiser les reactions decrites. Elle permet 
une bonne elimination de Ia chaleur de reaction et un 
controle relativement aise des temperatures. Les 
installations ne comportent pas de pieces mecaniques 
en mouvement: Ia telemanipulation et l'entretien des 
appareils en sont grandement facilites. Toutefois, les 
poudres obtenues par pulverisation des ceramiques 
sont fines et ne repondent pas entierement aux exi
gences d'une vraie fluidisation. II en resulte, dans des 
conditions de fonctionnement normal, un mauvais 
brassage du solide et de Ia un transfert non homogene 
de Ia chaleur et, en consequence, un risque d'agglo
meration des poudres. Diverses modifications ont ete 
apportees a Ia technique habituelle afin de !'adapter a 
ces conditions de travail [3,4]; il s'agit notamment de 
Ia dilution du milieu solide par de l'alumine et de 
utilisation de debits gazeux pulses ou importants. 

Le cycle (1) 

U02(Pu02)~~UaOs(Pu02) NH·~uo2(Pu02)...1!!':~ 

UF4(PuF4)___!!~UF6(PuF6)~~>-U02(Pu02) 
fond us 

La premiere etape* de ce cycle a pour but de pro
voquer une pulverisation des matieres fertiles et fissiles. 
Bien qu'il soit possible de transformer directement le 
combustiblecompacten hexafluorure, une pulverisation 
prealable permet d'augmenter les vitesses de reaction 
ulterieures, en facilitant les echanges thermiques, et 
rend plus aisee Ia separation de !'uranium, du plu
tonium et des produits de fission. 

La vitesse d'oxydation est fortement influencee par 
le mode de fabrication, Ia qualite du frittage et le 
rapport entre Ia surface et le poids des produits de 
depart [2b, 3, 4, 5b ]. Ces differences qui se detectent 
aisement par thermogravimetrie, se marquent davan
tage encore a l'echelle pilote. 

La vitesse de Ia reaction de pulverisation oxydante a 
!'air est peu sensible a Ia temperature; entre 450 et 
550°C on ne mesure par thermogravimetrie qu'un 
accroissement de vitesse de 25% [3]. 

Lorsqu'on effectue Ia reaction a plus grande echelle, , 
l'ecueil a eviter est Ia prise en masse provoquee par . 
des echauffements locaux trop importants. Les 
remedes qui ont permis d'aboutir a une solution sure 
sont: ]'addition d'alumine a raison de 50% en poids, 
le controle de Ia temperature entre 450°C et 530°C, Ia 
dilution appropriee de !'oxygene par de !'azote 
(environ 80% en volume d'azote) et l'oxydation a des 
debits gazeux assez eleves [3, 4]. 

Les combustibles fortement irradies subissent des 
modifications importantes de structure et de com
position qui sont de nature a changer les conditions 
operatoires de l'oxydation. L'etude de ce facteur a 
amene a examiner !'influence des parametres suivants 

* En raison de !'effort important effectue a l'etranger, Ia 
Belgique n'a pas entrepris jusqu'a present de recherches 
systematiques sur le degainage des combustibles. 
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[4,6c,6d]: a) l'etat cristallin; b) Ia presence de fissium; 
c) Ia presence de plutonium; d) Ia fusion axiale de 
!'element; e) !'irradiation a faible taux. 

Des essais d'oxydation effectues, d'une part, sur des 
monocristaux et, d'autre part, sur des fragments 
d'elements combustibles soumis a un recuit axial ont 
montre que la vitesse d'oxydation diminue lorsque le 
degre d'organisation du reseau cristallin de uo2 aug
mente et par consequent, apres !'irradiation, l'ac
croissement de Ia reactivite sera surtout marque pour 
les combustibles initialement les plus parfaits du point 
de vue cristallographique. Cette difference se fait 
surtout sentir a basse temperature (375 °C). 

La presence de fissium ralentit fortement la vitesse 
de reaction. Un resultat identique est obtenu pour un 
melange de fissium et de uo2 soumis a une cristallisa
tion axiale. L'effet de !'irradiation a bas niveau sur ces 
<<types>> de combustibles n'est guere sensible. 

Dans les oxydes mixtes, la presence de plutonium 
produit un effet similaire a celui du fissium. Pour des 
mixtes dont la teneur en plutonium est comprise entre 
3 et 40 %, Ia vitesse d'oxyd?tion est toujours inferieure 
a celle obtenue pour U02 pu.; elle est fonction de Ia 
teneur en pluton:um. II est difficile d'obtenir une 
oxydation complete en dessous de 475 oc pour les 
combustibles a teneurs elevees en plutonium. 

La plupart de ces essais ont ete effectues a l'echelle 
de quelques grammes. Toutefois les conclusions 
obtenues sur fissium ont ete confirmees par des essais 
en lit fluide: aussi, alors que l'oxydation de 500 g de 
uo2 pur est complete apres une heure a 450°C avec 
!'air, il faut dans le cas d'un oxyde contenant 2% de 
fissium, travailler a 530 oc avec un gaz con tenant 30 % 
d'oxygene pour obtenir une vitesse de reaction com
parable [6e]. 

On doit done s'attendre, sur la base de !'ensemble de 
ces resultats, a une reduction de Ia vitesse de reaction 
de combustibles fortement irradies et contenant du 
plutonium par rapport a celle de uo2 pur. 

Apres oxydation, des etapes de reduction et 
d'hydrofluoruration conduisent a la formation de 
UF4. Des etudes technologiques et fondamentales 
[3,4,6a,6b] ont cependant mis en evidence des di_ffi
cultes nouvelles qui ne compensent pas les avantages 
economiques lies a un cycle ou !'utilisation de fluor est 
minimisee. 

La fluoruration de UF4 en UF6 s'effectue a 450oC 
au moyen de fluor dilue par de !'azote [3,4]. La dilu
tion du produit de depart avec un corps inerte est 
necessaire, afin de maintenir un niveau minimal au lit 
fluide et de faciliter le soutirage des produits de fission. 
L'alumine convient car elle ne reagit guere avec les 
agents fluorants. Les essais ont montre que pour 
mener a bien cette transformation, il est necessaire: de 
controler Ia temperature du lit fluide en dosant Ia 
quantite de fluor; de depoussierer regulierement les 
filtres de sortie des gaz; de maintenir une temperature 
constante dans le lit, voisine de 450oC; a temperature 
plus basse, il y a danger de formation de U F 5; une 
temperature plus elevee favorise Ia prise en masse de 
Ia poudre. 
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La derniere etape prevue pour ce cycle est Ia separa
tion et la conversion des fluorures d'uranium et de 
plutonium en dioxydes en vue de produire des mate
riaux de forte densite convenant pour Ia refabrication 
d'elements. 

La technique utilisee [6a, 6b] est !'absorption des 
fluorures dans un bain de sels fondus tel que NaCI
KCI ou LiCI-KCI. Sous l'action de substances oxy
genees, ils sont transformes en oxyhalogenure d'ura
nium soluble et en dioxyde de plutonium insoluble. 
Apres separation de ce dernier, une electrolyse de la 
solution permet de deposer du UOz stoechiometrique 
sur une electrode de graphite; U02 peut etre egale
ment precipite par reduction a l'hydrogene. 

Le procede a ete experimente sur UF6, UF4 et des 
melanges de UF 4 et de PuF 4· Les resultats favorables 
obtenus portent a croire que PuF6 pourra etre traite de 
maniere analogue. 

En conclusion, les reactions a Ia base de ce cycle sont 
dans les grandes !ignes analogues a celles utilisees 
industriellement pour la preparation de UF4 ou de 
UF6 a partir des concentres de minerais. Cependant, 
les caracteristiq"ues physiques des poudres obtenues a 
partir de UOz fritte se pretent mal ala technique pro
posee pour Ia regeneration. La formation d'agglome
rats, en particulier au cours de I 'hydrofluoruration, et Ia 
lenteur des deuxieme et troisieme etapes ont incite a 
ecarter cette sequence de reaction au profit d'un cycle 
faisant appel a l'hydrofluoruration directe de UaOs 
(cycle 2). 

Le cycle (2) 

UOz(PuOz)...2!-+UaOs(PuOz)...!!E:-+UF4-UOzFz(PuF4) 

...!i-+UF6(PuF6)~-+U0z(PuOz) 
fond us 

La premiere etape de ce cycle est identique a celle du 
premier procede decrit. La suppression de Ia reduction 
de Ua08 raccourcit d'autant plus Ia duree du traite
ment que UaOs se transforme aisement en U02F2 et 
UF 4. Cette operation est peu sensible a Ia prise en 
masse et se deroule a une temperature de 450°C [6b]. 
La vitesse de reaction n'augmente plus a des tempera
tures superieures: ce fait est attribue a une diminution 
de Ia surface des particules. La concentration en HF 

~ utilisee est de 50 %. Les rendements obtenus en pre
sence de AlzOa en lit fluide a l'echelle de 4 kg sont 
excellents. La presence de fissium n'influe pas sensible
ment sur Ia vitesse de reaction. 

La vitesse d'hydrofiuoruration a 450 oc de melanges 
de UaOs et de PuOz, provenant d'oxydes mixtes, a ete 
etudiee par thermogravimetrie. Elle est du meme ordre 
de grandeur que celle de UOz pur non fritte, pour des 
teneurs de 3, 5 et 10 % en PuOz. Pour une composition 
de 40 % en PuOz la vitesse de reaction devient tres 
faible [6c]. 

La fluoruration du melange de UOzFz et de UF4 , 

par le fluor en lit fluide peut etre realisee dans les 
memes conditions technologiques que celle de UF 4 
decrite precedemment [6e, 6d]. La presence de fissium 
n'influence pas Ia reaction; les rendements en UF6 
depassent 99,7 %. 
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En conclusion, le cycle de retraitement est plus 
simple et permet d'obtenir un melange de UF6 et de 
PuF6 qui peuvent etre separes par des reactions appro
prices [1,5c, 7,8a,8b,8c,9] et notamment par Ia tech
nique des sels fondus; par contre il demande une 
quantite de fluor plus importante. 

Le cycle (3) 

UOz(Pu0z)~UaOs(PuOz)__ill:-+UF4-UOzFz 

(PuF 4)~ UF 6;'1 (PuF 4)..!!-+(PuF 6)~-+PuOz) 
fond us 

Ce cycle se differencie du precedent par !'utilisation 
de trifluorure de chlore pour volatiliser selectivement 
l'uranium du melange de UF4 et de UOzFz; le PuF4 
residue! est ensuite transforme en PuF6 par le fluor. 

La reaction du trifluorure de chlore avec le melange 
de tetra- et d'oxyfluorure d'uranium presente quelques 
particularites [ 6c, 6e]: 

a) Cette reaction peut etre effectuee, en lit fluide 
dilue par de l'alumine, a une temperature relativement 
basse, entre 100 et 150°C, avec des rendements de 
volatilisation d'uranium de 99,9 % .. 11 est possible que 
le traitement a basse temperature active moins l'alu
mine et reduise Ia retention du plutonium lors de la 
fiuoruration; 

b) La vitesse de reaction de UF4 est plus elevee que 
celle de UOzF2; en travaillant a 150°C, on observe 
deux eta pes consecutives; 

c) La vitesse de reaction de !'uranium est influencee 
defavorablement par Ia presence de plutonium, tout au 
moins a partir de concentrations de l'ordre de 10 %. 

En conclusion, ce procede, qui permet une volatilisa
tion selective de !'uranium et ensuite du plutonium, 
est particulierement attrayant. Les operations de 
volatilisation du plutonium et de conversion en PuOz 
peuvent etre effectuees dans des appareils plus com
pacts. On peut ainsi esperer simplifier Ia technologie et 
augmenter l'efficacite du procede. 

Le cycle (4) 

UOz(PuOz) HNOa-+U0a(PuOz)~-+UF6;'1(PuF4) 
...!i-+(PuF 6)~-+(PuOz) 

fondus 

Le tetrafluorure de soufre possede Ia propriete de 
transformer UOa en UF6 et PuOz en PuF4; !'uranium 
et le plutonium peuvent etre ainsi separes [9]. Diffe
rentes recherches ont ete effectuees en vue d'evaluer les 
possibilites de ce procede [3, 4, 6a, 6b, 6c ]. 

Parmi les procedes possibles pour obtenir UOa, on a 
ecarte ceux qui necessitent des hautes pressions ou qui 
font appel a des milieux aqueux. L'oxydation de UOz 
vers 350 oc par les vapeurs nitriques additionnees 
d'oxygene permet d'atteindre des rendements en UOa 
superieurs a 99,5 %. La reaction doit cependant etre 
effectuee dans les limites de temperature relativement 
etroites, pour lesquelles les vitesses de transformation 

-restent toutefois faibles. 
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SF4* reagit avec U03 vers 300°C pour former UFs 
et SOF2. II est possible d'effectuer cette reaction de 
maniere quantitative a l'echelle du laboratoire. Toute
fois, dans de nombreux cas on observe Ia formation de 
UF 4 qui se depose loin du lieu de la reaction; ce 
phenomene se reproduit en lit ftuide. La formation de 
UF4 est attribuee ala decomposition thermique d'une 
partie de U03, suivie de la formation de UFs qui 
sublime et se dismute en UF4 et UFs. 

Les recherches sur la separation de !'uranium et du 
plutonium par cette technique ont montre que Ia 
separation etait lente et imparfaite, notamment en 
raison de Ia formation de UF4 [6c]. 

En conclusion, !'ensemble des informations recueil
lies jusqu'a present indique que le procede au tetra
ftuorure de soufre est d'application delicate. II neces
siterait un controle rigoureux de la temperature et une 
bonne homogeneite des poudres a traiter, conditions 
difficiles a realiser lors d'un travail a l'echelle in
dustrielle**. 

Le cycle (5) 

UC(PuC)~-+UF4(PuF4) CIF'-+UFs)'\PuF4).-!:!-+ 

PuF s)~-+(Pu02) 
fond us 

Le monocarbure d'uranium, contrairement aux 
autres combustibles, presente Ia caracteristique d'etre 
tres sensible a tous les reactifs. Les problemes de 
l'attaque chimique initiale sont dans ce cas compliques 
en raison de sa trop grande reactivite. La technique du 
lit ftuide s'adapte bien a ce cas. L'elimination de la 
chaleur de reaction est bonne et les gaz de reaction 
peuvent etre dilues par un gaz inerte. 

L'attaque du carbure d'uranium par la vapeur d'eau 
ou !'anhydride carbonique provoque la transformation 
du carbure en dioxyde; cependant, comme il est 
souhaitable d'eliminer le carbone forme en cours de 
reaction, des temperatures de l'ordre de 500°C pour 
l'eau et de 700°C pour !'anhydride carbonique sont 
necessaires [3]. 

Ces reactions pourraient servir de premiere etape a 
un cycle U02-UF4-UFs. Toutefois, en raison des 
difficultes de transformation du dioxyde ou tetra
ftuorure, il vaut mieux faire appel a un cycle base sur 
l'hydroftuoruration de U30s. Ce dernier peut etre 
obtenu sans carbone par oxydation du carbure a !'air 
vers 500°C [3]. Aucune experimentation en lit ftuide 
n'a etc faite. 

Le procede qui semble toutefois le plus aise est 
l'hydroftuoruration directe du carbure d'uranium 
[5a, I I]. Celui-ci donne lieu a des types de reactions 
concurrentes. A haute temperature, par exemple 
300 °C, il y a formation prCferentielle de carbone, 
d'hydrogene et de tetraftuorure d'uranium, (UC + 
4HF-+UF4 + C + 2H2), tandis qu'a basse temperature 

* Le Ni-o-nel, I'Inconel et le Corronel 230 presentent une 
bonne resistance a Ia corrosion lorsqu'ils sont soumis aux 
conditions d'oxydation et de fluoruration prevues pour ce 
cycle. 

** L'attaque nitrique a ete proposee egalement pour traiter 
les carbures et, en general, pour eliminer le carbone present 
dans les combustibles ou enrobant ceux-ci [10]. 
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des hydrocarbures se forment,(NuC + 4nHF-+nUF4 + 
CnH 2n+2 + (n -1 )H2). On peut observer Ia formation 
d'hydrocarbures lourds: lorsque !'on opere en dessous 
de 200 °C, ceux-ci inhibent Ia transformation en 
empechant Ia diffusion de l'acide ftuorhydrique; au
deJa de cette temperature, Ia reaction devient tres 
rapide [5b ]. Le travail en lit ftuide impose un controle 
severe de Ia temperature, une bonne homogeneite du 
milieu et une dilution importante du reactif. Entin, il 
ne faut pas perdre de vue que Ia presence de carbone 
.ou d'hydrocarbures lourds, provoque une consomma
tion de CIF3 lors de Ia transformation en UF6• Le 
traitement final de !'uranium et du plutonium se ferait 
comme pour les cycles decrits precedemment. 

La transformation du carbure d'uranium en tetra
ftuorure peut aussi se faire sous !'action du tetra
ftuorure de soufre. Toutefois, a l'heure actuelle, un tel 
procede ne presente pas d'interet economique. 

En conclusion, les carbures d'uranium se pretent 
bien au retraitement par volatilisation sous forme de 
ftuorures. 

Le cycle (6) 
uo ~UCI H.O >-UO 

2 Cia 6 H2 2 

Generalites sur Ia chloruration 
La chloruration a etc etudiee dans quelques labora

toires comme moyen de separer !'uranium des pro
duits de fission [12-15]. Elle permet egalement de 
separer !'uranium du thorium [15] et !'uranium du 
plutonium [I 6, 17] et elle a etc proposee par Maim [18] 
pour la separation uranium-neptunium. La chlorura
tion est envisagee egalement pour le degainage ou pour 
la separation des constituants de certains alliages 
d'uranium [4(, 2e, 5c, 8d, 19, 20] con tenant de !'alu
minium, du zirconium, du niobium ou du molybdene. 

La methode a l'avantage de pouvoir s'appliquer a 
differents types de combustibles notamment a !'ura
nium metal, aux alliages d'uranium ainsi qu'aux car
bures et aux oxydes d'uranium. Les reactifs utilises 
pour le retraitement sont peu coilteux et les tempera
tures auxquelles s'effectuent ces reactions sont mode
rees, comparees aux methodes pyrometallurgiques. Les 
residus sous forme de chlorures sont a l'etat concentre; 
ils peuvent etre insolubilises par transformation en 
oxyde et incorpores ensuite a des materiaux inertes. 
L'uranium obtenu peut etre reduit en metal ou trans
forme en oxyde. 

Cette methode a ete etudiee a l'echelle laboratoire 
dans le but de rechercher des moyens d'ameliorer le 
facteur de decontamination et de mieux connaitre la 
cinetique de certaines reactions gaz-solides peu rapides 
ou difficiles a controler. 

Retraitement des oxydes d'uranium [3,4,6] 
Le dioxyde d'uranium doit etre d'abord pulverise de 

maniere a accroitre sa reactivite; ce n!sultat est obtenu 
par une oxydation suivie eventuellement d'une reduc
tion. Pour cette derniere operation, il est preferable 
toutefois d'utiliser l'oxyde de carbone de maniere a 
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eviter toute formation d'eau, qui pourrait ulterieure
ment hydrolyser les chlorures. 

Apres reduction, <On peut envisager les -6tapes 
suivantes: 

La chloruration de l'oxyde d'uranium s'effectue au 
moyen de tetrachlorure de carbone; toutefois, une 
suite de reactions secondaires conduisent a la forma
tion de UC16 et de chlorures intermediaires. 

En vue d'obtenir UC14 pur, U02 a ete chlorure par 
des vapeurs de tetrachlorure de carbone melangees a un 
reducteur, tel que l'hydrogene, le methane, le chloro
forme ou le benzene, susceptible de fixer le chlore 
degage. Les meilleurs resultats furent obtenus en 
presence de methane, mais la vitesse de reaction est 
fortement ralentie. 

L'anhydride carbonique peut etre utilise pour 
oxyder du carbone provenant de la decomposition de 
CCl4. 

L'obtention de UC14 pur aurait du permettre d'ob
tenir une decontamination preliminaire de }'uranium 
basee sur !'elimination des chlorures volatils de cer
tains produits de fission. Les difficultes rencontrees ont 
alors incite a etudier le cycle suivant: 

U02( ou Ua0s)~UC16 HH'0-~uo2 
Ch 2 

La decontamination doit alors s'operer soit au 
moment de la chloruration de l'oxyde, soit apres 
I' obtention de UC16; differentes voies ont ete explorees: 

a) Des chlorures alcalins ou alcalino-terreux sont 
ajoutes a l'oxyde a chlorurer pour tenter de complexer 
certains produits de fission volatils en composes peu 
volatils tout en maintenant la sublimation de UCk 
Les resultats montrent que la chloruration de UaOs a 
300°C en presence de NaCl ou de KCI empeche la 
sublimation de UC16. En presence de ZnCh, LiCI, 
CsCI, la chloruration est ralentie ou incomplete. 
D'autres sels, comme MgCh, CdCh, NiCh, CoCI2, 
BaCh et CaCh, n'empechent pas la sublimation de 
UC16 mais n'exercent aucune retention selective sur les 
produits de fission. 

b) UC16 sublime est envoye a travers une couche de 
chlorures inorganiques. En general, UC16 a tendance a 
se fixer preferentiellement aux chlorures de zirconium 
et de niobium. Parmi les chlorures etudies, seul le 
chlorure de cerium exerce une action selective sur le 
ruthenium et le cerium de fission, sans retenir ]'ura
nium. 

Pour eliminer par volatilisation les deux principaux 
produits de fission, le zirconium et le niobium, on a 
tente de remplacer le tetrachlorure de carbone par le 
pentachlorure de phosphore (U02 + 2 PCI5 = UCI4 + 
2P0Cla) et de mettre a profit Ia formation de com
plexes volatils entre l'oxychlorure de phosphore et les 
chlorures de zirconium et de niobium. Effectivement, 
la decontamination est selective pour ces deux ele
ments, cependant elle est incomplete et, de plus, 
!'uranium forme avec POCla un complexe tres stable, 
difficile a separer du residu. 
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La transformation du chlorure en oxyde, prevue en 
fin de cycle, peut s'effectuer sous !'action de la vapeur 
d'eau et de l'hydrogene en dessons de 4009<:. 

Retraitement du monocarbure d'uranium (3) 

La premiere etape du retraitement consiste a oxydta" 
le carbure en U02 ou en UaOs. Le carbure d'uranium 
peut etre oxyde au ffiDyen de trois reactifs principaux: 
!'oxygene, la vapeur d'eau ou !'anhydride carbonique. 
L'oxygene et l'air provoquent une reaction tres exo
thermique; avec la vapeur d'eau et !'anhydride car
bonique Ia chaleur de reaction est moins elevee. II est 
toutefois indique d'eviter la presence d'humidite pour 
la chloruration ulterieure. L'oxydation par !'anhydride 
carbonique a 500°C est possible mais l'oxydation du 
carbone residue! necessite une temperature d'au moins 
700°C. 

La chloruration directe de UC au moyen de HCI n'a 
pas donne satisfaction: une partie de !'uranium reste 
adsorbe sur le carbone forme. 

Com mentai res 

Apres cet apen;u general sur les differentes possi
bilites de cycles de retraitement bases sur la volatilisa
tion des halogenures, il convient de faire quelques 
remarques generales a caracteres technique et eco
nomique. 

Le facteur de decontamination lors des cycles 
de fluoruration 

On sait que les methodes de retraitement par halo
genation doivent permettre d'obtenir un facteur de 
decontamination eleve. Le laboratoire de Mol a 
approfondi certains aspects de ce probleme de maniere 
a simplifier eventuellement Ia conception des installa
tions et reduire leur cout. 

Le sort de certains produits de fission (I, Ru, Zr
Nb) a ete etudie a petite echelle pour les differents 
cycles de fluoruration afin de recueillir des informa
tions notamment sur le traitement des effluents gazeux, 
l'activite des cristallisoirs a hexafluorure et les con
ditions de distillation. D'une maniere generale, les 
operations de fluoruration conduisant a la formation 
de UF4 permettent !'elimination pratiquement com
plete de l'iode et la volatilisation partielle du niobium 
et du ruthenium. Les vapeurs nitriques a 375 ac 
provoquent le depart de la majorite du ruthenium. Le 
fluorure de sodium, lorsqu'il est utilise comme filtre 
dans un circuit de UF6, est un agent efficace de decon
tamination [5b, 21 ]. 

Des essais de distillation en installation pilote ont 
montre que UF6 peut etre separe aisement de IF5, IF7 
et de SbF5 [4]. 

Le choix d'un cycle de retraitement par fluoruration 

II a ete mentionne que le cycle I, faisant intervenir la 
reduction de U30 8 , ainsi que le cycle 4 ne semblent pas 
devoir etre retenus en raison, soit de la lenteur de 
certaines reactions, soit de difficultes technologiques. 
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Les cycles 2 et 3 au contraire prevoient Ia trans
formation de U30s en UF4 et U02Fz sous !'action de 
l'acide fluorhydrique anhydre. Cette etape permet de 
realiser par ailleurs une economie sensible en fluor ou 
en trifluorure de chlore et, sur le plan technique, de 
parachever Ia pulverisation des produits de depart. 

A ce stade, deux voies se presentent: ou bien les 
volatilisations successives de !'uranium par CIF3 puis 
du plutonium par le fluor, ou bien une volatilisation 
simultanee par le fluor, suivie d'une separation 
uranium-plutonium. 

A premiere vue, Ia seconde voie parait la plus 
attrayante; elle est simple et elle permet en une seule 
operation d'obtenir les deux hexafluorures; de plus, le 
fluor est moins couteux que le trifluorure de chlore et 
sa techno Iogie est mieux connue. Par contre, dans cette 
alternative se pose le probleme difficile de la separation 
du plutonium d'une masse, qui peut etre tres impor
tante, d'hexafluorure d'uranium. Meme les premieres 
fractions d'hexafluorure d'uranium volatilisees par le 
fluor contiennent des traces de plutonium genantes si 
!'uranium doit etre reenrichi ou s'il doit servir a 
refabriquer un element par manutention directe. 

Bien qu'il n'existe encore aucune information sur les 
resultats d'essais a grande echelle, tout porte a croire 
que !'autre voie offre des perspectives prometteuses: 

a) Le trifluorure de chlore est un agent de fluorura
tion selectif pour I' uranium; 

b) Le rendement chimique de cette etape est eleve; 
c) La transformation d'uranium en hexafluorure est 

quantitative; 
d) La chaleur de reaction est nettement inferieure a 

celle de Ia reaction avec le fluor; les risques d'agglo
meration des poudres sont done reduits; 

e) Etant donne l'instabilite de PuF6-probleme 
etudie par d'autres laboratoires que ceux de Mol 
[22,23]-il y a avantage a traiter le plutonium dans 
des appareils compacts; la separation prealable de 
!'uranium par CIF3 rend Ia chose possible; 

f) L'obtention d'un concentre de plutonium facilite 
le probleme de la conversion en oxyde destinee a la 
refabrication d'elements combustibles. 

Bien que Ia technique des sels fondus n'en soit qu'au 
stade exploratoire, elle a fourni des indications [avo
rabies pour la conversion des fluorures en oxydes. Ace 
Stade egaJement, il y a avantage a Separer prealable
ment la majorite de !'uranium par le trifluorure de 
chlore: il pourrait etre en effet couteux de transformer 
une grande masse d'hexafluorure d'uranium en di
oxyde par la technique des sels fondus. Celle-ci permet 
d'eliminer !'uranium qui accompagnerait encore le 
plutonium et de convertir ce dernier en oxyde. On 
s'attend de plus a une decontamination supplemen
taire du plutonium au cours de cette operation. Ces 
trois effets sont obtenus en une seule etape, dans la 
mesure ou l'on peut negliger la recuperation de 
!'uranium. 

Le cycle 5 propose pour les carbures n'a pas fait 
!'objet d'une etude experimentale approfondie: il con
cerne d'ailleurs un type d'element combustible dont 
l'emploi ne semble pas immediat. 
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Domaine d'application des methodes de 
retraitement par fluoruration 
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Le retraitement par fluoruration convient-il aux 
elements faiblement ou fortement enrichis? Pour ce 
procede, les degi'tts radiatifs sont pratiquement nuls, 
les dangers de masse critique sont moindres que pour 
la methode aqueuse et le volume des residus est faible; 
de plus le temps de retraitement etant court, l'im
mobilisation des matieres est peu importante. Ces 
divers avantages indiquent deja que plus le com
bustible est enrichi, plus il y a a vantage a le traiter par 
fluoruration. 

Dans ces conditions, la compacite des installations 
et le faible volume des residus permettent d'envisager 
!'emplacement de l'usine sur le site meme des reacteurs, 
ce qui reduit les frais de transport particulierement 
importants pour les enrichissements et les taux de 
combustion eleves. 

Entin, la tendance en Europe semble etre le rem
placement de I'enrichissement en uranium-235 par 
celui en plutonium: pour des combustibles a faible 
teneur, on aura a produire a distance une quantite im
portante d'hexafluorure d'uranium, de valeur peu 
elevee, et dont le prix se reportera sur celui du pluto
mum. 

Conclusion des cycles de fluoruration 

Bien que de nombreuses donnees technologiques 
relatives a la volatilisation des fluorures aient deja ete 
accumulees, il reste des points inconnus lorsqu'il 
s'agira de les appliquer aux combustibles actifs: c'est 
pourquoi une installation de retraiteinent pilote per
mettant d'effectuer des essais sur des elements actifs 
est en construction au Centre nucleaire de Mol. 
Plusieurs annees sont encore necessaires avant de 
pouvoir en tirer les conclusions requises pour les 
applications industrielles. 

On peut croire que c'est dans le domaine des 
enrichissements moyens et eleves que la volatilisation 
sous forme de fluorures trouvera ses premieres applica
tions. Ces dernieres conclusions s'appliquent egale
ment au retraitement des alliages decrits ci-dessous. 

Les cycles de retraitement par chloruration 

Les nombreux essais effectues jusqu'a present n'ont 
pas permis d'obtenir des facteurs de decontamination 
eleves. 

RETRAITEMENT DES ALLIAGES 

Retraitement des alliages par chloruration 

Comme mentionne dans la premiere partie, (cycle 6), 
les constituants des alliages peuvent etre separes par 
chloruration. Les recherches effectuees en Belgique 
[14,2e] se sont attachees au debut a etudier les con
ditions de ces separations, ainsi qu'a etablir les facteurs 
de decontamination atteints lorsque !'uranium etait 
volatilise sous forme de UC16. Dans ce dernier do
maine, on se heurte a des difficultes analogues a celles 
rencontrees pour les ceramiques. 
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Retraitement de l'alliage uranium-aluminium (3b) 

La necessite de retraiter les elements du reacteur 
BR2 a incite le Centre d'etvde de l'energie nucleaire de 
Mol a examiner ce probleme par Ia voie de Ia vola,tilisa
tion. Ces elements contiennent 270 g d'uranium 
enrichi a 90% et 4,5 kg environ d'aluminium. 

Le procede a I'etude consiste, dans une premiere 
etape, a traiter l'alliage par l'acide chlorhydrique 
gazeux et sec de maniere a eliminer le chlorure d'alu
minium volatil. L'UCla forme est ensuite, dans une 
seconde etape, transforme en UF6 sous l'action du 
fluor. Cette operation permet d'obtenir une bonne 
decontamination qui peut etre encore amelioree en 
absorbant UF6 sur du NaF et en le desorbant ensuite 
vers 400°C [2a,21]. 

La forme concentrique des elements BR2 rend plus 
difficile que dans d'autres cas !'application de la 
technique des !its fluides. Une methode utilisant un 
debit gazeux moins important a ete utilisee. Elle a 
pour effet d'obtenir un meilleur rendement des reactifs 
et une diminution de la quantite de UCla entraine avec 
AlCla. 

Les conditions operatoires optimales ont ete 
recherchees au cours d' essais sur des elements reduits 
pesant 1 kg environ: la chloruration s'effectue avec un 
debit de HCl de 160 1/h, sans que la temperature des 
elements depasse 400 oc. Dans ces conditions, la reac
tion s'effectue de facon pratiquement stoechiometrique 
pendant la majeure partie de !'operation. 

Le chlorure d'aluminium volatil est condense et 
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recueilli dans un decanteur; il ne contient que quelques 
centaines de ppm d'uranium. 

La fluoruration de UCla s'effectue au moyen de 
fluor dilue par de !'azote, d'abord a 200°C et ensuite a 
400°C. 

La formation de quantites importantes de AlCla 
hautement radioactif pose le probleme difficile de son 
stockage: sa dispersion dans un goudron ne peut con
venir en raison· des de gats radiatifs; une dispersion 
dans le soufre ne permet que la fixation de faibles 
quantites. C'est la transformation du chlorure en 
oxyde en phase gazeuse qui est actuellement etudiee. 
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ABSTRACT -RESUME-AHHOTA~lt1JI-RESUMEN 

Reprocessing of nuclear fuels by 
volatilization 
By J. Schmets et a/. 

A/771 Belgium 

An important part of this work has been performed 
within the scope of the joint EURATOM/United 
States research and development programme; Con
tracts 008-60-4/RDB, 049-61-4/RDB, 098-62-11/ 
RDB. 

Since the 1958 Geneva Conference, the technique of 
volatilization reprocessing has changed; in many cases 
it has called for gas-solid reactions. Also, the types of 
fuel to be taken into consideration are no longer the 
same. The regeneration of elements based on natural 
uranium is not envisaged any more, whereas ceramics 
are the object of intensive research. 

Different reprQcessing cycles have been studied for 
some ceramic fuels in the form of oxide or carbide, and 
for some uranium alloys. 

The oxides and the carbides are submitted to gas
solid reactions which pulverize the fuel and facilitate 
the formation of plutonium and uranium hexafluor
ides, and also permit the dissipation of the heat 
liberated during these transformations. 

The sequences of the following reactions have been 
studied: 

U02(Pu02)~UaOs(Pu02)~U02(Pu02)~ 
UF4(PuF4)~---+UF6(PuF6)~---+U02(Pu02) (1) 

salts 

UOz(PuOz)~ U aOs(PuOz)___!:!_!:---+ UF 4-U02F 2 

(PuF4)~---+UF6(PuF6) rusect---+U02(Pu02) (2) salts 

U02(PuOz)--2!---+U30s(PuOz)~UF4-UOzF2 

(PuF4)~UF6(PuF4)t~(PuF6) rusect---+(PuOz) (3) 
salts 

UOz(Pu02) H;,o• UOa(Pu02)~UF6(PuF4)t~-* 

(PuF6) fused (Pu02) (4) 
salts 

UC(PuC) HF ---+UF4(PuF4) ClF'---+UF6(PuF4)t~ 

(PuF6) fused---+(Pu02) (5) 
salts 

U02 CCl•---+UCl6 HoO ---+U02 (6) 
Clo H• 

Some of these cycles have been combined with each 
other. The first and the fourth have been discarded, 
because of technological difficulties, including the long 
time required for the reactions and their low yield. 
Preference has been given to cycles (2) and (3). These 
use fluorine to effect the simultaneous volatilization of 
the uranium and the plutonium, or chlorine trifluoride 
to obtain a successive volatilization of these two com
pounds; this successive volatilization appears par
ticularly advantageous, because the plutonium hexa
fluoride can be treated in an apparatus of small 
volume. 

Although no operations have been performed on 
real fuels, the results of pilot studies on cycles (2) and 
(3) suggest that the recovery of uranium will exceed 
99 per cent. A large technological effort still has to be 
made to apply the basic knowledge acquired to the 
separation of uranium and plutonium and for the 
recovery of the latter, in a suitable form. 

Cycle (5) proposed for the reprocessing of carbides 
is a particularly interesting example of the great sim
plicity which volatilization methods can attain. 
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The last cycle, schematized in the sequence of reac
tions (6), has stimulated an extensive study of the syn
thesis and properties of uranium chlorides and of those 
of fission products, as well as their complexes. Up to 
now it has not received concrete realization. 

The study of the processing of alloys has related to 
the following elements: U-Zr, U-Mo, U-Nb, U-Al. 
Some chemical conditions of reaction and separation 
by the action of chlorinating agents have been studied. 
For the uranium-aluminium alloy, the research has 
evolved towards a cycle of processing by chlorination 
and fluorination, where hydrochloric acid is used to 
volatilize the aluminium and the residual uranium tri
chloride can subsequently be transformed into hexa
fluoride. 

Within the scope of the European economy, the 
processes proposed will be the most fruitful for fuels 
rich in fissile materials. Thus, volatilization should be 
considered as complementary to liquid-liquid extrac
tion for which the principal applications concern low 
enrichments. The numerous unsolved technological 
problems, as well as the need to verify the data acquir
ed by preliminary work, suggest a delay of 5 to 10 
years before the first industrial applications. 

A/771 6enbrHR 

nepepa6orKa HAepHoro ronnHea Mew 
TOAOM B03rOHKH 
}t{. WMerc et al. 

3na'IHTeJILHaJI 'laCTb noii pa6oTLI ohlJia BLinoJI

nena B paMI<ax o6~eii: nporpaMMhl nay'IHLIX nc

CJie,rJ,onanHii: H paapa6oToi< EnpaToMa n CiliA, :KOH

Tpai<Tbi 008-60-4/RDB, 049-61-4/RDB, 098-62-11/ 
ROB. 

Co npeMeHH nocJie,rJ,neii llienenciwii IWIHpepeu

I~un OhiJia paapa6oTana TeXHH:Ka nepepa6oT:KH Me

Top;oM B03fOH:KH: BO MHOfHX CJiyqaJIX npn6eraJOT 

H. pea:K~HHM raa .- Tnep1we ne~ecTno. l\poMe To

ro, paCCMaTpHBRCMble THllhl TOUJIHBa He HBJIHJOT
CH 60JihiiiC O,rJ,HHR:KOBhiMH: pereuepa~HH TCIIJIOBl>I

~eJUIJO~HX aJieMeHTOB H3 npnpo,rJ,Horo ypaua ooJih
me ne paccMaTpnnaeTCH, TOrlJ,a Ha:K :KepaMnqecHoe 

TOIIJIHBO CTRHOBHTCJI o6'hei\TOM HHTCHCHBHhiX HC

CJIC,[J;OBRHHH. 

B nacToJI~eM lJ.OHJialJ,e paccMaTpnsaeTcn BHJJa,rJ,, 
nneceHHLiii BeJILrneii: n aTy oonacTL. BhlJIIt nccJie

. ;wnaHLI pa3JIH'IHbie ~UKJibl nepepaOOTKH )J,JIJI 1\e

paMH'IeCKOfO TOUJIHBR B BH/],e ORliCH HJIU :Kap6u~a 
H ,[l;JIJI CUJIHBOB ypana. 

01mcn n Kap6HlJ,bi IIOlJ,BepraJOTCR peai\~UHM 
fU3 - TBOplJ,Oe Be~eCTBO, 1\0TOpbiC, C O,!I,HOH CTO

}}OHhl, paCIIhlJIHJOT TOUJIHBO If OOJICf'IUJOT o6pa30-
llaHHO reKcalf!TopHlJ,a IIJIYTOHHJI H ypaHa H, C 

llPYfOii CTOpOHbl, 1103BOJIHJOT paccpelJ,OTO'IH'fb Bbl
/],I'JICHHO TCIIJia BO BpOMJI 3THX npenpa~emtif. 
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May'la.TIHCL cJielJ,yJO~ne peaK~nn: 

0 2 NHa HF 
U02 ( Pu02 )-U30 8 ( Pu0 1 ) -U0 2 ( Pu0 2 )-

H F F 2 Ky6oawil 
---+ UF~( Puf~ )---+UF6( PuFG )-U02 (Pu02) (1) 

OCT8TOK 

0 2 HF F2 
U02(Pu02)---+ Ua08(Pu02)-UF4 -U0 2F2(PuF,)-

F2 Ky6oawil 
---+ UF6(Puf6)- UO~(Pu02 ) (2) 

OCT8TOK 

0 2 HF CIF3 
U0 2(Pu02)- Ua0~(Pu02)- UF4-U02F2(PuF,)-

CLFa / f 2 Ky6oablll 
- UF6(PuF4)--+(PuF6)-(Pu02) (3) 

OCTITOK 

HNOa SF, .I F2 
U02(Pu0 2)-UOa(Pu02)--+ UF6(PuF,)--+ 

02 
f2 KYDOBbiA 

-(Pufs)-(Pu02) (4) 
OCTaTOK 

HF CIFa / F2 
UC(PuC)-UF,(PuF,)-UF6(Puf4)-

F2 KyOOBioiA 
----+(Pufs)-(Pu02) (5) 

OCT8TOK 

CCL, H 20 
uo2-UCLs---+ uo~ 

CLI HI 
(6) 

HeKoTopble ua aTux ~HKJioB KoMonnnponaJiucL 

Me»<AY co6oii:. IIepBhlii: n qeTBepTblii 6hlJIH OTBep

rnyThl ncJie~cTnne TexnoJioruqecKnx TPY~HOCTeii:, 
a TaKa<e llpO~OJilliHTeJibHOCTH H He6oJILlli0fO Bhl

XO~a peaK~nil. IIpe,rJ,no'ITenne 6hlJIO OT,rJ,ano ~HK
JiaM (2) n (3). IIocJie~nne OTJinqaJOTCJI npnMene

nneM lf!Topa ~JIJI 0/],HOBpeMeHHOH B03fOHKH ypana 

H IIJIYTOHHH HJIH TeTpalf!TOpHlJ,a XJIOpa ~JIJI llOJiy
'leHHJI IIOCJie/),oBaTeJibHOH B03fOHKH 3THX ~BYX COe

lJ,HHeHnii:; UOCJie/),OBaTe-JILHaJI B03fOHKa Kaa<eTCH 

oco6enno BLirolJ,noii:, Tal\ KaK ona noaBOJIJieT o6-

pa6aTbiBaTL reKcalf!TopH~ DJIYTOHHH B annapaTy

pe ne6oJILmoro o6'heMa. 

XoTH oiiepa~nH c HacTOJI~HM TODJIHBOM He npo

BOlJ,HJIHCL, peayJILTaTbl OllblTHbiX HCCJie,rJ,OBaHHii: Ha 

~HKJiaX (2) H (3) ll03BOJI.RlOT lJ,yMaTb, l{TO BbiXO~ 
ypana IIpeBLICHT 99%. Heo6xo,ll,HMO nponeCTH aHa

'IHTeJILHYJO pa6oTy UO TCXHOJIOfHH, l{T06hl UpHMC

HHTb yme HaKOUJieHHLie 3HaHHJI 1\ pa3/],t'Jl0HHJO 
ypana H DJIYTOHHJI H /],JIH BOCCTaHOBJieHIIJI DJIYTO

HHJI B COOTBeTCTBYJO~eii lf!opMe. 

QnKJI ( 5) , IIpelJ,JiomeHHhlii: lJ,JIH nepepa6oTKn 

Hap6H~OB, HBJIJieTCH OC06eHHO HHTepecHLIM npn

MepOM B OTHOIIIeHHH llpOCTOTbl, KOTOpOii: MoryT 

~OCTH'Ib MeTO/],bl B03fOHKH • 

IIocJielJ,Hnii: ~HKJI, npe,rJ,CTaBJIOHHhiii: peaK~HaMn 
( 6) , np.HBeJI K o6mnpHbiM HCCJie,rJ,OBaHHHM CHHT03a 

II CBOHCTB XJIOpHl1,0B ypaHa II npo~yl\TOD ,!l,l'JIOIIHH, 

a Tai\a<O HX KOMDJieKCHbiX COe/),HHCHHll. .lJ:o CIIX 

nop ne 6LIJIO noJiy'leHo KOHKpeTnoro pemenna. 

Mayqenne o6pa6oTKH cnnanon 6hiJIO nanpanJie

no na cJielJ,yJOII~He aJieMeHThl: U- Zr, U- Mo, 
U - Nb, U - AI. May'laJIHCL xnMn'lecKne yc

JIOnna peaK~HH ll pa3/],0JICH.HJI U0/1, /),eHCTBIIt'M 
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XJiopupyro~ux areHTOB. ,D;m1 criJiaBa ypau - amo

MHHHii fJTH HCCJie)1;0BaHHH pa3BHBaJIHCh B HanpaB

JieHHH ~HKJia o6pa60TKJI MeTO)J;OM XJIOpHpOBaHHH 

IIJIH «f>TopHpOBaHHH; B 9TOM ~IIKJie rrpu6eraJIII K 

COJIHHOH KHCJIOTe )J;JIH B03rOHRH aJIIOMJIHHH; OCTU

TO'lHl>IH TpOXXJIOpHCTLiii ypaH MO}RHO 6biJIO aaTeM 

npeBpaTHTb B reRca«f>TOpHJl;. 

B ycJioBuax eBponeiicKoii aKoHoMHHH aTH MeTo

Jl;hi 6y)1;yT HaH60Jiee peHTa6eJihHbiMJI Jl;JIH TOITJIHBa 

C 60JihiDHM COll;epmaHHeM Jl;OJIH~HXCH Be~eCTB. 
MeTo)J; BoaroHKH )J;oJimeH paccMaTpnBaThCH cKopee 

RaK )J;OITOJIHeHHO K MeToll;y H3BJie'leHHH >Hlllt;-

1\0CTb - >HHJl;KOCTh, KOTOpbiH B HaCTOH~ee BpOMH 

IICITOJih3yeTCH B OCHOBHOM )J;JIH CJia6oro o6ora~e
IIHH. ITocKoJILKY ueo6xo)J;HMo pemuTL MHoro'IHC

JieHHMe TOXHOJIOrH'lOCKHe npo6JieMbi H npoBepHTb 

,rJ;aHHMe, ITOJiy'leHHble OITbiTHbiM rryTeM, rrpOH)J;OT, 

ITO-BH)J;HMOMy, 5-10 JIOT, IIORa aTOT MOTOJl; CTaHeT 

npHMeHHTbCJI B npOMbiiDJIOHHOCTH. 

A/771 Belgica 

Regeneraci6n de combustibles nucleares 
por volatilizaci6n 

por J. Schmets et a/. 

Una importante parte del presente trabajo se ha 
realizado en el marco del programa conjunto de in

. vestigaciones y desarrollo EURATOM/Estados Uni
dos (contratos 008-60-4/RDB, 049-61-4/RDB, 098-
62-ll/RDB). 

La tecnica de la regeneracion por volatilizacion ha 
evolucionado desde la ultima Conferencia de Ginebra: 
en muchos casos se ha recurrido a reacciones gas
solido. Ademas, los tipos de combustibles tornados en 
consideracion no son exactamente los mismos: ya no 
se trata de la regeneracion de elementos a base de 
uranio natural, mientras que los combustibles cenim
icos constituyen el objeto de investigaciones intensivas. 

El presente documento describe la aportacion de 
Belgica en esta esfera. Se han estudiado diversos ciclos 
de regeneracion aplicables a los combustibles cenim
icos en forma de oxidos y de carburos y a las aleaciones 
de uranio. 

Los oxidos y carburos se someten a reacciones gas
solido que, por una parte, pulverizan el combustible y 
facilitan la formacion de los hexafluoruros de plutonio 
y de uranio y, por otra, permiten escalonar el des
prendimiento de calor que tiene Iugar durante estas 
transformaciones. 

Se han estudiado las siguientes series de reacciones: 

U02(Pu02)~UaOs(PuOz)~UO;(PuOz_J:!!:---+ 
UF4{PuF4)~UFG(PuF6)~---+U0z(Pu02) (1) 

fund1das 

U02(Pu02)...2!---+UaOs(Pu02)....!:!!::---+UF4-UOzFz(PuF4) 

-.!:!---+UF6(PuF6)~---+U02(Pu02) (2) 
fund1das 

U02(Pu02)...2!---+ U aOs(PuOz)....!:!!::---+ UF 4-UOzF 2(PuF 4) 

ciF. > UF6?1(PuF4)~(PuF6)~---+(Pu02) (3) 
fund1das 
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UC(PuC)....!:!!::--;.UF4(PuF4) CIF'---+UF/\PuF4)~---+ 
(PuF5)~-,..(Pu02) (5) 

fund1das 

U02 CCI4---+UC1 H'0 ---+U0 
Cia 

6 
H 2 

2 (6) 

Algunos de estos ciclos se han combinado. Se han 
descartado el primero y cuarto de los mismos a raiz de 
dificultade~ tecnologicas, asi como de la lentitud y 
bajo rendimiento de las reacciones correspondientes. 
Se ha concedido preferencia a los ciclos (2) y (3). Estos 
se diferencian en el empleo del fluor para provocar la 
volatilizacion simultanea del uranio y del plutonio o 
del trifluoruro de cloro para lograr Ia volatilizaci6n 
sucesiva de los compuestos respectivos. Esta volatiliza
ci6n sucesiva parece particularmente ventajosa porque 
permite tratar el hexafluoruro de plutonio en una 
instalacion de pequeiias dimensiones. 

Aunque no se han realizado operaciones con com
bustibles reales, los resultados de los estudios piloto 
efectuados a base de los ciclos (2) y (3) sugieren que los 
rendimientos en uranio excedenin del 99 %. Queda aun 
por hacer un importante esfuerzo tecnol6gico, con 
vistas a Ia aplicacion de los conocimientos basicos ya 
adquiridos a Ia separacion del uranio y del plutonio y 
a Ia recuperaci6n de este ultimo en forma adecuada. 

El ciclo (5), propuesto para Ia regeneracion.de los 
carburos, constituye un ejemplo particularmente inter
esante de la gran sencillez que pueden alcanzar los 
metodos de volatilizacion. 

El ultimo ciclo, esquematizado en Ia serie de reac
ciones (6), ha conducido a un extenso estudio de la 
sintesis y de las propiedades de los cloruros de uranio 
y de los productos de fision, asi como de sus complejos. 
Hasta el presente, no se ha llevado a la practica. 

El estudio del tratamiento de las aleaciones ha com
prendido los siguientes elementos: U-Zr, U-Mo, 
U-Nb y U-Al. Se han estudiado las condiciones 
quimicas de reaccion y de separacion por efecto de 
agentes clorantes. En los que concierne a la aleacion 
de uranio-aluminio, estas investigaciones han evolu
cionado hacia un ciclo de tratamiento por cloracion y 
fluoracion, en el que se recurre al acido clorhidrico 
para volatilizar el aluminio; el tricloruro de uranio 
residual se puede transformar despues en hexafluoruro. 

Estos procedimientos seran los mas rentables, en el 
contexto de la economia europea, para los combusti
bles ricos en materiales fisibles. Por otra parte, Ia 
volatilizacion debe considerarse mas bien como 
complementaria de Ia extraccion Iiquido-Iiquido, que 
en la acutalidad se aplica ante todo a las sustancias de 
bajo grado de enriquecimiento. Debido a los muchos 
problemas tecnologicos por resolver, asi como a la 
necesidad de comprobar los datos adquiridos en la 
etapa piloto, transcurrira sin duda un plazo de 5 a 
10 aiios antes de que el procedimiento comience a 
aplicarse en escala industrial. 
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Chlorination distillation processing of irradiated 
dioxide and uranium dicarbide 

• uran1um 

By T. Ishihara and K. Hirano* 

The chloride volatility process has been applied to 
the processing of irradiated nuclear fuel by some re
search groups. Speeckaert [1] applied the process to 
pretreatment in the fluorination processing of en
riched uranium fuel. Naumann [2] applied it to the 
separation of uranium and plutonium in the processing 
of uranium dioxide-plutonium dioxide fuel, and Gens 
[3] tried to separate alloying elements from uranium 
alloy fuel by using hydrogen chloride vapour for pre
treatment in the Zircex process. 

The authors applied the process to the separation of 
uranium from irradiated uranium dioxide and uran
ium dicarbide fuels, using carbon tetrachloride vapour 
as chlorination agent. The results of cold experiments 
with synthetic samples have already been reported 
together with some of the results obtained with 
irradiated uranium dioxide fuel [4, 5]. 

EXPERIMENTAL 

In the present experiment, irradiated samples were 
chlorinated in a flow of carbon tetrachloride vapour. 
The main reaction follows the formula, 

(1) 

and other chlorides were produced at the same time in 
small amounts. Uranium chlorides were separated 
from the chlorides of fission products by fractional 
distillation. The fractional distillation was performed 
immediately after chlorination. The condensed uran
ium chlorides were recovered in the form of uranium 
dioxide powder by the application of an oxidation
reduction cyclic treatment. In some experimental runs, 
the uranium chlorides that did not condense in the 
expected section were selectively absorbed on to a bed 
of sodium chloride. The salt was dissolved in nitric 
acid and the uranium was recovered as oxide powder 
by precipitation and heating. 

The uranium dioxide samples used were pellets of 
7.5 mm diameter and height, and those of uranium 
dicarbide were 10 mm in diameter and height. They 
were irradiated for either 1 or 4 weeks in the JRR-1 
reactor with an integrated flux of 0.25 x 1016 and 
1 x J016 njcm2, respectively. After letting the activity 

* Tokai Research Establishment, Japan Atomic Energy 
Research Institute, Tokai-mura, Ibaraki-ken. 

decay for a period between one week and ten months, 
they were pulverized into grains 5-10 p,, either chemic
ally by an oxidation-reduction cyclic process or mech
anically by milling in a mortar. The samples used in 
one run ranged in weight between 0.1 and 4 g. 

The chlorination agent, carbon tetrachloride, was of 
reagent grade. Argon gas was used for dilution and 
sweeping the carbon tetrachloride vapour along the 
tube. Air and hydrogen were used respectively for 
oxidation and reduction of the condensed uranium 
chlorides. The argon or hydrogen was passed over 
copper gauze heated at about 400 oc to remove 
oxygen and dried by passage through a calcium 
chloride or silica gel column. 

The experimental apparatus shown in Fig. 1 con
sisted of four tubular furnaces. The furnaces were of a 
horizontal type and electrically heated by nichrome 
wire. The temperatures of the four furnaces are 
designated T1, T2, T3 and T4, from left to right in Fig. 1. 
All the tubes were made of transparent quartz and 
their dimensions are given in Table 1. In the present 
experiments, the tubes were connected in the order 
1-A, 2-B, 3-B, 4-C or 1-A, 2-B, 3-C, by fitting one 
tube into the other. 

Each electric furnace was heated whilst empty to 
the predetermined temperature. Just before insertion 
into the furnaces, the air in the tubes, one of them 
containing a boat, was swept out by argon gas. After 

Table 1. Dimensions of reaction tubes 

Type Internal diameter Length 
mm mm 

A 26 390 
B 20 190 
c 20 405 

Figure 1. Experimental apparatus 
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Figure 2. Vapour pressure curves of the chlorides of uranium, 
neptunium and fission products 

the furnace temperatures reached the predetermined 
values, the tubes were introduced into the furnaces. 
The argon gas was then replaced by argon gas satur
ated with carbon tetrachloride vapour, which chlorin
ated the irradiated sample in the boat. The chlorides 
formed were fractionally distilled immediately upon 
chlorination. When the reaction was complete, the gas 
was again replaced by argon gas, and all the furnaces 
were cooled down. After cooling, the reaction tube 
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Figure 4. Effect of cerium dioxide addition on decontamination 

T1: 600°C; T2: 250°C; Ta and T4: Room temperature; CC14: 
6 g/h; Ar: 120 cm3/min 
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Figure 3. Uranium and y emitters remaining or condensed in the 
three tubes 1-A, 2-B and 3-C 

CC14 vapour: 6 g/h; Ar: 7.21/h; -:Uranium,--: yemitters 

assembly was dismantled. All tubes, except 1-A, were 
sometimes used again in subsequent experiments. The 
uranium in each tube was analysed chemically and 
y emitters were identified by y-ray spectrometry. 

RESULTS AND DISCUSSION 
Chemical pulverization and decontamination by the 
oxidation-reduction process 

The reaction rate is very low on the direct chlorina
tion of irradiated uranium dioxide pellets, and so 
chemical pulverization by oxidation-reduction cycling 
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Figure S. Effect of oxidation-reduction cycles on the uranium 
fraction, recovered from or remaining in Tube 2-B, after 7 runs 

T1: 600°C, T2: 250°C, Ta and T4: Room temperature; CC14 
vapour: 6 g/h, Ar: 7.21/h 
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Table 2. Effect of pretreatment temperature on decontamination 
Total flux: 0.25 x 1QI6 n/cm2 ; Cooling time: about 90 days 

Oxidation 
Weight Temp. Time 

g oc h 

0.09 400 2 
0.10 800 1 
0.10 900 1 
0.10 1000 1 
0.10 1000 1 
0.10 1100 1 

was tried. Fission products were partially removed by 
this process, and the decontamination factor was 
determined at several oxidation and/or reduction 
temperatures. The results obtained are given in 
Table 2. The decontamination from the fission prod
ucts was mainly accomplished during the oxidation 
step, the reducing step contributing very little to it. 
According to Strausberg [6], the finest powder is 
obtained when the pellets are pulverized by several 
cycles of oxidation (at 375 oc ± 20) and reduction (at 
650 oc ±50). On the basis of these data and Table 2, 
it was decided for the present experiments to oxidize 
the pellets at 400°C (for 2 hours) followed by further 
oxidation at 1100 oc (for 1 hour) and reduction at 
800°C (for 2 hours). It was proved by y-ray spectro
metry that I03Ru l06Ru-l06Rh and 131 I were fairly 
well removed by this process. 

Chlorination-fractional distillation 

The vapour pressure of the chlorides of uranium, 
neptunium and the main fission products are shown in 
Fig. 2 [4, 7]. For the purpose of separating uranium 
chlorides from the chlorides of fission products of low 
vapour pressure by fractional distillation, it is desir
able to distil or to chlorinate at low temperature. From 
the view-point of reaction rate, however, a high 
chlorination temperature is desirable, as may be seen 
from the fact that the time necessary for the chlorina
tion and sublimation of 500 mg of uranium dioxide 
was about 8, 2 and 1 hat about 400, 500 and 600°C, 
respectively. Above 600°C, the chlorides oflow vapour 
pressure sublimated quite rapidly. In the present 
experiment, the temperature T1 was fixed at 600oC. 

In the case of irradiated uranium dioxide cooled for 
about 100 days and milled mechanically in a mortar, 
the weight percent of uranium and the activity percent 
of y emitters condensed or remaining in each tube are 
as shown in Fig. 3. In these runs temperatures T1 and 
Ta were fixed at 600°C and room temperature (about 
25 °C}, respectively, and T2 was changed from 160 to 
310°C. On the basis of these results, temperature T2 
was fixed at 250 oc in most experiments. 

The flow rates of carbon tetrachloride vapour and 
argon gas were decided respectively as follows: (a) 
6 g/h and 7.2 1/h; (b) 12 g/h and 3.4 1/h. Both flow 
rates gave nearly the same results, but the reaction 
rate in (a) was half that of(b). 

ReductiOn Number Decontamina· 
Temp. Time of tion oc h cycles factor 

800 2 2 1.04 
1 1.13 
1 1.14 
1 1.12 

1000 1 1.18 
1 1.17 

The effect of the addition of natural cerium dioxide 

From Fig. 3, it can be expected that it would not be 
possible to separate most of they emitters from irradi
ated uranium dioxide by a simple chlorination
fractional distillation. The y emitters condensed with 
uranium in Tube 2-B consisted mainly of 239Np, 141Ce 
and 144Ce-144Pr, though their ratios differed according 
to the cooling time. As 239Np decays out rapidly, the 
remaining important problem is to separate radio
active cerium from irradiated uranium dioxide to 
improve the decontamination. 

For the purpose of separating the radioactive 
cerium, experiments were tried with irradiated uran
ium dioxide samples with added natural cerium 
dioxide powder. The uranium dioxide was processed 
after letting it decay for about 330 days, when the 
fraction of radioactive cerium had become fairly high 
among the fission products. The results obtained are 
shown in Fig. 4. They fraction condensed in Tube 2-B 
decreases down to 6 % on the addition of 1 % or more 
of natural cerium. For the whole range of natural cerium 
concentration, total y intensity, as well as the fraction 
condensed in Tube 3-C was nearly constant. This 
indicates that the y emitters not condensed in Tube 
2-B remained almost completely in Tube 1-A. This 
was confirmed by y-ray spectrometry, too. 

The effect of the cooling time on decontamination 
factor 

The decontamination factor is hardly affected by 
the cooling time when the processing is after 100 days 
cooling, as in the solvent extraction. However it is 
considerably affected in case of shorter cooling time's, 
as in the dry method. 

The decontamination factor rapidly increased with 
cooling time and showed a maximum value at ab<;>ut 
50 days cooling and then decreased a little. In the 
short cooled samples, most of they emission was due 
to 239Np, and as a result of the rapid decay of 239Np 
the decontamination factor increased markedly with 
cooling time. After decay of the greater part of the 
239Np, the apparent decay rate was governed mainly 
by 141Ce and 144Ce-144Pr, which explains the occur
rence of a maximum point in the decontamination 
factor (see Fig. 6). 
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Figure 6. Decontamination factor of the uranium recovered from 
Tube 2-B and from the salt bed in Tube 3-B 

Tt: 600°C; T2: 250°C (first run); Ta and T4: Room temperature; 
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Figure 7. Decontamination factor of the uranium recovered from 
Tube 2-B and from the salt bed in Tube 3-B 

T1: 600°C; T2: 250°C (first run) and 200°C (following runs); 
Ta and T4: Room temperature; CC14 vapour: 12g/h; Ar: 3.41/h; 
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recovered from Tube 2-B;- -: Uranium recovered from the 
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Recovery by oxidation-reduction cyclic process 

Recovery of the uranium from the uranium chlor
ides condensed in Tube 2-B as dioxide powder was 
tried by an oxidation-reduction cyclic process which is 
easily controlled remotely. The condensed uranium 
chlorides were oxidized in an air flow at about 300 °C 
and reduced in a hydrogen flow at about 800 °C, this 
cycle repeated up to four times. Tube 2-B with the 
uranium dioxide remaining in it was used again in the 
next chlorination-fractional distillation of a fresh 
sample. Such runs were repeated several times. 
Figure 5 shows the effect of the number of oxidation
reduction cycles on the weight percent of the uranium 
recovered and of the uranium remaining. Figure 5 
shows that the former increased and the latter de
creased with the number of cycles up to 3, after which 
they remained nearly constant. 

Improvement of decontamination by repeating the 
chlorination-fractional distillation 

The decontamination factor of the uranium 
chlorides condensed in Tube 2-B by the chlorination
fractional distillation was lower than 100 even when 
natural cerium dioxide powder was added. In an 
attempt to improve this low decontamination factor, 
the uranium dioxide recovered was mixed with 2 % of 
natural cerium dioxide, and the chlorination-fractional 
distillation again applied. The results obtained by 
repeating such a process are shown in Figs. 6 and 7. 
They-ray spectrogram of uranium dioxide recovered 
after repeating this process is shown in Fig. 8. (For 
salt bed absorption, see next section.) By this repeti
tion, most y emitters were removed and 239Np re
mained in the recovered uranium. Thus, the decon
tamination factor increased somewhat with the 
number of cycles, in the range of short cooling time. 
More than three cycles did not improve the maximum 
decontamination factor very much. Comparing the 
uranium dioxide irradiated to an integral flux 9f 
0.25 x 1016 nfcm2 with that of I x I016 nfcm2, the 
latter was decontaminated better than the former. 

Improvement of uranium recovery by sodium 
chloride absorption 

The weight percentage of uranium chlorides con
densed in Tube 2-B by chlorination-fractional distil
lation was approximately 80-85 %, and the other 
uranium chlorides either condensed in the lower 

temperature part or passed out of the tubes with the 
carrier gas. The selective absorption of the uranium 
chlorides on a bed of sodium chloride was then tried. 

Chlorination-fractional distiilation was carried out 
with Tube 3-B containing 15-20 gm of sodium chlor
ide powder. The tubes were assembled in the order 
1-A, 2-B, 3-B and 4-C, and the temperatures T1, T2, 
Ta and T4 were regulated at 600 oc, 250 oc, room 
temperature and room temperature, respectively. When 
the reaction was completed, Tube 3-B was dis
assembled and heated at about 600°C in carbon 
tetrachloride vapour and argon gas flow. The chlorides 
of high vapour pressure, such as zirconium, niobium 
and molybdenum chloride sublimated out of the salt 
bed. Then the salt was dissolved in dilute nitric acid 
and the absorbed uranium precipitated by ammonium 
hydroxide and separated centrifugally. This dissolu
tion and precipitation process was repeated five times 
to completely separate the salts. The precipitate was 
heated and the uranium was recovered as oxide. The 
results obtained are given in Table 3. The percentage 
recovery of uranium is increased to about 99 % by 
this process. The decontamination factors of the 
uranium recovered are shown in Figs. 6 and 7, and 
y-ray spectrograms of the recovered uranium in Fig. 8. 
In the last figure, the chlorides of high vapour pressure 
were practically undetectable. After repeating the 
chlorination-fractional distiiiation, 239Np became the 
main remaining nuclide. 

Application to irradiated uranium dicarbide 

The same process as that given above for irradiated 
uranium dioxide was applied to irradiated uranium 
dicarbide. In this case, the pellets were chlorinated 
without pulverizing and carbon remained in the boat. 
Based on the weight of the residual carbon, it was 
established that the chlorination reaction had pro
ceeded according to the equation 

(2) 

The tube assembly and temperature setting were the 
same as for the irradiated uranium dioxide. The results 
obtained are shown in Figs. 9 and IO. According to 
Fig. I 0, most of the y emission in the uranium dioxide 
recovered was due to 239Np, and the greater part of 
141Ce, 144Ce-144Pr and 140Ba-140La had remained in 
the carbon. However, the decontamination factor was 
still low, and in order to improve this, rechlorination-

Table 3. Recovery of uranium 

Feed Tube2-B Tube 3·B To\al 
UOag UOag wt% UOag wt ~~ UOsg wt% 

0.9922 0.7471 75.4 0.2419 24.4 0.9900 99.8 
1. 7223 1.3442 78.0 0.3733 21.7 1. 7175 99.7 
2.0102 1.6084 80.0 0.3786 18.8 1.9870 98.8 
2.5381 2.0436 80.5 0.4632 18.3 2.5068 98.8 
2.7053 2.2479 83.1 0.4195 15.5 2.6674 98.6 
3.0007 2.6950 89.8 0.3175 10.6 3.0125 100.4 
3.2955 2.6790 81.3 0.6138 18.6 3.2928 99.9 
3.3160 2.8919 87.2 0.3944 11.9 3.2863 99.1 
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Total flux: I x 1016 n/cm2 

fractional distillation was tried, using samples mixed 
with 2% of natural cerium dioxide powder. The 
results obtained are shown in Fig. 9. The decontamin
ation factor of 900 after the rechlorination-fractional 
distillation (Fig. 9) is higher than that in the previous 
case (Fig. 6). This is explained by the fact that 140Ba-
140La remained in the residual carbon and were not 
contained in the recovered uranium. 

SUMMARY 
On the basis of the above-mentioned results and 

discussiOn, the following conclusions were obtained: 
(a) Simple chlorination-fractional distillation did 

not completely separate fission products from uran
ium. By addition of natural cerium dioxide powder 
and repetition of the chlorination-fractional distilla
tion on the mixture, the decontamination factor was 
raised up to 900. 

(b) Uranium was recovered in the form of uranium 
dioxide powder by the application of an oxidation
reduction cyclic process. 

(c) Uranium recovery was improved to about 99% 
by absorption in a bed of sodium chloride. 

(d) When the chlorination-fractional distillation 
process was applied to irradiated uranium dicarbide, 
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Figure 10. y-ray spectrogram of irradiated uranium carbide after 
processed by the chlorination-fractional distillation 

T1: 600°C; T2: 250°C; Ta: Room temperature: cooling time: 
12 days 

carbon remained as solid residue and radioactive 
cerium, barium and lanthanum were retained therein. 
Application of this process to irradiated uranium 
dicarbide may be quite promising. 

(e) The chlorination-fractional distillation process 
should be conducted after cooling of 40--50 days to 
allow for the decay of as much as possible of the un
separable 239Np. 
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ABSTRACT-RESUME-AHHOTA~II1JI-RESUMEN 

A/798 Japon 

Traitement du bioxyde et du bicarbure 
d'uranium irradies par le precede de 
chloration-distillation 

parT. Ishihara et K. Hirano 

On presente !'etude faite sur le traitement par 
chloration-distillation de pastilles de bioxyde et de 
bicarbure d'uranium irradiees, en utilisant la difference 
des tensions de vapeur entre les chlorures d'uranium 
et les produits de fission. Par cyclage d'oxydo-reduc-

tion, on a recueilli les chlorures d'uranium condenses 
sous forme de bioxyde pulverulent. 

Les pastilles ont ete irradiees pendant une ou quatre 
semaines dans le reacteur JRR-1 par un flux integre de 
0,25 x JOl& ou 1 x 1016 njcm2, et utilisees pour les 
experiences apres decroissance pendant une a cinq 
semaines. Les pastilles de bioxyde ont ete chimique
ment pulverisees par un traitement cyclique d'oxyda
tion dans un courant d'air a environ 400 oc et de 
reduction dans un courant d'hydrogene a environ 
800 °C, tandis que les pastilles de bicarbure ont ete 
utilisees sans etre pulverisees. Comme reactif de 
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chloration, on a utilise le tetrachlorure de carbone so us 
forme de vapeur passant a travers d'un dispositif de 
tubes ~n quartz a diverses temperatures de chloration 
et de condensation. 

11 n'a pas ete possible de separer la plupart des 
produits de fission du bioxyde d'uranium irradie par 
un simple processus de chloration et de distillation 
fractionnee suivi de cycles d'oxydation et de reduction, 
et Ie facteur de decontamination etait a peu pres de 10 
pour les echantillons desactives pendant 40 jours. Les 
nucleides emetteurs gamma restant dans !'uranium 
recupere etaient surtout 141Ce, 144Ce et 239Np. Ce 
dernier se desintegre rapidement a cause de sa courte 
periode. Pour separer le cerium radioactif, on a ajoute 
du bioxyde de cerium nature) en poudre, en quantite 
egale a 2 % de celle du bioxyde d'uranium irradie, 
avant d'appliquer le procede de chloration et de dis
tillation suivi des cycles d'oxydation et de reduction. 
Le facteur de decontamination obtenu dans ce cas a 
atteint a peu pres 100 pour les echantillons desactives 
pendant 40 jours. On a repete ce meme processus a pres 
addition de bioxyde de cerium; le facteur de decon
tamination s'est eleve jusqu'a peu pres 400, avec un 
taux d'extraction de !'uranium depassant 97 %. 

Les pastilles de bicarbure d'uranium ont ete direc
tement chlorees sans pulverisation, et distillees fraction
nairement aussitot apres la chloration. Le carbone est 
reste solide, retenant la plus grande partie du cerium 
radioactif. Le facteur de decontamination obtenu etait 
a peu pres de 150 pour les echantillons desactives 
pendant 40 jours. Pour obtenir une meilleure decon
tamination, une deuxieme chloration-distillation frac
tionnee a ete effectuee apres addition de 2 % de 
bioxyde de cerium, suivie des cycles d'oxydation et de 
reduction, comme dans le cas du bioxyde d'uranium 
irradie. Le facteur de decontamination du bioxyde 
d'uranium recupere a atteint a peu pres 900. Plus de 
95 % de !'uranium a ete recupere. 
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nepepa60TKa XnOpHpoaaHHeM H AHC
THnnft1.4HeH o6nyLteHHbJX ABYOKHCH H AH
Kap6HAa ypaHa 
T. l-1wHxapa, K. XHpaHo 

llccJie,n;onaH rrpoqecc rrepepa6oTKH xJiopnpona

uneM 11: ,D;li:CTUJIJIHqHeK 06JiyqeHHblX Ta6JieTOK i-J;BY

OKHCH H ,D;HKap6n,n;a ypaHa c Te:M, qTo6LI orrpe,n;e

JIHTJ. B03MOmHOCTb HCIIOJib30BaHHH pa3HHI\hl 

,D;aBJieHHH rrapOB XJIOpH,D;OB ypaHa H rrpo,n;yKTOB 
,n;eJieHHH. RoH,n;eHcnponaHHble XJiopn,n;LI ypaHa 

H3BJieKaJIHCb B BH,D;e ITOpOIIIKa ,D;BYOKHCH rryTeM 

OKHCJIHTeJibHO-BOCCTaHOBHTeJibHOI'O qHKJia. 

Ta6JieTKH o6JiyqaJIHCL B peaKTope JRR-1 B Te

'JeHHe O,D;HOH HJIH qeTbipex He,n;eJib HHTerpaJibHbiM 

llOTOKOM 0,25 •1016 HJIH 1··f0l6 neurp/cM2, Bbi,D;ep

mHBaJIH B TeqeHHe OT O,D;HOH ,D;O IIHTH He,D;eJib ,D;JIH 

yMeHbiiieHHJI aKTHBHOCTH H aaTeM li:CIIOJib30BaJIU 

T. ISHIHARA and K. HIRANO 

,n;JIH ::mcrrepnMeHTOB. Ta6JieTKH na ,n;nyoKHCH rro,n;

nepraJin XHMnqecKoMy HaMeJibqeHHIO ,n;o rropomKo

o6paaHoro COCTOHHUH qepe,n;onaHHeM OKHCJieHHH 

B IIOTOKe B03,D;yXa IIpH TeMrrepaType OKOJIO 

400° C H BOCCTaHOBJieHHJI B IIOTOKe BO,D;Opo,n;a IlpH 

TeMrrepaType OKOJIO 800° C, Ta6JieTKU H3 ,D;HKap6H

,n;a HCIIOJib30BaJIH 6e3 li:3MeJibqeHHH B IIOpOillOK. 

B KaqecTBe peareHTa rrpoqecca XJiopnponaHHH 

CJiymHJI qeTblpeXXJIOpHCTbiH yrJiepo,n; B BH,D;e na

poB, rrporrycKaeMMX rrpn paaJinqHblX TeMrrepaTy

pax XJIOpHpOBaHHH H KOH,D;eHcaqH'll: qepea c6opKy, 

COCTOHiqyiO H3 KBapqeBbiX Tpy6oK. 

OT,n;eJIHTb 6oJILIIIHHCTBo rrpo,n;yKTOB ,n;eJieHn.ll oT 

o6JiyqeHHOH ,D;BYOKHCH ypaHa IIpOCTbiM MeTO,D;OM 

XJIOpHpOBaHHJI H <fJpaKqUOHHpOBaHHOH neperOHKII 

C IIOCJie,n;yiOiqHM OKHCJieHUeM H BOCCTaHOBJieHHeM 

He y,n;aJIOCb, Koa<fJ<fJnqHeHT oqHCTKH ( "() COCTaBHJI 

TOJibKO OKOJIO 10 ,D;JIJI TOIIJIHBa, Bhi,D;epmHBaeMOrO 

B TeqeHne 40 ,n;Heii. B pereHepnponaHHOM ypaHe 

ocTaJIHCb B OCHOBHOM naoTOIIbl Ce'141 Ce 144 n 

Np239, .IIBJIHIO~qneca j-HaJiyqaTeJIHMH. Np239 cpa

ay me pacrra,n;aeTCJI, TaK KaK HMeeT KOpOTKHH 

nepno,n; rroJiypacrra,n;a. AJia oT,n;eJieHHH pa,n;noaK

THBHoro qepHH ,n;o6aBJIHJIH rropomOK ,D;ByOKHCH ec

TeCTBeHHOfO qepHH B KOJIHqecTBe COCTaBJIJIIOiqeM 

2% ,D;BYOKHCH 06JIY'IeHHOfO ypaHa ,D;O XJIOpHpOBa

HHH H ,IJ;HCTUJIJIJI:qHH, IIOCJie qero CJie,D;OBaJI :qHKJI 

oKHCJieHn.JI n BoccTaHOBJieHH.II. B aToM cJiyqae 

Koa<fJ<fJnqHeHT oqHCTKH ,D;JIH TOIIJIHBa, Bbi,D;epmn

BaeMOfO B TeqeHHe 40 ,D;Heii, COCTaBJIHJI IIpHMepHO 

100. IIOBTOpH.II :lTOT rrpo:qecc C ,D;06aBJieHHeM ,D;By

OKHCH :qepH.II, y,D;aJIOCb ,D;OCTHqb Roa<fJ<fJn:qneHTa 
oqncTKH 400, rrpn aToM pereHepa:qn.ll ypaHa cocTa

BHJia 6oJiee 97%. 
XJiopnponaHue TaoJieToK na ;vmap6u~a ypana 

ocy~:qecTBJIHJIJf 6ea HaMeJII.qeHHH B nopoiiiOl{, rro

cJie xJiopnponaHHH cpaay me rrponano,n;nJIH <fJpaK

:qnoHHYIO rreperoHKy. OcTaBIIIHHCH HeJieTyqnii 

yrJiepo,n; y,n;epmnnaeT 6oJILIIIYIO qacTL :qepn.11. Ilo

JiyqeHHhiH Roa<fJ<fJnqneHT oqHCTKH COCTaBHJI 11pH-

6JIH3HTeJibHO 150 ,D;JIJI TOITJIHBa, Bbi,D;epmHBaeMoro 

B TeqeHne 40 ~Heii. AJia Jiyqmeii oqncTKH rrpona

BO,D;HJIH ITOBTOpHoe XJIOpHpOBaHHe H <fJpaK:qHOHHpO

BaHHYIO neperoHKY C IIOCJie,D;yiOiqHM OKHCJieHHeM 
U BOCCTaHOBJieHHeM, KaK H B CJiyqae C o6JiyqeH

HOii ,n;nyoKHCLIO ypaHa. Roa<fJqln:qneHT oqHCTKH 

pereHepnponaHHOH ,n;nyoKHCH ypaHa cocTannJI 

oHoJio 900. PereHepnpoBaHo ooJiee 95% ypaHa. 

A/798 Jap6n 

Tratamiento por cloraci6n-destilaci6n del 
di6xido de uranio y del dicarburo de 
uranio irradiados 

porT. Ishihara y K. Hirano 

Se ha estudiado el tratamiento por cloraci6n
destilaci6n de pastillas irradiadas de di6xido de uranio 
y de dicarburo de uranio, con la finalidad de aprove
char la diferencia entre las tensiones de vapor de los 
cloruros de uranio y de los productos de fisi6n. Los 
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cloruros de uranio condensados se recuperaron en 
forma de di6xido en polvo sometiendolos a oxidaci6n
reducci6n. 

Las pastillas se irradiaron durante 1 a 4 semanas en 
el reactor JRR-1 con un flujo integrado de 0,25 x 
1016 6 1 x 1Ql6 njcm2, y se utilizaron en el experimento 
despues de dejar que la radiactividad disminuyese 
durante un periodo que oscil6 entre 1 y 5 semanas. 
Las pastillas de di6xido se pulverizaron quimicamente 
sometiendolas a ciclos alternados de oxidaci6n en 
corriente de aire a unos 400 oc, y de reducci6n en 
corriente de hidr6geno a unos 800°C, mientras que las 
pastillas de dicarburo se utilizaron sin pulverizar. 
Como agente de cloraci6n se utiliz6 el tetracloruro de 
carbono en forma de corriente de vapor que circulaba 
por un tubo de cuarzo a temperaturas variables. 

No fue posible separar suficientemente los productos 
de fisi6n del di6xido de uranio irradiado en una sola 
operaci6n de cloraci6n-destilaci6n fraccionada, se
guida de ciclos de, oxidaci6n-reducci6n, y el factor de 
descontaminaci6n solo fue de 10, aproximadamente, 
en el caso del combustible que se dej6 enfriar durante 
40 dias. Los nuclidos emisores gamma remanentes en 
el uranio recuperado fueron principalmente el 141Ce, 
el 144Ce y el 239Np, este ultimo de periodo corto. A fin 
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de separar el cerio radiactivo, se aiiadi6 di6xodo de 
cerio natural en polvo en proporci6n correspondiente 
al 2 % del di6xido de uranio irradiado antes de Ia 
cloraci6n-destilaci6n, a lo que sigui6 e1 ciclo de 
oxidaci6n-reducci6n. El factor de descontaminaci6n 
que se obtuvo en este caso fue de 100, aproximada
mente, con combustible que se dej6 enfriar durante 
40 dias. AI repetir este proceso con adici6n de di6xido 
de cerio, el factor de descontaminaci6n se elev6 a 400, 
aproximadamente, recuperandose mas del 97 % del 
uranio. 

Las pastillas de dicarburo de uranio se cloraron 
directamente sin pulverizaci6n previa, procediendose 
a una destilaci6n fraccionada inmediatamente despues 
de Ia cloraci6n. El carbono no volatilizado retuvo Ia 
mayor parte del cerio. El factor de descontaminaci6n 
obtenido fue 'de 150, aproximadamente, con com
bustible enfriado durante 40 dias. Para obtener una 
mayor descontaminaci6n, se efectu6 una segunda 
cloraci6n-destilaci6n fraccionada despues de aiiadir 
2 % de di6xido de cerio, seguida del ciclo de oxida
ci6n-reducci6n, como en el caso del di6xido de uranio. 
El factor de descontaminaci6n del di6xido de uranio 
asi obtenido fue de 900, aproximadamente, recobran
dose mas del 95% del uranio. 
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Progres recents de Ia separation des produits de fission* 

par A. Raggenbass** 

Au cours des dernieres annees, les possibilites 
d'utilisation des grandes quantites de produits de 
fission provenant des reacteurs de toutes sortes se sont 
considerablement accrues en grande partie grace aux 
perspectives offertes dans deux domaines: l'irradiation, 
principalement des produits alimentaires, et le 
gen erateur isotopique d' electricite. 

Dans l'un et l'autre cas, pour que le cesium 137 soit 
competitif par exemple avec le cobalt ou que le 
generateur soit competitif avec d'autres methodes de 
production d'electricite, il est necessaire de fournir des 
produits de fission a un prix tres bas. Ceci impose des 
methodes de separation particulierement simples et 
faciles a mettre en ceuvre en telecommande ou 
telemanipulation. 

Les efforts de recherche que no us effectuons 
actuellement tendent vers ce but. 

RECUPERATION DE CESIUM 137 

A partir de solutions provenant d'uranium non allie*** 
La recuperation du cesium a fait l'objet de travaux 

continus depuis quelques annees. Nous avions 
presente lors de la derniere conference de Geneve [1] 
une methode de recuperation basee sur la precipita
tion du cesium par l'acide phosphotungstique. 
Succinctement, le cesium etait precipite sous forme de 
phosphotungstate; ce1ui-ci, decompose par la baryte, 
donnait un melange d'hydroxydes de cesium, baryum 
(en exces) et d'ammonium, ce dernier etant chasse par 
distillation. 

On se debarrassait de I' ion baryum par precipitation 
a l'acide sulfurique ou a l'acide carbonique, la 
premiere methode fournissant un sulfate de cesium, 1a 
seconde un carbonate de cesium. La premiere methode 
a ete experimentee dans un appareil pilote a Saclay et 
a fourni de far.;on reguliere un sulfate de cesium tout a 
fait satisfaisant. 

Dans le cadre du contrat signe avec EURATOM, 
nous avons experimente la seconde methode au 
niveau semi-industriel en utilisant un pilote disposant 
d'une centrifugeuse de 100 I de capacite. La methode 
s'est revelee tout a fait adaptable a cette echelle, mais 
malgre tout relativement exigeante en equipement, 
puisqu'elle necessite deux centrifugeuses pendulaires 

* Travaux effectues dans le cadre du contrat 025-62-10-RISF 
entre le CEA et !'EURATOM. 

** Commissariat a l'energie atomique. 
*** Recherches effectuees parR. Sauvagnac et J.P. Meunier. 

qui, dans le procede, sont separees par un distillateur 
destine a eliminer !'ammonium present. 

Le principal progres resultant de }'exploitation de ce 
pilote a decoule de la constatation qu'il etait possible, 
en aerant de far.;on convenable l'interieur de la 
centrifugeuse, de chasser quantitativement l'ammo
nium present dans la solution par 1' evaporation 
resultant de la centrifugation. 

Apres avoir verifie que l'on pouvait precipiter le 
carbonate de baryum en presence d'un precipite de 
phosphate et de tungstate de baryum, il a ete possible 
d'effectuer toutes les operations dans une seule 
centrifugeuse avec un minimum de transfert. 

A partir de solutions provenant d'elements en alliage 
u rani u m-molybdene**** 

Les reacteurs de puissance construits par EDF ont 
ete conr.;us pour utiliser des alliages a 0,5 et I % de 
molybdene, alliages supportant mieux les taux de 
combustion eleves que l'uranium naturel. 

Ce molybdene se retrouve dans les solutions de 
produits de fission et interdit toute concentration 
importante en precipitant sous forme d'acide molyb
dique. 

La complexation de ce molybdene par le fer avait 
ete preconisee a Geneve, en 1958 [2]. Cette com
plexation permettait d'atteindre, apres concentration, 
des teneurs en molybdene finales de l'ordre de 20 gjl 
pour une teneur en fer finale de 28 g/1. Malheureuse
ment, elle interdisait toute recuperation ulterieure du 
strontium en presence d'une telle quantite de fer 
ferrique en solution. 

Nous avons preconise la complexation du molyb
dene present en solution par l'acide phosphorique 
pour former l'ion phospho 12 molybdique stable en 
milieu acide; cet ion a une solubilite qui permet d'aller 
jusqu'a 100 g de molybdene par litre de solution 
finale sans risque de precipitation. Mais deux ions 
radioactifs presents precipitent a) le cesium, qui 
donne un phosphomolybdate de cesium; b) 1e 
zirconium, qui donne un phosphate de zirconium. Sur 
ce precipite separe un traitement alcalin permet de 
separer le cesium du zirconium, de dernier restant 
precipite sous forme de zircone. Ce qui donne le 
schema de traitement no 1 (fig. 1). , 

Le rendement total de I' operation (95 %) en cesium 
est favorable, a condition de rajouter du reactif a 

**** Recherches effectuees par J. Lefevre et C. Aubertin. 
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PMo Cs* pr4ieip•te 
Suspenston PO 4 Zr• prtic1p1te 

Solution de PF 

P/100 

!>olution de PF 

Melange des 2 prK1pit8s + NaOH 

Lavages 

I 
P04H Na2 

Solution aleohne Mo04Na2 
CsOH 

Solut1on surnageonte 

*Symbolise le phosphomolybdate de c8s1um 
*"'Symbol1se le phosphate de zirconium 

Figure 1. Schema de traitement des solutions de produits de 
fission contenant du molybdene 

l'etape de reprecipitation du phosphomolybdate de 
cesium. On peut d'ailleurs ajouter indifferemment 
acide phosphotungstique ou acide phosphomolyb
dique. 

Nous obtenons, avec cette methode, un cesium 
aussi pur qu'avec Ia premiere methode avec moins de 
5 X 10-4 % du cerium 144 initial et moins de 
5 X 10-a% du strontium 90 initial. 

II est done possible d'effectuer dans de bonnes 
conditions Ia recuperation du cesium a partir de 
solutions provenant d'alliage uranium-molybdene. Le 
seul inconvenient est Ia presence de certaines quantites 
de cesium 137 dans certains types d'effiuents. Sa teneur 
peut etre eventuellement diminuee par fixation sur une 
colonne de phosphate de zirconium. 

Par echange d'ions* 

La mise en evidence des proprietes d'echange des 
sels d'heteropolyacides a ete effectuee il y a plusieurs 
annees [3]; malheureusement, Ia nature physique 
(granulometrie tres fine, precipite tres collant) interdit 
toute utilisation en echangeur a lit fixe. Pourtant, Ia 
possibilite d'utiliser cet echangeur, qui est selectif et 
qui fonctionne en milieu tres acide, etait tres sedui
sante car il pouvait fournir, a coup sur, un procede tres 
economique. 

Des tentatives ont ete faites de melanger un phos
photungstate ou un phosphomolybdate a de l'amiante 
[4], ce qui imposait Ia redissolution de l'echangeur ou, 

* Recherches effectuees par J. Lefevre et J. Prospert. 
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encore, de faire cristalliser le sel dans des conditions 
telles que les cristaux soient plus gros [5]. 

L'etude parallele que nous menons sur le phosphate 
de zirconium no us a suggere une autre voie: em
prisonner un sel d'heteropolyacide, par exemple du 
phosphotungstate d'ammonium dans du phosphate de 
zirconium en precipitant le phosphate dans une 
suspension de phosphotungstate. 

Les etudes qui ont ete effectuees ont montre: 
a) que le phosphate etait capable d'emprisonner 

jusqu'a 20% de son poids en phosphotung
state tout en gardant des proprietes meca
niques voisines de celles du phosphate de 
zirconium; 

b) que cet echangeur mixte fonctionnait bien en 
milieu tres acide en fixant selectivement le 
cesium; 

c) que sa capacite, dans les conditions fixees ci 
dessus, etait de l'ordre de 0,1 meq/g 
d' echangeur; 

d) qu'il etait possible d'eluer le cesium fixe par 
une solution neutre d'un sel d'ammonium, les 
conditions d'elution variant avec !'anion 
considere; 

e) que I' elution effectuee, l'echangeur se trouvait 
pratiquement regenere et apte a servir de 
nouveau; 

f) que, apres lavages appropries, le cesium fixe 
se trouvait chimiquement et radiochimi
quement pur. 

Un schema tres simple de traitement peut done 
decouler des resultats ci-dessus en utilisant, comme 
eluant du cesium, un sel organique d'ammonium 
comme le formiate ou !'acetate (fig. 2). On obtient 

Solution PF 

Solution PF sons c6s1um 

Elution par le formiote d1ommonJUm 5M 

Eehangeur mixte Phosphate de zircon1um 

Concentration 
et destruction 

du form1ote 

Carbonate de c•sium 

Phosphotungstate d1ammon1um 

Figure 2. Schema de traitement des solutions de produits de 
fission par echange d'ions 
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PF 

Na citrate 
NaOH jusqu'a pH 2 

~ 
0,30M HD2EHP 
0, 15M TBP 
Dodecane 

l
PF ajustee a pH2 dont: 
10 g/1 Mg - 100% 

0,1 g/1 Sr - 100% 
0,3g/l Ce-100% 

EXTRACTION DES 
TERRES RARES 

(4 etages) 

Na OH jusqu'a pH 6 

REEXTRACTION DES 
TERRES RARES 

(4 etages) 
Vers traitement de 
recycl age du sol van! 

Terres rares Ce > 99•9 % 
J-_:.,;:;.:.=..=,.;.:::_:;;_--eol Sr ~ 1 % 

Mp 1% 

[

PF doni: 
Mg- 99,0 % 
Sr - 99,0 % 
Ce< 0,1 % 

0,3 M Na D2EHP 
0, 15M TBP 
Dodecane 

0,2M HD2EHP 
0, 1M Na D2EHP 
0,15M TBP 

Dodecane 

EXTRACTION DU 
MAGNESIUM 

(2 elages) 

110 
[

PF doni: 
Mg- 24,0% 
Sr - 96,0% 
Ce < 0,1% 

EXTRACTION DU 
STRONTIUM 

(4 etages] 

PF traites 

REEXTRACTION DU 
MAGNESIUM 

(1 etage) 
Vers Ira itement de 
recyclage du solvant 

~--------~Mg7S% 
Sr 3 % 

REEXTRACTION DU 
STRONTIUM 

V ers trai Iemen! de 
recycl age du so I van! 

Vers purification 

finale 

Sr 96% 
Mg 24% 
Ce< 0,1% 

Figure 3. Schema de recuperation du strontium 90 et des terres rares 

ainsi de fa.;:on tn!s simple un sel directement in-
corporable dans des verres. · 

De plus, en utilisant trois colonnes, l'une en fixation, 
la seconde en lavage, la troisieme en elution, nous 
disposons d'une installation a fonctionnement continu. 

Entin, les essais de tenue du materiau au rayonne
ment ont montre que l'on pouvait laisser l'echangeur 
sature de cesium 137 durant plusieurs mois sans qu'il 
perde ses proprietes, ce qui permet: 

a) d'envisager une fixation pour un eventuel 
transport de cesium d'un centre a un autre 
centre nucleaire dans des conditions de 
securite satisfaisantes; 

b) peut-etre, d'envisager un stockage a loni 
terme sur le meme echangeur. 

II est bon, enfin, de signaler que l'on peut laisser 
aussi peu de cesium 137 que l'on veut dans les solu
tions de produits de fission traitees et qu'un facteur de 
decontamination de 10 4 est aise a obtenir avec cet 
echangeur. 

RECUPERATION DU STRONTIUM 90 ET DES 
TERRES RARES* 

Le procede que nous etudions pour la recuperation 

* Recherches effectuees par J. Lefevre et G. Galaud. 



SESSION 2.7 P/100 

du strontium 90 et des terres rares est avant tout 
conditionne par la presence de fortes quantites de 
magnesium dans nos solutions de produits de fission. 

Nous avons adopte l'acide di-2-ethyl-hexyl-phos
phorique (HD2EHP) comme extractant, utilise en 
proportions variables avec le sel sodique suivant les 
extractions. Le diluapt est du n-dodecane auquel on 
ajoute du tributyl phosphate (TBP) pour eviter 
]'apparition d'une troisieme phase. 

Le schema de traitement actuellement retenu est 
presente sur la fig. 3. 

Nous avons ete amenes a placer en tete du procede 
!'extraction des terres rares pour profiter de l'inde
pendance de cette extraction vis-a-vis du magnesium. 
Nous pouvons ainsi separer toutes les terres rares dans 
un appareil de faible volume pour un domaine de 
concentration du magnesium dans la solution initiale 
de produits de fission allant de 0 a 60 gjl. Pour cette 
gamme de concentrations de magnesium, le facteur de 
decontamination en cesium reste toujours superieur a 
1000. 

En conservant l'objectif de souplesse maximale du 
procede et d'economie (reduction du volume des 
installations), nous avons etudie une etape prelimi
naire a !'extraction du strontium permettant de 
separer preferentiellement un fort pourcentage de 
magnesium. Ce resultat est atteint d'une part en 
portant la solution de produits de fission a pH 6, zone 
oil la difference entre les coefficients de partage du 
magnesium et du strontium est la plus forte et, 
d'autre part, en ajustant le rapport des phases de 
maniere 3 saturer en magnesium la phase organique. 

En milieu dodecane, 75% du magnesium sont ainsi 
separes pour une contamination par 3% du strontium 
initial, cette separation pouvant etre amelioree en 
utilisant le toluene comme diluant. 

Cette operation est realisee dans une batterie de 
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faible dimension (2 etages) et pour une faible dilution 
de la solution de produits de fission. 

Cette extraction peut egalement jouer le role de 
filtre a magnesium dans le cas ou les teneurs de cet 
element deviendraient tres elevees (30 a 60 g/1). 

L'etape suivante est !'extraction classique du 
strontium a pH = 4, mais le strontium ainsi recupere 
est encore impur et doit subir une purification finale 
que nous etudions par plusieurs voies: precipitation 
des hydroxydes ou des sulfates, separation sur 
echangeurs d'ions mineraux. ' 

Le rendement global de J'operation jusqu'a la 
preparation du titanate de strontium est de 95% 
lorsque nous avons 15 gjl de magnesium initial et que 
Ia purification finale du strontium est realisee par 
precipitation des hydroxydes et a !'aide de carbonate 
d'ammonium au stade final (titanate). 

La purete chimique du strontium obtenu dans ces 
conditions est satisfaisante, les rapports moieculaires 
etant Sr/Mg > 10 et SrjCa > 10. 
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ABSTRACT-RESUME-AHHOTALU,UI-RESUMEN 

Recent progress in fission product 
separation 

By A. Raggenbass 

Separation of caesium-137 

A/1 00 France 

Successful experiments have been done by the 
method described at Geneva in 1958 and the process 
has been considerably improved: 

(a) Initially, the caesium phosphotungstate precipi
tate was leached by barium hydroxide in a centrifuge 
and this was followed by a distillation of ammonia in 
a concentrator. The barium hydroxide was then 
eliminated by carbonate precipitation and centrifuga
tion. It has been proved that the ammonia distillation 
could be replaced by evaporation during centrifuging, 
thus eliminating the need of a concentrator. It was then 
possible to carry out the carbonation on the solid-

liquid mixture produced by the baryta water leaching. 
(b) In applying the above process to the treatment of 

solutions derived from uranium-molybdenum fuels, 
concentration is recommended to hold the molyb
denum in solution by complexing it with phosphoric 
acid. This complexing process provides a suspension of 
zirconium phosphate and ammonium phosphotung
state. These are separated by passing into a basic 
medium which precipitates the zirconium oxide and 
then reacidifying; the end of the treatment remains 
unchanged. 

(c) Studies carried out in several countries on the 
exchange properties of heteropolyacid salts have al
ways met with difficulties as a result of the poor 
mechanical properties of these substances. This diffi
culty has been overcome by wrapping the ammonium 
phosphotungstate in a zirconium phosphate matrix. 

The exchanger obtained possesses satisfactory 
mechanical properties and a capacity of 0.1 milli-
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equivalent per gram in concentrated nitric acid solu
tion. 

It can be eluted and regenerated by a solution of an 
ammonium salt. 

Separation of strontium-90 and rare earths 

The procedure for recovery of these fission products 
is briefly the following: extraction of rare earths by 
di-2-(ethylhexyl)phosphoric acid into dodecane at 
pH 2, the chemical impurities being complexed by 
citric acid; extraction of most of the magnesium at 
pH 4 by the same solvent, which is saturated with 
magnesium to avoid as far as possible the extraction 
of strontium; and extraction of strontium at pH 4. 

A/100 lllpaHL\HA 

HoeeAwHe AOCTHmeHHH e o6nacTH 
pasAelleHHH npoAyKTOB AeneHHH 

A. ParreH6ac 

OmrcauubiH MeTo~, o KoTopoM yrroMnuaJIOCL ua 
BTopoii MemAyuapo~uoii Kou<flepeHQHH rro MHpuo
MY ncnoJI~>aosauHIO aToMuoii aueprHH B 7-.Keuese 
B 1958 roAy, c ycrrexoM 61>IJI rrposepeu ua OIIhiTe. 
B aToT cnoco6 61>IJIH sueceuhi cyiQeCTBeHHhH' 
yJiyqiiiCHHH: 

a) CuaqaJia oca~ol\ <floc<flop-BOJib<flpaMaTa Q!'
anH BhiiQeJiaqnsaiOT rn~paTOM ormcu GapHH n 
QCHTpH<flyre C IIOCJie~yiOIQeH ,ll;HCTHJIJIH:U,HCH aM
MHaKOM B 1\0HQCTpaTopax. 3aTeM fH,ll;paT 01\HCM 
6apHH y,ll;aJIHIOT Kap6ouaTHbiM OCaffi)l;CHHCM H QCU
TpH<flyrHpoBaHHCM. 

,ll;ol\aaauo, 'ITO ~HCTHJIJIHQHIO aMMHilKa MOffiHO 
aaMCHHTh BbiiiapHBaHHCM BO BpeMH QCHTpH<flY"f'J1-
IJOBaHHH, B JTOM CJiyqae KOHQCIITpaTop OKa3hl
BaCTCH HCHyffillhiM. 3aTeM OI\aaaJIOCh B03MOffiHhJM 
oCYII\eCTBHTh Hap6ouaTuyro o6paooTKY cMecu 
TBCpAbiX H :IJUIAI\HX BCIQCCTB, IIOJiyqeuuoii: B pe
ayJibTaTe BhliQCJiaqJIBaHHJI BO,ll;Oii OKHCH 6apHH. 

b) ,lJ;JIH TOfO qTo6bi npHMCHHTh BbiiiiCYI\a3aH
HhlH cnoco6 K o6pa60TI\C paCTBOpOB, IIOJiyqaeMhiX 
113 ypaii-MOJIH6;J;CIIOBOfO TOilJIHBa, aBTOp peKOMCH
;J;OBaJI CIIOC06 KOHQCHTpHpOBaU:HH, IlpH I{OTOpOM 
MOJIH6,ll;CH coxpaHHCTCH B paCTBope aa cqeT KO:U
IIJICI\C006pa30BaHHH C <floc<flopuoil KHCJIOTOH. 

B peayJihTaTe aToro rroJiyqaeTCH cycrrenaun <floc
if>aTa QHpKOHHJI H <floc<flop-BOJIL<flpaMaTa aMMOHifJI. 
PaaAeJieuue rrpoucxo,ll;HT B IQeJioquoii cpe,ll;e, B KO
Topoii OCam~aeTCJI OKHCb 1\IIPI\OHIIJI, 3aTCM OHH 
rrepCBOAHTCH B 1\lfCJIYIO cpe~y; IIOCJIC,!\OBaTCJih
HOCTh OIIepaQnii OCTaCTCH 6ea lf3MCHCH1fl(. 

c) J1ccJie,ll;oBaHIIH o6MCHHbiX CBOHCTB COJICH re
TCpOIIOJilfKIICJIOT 6biJilf IIpOBC,ll;CHbl B HCCI\OJibKIIX 
CTpauax, H rrpn aTOM BCCf,!\a CTaJIKHBaJIHCh C IIJIO
XHMH MexaHIPieCKIIMH CBOHCTBaMII 3TIIX npo~yK
TOB. ::hy TPYAIIOCTb Momuo upeo)l;oJICTb BBC)l;eun-

A. RAGGENBASS 

OM <flocl{lOJl-BOJIL<~paMaTa aMMOHHJI B ?.taTpHQY H3 
!{loc<flaTa :U,HpKOHIIJI. 

CKoucTpynpoaauubiii o6MeliHHK o6JiaAaeT BIIOJI
ne YAOBJICTBOpHTCJILHLIMH MexaunqeCKIIMII CBOii
CTBaMU, H ero 06'LCM B CPCAC, COACpmaiQe:ii KOH-
1\<'HTpHpOBaHHYIO aaOTHYIO KHCJIOTy, COCTaBJIJICT 
0,1 Ma"Bie. :3JIIOHpoaaune H pereuepnpoaanne o6-
MCHHHKa ocyiQCCTBnJIIOTCJI paCTBOpOM COJICH aM
MOHHH. 

Pa3AeneHHe Sr00 H peAK03eMenbH~X 
3fl6M6HTOB 

CxeMa nasJieqennn paaJIII'IHbiX npof'YKTOB ~e
JieHHH BRpaTQC CJIC,ll;YIOIQaH: 

- 3RCTpaRQHH pC,ll;K03CMCJihllhiX 3JI('M('HTOB ,ll;U-
2-aTIIJireRCJfJI<floc<l>opHOil KHCJIOToi.j B ,ll;OJ(CRH
HC npu pH = 2, rrpn aToM xnMnqecime rrpn
Mecn aaKOMnJJCRCOBLIBaiOTCJI JIIIMOHHOii RHC
JJOTOU; 

- :mcTpaRI(JIH 6oJibiUeii •IacTn MarnnH npu 
pH = 4 T('M me CaMbiM paCTBOpnTPJieM, rrp11 
3TOM paCTBOpiiTl'Jib llaChiiQaeTCH Mai'HHPM, 
1{T06hi Mal\CHMaJihHO HOIHflllfTJ. 3f{CT}Hli\Qlll0 
CTpOHQIIH; 

- 11'3BJI(''I('HIH! CTpOlll~IIJf 11p11 pH= 4. 

A/1 00 Francia 

Recientes progresos en Ia separaci6n de 
productos de fisi6n 

por A. Raggenbass 

Separaci6n del cesio-137 

Despues de ensayar con exito el metodo descrito en 
Ginebra en 1958, se introdujeron importantes mejoras 
en el mismo: 

a) Inicialmente, despues de prt>cipitar el cesio con 
fosfovolframato, se trataba con barita en centrifuga
dora y se destilaba el amoniaco en un concentrador. 
Luego, el hidr6xido de bario se eliminaba por precipi
taci6n con anhidrido carbonico, seguida por una 
centrifugaci6n. Se comprob6 que la destilaci6n del 
amoniaco puede reemplazarse por una evaporaci6n 
durante la centrifugaci6n, con lo que se evita el empleo 
del concentrador. Ademas, se pudo efectuar la car
bonataci6n en la mezcla s6lido-liquido obtenida por 
el ataque con barita. 

b) Para aplicar el procedimiento descrito al trata
miento de soluciones procedentes de los combustibles 
de uranio-molibdeno, el autor ha recomendado una 
operaci6n de concentraci6n que permite mantener el 
molibdeno en soluci6n, por formaci6n de un complejo 
con el acido fosf6rico. La formaci6n del complejo 
origina una suspension de fosfato de circonio y de 
fosfovolframato de amonio que se separan en medio 
alcalino, con lo cual precipita Ia circona y luego se 
vuelve a acidificar el medio, sin alterar el resto del 
tratamiento. 

c) En los estudios efectuados en diversos paises 
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acerca de las propiedades de intercambio de las sales 
de los heteropoliacidos, se ha tropezado siempre con el 
obstaculo que suponen las deficientes propiedades 
mecanicas de los productos. Se ha Jogrado salvar esta 
dificultad incorporando el fosfovolframato de amonio 
en una matriz de fosfato de circonio. 

El agente intercambiador obtenido de esta manera 
posee propiedades mecanicas satisfactorias y una 
capacidad de 0,1 miliequivalente en medio de acido 
nitrico concentrado. 

El mismo se puede separar por eluci6n y regenerar 
mediante una soluci6n de sal de amonio. 
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Separaci6n del estroncio-90 y de las tierras raras 

A continuaci6n se describe sucintamente el esquema 
de recuperaci6n de estos distintos productos de fisi6n: 
extracci6n de las tierras raras mediante el acido di-2-
etil hexil fosf6rico-dodecano, a pH 2, separandose las 
impurezas quimicas por formaci6n de complejos con 
el acido citrico; extracci6n de Ia mayor parte del 
magnesio, con el mismo solvente, a pH 4, empleandose 
el solvente saturado de magnesio a fin de evitar en Ia 
medida de lo posible Ia extracci6n de estroncio, y 
extracci6n del estroncio a pH 4. 
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Large-scale fission product recovery 

By R. E. Tomlinson, B. F. Judson and L. L. Zahn* 

Since 1946, the Oak Ridge National Laboratory 
has been isolating and purifying radioisotopes and 
making them available to other organizations for 
development and industrial purposes [1]. Through 
December 1963, a total of 2.4 megacuries of more than 
100 different isotope preparations have been shipped 
under this program. In recent years, the demand for 
a few of the fission products has increased sharply, and 
the recovery of these isotopes has been initiated at 
other sites. 

A wide variety of potential uses for separated fission 
products has now been identified. Radioactive decay 
produces heat which can be used to produce electrical 
power in remote areas; strontium-90, cesium-137, 
cerium-144, and promethium-147 are either in use or 
are being seriously considered for use in this way. 
Cesium-137 is being used in teletherapy and industrial 
X-ray equipment. Both cesium-137 and zirconium
niobium-95 are being considered for use in the gamma 
irradiation of foods and other materials. Krypton-85 
and promethium-147 are being evaluated for low 
intensity illumination applications, and a promising 
prototype light-weight X-ray system has been con
constructed using promethium-147 as the radiation 
source. 

The purposes of this paper are to summarize the 
technologies available for the isolation and purifica
tion of some of the fission products of interest, to des
cribe briefly the large-scale production activities, and 
to indicate some of the plans being implemented to 
provide increased capability for recovering selected 
isotopes. 

PROCESS TECHNOLOGY 

Major strides have been made during the last six 
years in the development of processes for the isolation 
and purification of four fission products in which there 
is now substantial interest, namely strontium-90, 
cesium-137, cerium-144, and promethium-147. Tech
nologies have also been developed for the recovery of 
some other isotopes in which there is a somewhat 
smaller interest, e.g., krypton-85, xenon, zirconium
niobium-95, and technetium-99. Early recovery 
methods were based primarily on selective precipita
tion techniques. More recent process developments 
have emphasized the use of solvent extraction and ion 

* Hanford Atomic Products Operation, General Electric 
Company, Richland, Washington. 

exchange as means of separating and purifying the 
radioisotopes. Major technical advances include the 
discovery ·of selective extractants for cesium, the 
development of organic phosphates as cation extract
ants, and the use of aqueous-phase complexants to 
minimize the extraction of undesired cations. 

Strontium, cerium, promethium and zirconium 

Some of the processes available for the recovery of 
strontium-90, cerium-144, and promethium-147 are 
summarized in Table 1. These three fission products 
can be recovered together from Purex acid wastes and 
subsequently separated for purification. Strontium-90 
can also be recovered from the precipitated salts in the 
stored alkaline wastes. 

Precipitation, using lead sulfate as a carrier and 
tartaric or glycolic acid as a complexant for iron and 
other metals, is now being used to separate strontium, 
cerium, and rare earths from Purex acid wastes [2]. 
Strontium is separated from cerium and the rare earths 
by carbonate metathesis and dissolution in nitric acid, 
followed by oxalate precipitation. Product recovery 
averages about 70 %; less than 5 % of the other fission 
products remain with the isolated products. 

Solvent extraction, using di(2-ethylhexyl)phosphoric 
acid (D2EHPA) phase-stabilized with tributylphos
phate in a kerosene-type diluent, is a highly versatile 
process for isolating and purifying strontium, cerium, 
rare earths, and zirconium-niobium [3]. Strontium, 
cerium and rare earths may be co-extracted from 
Purex acid wastes; strontium can be selectively strip
ped into dilute nitric acid permitting a relatively 
pure cerium-rare earth fraction to be stripped into a 
stronger acid solution [4]. If cerium is oxidized with 
permanganate [5] or silver-catalyzed persulfate [6) and 
co-extracted into D2EHP A solvent with rare earths, 
the rare earths can be selectively stripped into dilute 
nitric acid, leaving the tetravalent cerium in the sol
vent. Alternatively, a complexant such as ethylene
diamine tetraacetic acid or citric acid may be used to 
suppress the extraction of iron, aluminum, cerium, 
and rare earths, permitting strontium to be selectively 
removed from Purex acid waste [7]; by similar tech
niques, isolated strontium can be highly purified from 
calcium [8] as well as other ions. These techniques 
have produced strontium containing less than 5% by 
weight of metallic impurities and less than I0-4 per 
cent by beta emission from radioisotopes other than 
strontium [7]. 
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Table 1. Processes for recovering strontium, cerium, and promethium from acid media 

Operation Method• Reagent Statusb 

Sr, Ce, RE" removal PPT Sulfate p 
from Purex acid waste SE D2EHPAa p 

Sr separation from Ce and PPT Oxalate p 
rare earths SE D2EHPA p 

IX Cation exchanger L 

Ce separation from SE D2EHPA D 
rare earths 

PPT Peroxyacetate D 

Pm separation from SE Tributylphosphate L 
rare earths SE D2EHPA L 

IX Cation exchanger L 

• PPT denotes precipitation: SE, solvent extractiOn; IX, ion 
exchange; D2EHPA, d1(2-ethylhexyl)phosphoric acid; RE de
notes rare earths, includmg promethmm. 

The separation of promethium from the other 
trivalent rare earths can be partially accomplished by 
solvent extraction using pure tributylphosphate [9, 1 0] 
or D2EHPA [II] as the solvent. Chromatographic ion 
exchange, using organic cation resins, is effective in 
fractionizing the rare earths [12]. Ethylenediamine 
tetraacetic acid, N-hydroxyethylenediamine triacetic 
acid, and diethylenetriamine pentaacetic acid are 
effective as chelating agents for progressive elution; 
inert yttrium, aluminum, zinc or hydrogen may be 
used as a band restraining ion. Product purities of 
greater than 99 % promethium have been obtained. 

Cesium 

Several processes which are available to separate 
cesium from radioactive wastes are summarized in 
Table 2. Some of the natural and synthetic zeolites, 
particularly the aluminosilicates, selectively adsorb 
cesium from either acid or alkaline solutions [13]; a 
synthetic zeolite is now being used to extract cesium 
with high yield from aged Purex waste. The cesium is 
eluted from the zeolite with ammonium ion; if 
ammonium carbonate is used, the elutriant can be 

References 

[2) 
[3,4, 7,18, 19) 

[2) 
[3,4,7,18,19) 
[28) 

[3,5, 7) 

[29) 

[9,!0) 
[11) 
[12) 

Remarks 

PbS04 carrier; metathesize with Na2COa 
Extract at pH 4-5 

Selectively strip Sr from solvent 
Use to purify Sr 

Selectively strip RE, leaving Ce1V in 
solvent 

Precipitate at pH 4 

Extract with I 00 % TBP 

Chromatographically elute, using 
chelating and restraining ions 

" P denotes extensive use in product1on activities; D, demonstration 
in production plant eqmpment: L, demonstration in laboratory 
equipment. 

destroyed by heating the solution, leaving a relatively 
pure solution of cesium carbonate [14]. Cesium 
recoveries of99% and a cesium-sodium decontamina
tion factor of 1 000 are obtained in a single cycle. 

Selective precipitants such as nickel ferrocyanide 
[15] and phospho-tungstic acid [16] have been 
successfully tested in production plant equipment for 
isolating cesium from alkaline and acid wastes, res
pectively, with yields greater than 95 %. Fractional 
crystallization of cesium aluminum sulfate is being 
used as a means of purifying and concentrating cesium 
[1]. The process gives a very pure cesium product in 
high yield. 

Substituted phenols, such as 4-s-butyl-2-(a-methyl
benzyl) phenol (BAMBP), show considerable promise 
as solvent extractants for cesium from alkaline solu
tions; cesium is readily stripped from the solvent with 
dilute nitric acid [17]. Cesium recoveries of greater 
than 99 % with cesium/sodium decontamination fac
tors of several thousand are obtained in a single 
cycle [3]. When BAMBP is combined with D2EHPA, 
a synergistic effect enables the co-extraction of cesium 
with strontium and the rare earths from slightly acid 

Table 2. Processes for recovering cesium and technetium 

Sourcea Method• Reagent Statusr References Remarks 

Cs recovery 
Alkaline wastes IX Zeolite p [13, 14) Elute with NH4N03 or (NH,)2C0a 
Alkaline wastes PPT Nickel ferrocyanide D [4,30,31) Metathesize with silver 
Alkaline wastes SE Substituted phenols L [17,32) Strip with dilute HN03 
Alkaline wastes SE Dipicrylamine L [33,34) Strip with dtlute HNOa 
Acid wastes PPT Aluminum sulfate p [I) Fractional crystallization 
Acid wastes PPT Phosphotungstate D [16) Metathesize with NaOH 
Acid wastes SE BAMBP-D2EHPA L [18,19) Synergistic effect at pH 4-5 
Acid wastes IX Zeolite L [13) Scrub Zr-Nb with oxalate 

Technetium recovery 
Gaseous UF6 IX MgFz 
Acid solutions SE Tertiary amine 
Alkaline solution . IX Anion exchange 

" Alkaline wastes denote the supernatant solutions, free from pre
cipitated salts, 1n the stored wastes; ac1d wastes mclude the salts of 
process chem1cals and corrosion products. 

" PPT denotes precipitation; SE, solvent extraction; IX, ion 
exchange. 

p 
p 
p 

[20) Strip with water 
[22) Strip with NaOH or Na2COa 
[21) Elute with concentrated acid 

' P denotes extensive use 1n production activities; D, demonstration 
in productiOn plant eqmpment; L, demonstration in laboratory 
equ1pment. 
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B 

Figure 1. Shipping systems for isolated fission products 

A: In the Shielded Transfer Tank (STT), cesium is adsorbed on a zeolite. A cylindrical steel fire 
shield (not in place) protects each tank from flame impingement, while the gondola car provides 
protection from impact; B: In the HAPO Cask, strontium carbonate or cerium sodium sulfate is 
collected and dried in the product container; C: the HAPO Cask is placed in a container which 
provides protection from impact and fire during transport; the unit is carried on a railroad flatcar 

solutions [18]. BAMBP is degraded by nitrous acid, 
however, and its usefulness may be limited in highly 
radioactive nitrate solutions [19]. 

Technetium 

Technetium separation from a UF6 stream has been 
effected on a routine production basis by sorption on 
magnesium fluoride beds [20] (see Table 2). From 
alkaline Purex wastes, technetium can be readily 
absorbed on a strong base anion exchange resin [21]; 
ruthenium was the only significant contaminant in a 
kilogram-scale plant test. Technetium may be ex
tracted from strong acid solutions, using tertiary 
amines as the solvent [22]. Purification can be achieved 
by either anion exchange or solvent extraction 
techniques. 

Krypton and xenon 

A capability to recover rare gases from irradiated 
fuels has been demonstrated on a large scale. Initially, 
facilities in the Idaho Chemical Processing Plant* used 
low temperature adsorption on charcoal beds to iso
late the rare gases, with purification by selective 
adsorption-desorption techniques [23]. Subsequently, 
a low temperature fractional-distillation process was 
demonstrated to be capable of providing adequate 
recovery and purification efficiency for routine 
production use. 

PRODUCTION ACTIVITIES 

Facilities to separate and purify selected fission 

* Operated by the Phillips Petroleum Company for the 
USAEC. 
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products have been installed at three sites to assist the 
Oak Ridge Fission Product Development Laboratory* 
in supplying established and projected markets. 

Bari u m-lant han u m-140 

The recovery of barium-lanthanum-140 from irra
diated uranium in the Idaho Chemical Processing 
Plant was initiated in 1956. In the separation process 
used [23], barium and strontium were precipitated as 
nitrate salts by concentrating a nitric acid solution of 
irradiated uranium.. The precipitated salts were 
dissolved in water, the pH adjusted to 4.25 ±0.25, and 
the barium reprecipitated as barium chromate. 
Additional dissolution and precipitation cycles pro
vided the required purification. A total of about 
2 megacuries of barium- I 40 have been produced in 
this way. 

Technetium-99 
In 1960, the recovery of technetium-99 was initiated 

at the gaseous diffusion plant in Paducah, Kentucky* 
where more than 25 kilograms of technetium have 
been recovered. Initially, the technetium was collected 
by washing residue from UF6 cylinders with water 
after the UF6 has been transferred into the diffusion 
cascade. Later, technetium was isolated by sorption 
from UF6 on magnesium fluoride. The technetium was 
concentrated and purified by an anion exchange 
process, followed at Oak Ridge by solvent extraction 
with a tertiary amine. 

Stronti u m-90 

In 1960, the separation of strontium-90 from Purex 
wastes was initiated at Hanford. Routine recovery 
operations are based on the precipitation techniques 
described above. The separated strontium is concen
trated and stored to permit decay of strontium-89. In 
1961, an available pilot plant was reactivated to purify 
the strontium-90 by solvent extraction using D2EHPA 
as the solvent [7]. The purified strontium is precipi
tated as the carbonate for transfer to other sites** 
where the strontium is compounded and encapsulated 
for use. During December 1963, more than six mega
curies of purified strontium-90 were so produced. 

Cesium-137 

The separation of cesium-137 from the supernatant 
solution in the underground waste tanks was initiated 
at Hanford in 1961. The aged waste solution is clarified 
and passed through beds of a pelleted zeolite. Cesium 
is preferentially adsorbed on the zeolite, the other 
waste constituents being returned to underground 
storage. Through December 1963, 1.5 megacuries of 
cesium-137 were adsorbed and transferred to Oak 
Ridge where the cesium is desorbed and purified. 

* Operated by the Union Carbide Nuclear Company for the 
USAEC. 

* * Receiving sites were Oak Ridge and Quehanna, Pennsyl
vania, the latter site being operated by the Martin Marietta 
Company for the USAEC. 
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Promethium-147 

Starting in 1963, a rare earth fraction is also being 
isolated from Purex wastes at Hanford using precipi
tation techniques as described above. The concentrate 
is stored as an acid solution. Through December 1963, 
an inventory of rare earth salts containing 5.2 mega
curies of promethium-147 had been accumulated for 
aging. Kilocurie quantities of purified promethium-
147 have been produced, both at Oak Ridge and 
at Hanford. 

Cerium-144 
In 1964, nearly 500000 curies of cerium-144 were 

isolated in the Hanford Purex Plant, using the carrier 
precipitation and purification techniques already 
described. The cerium was precipitated as the sulfate 
for shipment to Oak Ridge. Earlier, kilocurie quanti
ties of highly purified cerium-144 were produced at 
Oak Ridge. 

INTERSITE TRANSFER 

The transfer of radioactive materials to another site 
is sometimes required to make optimum use of existing 
processing facilities. In making· these transfers, the 
protection of the public is of primary concern. Ionizing 
radiations must be attenuated to safe levels, and the 
radioactive materials must be assuredly confined 
within the shipping container even under such un
planned conditions as severe impact or fire. Pert_i~~nt 
characteristics of three types of transport facthttes 
now in use are described in Table 3. 

Shielded transfer tank 
Several shielded transfer tanks, formerly used to 

transport aged fission product wastes [1], have been 
modified to transport cesium-137. The tanks are filled 
with pellets of a synthetic zeolite on which the cesium 
is adsorbed. After flushing with demineralized water, 
the vessel is sealed with three independent closures in 
series. For intersite transfer, up to three such tanks 
are fastened securely in a gondola-type railroad car, as 
shown in Fig. lA. The car has been strengthened by 
heavy structural steel members which extend over the 
tanks to protect them from accidental crushing. 
Cylindrical steel fire shields (not shown in Fig. I) 
protect the tanks from direct impingement of flames 
in the unlikely event that the car should be involved 
with a fire. 

Solution carrier 
A solution carrier, an extremely rugged container 

for the shipment of small volumes of high activity 
solutions, has been used to ship promethium nitrate 
solution. The vessel containing the product is fastened 
within the cask cavity by bolts; liquid mercury pro
vides a thermal bond between the vessel and the outer 
shield. Three closures are made in series to avoid any 
possible leakage through the process connections. T~e 
solution carrier is so compact and rugged that mechani
cal failure would not occur under credible conditions 
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Table 3. Characteristics of shipping facilities for fission productsa 

Shielded transfer tank Solution earner HAPO-IB HAPO-II 

Pioduct form Cs adsorbed on zeolite Pm(NOa)a solution Dry SrCOa, Dry SrCOa 
dry Ce2(S04)ab 

Product container Tank Tank Annular filter Annular filter 
Size 

Diameter, em 152 29.2 44.0 24.2 
Thickness, em . 1.6 1.1 
Volume, liters . 1950 19.5 12.0 5.9 

Rated capacity 
Kilocuries of isotope . 50 (137Cs) 100 (147Pm) 500 (90Sr)c 200 (90Sr)< 

Limitation . Volume Volume 
Performance rating 

Internal pressure, atm 6.7 43.5 
At temperature, oc 150 260 

Heat dissipation 
Capability, watts 515 290 

Shielding, em of metal 9 (Pb) 12.7 (U) 
Weight, tonnes 17.2 3.0 

« Impact resistance is discussed in the text. 
• The double salt cerous sodium sulfate is the precipitate actually 

used. 

of impact. A fire shield protects the cask from direct 
flame impingement, and intumescent paint on the fire 
shield protects the cask from potential re-radiation of 
heat from the fire shield. 

The HAPO* casks 

The HAPO transfer systems [24, 25] are charac
teristically "dry" as distinct from other "wet" systems; 
a precipitated fission product salt is collected and dried 
within the cask for shipment. Each shipping system 
consists of three main parts, viz., a product container, 
a cask, and a cask container (see Fig. IB). 

The product container is an annular tank designed 
to collect and contain the product in the geometry 
required for safe heat dissipation. The tank contains a 
filter screen which is supported by lands created by a 
series of vertical and horizontal grooves milled into the 
inner tank wall. To load the container, an aqueous 
slurry of the product salt is transferred into the pro
duct cavity; the filtrate passes through the filter screen 
and out of the tank via the vertical grooves in the tank 
wall. The product salt is dried by purging the unit with 
helium while heating the unit to about 260°C with 
electricity or high pressure steam. At the receiving site, 
the product is removed from the container by dissolv
ing the salt in acid or other suitable medium. 

The cask provides radiation shielding and an 
extended surface for dissipating heat. The cask is 
designed to withstand forces equivalent to fifty tim.;s 
the acceleration of gravity without failure. The pro
duct container is attached to the cask cover with com
parable mechanical integrity. The heat of radioactive 
decay is transferred from the surface of the product 

* Hanford Atomic Products Operation, a division of the 
General Electric Company. 

1 000 (144Ce) 
Volume Heat dissipation 

13.3 13.3 
540 540 

10000 3400 
22.2 (Pb) 16.5 (Pb) 
J8.2C 8.2<1 

' Limitation permitS 2.5 times as many cunes of 89Sr to be present 
also. 

• The cask con tamer weighs an additional 16.5 and I 0.5 tonnes for 
the HAPO-IB and II units, respectively. 

container to the cask by convection through a low 
melting alloy. 

The cask container is designed to reduce and 
distribute any decelerating forces which might be en
countered and to permit the air flow required for 
dissipating heat. Four concentric cylindrical steel 
shells are capped by heavy steel members which are 
solidly attached to the outer shell, thereby strengthen
ing the unit against end, side, or edge impacts (Fig. l C). 
The shells and end plates are separated by short rubber 
columns which provide a minimum distance of about 
40 em in which the cask could decelerate under impact 
conditions. Experimental data confirm that forces on 
the cask would not exceed fifty times the acceleration 
of gravity if the cask container were to strike an un
yielding surface at a velocity of 13 m/s. 

Administrative precautions 
While the transport facilities were designed to per

mit the intersite transfer of fission products without 
need for restrictive shipping procedures, admini
strative precautions are taken to minimize the possibi
lity of damage to the shipment. These precautions 
include the choice of train routings to avoid the heavy 
traffic associated with large population centers and t<> 
avoid large storage areas for flammable or explosive 
liquids and chemicals. In addition, a courier trained in 
emergency protective measures accompanies each 
shipment. 

PRODUCTION PLANS 

Plans are now being implemented to increase the 
rate at which selected fission products can be recovered. 
At Hanford, plans are being implemented to remove 
the long-Jived isotopes strontium-90 and cesium-137 
from radioactive wastes as a part of a comprehensive 
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waste management program [26). The separated 
cesium and strontium are to be adsorbed on a syn
thetic zeolite for long-term storage in stainless steel 
canisters; the residual wastes, which self-heat very 
little after a few years, are to be concentrated to a salt 
cake for long-term storage in underground tanks. 
During these processing operations, the cesium and 
strontium, together with other radioisotopes such as 
technetium-99, cerium-144, and promethium-147, 
could be made available for beneficial use. Plans have 
also been developed for the construction of an isotope 
purification and packaging plant at Hanford [27]; the 
USAEC is now determining if private capital is avail
able to construct the packaging plant and has budgeted 
nine million dollars to construct the plant if govern
ment financing is needed. The waste management 
facilities are scheduled to be operative in 1967 and the 
isotope purification and packaging facilities in 1968. 
As currently projected, the combined system will have 
an annual capa~ity to isolate, purify, and package 
isotopes as follows: 10 megacuries of 90Sr at 13 to 
26¢ per curie; I 0 megacuries of 137Cs at I 0 to 23¢ per 
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curie; 100 megacuries of 144Ce at to 2¢ per curie; 
30 megacuries of 147Pm at 3 to 9¢ per curie. The pro
jected costs include an allocated fraction of the esti
mated capital and operating costs of removing the 
isotopes from the bulk wastes and all the costs of 
purifying and packaging the isotopes; research and 
development costs are not included. The cost range 
indicates the possible impact of operating at 100% to 
25 % of rated plant capacity. While plans have been 
made to isolate and concentrate technetium (at rates 
up to 70 kilograms per year) into a small volume for 
storage, a decision to implement this operation has 
not been made. No provisions are being made to 
purify and package this potential product. 
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A/252 Etats-Unis d' Amerique 

Recuperation a grande echelle des 
produits de fission 

par R. E. :romlinson eta/. 

Au cours des quatre dernieres annees, les activites de 
traitement chimique du centre de production de 
plutonium de Hanford se sont etendues ala recupera
tion et a la purification a grande echelle des produits 
de fission Les etudes de laboratoire sont en cours 
depuis 1956 en vue de mettre au point des methodes de 
recuperation du strontium, du cesium, du cerium, du 
prometheum et du technetium compatibles avec les 
installations existantes et les plans de traitement des 
dechets radioactifs. Les procedes mis au point a ce 
jour utilisent la precipitation, !'extraction par solvants 
et l'echange d'ions. La precipitation de sulfates doubles 
permet de recuperer efficacement le strontium et les 
terres rares qui contiennent le cerium et le prometheum 
dans les dechets acides du procede Purex. On peut 
precipiter avec de tres bons rendements le cesium 
contenu dans les effluents acides a l'aide d'acide 
phosphotungstique, et celui des mousses des effluents 
alcalins a l'aide de ferrocyanure de nickel. L'acide di-
2-ethylhexyl-phosphorique (D2EHPA) s'est revele un 
agent d'extraction tres souple pour extraire les pro
duits de fission des effluents acides et pour purifier le 
strontium et les terres rares. Le cerium est separe des 
terres rares trivalentes par oxydation en cerium-IV, qui 

. est extrait de fac;on preferentielle par D2EHP A en 
solution acide. On peut extraire le cesium des residus 
acides du procede Purex en meme temps que le stron
tium par addition de 4-sec-butyl-2 (a-methylbenzyl) 
phenol au solvant D2EHPA, ce qui produit un effet de 
synergie sur I' extraction du cesium 'sans perte appre
ciable du rendement de !'extraction du strontium. Les 
echangeurs de cations organiques peuvent etre utilises 
efficacement pour la purification du prometheum des 
autres terres rares par elution chromatographique. On 
peut recuperer le technetium des effluents alcalins par 
adsorption sur une resine echangeuse d'anions a base 
forte. Les echangeurs mineraux a base de silicate d'alu
minium peuvent servir a recuperer le cesium des 

mousses d'effluents alcalins, et a fixer les produits de 
fission pour des transports a longue distance ou le 
stockage prolonge sous une forme stable, immobile et 
d'ou on peut les recuperer. 

Les programmes actuels de Hanford pour la recu
peration des produits de fission et leur expedition cor
respondent a des capacites annuelles de 5 megacuries 
de strontium 90, I megacurie de cesium 137, 5 mega
curies de cerium 144, et de petites quantites de pro
metheum 147 et de technetium 99. Les installations 
existantes sont utilisees pour les operations de recu
peration; la mise en capsules et certaines eta pes de la 
purification se font a Oak Ridge et a Quehanna, 
Pennsylvanie. Les procedes de recuperation utilisent 
la precipitation des sulfates et !'extraction a D2EHPA 
pour le strontium, le cerium et les terres rares qui con
tiennent le prometheum, et l'echange sur silico
aluminate pour le cesium. On a mis au point des 
methodes de transport a longue distance de quantites 
de l'ordre du megacurie de produits de fission, et 
etabli des regles de securite strictes pour le contr6le des 
risques correspondants. Le strontium et le cerium sont 
expedies sous forme de precipites dans des caissons 
filtrants annulaires proteges des chocs, du feu et des 
effets de !'immersion par une protection importante et 
une structure speciale absorbant les chocs. 

Les plans de production envisagent pour l'avenir la 
mise en capsules a Hanford des produits de fission 
comme corollaire du traitement des dechets. Le 
strontium 90 et le cesium 137, isotopes a longue vie 
generateurs de chaleur, seront separes de residus de 
traitement, et les solutions restantes seront trans
formees, a pres une duree appropriee, en gateaux de sels 
immobilises dans les recipients de stockage existants. 
Le strontium et le cesium seront stockes a part ou mis 
en vente. On fait les plans d 'une installation de mise en 
capsules a Hanford, pour traiter et mettre sous forme 
definitive le strontium et 1e cesium extraits des residus; 
le cerium, 1e prometheum, le technetium et d'autres 
isotopes pourraient egalement etre traites. Ainsi les 
capacites annuelles pour 1a periode quinquennale 
1968-1973 seront de 10 megacuries de strontium 90, 
10 megacuries de cesium 137, 100 megacuries de 
cerium 144, 30 megacuries de prometheum 147 et des 
kilogrammes de technetium 99. 
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~asneYeHHe npOAYKTOB 
KpynH~x Macwra6ax 
P. a. ToM/1HHCOH et al. 

A/2~2 CWA 

AeneHHR a 

3a nocJieAHJte lJeTLrpe ro~a pa6oTLI no XltMH

lJecRoii: o6pa6oTRe B XamfJOp~cRoM nJiyToHnesoM: 

3aBo~e 3HalJUTeJILHO paCillMpHJIHCL If BRJIIOlJaiOT 

TenepL H3BJie'leHHe If OlJHCTRY npo~yRTOB ,T~e.TIP

HHH B RpyiiHLIX MaCillTa6ax. Jla6opaTOpHLie HC

CJiep;oBaHHH nposop;HTC.R c 1956 rop;a; paapa6oTa

HI.I MeTOJJ.hl H3BJie'leHHH CTpOHIJ;HH, IJ;e3HH, u;epiiH, 

npoMeTH.R H TeXHeiJ;M.R, COBMeCTHMI.Ie C cytu;eCTBY

IOID;HMH CIICTeMaMH ycTaHOBOR H C 6yp;yJD;HMM IIJJa

HaMH o6pa6oTRH OTXOJJ.OB. B npou;eccax, paapa6o

TaHHLIX L\0 CHX IIOp, HCUOJit3yeTCH ocamp;eHHe, 
:mcnpaRu;uR paCTBopnTeJICM n nonnLrii: o6MeH. 

Ocamp;enne nsoii:HLIX coJreii cyJILifJaTa ycnernHo 

HCIIOJIL3Y8TCH AJIR H3BJie'leHHH CTpoHD;HH H pep;

RHX aeMeJJL, cop;epmaru;ux u;epnif/npoMeTnii, na 

JmCJILIX OTXOL\OB OT npou;ecca nypeRC. Qeanif MO

iKeT 6LITL OCamp;eH C O'leHb BhiCORHMM BLIXOp;aMH 

JJ3 RHCJII.IX OTXOAOB <fJocqJOpBOJILcPPaMOBOH RHC.lJO

TOH If H3 JJ.eRaHTaTOB ID;eJIOlJHbiX OTXOAOB HHReJIL

Ifleppou;naHHLIOM. )J;n-2-:nnJireRCHHrPOCcPOpHaH RH
C.liOTa ()]; -2-8f<J> l\), RaR 6hlJTO Haifp;eHO, BeCLMa 

rn6Rnii aRCTpareHT AJIH yp;aJTeHJJR rrpOJJ.YRTOB p;e

JTeHII.R H3 RHCJibiX OTXOJJ.OB ll ,l),JIH OlJHCTRJJ CTpOH

I~II.R If pep;R03eMeJibHLIX MeTaJIJIOB. Qeanif OTp;e

.liHeTCH OT TpexBaJieHTHhiX pep;R03eMeJibHLIX Me

TaJIJIOB rryTeM ORHCJieHHH u;eanH (IV), ROTopLrii 

rrpep;IIO'ITHTeJILHO 3RCTpampyeTCH )J;-2-8f<J>I\ B 

RHCJIOH CHCTeMe. Qe3HH MOlliHO yp;aJJHTh H3 RHC

JihiX OTXOJ);OB rrpou;ecca nypeRC OL\HOBpeMeHHO CO 

CTpOHD;HI'M rryTeM p;o6aBJieHHH 4-ceR-6yTHJI-2- ( 1J. 

MeTun6enaoJI) !J>enoJia R pacTBopnTeJIIO ,D;-2-
3f<I>R, 'ITO rrpHBOJJ;HT R CHHepreTH'leCROMY BJIH.R
HHIO Ha 3RCTpaRIJ;HIO IJ;C3HH C ne6om,rnoif IIOTepeii 

:'llfl!J>eRTHBHOCTH aRCTpaRu;mt cTponu;nH. Oprauu

'IecRne RaTHOH006MeHHHRH MOlliHO a!J><fJeRTIIBHO 
JICIIOJih30BaTL AJIH O'IHCTRH rrpoMeTHH OT p;pyrnx 

pep;R03eMeHJibHbiX MeTaJIJIOB C ITOMOIIJ;hiO XpOMa

Torpa!J>ulJeCROrO :mroHpouanHH. Texneu;nii: Momno 

H3BJie'lh H3 ID;eJIO'IHbiX OTXOL\OB rryTeM ap;cop6D;HH 

na CHJILnoocnosnoii: annonoo6Meunoii: cMoJie. He

opraHH'IecRne aJIIOMOCHJIHRaTHble o6MeHHHRH 

MOlliHO HCIIOJih30BaTL AJIH H3BJielJeHHH D;83HH H3 

JJ.eRaHTaTOB ID;eJIOlJHLIX OTXOJ);OB H AJIH yrraROBRH 
rrpop;yRTOB p;eJieHHH AJIH rrepeuoaRn no CTpaHe 

nJIH LIJIH AJIHTeJILnoro xpant>HHH n ycTOH'IHBOH 11 

uerrop;snmHoii: <fJopMe. 

Cyru;ecTByroru;aH XaH!J>opp;cRaH nporpaMMa pa-

6oT no H3BJie'leHHIO 11 rrepeBoaRe npop;yRTOB p;eJie

HHH npep;ycMaTpHBaeT emerop;HyiO o6pa6oTRY 

5 Mruopu Sr90, 1 Mnropu Cs137, 5 Mnropu Ce144 

11 ne6oJILrnnx ROJIH'leCTB Pm 147 11 Tc99• Cyru;ecT

syiOru;ne TSXHOJIOrii'leCRIIe CHCTeMI.I JICIIOJIL3YIOTC H 

,r~JIH orrepaiJ;HH H3BJie'leHHH, OROH'laTSJILHOrO Raii

CYJIHpOBaHHH; B 0Rpllp;me 11 RsexaHHe BLinOJIHH

IOTCH HeROTOpble CTyneHH O'IHCTRH. flpOD;SCCbl H3-

BJISlJeHHH OCHOBaHLI Ha CYJIL«iJaTHOM ocamp;eHJIU 
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H 3RCTpaKD;HH Jl,-2-8f<I>I\ CTpOHIJ;HH, u;epHH II pep;

R03eMeJILHLIX MeTaJIJIOB, cop;epmaru;ux rrpoMernii, 

Jf Ha aJIIOMOCHJIHRaTHOM 06MeHe ~JIH IJ;83JIR. 

Paapa6oTaHLI MeTop;Lr rrepesoaKH no CTpane Mera

RIOpHHHLIX KOJIH'ISCTB rrpop;yRTOB ~eJieHHH; YCTa

HOBJieHLI BhiCOKHe CTaHp;apTLI 6eaonaCHOCTH L\JIH 

ROHTpoJIH CBHaanHLIX c aTHM orracHocTeii:. CTpoH

u;nii Jl u;epHH nepeB03HT B BRAS ocap;ROB B ROJib

u;eBLIX «iJHJibTpOBa'JILHhiX 6alJ:KaX, 3aiiJ;HIIJ;SHHhiX O'f 

p;yapos, nomapa H a!J>!J>eKTOB rrorpymeuns rrpn no

MOID;Il crreu;naJILHOH yp;apOCTOHROH KOHCTpyRIJ;IHI. 

Byp;yru;ne nJiaHLI rrpep;ycMaTpnsaiOT noMeru;eHne 

rrpop;yKTOB p;eJieHHH B KancyJILI B Xau«~Jopp;e. ,ll;oJI

romnsyru;ne Bbip;eJIHIOID;He TerrJio H30TOllLI Sr90 n 

Cs 137 6yp;yT oTp;eJIHTLCH oT TexnoJiorn'leCRHX oT

xop;oB, H ROHe'IHLie paCTBOphi 6yp;yT nepeBO)l;llTb

CH llOCJie COOTBeTCTBYIOID;ero Bhlp;eplliHBaHHH B 

HeUOL\BHlliHLie COJieBLie Kel\H B cyru;eCTBYIOID;HX 
eMKOCTHX JJ;JIH xpaHennH. CTpOHD;Hii: 11 u;ea11ii 6y

J~YT COXpaHHThCH 110 OTJ);SJILHOCTH HJIH IIOp;roTaB

JIIIBaTLCH R npo)J,ame. Paapa6aTbiBaiOTCH rrJiaHhl 

ycTaHoBKH AJIH KancyJinposaHHH B Xau«~Jop~e, Ha 

IWTopoii Sr n Cs 6yp;yT o6pa6aTLIBaTLCH 11 yna

ROBLIBaTLCH IIOCJie H3BJie•IeHHH H3 OTXOAOB. Mom
HO TaRme o6pa6aTLIBaTL u;epnii:, npoMeTuii:, Tex

Heu;nii 11 p;pyrne uaoTOIIbl. TaHHM o6paaoM, eme

rop;uo IIPOH3BO)l;HT8JihHOCTb B Te'leHHe nepHona 
1963-1973 rop;oo 6yp;eT pasHa 10 Mnropu Sr90, 

to MKKJpu Cs 137, 100 Mnropu Ce144
, 30 MK10pu 

Pm147 H KHJiorpaMMOBLie RoJIH'leCTBa Tc99
• 

A/252 Estados Unidos de America 

Recuperaci6n de productos de fisfon 
en gran escala 

por R. E. Tomlinson, eta/. 

Durante los ultimos cuatro aftos, las actividades 
quimicas del centro de producci6n de plutonio de 
Hanford se han ampliado a Ia recuperaci6n y puri
ficaci6n en gran escala de productos de fisi6n. Desde 
1956 se han venido realizando estudios de laboratorio 
relativos a Ia recuperaci6n de estroncio, cesio, cerio, 
promecio y tecnecio, desarrollandose procedimientos 
compatibles con los de instalaciones existentes y con 
futuros planes de tratamiento de desechos. Los 
metodos empleados basta el presente comprenden Ia 
precipitaci6n, Ia extracci6n con disolventes y el inter
cambio i6nico. El estroncio y las tierras raras que 
contienen cesio y promecio se recuperan eficazmente 
mediante precipitaci6n de sulfatos dobles a partir de 
residuos acidos del proceso Purex. El cesio puede 
precipitarse, con muy elevado rendimiento, de residuos 
acidos utilizando el acido fosfowolframico y de solu
ciones alcalinas con ferrocianuro de niquel. El acido 
di-2-etilhexilfosf6rico ha resultado ser un agente de 
extracci6n extraordinariamente versatil para separar 
productos de fisi6n de residuos acidos y para Ia purifi
caci6n del estroncio y las tierras raras. A fin de separar 
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el cesio trivalente de las tierras raras se le oxida al 
estado tetravalente, porque asi es preferentemente 
extraido por el acido di-2-etilhexilfosf6rico en medio 
acido. El cesio y el estroncio pueden separarse simul
taneamente de residuos acidos del proceso Purex 
mediante extracci6n con acido di-2-etilhexilfosf6rico al 
que se le afiade 4-sec-butil-2(a-metil bencil) fenol, lo 
cual entrafia un efecto sinergico en la extracci6n del 
cesio sin disminuci6n apreciable del grado de extrac
ci6n del estroncio. En la purificaci6n y separaci6n del 
promecio de otras tierras raras, se pueden utilizar 
eficazmente intercambiadores organicos de cation y la 
tecnica de eluci6n cromatografica. El tecnecio puede 
recuperarse de desechos alcalinos mediante adsorci6n 
sobre resina de intercambio i6nico de caracter fuerte
mente basico. Los intercambiadores inorganicos de 
silicato de alumina se pueden emplear para recuperar 
el cesio de soluciones residuales alcalinas y tambien 
para acondicionar los productos de fisi6n en una 
forma estable, fija y recuperable, bien sea para el 
transporte o para almacenamiento duradero. 

Los programas actuates de recuperaci6n y envio de 
productos de fisi6n en Hanford representan una capa
cidad anual de 5 .megacurios de estroncio-90, 1 mega
curio de cesio-137, 5 megacurios de cerio-144 y 
pequefias cantidades de promecio-147 y tecnecio-99. 
Para las operaciones de recuperaci6n se utilizan las 
instalaciones existentes, pero el envase final y algunas 
fases de los procesos de purificaci6n se realizan en 

R. E. TOMLINSON eta/. 

Oak Ridge y Quehanna, Pennsylvania. Se han desar
rollado procedimientos para el transporte de productos 
de fisi6n en cantidades del orden de megacurios y, al 
mismo tiempo, establecido las rigurosas medidas de 
seguridad exigidas para el control de los riesgos que 
esa operaci6n implica. El estroncio y el cerio se 
transportan bajo forma de precipitados en envases 
anulares con filtros protegidos contra choque, in
cendio y efectos de inmersi6n por un grueso blindaje 
y una estructura amortiguadora especial. 

Los futuros planes de Hanford preven el final 
acondicionamiento en capsulas de los productos de 
fisi6n, para cerrar asi el ciclo del tratamiento de 
desechos. Una vez separados los is6topos de periodo 
largo y term6genos como el estroncio-90 y el cesio-137, 
las soluciones residuales seran transformadas, despues 
de un periodo conveniente de envejecimiento, en sales 
s6lidas estables que se conservaran en tanques de 
almacenamiento existentes. El estroncio y el cesio se 
almacenaran por separado o se venderan en forma 
apropiada. Los planes en curso para establecer en 
Hanford la instalaci6n de tratamiento y envase final de 
estroncio y cesio puede que tambien incluyan a otros 
is6topos como el cerio, el promecio y el tecnicio. Se 
preve, pues, que la capacidad anual de la instalaci6n 
durante el quinquenio 1968-1973 sera de 10 mega
curios de estroncio-90, 10 megacurios de cesio-137, 
I 00 megacurios de cerio-144, 30 megacurios de 
promecio-147 y algunos kilogramos de tecnecio-99. 
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MeTOAbl M3ane'leHMII M HeKOTOpble XMMM'IecKMe 

CBOMCTBC TpaHcnnyTOHMeBbiX 3neMeHTOB 

E. c. rypeea, B.&. AeAOB, c."'· Kapna"'eaa, 

M. A. ne6eAeB, "'· H. Pl:tllKOB, n. c. TpyxnSieB, 

M. K. WaeL\OB, r. H. SIKoanea 

BBE,LJ,EHHE 

fipo6JieMa IIOJiy'leHHH TpaHCIIJIYTOHHeBLIX :3Jie

MeHTOB H3 MaTepHaJIOB, o6Jiy'leHHLIX 6oJibiDHMH 

HHTerpaJibHLIMH IIOTOKaMH HeHTpOHOB, CBH3aHa C 

pemeHHeM p;ByX OCHOBHLIX aap;aq: OTp;eJieHHe 

TpaHCIIJIYTOHHeBbiX aJieMeHTOB OT IIpop;yKTOB p;e

JieHHH H Bblp;eJieHHe OT)l;eJibHLIX :3JieMeHTOB B 'IHC

TOM BHp;e. OcaoBHaH TPYAHOCTb BLI,o;eneHHH Tpauc

IIJIYTOHHeBbiX :3JieMeHTOB aaKJIIO'IaeTCH B TOM, 'ITO 

OHH HMeiOT CXOf];Hble XHMH'IeCime CBOHCTBa C pep;

K03eMeJibHLIMH IIpo,o;yKTaMH .o;eneHHH. B IIocne,o;Hne 

ro,o;LI paapa6oTaH pnp; xHMHKo-TexuonornqecKnx 

CXeM, II03BOJIHIOIIJ;HX BLip;eJIHTb TpaHCIIJIYTOHHeBLie 

:3JieMeHTLI C BLICDKHMH IIOKa3aTeJIHMH. 

B p;oKJiap;e ocBem;aroTCH HeKoTopLie MeTop;LI IIo

ny'leHHH H B:LJf];eJieHHH TpaHCIIJIYTOHHeBLIX <)Jie

MeHTOB, a TaKa\e peayJILTa'l'LI tfJH3HKO-XHMH'IeCKHX 

HCCJiep;DBaHHH :3THX :3JieMeHTOB B OTHOilleHHH KOM

IIJieKC006pa3oBaHHH u :mcTpaK:u;un tfloctflopopra

auqecKHMH COe)l;HHeHHHMH. 

3KCnEPHMEHTARbHAH 
5A3A ,LJ,Rfl nORY4EHHH 

TPAHCnRYTOHHEBbiX 3REMEHTOB 

,[(JIH HaKOIIJieHHH, B:LJp;eJieHHH H ~ayqeHHH tfJH3H

KO-XHMH'IeCKHX CBOHCTB TpaHCIIJIYTOHHeBLIX :3Jie

MeHTOB B Hayqao-uccne)l;oBaTeJILCKOM UHCTHTyTe 

aTOMll:LJX peaKTopoB IIOCTpoeH peaKTOP CM-2 H 

pap;HOXHMH'IeCKaH Jia6opaTOpHH. floTOK HeHTpOHOB 

B :u;eHTpaJILHOM KaHane peaKTopa CM-2 cocTaBJIH

eT 2 • 1015 neurp/cM2 · ce~. PaaoBaH aarpyaKa cTap

TOB:LIX MaTepHaJIOB B TpaHCIIJIYTOHUeB:LJe KaHaJILI 

peaKTopa p;dcTHraeT 200 e. 
Pa.o;noxnMnqecgaH na6opaTopnH cocTOHT ua 

ABYX CMea\HbiX TpexaTaa\H:LIX KOpiiyCoB: XOJIO)l;HO

ro n ropnqero. Xonop;H:LJH KOpiiyc IIpe.o;uaaHa'leH 

)l;JIH IIpOBC)l;eHHH HCCJie)l;OB8TeJibCKHX pa60T C HH

)l;HK8TOpH:LIMH KOJIH'IeCTBaMH pap;H08KTHBHLIX H30-

TOIIOB. Bcero HMeeTCH 16 KaMep, na nux 6 p;Byx

aTamH:Lie. PaaMep:LI 6oJILillHHCTBa KaMep 2,4 X 
X 1,8 X 2,4 M. Tpu KaMep:LI HMeiOT paaMep:LI 

4,8 X 1,8 X 2,4 M. 3am;nTa KaMep ua 6eToHa 

yp;eJibHOrO BCCa 3,6 7'/M3 II03BOJIHeT IIpOBO)l;HTb pa-

6oTy C aKTHBHOCTbiO f];O 100 000 ~KJpU. 
flo :u;eJieBOMY Ha3Ha'leHHIO 38ID;HTHLie KaMep:LI 

paap;eJIHIOTCH Ha TeXHOJIOrH'IeCKUe H BCIIOMOra

TeJibHLie. Texuonoru'leCime KaMepLI crpyiiiiHpo

BaH:LJ IIO OCHOBH:LIM TeXHOJIOrH'IeCKHM IIpo:u;eccaM 

( IIO TpU KaMepLI B K8ffif];OH rpyiiTie) : KaMepLI :3KC

'1'p8Kll;HOHH:LJX IIpOI.l;eCCOB, KaMepbi HOH006MeHHbiX 

IIpOI.l;eCCOB H KaMepbl OCa)l;HTeJibHLIX H HeBOf];HLIX 

IIpo:u;eccoB. BcnoMoraTeJILHLie KaMepLI IIpe.o;uaaua

ttaiOTCH f];JIH npHeMa H xpaHeHHH o6pa3IWB, HX 

pe3KH, B3BeiiiHBaHHH, JIHHeHIIbiX H3MepeHHH H paC

TBOpeHHH. I\ TPYIIIIe BCIIOMoraTeJILHLix KaMep oT

HOCHTCH TaKme IIepep;aTO'IH8H I\aMepa H KaMepa 

OT6opa If xpaaeHim 11po6. 

B rop.H'IeM Kopuyce paaMem;aiOTCH TaKme nony

rop.H'IHe uay'IHLie na6opaTopun: tflnaHKO-XHMH'Ie

CKaH, KOMITJieKCHLIX COe;:J;HHeHIIH, II30TOIIOB, pap;no

MeTpii'IeCKaH, CIIeKTpaJibHaH, MaCC-CIIeKTpaJibHa.H, 

peHTreHOCTpyKTypHaH, aHaJIIITIIlleCKaH, MIIIIIeH

HaH, :3KCTpaKI.l;IIOHHbiX IIpOI.l;eCCOB, IIOH006MeHHLIX 

npo:u;eccoB, ocap;nTeJibHLIX npo:u;eccoB, neBop;H:LJx 

IIpo:u;eccoB. flonyropR'IIIe na6opaTopnu ocHam;eHLI 

56 CIIei.J;H8JibHblMH 6oKC8MII C qyryHHOH HJIH CTaJib

HOH aam;HTDH TOJIIIJ;HHOH oT 10 p;o 150 MM. AncTaH

:u;noHHoe yiipaBJieHne IIpo:u;eccaMH B RaMepax n B 

6oKCaX ocym;eCTBJIHeTCH IIpH IIOMOIIJ;If :3JieKTpOMe

X8HH'IeCKHX, KOIIHpyiOIIJ;HX H IIIIIarOBLIX MaHIIITy

JI.HTOpOB. 06Ill;aH TIJiaHHpOBKa Jia6opaTOpHH rop.H

qero Kopnyca TpexaonaJILHaR: 1 aona- pa6oqa.11 

30Ha KaMep, 60KCOB If TeXHOJIOrH'IeCKHX K8Hb0HOB, 

2 30Ha - peMOHTHLie KOpH)l;Opbl H 3 30H8 - OIIe

paTOpCKHe. 

KOMnREKC005PA308AHHE Am3+ 

H Cm3+ 8 BO,lJ,HbiX PACTBOPAX 

CocTaB n npoliHOCTh KOMnJieKCHhlx uonoB aMe

pHI.J;HH H I\IOpHH c pHp;OM ueopraHII'IeCKIIX H opra

HH'IeCKHX ap;p;eHp;OB 6LIJIII HCCJiep;DBaHLI MeTO,'J;OM 

lfOHHOrO o6MeHa Ha KaTIIOHHTe 1- 3• 11CCJiep;oBaHHH 

IIpOBOAHJIHCL c uaoToiiaMII Am241 H Cm242
, B3.HT:LJ-
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MH B HHJJ;HKaTOpHhlX KOJIHqecTBaX (KOH~eHTpa~HH 
aMepH~HH B paooqHx paCTBOpaX COCTaBJIHJia 
......., 10-7 MOAb/A, KIOpHH ......., 10-10 MOAb/A). 3Kcne
pHMeHT 3aKJIJOqaJICH B onpep;eJieHHH Koa«P4>H~HeH
Ta pacnpep;eJieHHH MeTaJIJia <p Memp;y pacrsopoM 
H KaTHOHHTOM KY-2 HJIH p;ay:mc-50 X 8 B NH4+
HJIH Na+-<flopMe, npH paaJIHqnoii KOH~enrpa~HH 
ap;p;enp;a B pacrsope. Koaclxl>H~HeHThl pacnpep;ene
HHH onpep;eJIHJI~ B CTaTHqeCKHX yCJIOBHHX H 
BhlqHCJIHJIH no pa3HOCTH Memp;y KOH~eHTpa~HeH 
MeTaJIJia B pacTBope p;o onLITa Co H nocne ycTaHoB
JieHHH paBHOBeCHH C HaBeCI\OH KaTHOHHTa CM 

Co-CM 
qJ = m ' 

cM·v 
(1) 

rp;e m- nasecKII KaTHOHHTa, Me, V- o6'beM pacT
Dopa, MA. Bee onMThl npOBOp;HJIHCL npH nOCTOHH
HOH HOH'HOH CHJie, nop;p;epmHBaeMOH C nOMOID;LIO 
NH4Cl04 HJIH NaCl04. 

CBH3L Koa~H~Henra pacnpep;eneHHH MeTaJIJia 
Memp;y KaTHOHHTOM H paCTBOpOM C KOHCTaHTaMH 
YCTO:ifqHBOCTH KOMnJieKCOB ycTaHaBJIHBaeTCH ypaB
HeHHeM 

s 
1 + ~ li [A]i 

i=t qJ = (Jlo ----=-n~--

1 + ~ [3i [Aji 
i=l 

(2) 

rp;e A - pasnoBecnaa cBo6op;naH KOH~enrpa~HH 
ap;p;enp;a; ~i - OOID;aH KOHCTaHTa ycTo:ifqHBOCTH 
KoMnJieKca MAi; li- KoncraHTM, CBH3aHHMe c 
cop6~Heii KOMnJieKCHhiX KaTHOHOB; S- qHCJIO 
KOMnJieKCHhiX KaTHOHOB; (Jlo - KoaqwfJH~HeHT pac
npep;eJieHHH npH OTCYTCTBHH ap;p;eHp;a. 

TaKHM o6paaoM, nonyqennaH aKcnepHMeHTaJILHO 
aaBHCHMOCTL <p oT A noaBOJIHeT onpep;eJIHTL cocras 
KOMnJieKCOB H BhlqHCJIHTL HX KOHCTaHTLI ycTo:ifqH
BOCTH. EcJIH nonomHreJILHMH aapHA MeTaJIJia npe
Bhlmaer OTpH~aTeJILHMH aapHA ap;JJ;eHp;a, B CHCTeMe 
npHCYTCTBYIOT KOMnJieKCHLJe KaTHOHM, COpOD;HH 
KOTOpbiX KaTHOHHTOM MOllieT CHJILHO YCJIOlliHHTL 
pacqerM. Op;naKo HH B op;noii H3 Hccnep;oBaHHLIX 
HaMH KOMnJieKCHMX CHCTeM He 6MJIO o6napymeHO 
cop6u;nH KoMnJieKCHMX KarnonoB; aro 6MJIO ycra
HOBJieHo B OCHOBHOM pacqeTHLIM nyTeM, a B CJiyqae 

E. C. rYPEEB et al. 

<floc<flaTIIOH CHCTeMLI- npHMMM aHaJIH30M COCTa
Ba oem;ecrBa, cop6Hpyrom;eroca na Karnonnre Ha 
paCT·BOpoB, cop;epma~X JiaHTaH H <floc<flaT-HOHLI. 
lloaTOMY BLJqHCJieHHe KOHCTaHT ycTo:ifqHBOCTH 
KOMnJieKCOB npOH3BO)J;HJIOCL Ha OCHOBaHHH ynpo
U~eHHOrO BapHaHTa <flopMyJIM (2) - qJieHM B qJJC
JIHTeJie, cop;epmam;ne lj, oT6pacMBaJIHCL. 

KoMnJieKcoo6paaoBanne aMepn~HH H KIOpBH c 
neopranuqecKHMH ap;p;enp;aMH uccnep;oBaJiocL B 
HIITparnMx, pop;annp;HMX, cyn~><flaTHLIX n <floc<flar
HMX CHCTeMaX. liCCJiep;oBaHHH npOBO)J;HJIHCb B CJia
OOKHCJihiX pacr,oopax, npH pH = 1,5-4,0. llo
CKOJILKY npH 3TOM B <floc<flaTHhiX pacTBOpax npH
cyTCTBYIOT TPH Bnp;a aHHOHOB H2P04-, HP042- H 
P043

-, 6MJIO npoBep;eno cne~naJILHoe nccnep;oBa
IIHe )J;JIH YCTaHOBJieHHH COCTaBa aHHOHa, C KOTOpbiM 
rrponcxop;HT KoMrrneKcoo6paaoBaHHe. XapaKrep aa
BHCHMOCTH cop6~HH Am3+ H3 <floc<flaTIIhiX pacrBo
pos or pH pacrBopa noKaaaJI, qro B p;aHHLIX ycno
BHHX. npOHCXO,IJ;HT KOMnJieKC006pa30BaiiHe C 
H2POr -HonaMH. 

llpooep;eHHLie aKcnepHMeHThl no3BOJIHJIH ycra
HOBHTL, qTO B HCCJiep;oBaHHhiX CHCTeMaX o6paay
IOTCH KoMnJieKCHhle HOHhl cocraBa MN032+, 
MS04+, M (804) 2-, MSCN2+, M (SCN) 3° [rp;e 
M -Am BJIH Cm] n AmH2P042+. B Ta6JI. 1 npH
Bep;eHLI OOI.IJ;He KOHCTaHTbl ycro:ifqHBOCTH 3THX 
J\OMIIJieKCHhlX HOHOB npH HOHHOH CHJie 3KCnepH
MeHTa ~ H npH HyJieBOH HOHIIOH CHJie ~O (rrepecqeT 
1Ip0H3BO,'J;HJICH C nOMOID;biO Koa<fl<fiH~HeHTOB aKTHB
HOCTH, BblqHCJieHHhlX no ypaBHeHHIO ,AaBHCa) • 
3p;eCb me npHBO,'J;HTCH onpep;eJieHHhle HaMH KOH
CTaHTbl ycroii'IHBOCTH neKoropLix KOMIIJieKCHMX 
uonoB rpexoaJieHTHMx naHTaHHp;oB ( Ce3+, Pm3+, 
Y3+). 

liccJiep;OBaHO KOMIIJIOKCOOOpa30BaHHe aMepH~HH 
H KIOpHH C HeKOTOphlMH opraHHqeCKHMH aHHOHa
MH, HMeiOI.IJ;HMH 3HaqenHe JJ;JIH paap;eJieHHH H 
oqHCTKH aKTHIIHJJ;Hhlx aJieMeHTOB. CocraB H npoq
HOCTL KoMnJieKcoB Am3+ H Cm3+ c JiaKTaT (Lact)
H O"-OKCHH300YTHpaT (Oxib)-HOHaMH H3yqaJIH'Cb 
rrpH IIOCTOHHHOM pH paCTBOpa (......., 4,0) H CBOOO,'I;
HOH KOH~eHTpa~HH ap;p;enp;OB OT ......., 3 ·10-4 iW 
3 · 10-1 MOAb/A. B aTHx ycJIOiJHHX o6napymeHM 
KoMnJieKCHMe HOIIM cocTaBa MLact2+, M(Lact)2+, 
MOxib2+, M (Oxib) 4+, M (Oxib)a0 H Bhl'IHCJieHhl HX 
KOHCTaHTM ycToii:'IHBOCTH. KoMrrJieKcoo6paaosanHe .. 

Ta6nHI.Ia 1. KoHcraHTbl ycroH4HBocTH KOMnneKCHbiX HOHOB Arrll+, Cm3+ H HeKoTopbiX peAKo· 

3eMenbHbiX 3neMeHTOB c HeopraHH48CKHMH aAAeHAaMH 

RoMnJieKCI[I;Iil: HOB 

"' 
[3 flo RoMnneKCBLilt HOB 

"' 
[3 flo 

AmNOaH 1,0 4,0 
CmNOaH 1,0 3,7 

Ce (SCN)30 5,0 0,52 
Amso,+ 0,75 60,5 4,85·10S 

AmSCN~+ 0,5 4,6 
To me 5,0 1, 74 

To me 1,5 58 
Am (SO,)z- 1,5 1,3·102 

40,8 

Am (SCN)80 5,0 0,91 
CmSCN~+ 0,5 4,7 

cmso,+ 0,75 56 4,5·10S 
Cm (SO,)z- 0,75 83 2,9·10' 42,2 

To me 5,0 1,86 AmH2PO,~+ 0,2 49 3,2·102 
Cm (SCN)30 5,0 0,99 
CeSCN~+ 0,5 3,9 34,6 
To me 5,0 1,25 
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Am3+ H Cm3+ c oKcaJiaT-HoHaMu uccne~ouaHo rrpu 

nepeMeHHOM pH (2-4), B o6nacTn Koin~eHTpaquu 
a,ll;,ll;eHp;a (Cz042-) 10-6- (C2042-) 10-6-3 · 10-3 

MOJtb/Jt; orrpe,ll;eJieHhi KOHCTaHThl ycTOH'IIIBOCTH 

KOMIIJieKCHhiX HOHOB cocTaBa MCz04+ H M (C204)2-. 

RoHCTaHThl ycTOH'IHBOCTH oKcaJiaTHhiX KoMnJieK

cou aMepnqn.H xoporno couna,11;aiOT c ueJIH'IHHaMn, 

OIIpe,ll;eJieHHbiMII paHee l'IeTO,ll;OM paCTBOpHMOCTH 4• 

May'leHo TaKme KOMIIJieKcoo6paaouaHHe Am3+ 

B aqeTaTHhiX pacTBopax. llpoBe,ll;eHo TpH cepn:u 

:mcnepn:MeHTOB npu HOHHOH cuJie pacTBopa 0,2; 

0,5 H 1,0. OnbiThl noKaaaJIH, 'ITO npu CBOOO,ll;HOH 

KoHqeHTpaquu ap;~ea,11;a OT 1,5 ·10-3 IW 5 • 10-1 

MOJtb/Jt B paCTBOpe npeOOJiap;a,IOT KOMnJieKCHhie 

HOHhi AmAc2+ H AmAc2+. 3aa'IeHH.H KOHCTaHT 

ycTOH'IHBOCTH :nux KoMnJieKCHhiX HOHOB, Bhi'IIIC

JieHHhle ,'I;JI.H Tpex aHa'IeHnii HoHHoii CHJihl, OhiJIII 

aaTeM <lKCTpanOJIHpOBaHhl K HYJI9BOH HOHHOH CHJie 

c uoMO~hiO ypaBHeHHH JJ.e6aH- XroKKeJIH -

fyrrearei'rMa B <lJopMe, npe,'I;JIO/-KOHHOH B. rr. Ba

CIIJibeBhiM 5• 
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HOB), KOTOpble o6paayiOT CpaBHHTeJibHO CJiaOhle 

KOMnJieKCbl. 

YMeHLIIIeHn:e npo'IHOCTn KoMnJieKcOB c Heopra

HH"IeCKHMH aMeHp;aMU B OO~eM COOTBeTCTBYIOT 

yBeJin'IeHHIO aqxpeKTHBHoro pa~n:yca aHnoHa. Op

raHH'IeCKHe ap;~eH~hl o6paayroT 6onee npo'lHhie 

KOMnJieKChi, npH'I9M npO'IHOCTh KOMnJieKCOB C 

a-oKCIIKHCJIOTaMH 6oJihiiie npo'IHOCTII aqeTaTHhlx 

KOMnJieKCOB aa C'I9T o6pa30BaHIIH p;onOJIHH'f9Jih

HOH CBHan. M-0. llo-Bn~nMoMy, KoMnJieKCHhle 

COe~HHeHIIH C a-aMHHOKIICJTOTaMU 6y~yT e~e npo'I

Hee, OCJIU cy~IITh no aHaJIOrUH C KOMnJieKCHbiMU 

COO~HH9HHHMH TpeXBaJieHTHhiX JiaHTaHH~OB l2, 13. 

q TO KacaeTCH THOrJIHKOJI9BOH KHCJIOThl, TO a~eCb 
BBH~Y cna6ocTn cnHan M-S npeo6na~aeT atl>«PeKT, 

CBH3aHHhiH C OTTHrHBaHHeM <lJI9KTpOHHOH naphl 

rpynnoii SH. 
Bee uccne):loBaHHhie B aacToH~ee BpeMH KOM

rrJieKChl Am3+ u Cm3+ rrpo'IHee coOTBeTCTBYIO~nx 
KOMnJieKCOB HX JiaHTaHH,'];HhiX aHaJIOrOB - eBponHH 

H ra~OJIHHHH, 'ITO y6e~HTeJibHO rOBOpHT B nOJib3Y 

Ta6nHU,a 2. KoHcTaHTbl ycTOH'IHBOCTH opraHH'IecKHX KOMnneKcoa Am3+ H CmH 

KoMnJJeRCHL!ii DOH 1'- J3 13o 

AmC20,+ 0,2 9,8-1()5 9,8·106 
Am(C204)2- 0,2 1,4·1010 1 ,4·1011 

CmC204+ 0,2 9,1·105 9,1-106 
Cm (C20,)z- 0,2 1,4·1Ql0 1,4-10ll 

AmLact2+ 0,5 5,9-102 5,3-102 
Am (Lact)2+ 0,5 4,4-104 1,7·106 
Cm (Lact)2+ 0,5 6,1·102 5,5-103 
Cm (Lact)2+ 0,5 3,5·10' 1,4·106 
Am0xib2+ 0,5 2,4·102 2,2·103 
Am (Oxib)2+ 0,5 4, 7·104 1,8·106 

3Ha'l9HJIH KOHqeHTpaqHOHHhiX H TepMO~HHaMH
qeCKHX KOHCTaHT ycTOH'IHBocTn opraHn'IeCKHX 

KOMnJIOKCOB aMepnqHH H KIOpHH npnBe~eHhl B 

Ta6n. 2. Bhi'IHCJieHne TepMop;nHaMH'IOCKHX KOH

CTaHT OKCaJiaTHhiX KOMnJIOKCOB IIpOH3BOl]:HJIOCb C 

IIOMO~hiO KO<ltPtPHqHOHTOB aKTHBHOCTH, B3.HThiX H3 

paOOThl 6• lloJiy'IeHHhlO peayJihTaThl n03BOJIHIOT 

3Ha'IHT9JihHO paCIIIHpHTb npe):IJIOil\eHHhiH paHee 

r. Cn6oproM 7 pH,ll; O,ll;HOaapHlJ;HbiX aHHOHOB, pacno

JIOil\eHHbiX B nopH)l;Ke YOhlBaHHH npO'IHOCTH HX 

KOMnJieKCOB C HOHaMH aKTUHH,ll;OB. 

McnoJILayH nMeiO~necH 'B HaCTOH~ee BpeMH 

AaHHhle ,11;pyrnx asTopoB no KoMnJieKcoo6paaoBa
HHIO Pu3+ c OH--noHaMn 8, Am3+ c rmmoJIHT (V) 

Gl(V) n TnorJinKoJIHT (t-Gl)-noHaMH 9, a TaK.me c 

HOHaMH raJioreHBO,ll;OpO,ll;HhiX KHCJIOT IO, II, MOiRHO 

WJH TpeXBaJieHTHhiX aKTHHHlJ;OB aanHCaTh <!TOT pHll; 

.U BH~e 

OH' > F- > m- > Oxib- > Lact- > Ac- > t

-Gl- = H~PoH->SCN-> N03>CI-> 

> Br-> J-> Cl04. 

CnpaBa B aTOM pH,ll;Y pacnonaraiOTCH Heopraun

qecKne ap;p;eup;hl (aa ncKJIIO'IeHHeM OH- H F--uo~ 

l<OMllJlCRCHLIH DOH 1'- J3 l3o 

Am (Oxib)30 0,5 1,4-105 1,1·107 

Cm (Oxib)2+ 0,5 2, 7-102 2,5·103 
Cm (Oxib)2+ 0,5 5,1-104 2,0·108 

Cm (Oxib)30 0,5 1, 7·10• 1 ,4·107 

AmAc2+ 0,2 1,4-102 
To me 0,5 2,0-102 
To me 1,0 1,2·102 8,3·102 

Am (Ac)s+ 0,2 6,7·103 
To me 0,5 6,5·103 
To me 1,0 4,2·103 1,3·105 

y'IaCTHH 5f -<lJI9KTpOHOB aKTHHJil]:OB B o6pa30BaHHH 

CBH3H B KOMnJieKcax. 

MomHo oTMeTHTh, 'ITO paaJIH'Ine B npo'IHOCTH 

1\0MnJieKCOB, HanpHMep aMepnqHH H eBpOnHH, 

yBeJIH'IHBaeTCH npH yBeJIH'lOHHH CJIOiRHOCTH CTpOe

HHH a~~9H,!W, B 'IaCTHOCTII ero ~eHTaTHOCTH. llpn 

CpaBH9HHH MeiH~Y COOOH npo'IHOCTH KOMnJieKCHhiX 

HOHOB aMepHqHH, C O~HOH CTOpOHhl, H KIOpHH, C 

,ll;pyroif, noRa HeJih3H BhiHBHTh O,U:H03Ha'IHOH aaKO

HOMepHOCTH. HnTpaTHhle, cyJihcPaTHhie, oKcaJiaT

Hhle H, B03MOiRHO, XJIOpH,U:Hhle KOMnJieKChl npO'IHee 

B cny'Iae aMepnqnH, a po,n:aun,n:Hhle, JiaKTaTHhle, 

a-OKCHH300YTHpaTHhle H <lTHJieH,n:HaMHHT9Tpaaqe

TaTHble 14 - B cnyqae KIOpHH. 

lfHrepeCHO OTMeTHTh, 'ITO aHaJIOrH'IHaH KapTH

Ha HaOJIIOp;aeTCH npn cpaBHeHHH npO'IHOCTH KOM

nJieKCOB eBpOnHH H ra,n:OJIHHHH. 3,n:eCh o6pa~aeT 
Ha C90H BHHMaHHe TeH,n:eHqHH K yBeJIH'IeHHIO 

npO'lHOCTH ROMnJieRCOB KIOpHH { ra,n:OJIHHHH) no 

cpaBHeHHIO C npO'IHOCThiO KOMnJieRCOB aMepHqHH 

(eBpOnHH) npH yBeJIH'IeHHH ,n:eHTaTHOCTH aMeR,n:a. 

llo-BH,U:HMOMy, H3MeHeHHe llpO'lHOCTH KOMnJieR

COB npn nepexo,n:e OT aMepuqnH K KIOpHIO B 6oJih

meii Mepe aaBHCHT OT CTpOeHHH a,n:l]:eH,n:a, '19M OT 

nouep;eHHH 5/-aJieRTJ>OHOB. 
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SKCTPAKLU·1fl Am, Cm H 
HEKOTOPbiX PE,D,K03EMEJlbHbiX 

SflEMEHTOB HEVITPAflbHbiMH 
mocmOPOPrAHH~ECKHMH 

COE,D,~HEH~.s!M~ 

C ~eJibiO BhlHCHeHHH MeXaHH3Ma peaK~HH 9KCT

parHpOB3HHH H BJIHHHHH CTpOeHHH 3KCTpareHTa Ha 

npo~ecc 6hlJia HccJie~oBaHa ;mcTpaK~HH aMepH~HH, 
KIOpHH H U30THOH KHCJIOThl 60JiblllHM lJHCJIOM He:ii

TpaJibHhlX 3KCTpareHTOB pa3HhlX KJiaCCOB. 

}' CTaHOBJieHO, 'ITO Koa4JcpH~HeHT pacnpe~eJieHHH 
aMepH~HH H KIOpHH IIpHMO IIpOIIOp~HOHaJieH TpeTb

e:ii CTeiieHH KOH~eHTpaD;HH 3KCTpareHTa B OpraHH

'IeCKOH 4Jaae H TpeTbeH CTeiieHH KOH~eHTpa~HH 
HHTpaT-HOHOB B BO~HOH cpaae (npH KOHD;eHTpaD;HH 

NOa' OT 0,01 IW 1,5 M II IIOCTOHHHOH HOHHOH CH

Jie, no~~epmHnaeMo:ii c noMo~biO NH4Cl04). Ta

KHM o6pa30M, ~JIH HeHTpaJibHhlX 3KCTpareHTOB pe

aKD;HH 3KCTparHpOBaHHH BhlpamaeTCH ypaBHeHHeM 

M 3+ + 3A + 3NO; ~ M (N03)3 A 3, (3) 

r)l;e A - MoJieKyJia aKcTpareHTa. KoHcTaHTa aToii 

Ta6J1H4it 3. KoHCTBHTbl pasHosecHJI peBKL\HH 3KCTpaKL\HH 

aMepHL\Hll, KIOpHll H 830THOH KHCJ10Tbl HeHTpBllbHbiMH 

C!lOCC!lOpOpraHH'IeCKHMH COe,IIHHeHlfJIM•H 

K, 

<I>opMyJia "YCJIOBHOe 
o!ioanaqeHue Am em HNO, 

(CsHt70)sPO T03<D 0,3 0,25 0,9 
(i-CsHt70)sPO Tir03<D 0,2 0,2 0,7 
(i-CsHnO)J(CsH,CHs) PO )J;nOR3<D 0,02 0,02 0,42 

OpTO 
(i-CsHnO) (CHsCeH,O) X 

X (CHs)PO 
nOR3M<D 1,3 1,85 1,25 

napa 
(i-CsHt70)1CH2ClPO )J;n03CEM<D - 0,22 
( i-C,HuO )2CsHt7PO )J;nB80<D 2,6 2,6 1,1 
(CsH170)2CsHt7PO )];030<D 4,2 2,8 1,75 
( i-C.HvO )2CDHtuPO )J;nB3H<D 5,4 5,4 1,9 
( i-C,HoO )2C1oH21PO )J;nB3)J;<D 2,7 2,7 1,1 
( i-CsH170 )2CsHsPO )J;H03<D<D 0,08 0,08 0,38 
(CeHs) (CH2Cl) (C,HuO)PO B3<DCEM<D 0,02 
(CsHt7) (CHs) (CsH110) PO 03MO<D 120 120 4,0 
(C,Ho)2(C.Hu0) PO B3)J;B<D 180 110 6,6 
(C,Hu)2(CsH170) PO 03)J;B<D 206 220 7,4 
(C,Hu)2(i-Cs.Ht70) PO n03)J;B<D 250 290 4,1* 
(C.Ho) (CsHs) (C.HoO) PO B3B<D<D 4,5 3,8 2,8 
(C.Hu) (CsHt7) (CsHt70)PO 03BO<D 160 108 5,2 
(CsH17)2 (CsHnO) PO 03)J;O<D 280 206 4,2 
(CsH17)sPO TO<DO 3000 3000 14,0 
(i-CsHn)sPO TnO<DO 100 100 3,8 

• B Ka'ieCTBe paa!iaBHTeJifl HC!IOJib30BaJicfl aeRaH. 

peaK~HU (npH IIOCTOHHHOH IlOHHOH CHJie) MOiKeT 

ObiTb BhlpameHa B BH;:J;e 

K = [M (NOs)s Aalopr 

(MS+Jsoan (NO;J ~OilH (AJ~pr [NO;J ~oaH(AJ~pr 
(4) 

AnTOpbi orrpe~eJJIIJIH HoHcraHThl peaK~Hii aKCT

parHponaHUH aMepn~HH ll KIOpliH )l;JIH 60JiblllllHCTBa 

E. C. rYPEEB et al. 

HOCJie)l;OBaHHhlX cOe)l;H'HeHHH. :3KCTpa'IIOJIHpyH 'IIO

Jiy'leHHYIO aaBHCHMOCTb K oT HOHHoii cnJibl 

(n KOOp)l;HHaTax lg K-Yi:t), noJiy'lnM aHa'leHHH 

KOHCTaHT peaK~nii npH HyJienoii HOHHoii CHJie Ko. 
3TH BeJIHlJHHbl IIpHBe)l;eHhl B Ta6JI. 3 H CJiymaT )l;JIH 

cpaBHeHHJI 3KCTpaK~HOHHOH CIIOC06HOCTH HCCJie)l;O

BaHHbiX 3KCTpareHTOB. 

Hay'leHHe aKcTpan;HH aaoTuoii KHCJIOTbi ueii

TpaJibHhlMH 3KCTpareHTaMH IIOKa3aJIO, 'ITO Koa4J-

4Jn~HeHT pacnpe)l;eJieHHH HNOa npHMo nponop

n;nouaJieu paBHOBeCHOH KOH~eHTpan;nn KHCJIOThl B 

BO)l;HO:ii: 4Jaae H CB060)l;HOH KOH~eHTpan;nH 3KCTpa

reHTa B opraHHlJecKoii 4Jaae. TaHHM o6paaoM, ycTa

HOBJieHo, 'ITO BO BCeX CJiy'laHX o6paayeTCJI MOHO

COJibBaT. I\.aK H B CJiy'lae aMepn~HJI H KIOpHH, 6LIJIH 

paCClJHTaHhl KOHCTaHTLI peaK~HH 3KCTparnpOBaHHH 

a30THOH KHC.JIOTLI He:ii:TpaJibHhlMH 3KCTpareHTaMH 

Ko, aTn )l;aHHhle TaKme npHBe)l;eHhl B Ta6JI. 3. 

IloJiy'leHHbiH MaTepHaJI II03BOJIHeT C)l;eJiaTb He

KOTOphle BhlBO)l;LI 0 MexaHH3Me 3KCTpaK~HH H 

BJIHJIHHH CTpOeHHH 3KCTpareHTa Ha 3KCTpaK~HIO 

aMepn~HH, KIOpnH n aaoTHo:ii KHCJIOTbi. B HaCTOH

~ee BpeMH He BLI3hlBaeT COA-IHeHHH TO, 'ITO o6pa-

30BaHHe COJihBaTa HeHTpaJibHhlMH 3KCTpareHTaMH, 

HMeiO~HMH rpynny =P = 0, npOHCXO)l;llT 3a C'leT 

B3aHMO)l;eHCTBHH CO CB060)l;HOH napo:ii 3JieKTpOHOB 

4Joc4JopHJibHOrO RHCJIOpO)l;a. Il03TOMY BBe)l;eHne B 

aKCTpareHT noJiomnTeJII>HbiX rpynn, nanpn:Mep 

Y)l;JIHHeHHe aJIKHJibHoro pa)l;nKaJia, )l;OJimHo yne

JIH'lnBaTb 3KCTpaK~HOHHYIO CIIOC06HOCTb. ,ll;e:iiCT

BHTeJibHO, 3aMeHa O)l;HOrO HJIH )l;BYX 6yTHJibHhlX 

pa:JJ,HKaJIOB Ha OKTHJI ( B a4JHpHOH 'laCTH MOJieKyJibl 

aKCTpareHTa) yneJin'lnBaeT Ko KaK /I,JIH TpexBa

JieHTHbiX aKTHHH)l;OB, TaK H )l;JIH HNOa. C )l;pyro:ii: 

cTopoHhl, aaMeHa B MoJieKyJie B:3,ll;B<l> ncex Tpex 

6yTHJibHbiX pa/I,HRaJIOB Ha ORTHJI Be)l;eT B KOHelJHOM 

ClJeTe K CHHa\eHHIO 3KCTpaK~HOHHOH CIIOC06HOCTH. 

BH)l;HMO, npn 6oJibiiTOM lJH·CJie )l;JJHHHbiX paiiHKaJIOB 

HJIH npn CHJibHOM y,n;JIHHeHnH O)l;Horo pa!IHKaJia 

nee 6oJII>rnee aHa'leHHe Ha'lHHaiOT npno6peTaTb 

CTepn"'eCKHe 4JaKTOphl. :3TO IIpHBOiiHT K TOMy, "'TO 

npn onpe)l;eJieHHoii iiJIHHe paiiHRaJia Ha6JIIO)l;aeTCH 

MaKCHMYM 3KCTpaKD;HOHHOH cnoco6HOCTH. B. r. Tn

MOIITeB 15 uarneJI, 'ITO B PHIIY )l;nnao6yTnJionoro 

a4Jnpa ( i = C4H90) 2RPO aKcTpaK~HOHHaH cnoco6-

HOCTb pacTeT .n;o R = CsHn; B ,n;aHHoii pa6oTe 

a~CTpaK~HH aMepH~H, KIOpHH H aaOTHOH KHCJIOThl 

aHaJIOI'H'IHbiMH COe,IJ;HHeHHHMH 6niJia HCCJie/I,OBaHa 

B6JIH3H MaKCHMyMa ll OKa3aJIOCb, 'ITO Han60JibillaH 

aKCTpaK~HH Ha6Jiro,n;aeTCH npn R = C9HI9· 

Bae11eHne B MoJieKyJiy aKcTpareHTa aJJeKTpooT

pnn;aTeJibllbiX rpynn (Cl, C 6Hs) peaKo yMeHnrnaeT 

IIOJIHpHOCTb CBH3H p = 0 H TaKHM o6pa30M IIO,IJ;aB

JIHeT crroco6HoCTb o6paaonaHHH CBHan "'epea 4Joc-

4JopHJI.bHbiH 1\HCJIOpo.n;. IIoaToMy aKcTpaK~noHHaH 
CIIOC06HOCTb TaKHX COeJJ;HHeHHH, KaK ,ll;n0:3<l><l>, 

,ll;n0K3<1>, H0K:3M<l>, ,ll;n0:3CEM<l>, B8<1>CEM<l> 

aHa'IHTeJII>Ho noHHiKeHa. Ilpn BBe,n;eHnn ,n;Byx apo

Ma TH'IeCKHX rpynn ( HaiipHMep, Kpe3HJibHbiX) 

;mcTpareHT nepecTaeT naBJieKaTb aMepn~nii H :KIO

puii ,IJ;a}l\e rrpn BbiCOKOH KOH~eHTpa~HH BbiCaJIH

BaTeJIH (HHTpaTa MarHHH) B Bo,n;Hoii <Paae. B aTHX 
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YCROBHHX H3MeHeHHe UOROffieHHH MeTHRbHOI'O pa

l!;HRaJia B apoMaTH'IeCROM 3aMeCTHTene, CIIRbHO 

BRHHJO~ee Ha lf>113111JeCRIIe II XIIMIIlJeCKIIe CBOHCT

Ba 31\CTpareHTa, He3HalJIITeJibHO 113MeHHeT 3KCT

paKD;IIOHHYJO CllOC06HOCTb. 

CIIJILHoe BJIHHHIIe Ha 3KcrpaKn;IIJO oRa3hlBaeT 

'IHcno cml3e.H B C-0-P B MoneKyne 3KcrpareHra. 

}\aK B CRyqae aMepHD;HH H KIOpHH, T8K l1 B CJiyqae 

830THOH KHCROTbl 3KCTpaKIJ;HOHHaH CITOC06HOCTb 

COe,IJ;IIHeHnit CIIRbHO ITOHHffiaeTCH np11 yBeRH'IeHHH 

lJHCRa KHCROpO,Il;HI>lX CBH3eH, TO eCTb B pH,n;y 

RaPO-+ ROR2PO-+ (R0)2RPO-+ (RO)aPO. 

Oco6eHHo cJiomHoil HBRHercH 3aBHCIIMOCTL 3KCT

paKD;IIII OT pa3BeTBJieHHOCTII opraHHlJeCKHX pa,n;II

KaROB, Bxo,n;H~Hx B MoneKyny 3KcrpareHra. B cny

qae lf>oclf>IIHOKIICeH (RaPO) II lf>oclf>HHaTOB 

(.H.O) R2PO 3KCTpaKn;lloHHaH crroco6HoCTL coe,n;II

HeHHii C HOpMaRLHOH n;errl>JO Bbiiiie, 'leM COe,Il;IIHe

HHH c HaocrpoeHMeM, npH'IeM ara pa3HHn;a reM 

60Jibiiie, lJeM MeHhiiie KHCJIOpO;JJ;HbiX rpyrrrrllpOBOK. 

O,n;HaKo c rrepexo,n;oM K lf>oc!f>oHaraM 11 lf>oclf>araM 

pa3RII1JHe B 3KCTparHpyeMOCTII CTaHOBHTCH MeHee 

Cy~eCTBeHHhiM. 

HCCJIE,LJ.OBAHHE 
SKCTPAKUHOHHOrO PA3,LJ.EJIEHHH 
AMEPHUHH H PE,LJ.K03EMEJibHbiX 
SJIEMEHTOB B CTATVILJECKVIX VI 

,LJ.VIHAMVILJECKVIX YCJIOBVIHX 
HenrpaJihHble 11 KHCJII>Ie lf>oclf>opopraHH'IeCKIIe 

COe,IJ;HHeHHH MOI'YT 6biTb HCIIOJib30BaHLI )J;RH O'IHCT

KH rpexBaJieHTHbiX aKTHHH,Il;OB OT pe,n;K03eMeRnHbiX 

upo,n;yKTOB )J;eJieHHH. C ::JTOH TO'JKH 3peHliH 6I>ma 

HCcJie;JJ;oBaHa aKcTpaKD;HH Am3+, Cm3+ H neKoTo-

Ta6mn . .\il 4. Ko:tcpcpML!MeHTiol pacnpeAeneHHJI Am3+ 11 Pm3+ 
np~o~ :JKCTpctKL!Ioflof 20%-Ht.IMiof pacTBopaMiof T6Cb, TOCbO 11 

/J,AMCb 113 pa<:Taopoa LiCI (pH-I) 

TB<l> TOcl>O B neKaHe ,!J;AM<l> B CHHTUHe 
HoHueHT- B CHHTHHe 

saJJ,Ufl 
Ll l,MOJ!b/JI Am Pm Am Pm Am Pm 

2 0,035 
4 0,64 1,1 
6 3,0 3,6 0,12 0,98 
8 10,3 7,2 1,0 5,4 

10 0,77 0,74 2,7 22,0 
11 4,6 2,3 3,8 40,0 
12 17,3 6,3 22,0 23,0 4,6 62,0 

poiX JiaHranH,n;oB (Pma+, CP+) H3 xnopH,n;HhlX H 

po,n;aHH,Il;HbiX paCTBOpOB. 
,ll;aHHhle no Ko31f>lf>IIn;HeHTaM pacrrpe,n;eJieHHH 

aMepiiD;HH 11 npoMeTHH Mem,n;y pacrBopaMH LiCl 

II HeiirpaJibHhlMII lf>oclf>opopraHII'IeCKHMH 31\CTpa

reHTaMH - rpH6yrHJI!f>oclf>aroM (TB<l>), TO<l>O H 

,n;HaMHROBhlM alf>HpOM MeTHJIIf>oclf>oHOBOH KHCJIOTbl 

(Jl:AM<l>) - rrpiiBe,n;eHLI B Ta6JI. 4; aHaJIOI'IIlJHLie 

,n;aHHble ,Il;JIH KIICJibiX 3KCTpareHTOB IIOK83aHbi B 
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·raon. 5. RaK Bll,n;Ho H3 ar11x ,n;aHHhlx, aeilrpani>HMe 

9KCTpareHThl H3BJieKaJOT aMepiiD;IIH H rrpoMeTIIH 

TOJibl\0 113 ,Il;OBOJibHO KOHD;eHTpllpOB8HHJ:d.X paCTBO

poB, B TO BpeMH K8K KIICJihle ;mcrpareHThl IIOKa-

3hlBaJOT BbiCOKIIe KOacplf>lln;lleHThl pacnpe,n;eJieHIIH 

Ta6n~o~1.1a 5. Ko:tcpcpHL!H8HTiol pacnpep,eneHHJI Am 11 Pm np~o~ 
3KcrpaK4MH 0,2 M pacTBopaMH /J,23rCbK ~o~ M23rCbK a 

AeKaHe H3 pacraopoa LiCI + 0,05 M HCI 

.U23 ret> H M23 l'cl> H HoHJJ,eHTpaJJ,llll _______________ _ 

LiCI, MOJibjJ! 
Am Pm Am Pm 

0,01 38,0 230 
0,1 23,0 200 
0,5 20,2 103 
1,0 11,7 84 215 
5,0 0,68 3,2 35 67 
9,0 0,08 0,54 15 30 

13,0 0,07 0,45 0,9 11 

np11 :MaJihiX KoHn;eHrpan;IIHX LiCI. Ha11ny1JIIIee paa

,n;eJieHHe aMepiiD;IIH H llpOMeTIIH MOffieT 6MTb ,Il;O

CTHI'HYTO C IIOMO~l>JO ,ll;AM<l> II Jl:23f<l>l\ 113 pacr

BOpOB c Koan;eHrpan;Heil: LiCl 6onee 9 M. 
B RHreparype orr11cauo paa,n;eneHIIe aKTIIHH,Il;OB 

II RaHTaHII,Il;OB rryTeM lmCTpaKD;IIH TpiiOKTHJiaMH

HOM (TOA) 113 XROpii,Il;HhlX paCTBOpOB 16• 17• B ,n;au

HOH pa6ore 6Mna IICCJie,n;oBaHa 3KcrpaKn;HH aMepii

D;IIH 11 npoMeTIIH 20%-HMM pacrBopoM TOA B KCH

none H3 KoHn;enTpHpoBaHHhiX pacrBopoB LiCl. 

HaHn}"'lJIIIHe peayJILTaTM no BM,n;eJieHHJO aMepHD;IIH 

l1 OlJIICTKe ero OT pe,n;K03eMeJILHhlX 3ReMeHTOB ITO

JiyqeHbl npH Konu;enTpan;HH LiCl OKOJIO 11 M; rrp11 

3TOM Koalf>!fmn;Henr pacnpe,n;eJieHHH Am3+ paBeH 

2,6, a Pm3+-0,03. 

Pa3JIII1JIIe B KOMnJieKcoo6paaoBaHIIII rpexBa

rreHTHLIX 8KTIIHII/];OB II RaHTaHII/];OB C pop;aHII/];-110-

HaMH MOffieT 6h1Tb IICITORb30BaHO ,Il;JIH HX 3KCTpaK

D;HOHHOI'O paa)J;eJieHllH. C 3TOH n,eJinJO 6LIJia HCCJie

AOBaHa :mcrpaKn;HH aMepHu;HH, n;epHH H npoMeTHH 

c rroMOin;LJO TB<l>, TO<l>O H ,ll;AM<l> H3 pacTBopoB 

po,n;aHH,n;a aMMOHHH pa3RH1JHOH KOHIJ;eHTpau;HH C 

pH= 1 (Ta6JI. 6), a Ta'Kme 31\CTpaKD,HH aMepHD,HH, 

KIOpHH 11 npoMeTHH ,ll;23f<l>R H M23f<l>R H3 0,1-

8 M NH4SCN (ra6n. 7). 3KcrpaKD;HH 3THX 3JieMeH

TOB Heii:TpaJibHhlMH 3KCTpar.eHTaMH yBeRHlJIIBaeTCH 

rrp11 ooapacramm Konn;eHrpan;HH NH4SCN, O;JJ;HaKo 

C~eCTBeHHOH pa3HHD;hl Mem)J;y K031fllf>lln;lleHTaMII 

pacnpep;eJieHIIH aKTIIHII,Il;OB H JiaHT8HH,Il;OB He H8-

6JIJO,n;aeTCH. Jl:JIH KIICJihlX •aKCTpareHTOB Ha6JIJO,n;aer

CH o6parHaH 3aBIICIIMOCTh: yMeHbiiieHIIe ilKCTparH

pyeMOCTH np11 yaeRHlJeHHH KO'HD;eHTpaD;HII po,n;aHH

,n;a. iloCKOJibKY po,n;aHH,n;Hl>Ie KOMUReKCHhle HOHbi 

Tpe:EJaJieHTHbiX aK'l1HHII,Il;OB IIpOlJHee COOTBeTCTByJO

IltiiX ROMIIJieKCOB RaHTaHH,Il;OB, 3KCTpaKD;HH aMepu

D;HH II KIOpiiH npH yBeRII'IeHHII KOHD;eHTpan;HII 

NH4SCN yMeHLIIIaeTCH ropaa,n;o CIIJILHee, qeM aKc

rpaRD;IIH JiaHTaHII,Il;OB. 3TOT lf>aKT ,n;aeT B03MOffi

HOCTb IIpOBeCTH OT,IJ;eJieHIIe aMepHD;IIH II KIOpiiH OT 

JiaHTaHH,llOB nyreM 3KCTpaKD;HH ITOCJie/];HIIX 

JJ:23f<l>R HJIH M23f<l>H H3 6-8 M pacrBopoB 

NH4SCN. 
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Ta6nHL\11 6. Ko:tcpcpHL\HeHTbl pacnpeAeneHHll Am3+, CIS+ H Pm3+ npH :tKCTpeKL\HH TSCb, 
TOCbO H AAMCb H3 pOAIIHHAHbiX pacnopoe 

HOHI\eHT- 26%-HLill: TBci> D AeRaHe 20%·HLIA TOci>O B 11eRaHe 20%·HLIA )l;AMcl> B AeRaHe 
pa~HII 

NH,SCN, 
MOIIb/11 Am Ce Pm Am 

0 0,21 
5·10-;4 0,03 
1·10-3 0,04 
5-1o-a 0,51 
0,01 1,54 
0,05 0,012 0,024 400 
0,1 0,11 0,11 550 
0,5 4,2 0,7 0,41 
1,0 10,0 1,0 1,2 
2,0 21 3,7 4,0 
3,0 48 13,0 11,0 
4,0 95 37,0 20 
5,0 150 90 38 

,lJ;auuLie, noJI)"IeHHLie B CTaTH'IeCimx ycJIOBHHX, 

6LIJIH npoBepeHLI aaTeM B ll;HHaMH'IeCHHX ycJIOBH

HX C HCnOJib30BaHHeM annapaTOB THna CMeCHTeJib
OTCTOHHHK n Mol);eJibHLix pacTBopoa. Moll;eJU,Hhle 

paCTBOphl COOTBeTCTBYIO~ero COJieBOI'O COCTaBa CO

p,epmaJIH aMepHn;Hii, cyMMY pe,r:vwaeMeJibHLJx npo-

Ta6nHLIII 7. Ko:t!P!PHLIHeHTbl pacnpeAeneHH.II Am3+, Cm3+ 
" PmH npM :tKcTpiiKLIHH 0,2 M pacnopaMH .D,23rCbK " 

H M23rCl>K H3 POAIIHHAHbiX pacTBopoa 

HoH~eHT· ,ll;2:3l'cl>H 
pa~HII 

NH,SCN, 
M.OIIb/11 Am Cm Pm Am em Pm 

0,1 20 19,8 130 1,2·10S 3,6· 103 

0,5 9,5 89 
1,0 8,4 6,5 43,6 39,4 102 
2,0 3,5 24,3 11,0 11,8 32,2 
4,0 1,0 12,6 3,1 2,9 16,6 
5,0 0,77 
6,0 0,49 11,5 1,2 1,2 12,1 
8,0 0,44 0,29 10,3 0,63 0,48 10,8 

P.YKTOB l);eJieHHH ,!I.BYXJieTHeii Bhll);epmHH H pep,HO

aeMeJibHhle HOCHTeJIH -·JiaHTaH H n;epHii. OnLITLI 

npOBO,!I.HJIHCb B 13-CeKD;HOHHOM CMeCHTeJie-OTCTOH
HHKe, CHa6meHHOM MeXaHHqecHHMH MemaJIKaMH H3 
HepmaBeiD~eii: CTaJIH, IIORpbiTbiMH JiaROM Ha OCHO

Be :moRCH,ll;HOH CMOJihi. 8KCTpaKD;HH IIpOH3BO,D;H

JiaCb KaK no IIpOTHBOTOqHoii:, TaK H no IIOJiyiipOTH
BOTO'IHOH cxeMe. 

,lJ;JIH paal);eJieHHH aMepHIJ;HH H pe,D;K03eMeJibHhlX 

<meMeHTOB 6hlJIH HCCJie,D;OBaHhl CJiel);yiO~He CHCTe

Mhl: 0,75 M ,l1;28r<I>K B ,D;eKarue- 6 M NH4SCN, 

0,75 M ,l1;28r<I>K B Ae«ane- 11 M LiCl ( +0,4 M 
HCI) H 20%-HLIM TOA B KCHJIOJie -11 M LiCl 

( +0,01 M HCI). 8KcTpaKn;HH Ha pol);aHHlJ;Horo pac

TBopa IIpOH3BO,ll;HJiaCb Ha :3HCTpaRTOpe C 7 :3KCTpaK
D;HOHHhlMH H 6 IIpOMhlBO'IHhlMH CeKD;HHMH; IIpH 
3TOM 6LIJia noJiy'leHa XOpOillaH O'IHCTKa aMepHD;HH 

OT pep,K03eMeJibHhlX aJieMeHTOB ( """103) H BLICO

KHH BLIXOJ.I aMepiiD;HH (99%). B anaJIOI'H'IHbiX 

ycnoBIIHX 6LIJia ocy~eCTBJieHa aRcTpaKn;II.a c 

Ce Pm Am Ce Pm 

1,5 4,2 
0,75 4,25 
2,4 5,04 0,003 

48 23,4 0,004 0,0146 0,0125 
480 208 0,106 0,048 0,049 
500 300 1,75 1,88 1,0 
550 400 12,2 4,7 4,6 

,l1;28r<l>K H3 XJIOpH,D;HOI'O paCTBOpa, 'ITO noaBOJIHJIO 

nOJIY'IHTb TaKOH me BhlXOA aMepHIJ;HH (99%), HO 

O'IHCTRa 6LIJia 3Ha'IHTeJibHO xyme (OKOJIO 10). 

HaH6oJiee a~eKTHBHoii ,D;JIH rpyrrnoBoro paa
,D;eJieHHH aKTHHH,!I.OB H JiaHTaHH,!I.OB OKaaaJiaCb 

CHCTeMa TOA- LiCl. llpH aKcTpaKn;HH no rrpo

THBOTO'IHoii: CXeMe Ha 7 aKCTpaRn;HOHllhlX 'II 6 rrpo

MhlBO'IHhlX CeKn;HHX aMepHD;HH 6hlJI OT,O.eJieH OT 

pe,!I.K03eMeJib'llhlX aJieMeHTOB C Hoacflqmn;HeHTOM 

O'IHCTHII OOJiee 104; BhlXOA aMepHD;HH B aTOM npo

n;ecce cocTaBHJI 99,9%. 8TH l);aHHLie corJiacyiOTCH 

C ,!l.aHHhlMH <l>epriOCOHa 18• 

0Tl);eJieHHe aMepHD;HH OT pe,D;K03eMeJibHhlX aJie

MeHTOB c noMo~biO TOA 6LIJio ocy~eCTBJieno TaR

IKe no noJiynpOTHBOTO'IHOii: CXeMe. 8KCTpaHD;HH 

UpOBOll;IIJiaCb Ha 9-CeHD;HOHHOH YCTaHOBHe, B KOTO

poii: O~Ha CeHD;IIH CO,D;epmaJia CMeCb aJieMeHTOB, 
a BOCeMb 6LIJIH IIpOMhlBO'IHhlMH. 8TOT rrpon;ecC II0-

3BOJIIIJI ,ll;OCTII'Ib e~e 6oJiee BhlCOKOH O'IHCTHH aMe

pHD;UH ( > 105) rrpu BhlXO,D;e 99,9 Ofo; O,D;HaHO npu 

aToM npoucxop,uJio yseJiuqenue o6'beMa pacTBopa, 

co.r.epma~ero aMepun;uii, npHMepuo B 10 paa no 
cpaBHeHHIO C UCXOlJ;HhlM. 

TaHUM o6paaoM, orrucaHHhle aKCTpaKn;HoHHLie 

CHCTeMhl II03BOJIHIOT ,ll;OCTaTO'IHO nOJIHO OT,D;eJIHTb 

TpexBaJieHTHhle aRTUHU,ll;hl OT pe,D;H03eMeJibHhlX 
upo,D;yKTOB ,D;eJieHUH. B coqeTaHHH c rrpe,D;BapHTeJib

noii: O'IHCTKoii: OT ,D;pyrHx rrpo,n;yKTOB ,D;eJieHHH 11 OT 
upo,D;yKTOB KoppoauH KOHCTPYKD;HOHHhlX MaTepua

liOB, KOTOpaH He npe,D;CTaBJIHeT 3aTpy,D;HeHHH1 :3TH 

MeTO,ll;hl II03BOJIHIOT Bhl,D;eJIHTb aMepHD;liH H KIOpHii 

KOJIH'IeCTBeHHO H C BhlCOKOH CTeneHbiO 'lliCTOThl. 

B03MQ}t{HbiE BAPHAHTbl CXEMbl 
SKCTPAK~HOHHOrO 1-13BnE4EHHH 

1-1 04HCTKI-1 AMEPH~HH 

Paapa6oTaHHLie aKcTpaKn;HoHHLie MeTO,D;LI Boa
Momno npHMeHHTb ,ll;JIH H3BJie'leHHH aMepHIJ;liH 113 

OTXO,ll;OB OT rrepepa60TKH o6Jiy'leHHhlX IIJIYTOHHe

BhlX o6paan;oB. B aToM CJryqae B paCTBopax, no,D;Jie

ma~:nx nepepa6oTKe, IIpHCYTCTBYIOT, KaK rrpaBHJIO, 
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60JihJUHe KOJIHlJeCTBa COJieM (HHTpaTOB) H npop;yK
TOB p;eJieHHR, 3HalfHTeJihHO npeBhliiiaiOIIJ;He COp;ep
maHHe aMepH~HJ:I. Bee napHaHThl cxeM nepepaoor
RH TaKUX paCTBOpOB cop;epmaT, KaK npaBHJIO, TpH 
OCHOBHhiX :3Tana, KOTOphie MoryT OLITh BhlnOJIHeHhl 
Ha OCHOBe :3KCTpaK~HOHHhiX npo~eCCOB. 

IlepBLIM o6J:IaareJILHhiM aranoM JII06oo cxeMhl 
HBJIJ:IeTCJ:I H3BJielfeHHe aMepH~HJ:I H3 HHTpaTHOrO 
BLICOKOCOJieBOro paCTBOpa. ()Ty onepa~HIO MOmHO 
OCyiiJ;eCTBHTh HeCKOJihKHMH ITYTJ:IMH; O;r:J;HHM H3 Ta-
1\HX nyreii J:IBJIJ:IeTcJ:I aKcTpaK~HJ:I TB<I> HJIH 
t:J;28f<I>R. Ilpep;napHTeJILHO H3 pacTBopa Heo6xo
:1HMO yp;aJIHTh H30biTOK KHCJIOTbl H i'];OBeCTH ero pH 
p;o 1, liTO Momer 6:&ITh ocym;ecTBJieHo, HanpHMep, 
oTrOHKoii c napoM npH 140°C. Pacxop; napa npH 
aToM cocTaBJIHeT 2-2,5 ne Ha 1 .MOAb HN03, no
.rryqaiOm;HiicJ:I paCTBOp HMeeT nJIOTHOCTh OKOJIO 1,24 
rr pH B npep;enax OT 1 p;o 2. l1anJielfeHHe aMepH~HH 
H3 TaKoro paCTBOpa OCyiiieCTBJIJ:IeTCH 80% -HhiM 
pacrnopoM TB<I> B KCHJioJie HJIH 20% -HhiM pacTBO
poM ,[{28f<I>I\ B p;eKaHe, npH aTOM KOOqUpH~HeHT 
pacnpep;eneHHH Am3+ cocTaBJIJ:IeT oonee 100. PeaK
CTpaK~HJ:I aMepH~HJ:I H3 TB<I> npoHaBop;HTCJ:I 0,01 M 
pacTBopoM KHCJIOTLI, Ha ,[{28f<I>R- 5 M HCL 
B aToii onepa~HH p;ocTHraeTCJ:I orp;eneHHe aMepH
D;HJ:I OT 6oJihiiiHX KOJIHlJeCTB aJIIOMHHHJ:I H OT npo
)J;YKTOB p;eneHHJ:I I H II rpynn (Cs, Sr, Ba). 

BTophlM aranoM cxeMhl 6yp;eT npep;napHTeJI:&HaJ:I 
OlJHCTKa aMepH~HJ:I OT npop;yKTOB p;eJieHHJ:I, aKCTpa
rHpOBaBIIIliXCJ:I COBMeCTHO C HHM B nepBOH OIIepa
D;HH. ,[{JIH aroro peaKCTpaKT or TB<I> HaChiiiJ;aercJ:I 
xnopHCThiM JIHTHeM p;o KOH~eHrpa~HH 5 M, H rrpo
JI3BOAHTCJ:I aKcrpaK~HJ:I 20%-H:&IM pact~nopoM TOA 
B KCHJIOJie (peaKCTpaKT OT ,l1;28f<I>I\ MOmHo oopa
oaThlBaTI. Henocpe)WTBeHHO). IlpH aTOM aMepHD;JIH 
ocraerc1:1 n nop;Hoii «J>aae, a B <:~KcTpaKT nepexop;J:IT 
Mn, Fe, Co, Zn, Zr, Mo, Tc, Ru, Pd, Cd, Hg u 
HN03. B peayn:&TaTe rronyqaercJ:I xnopHAH~ii: pac
rnop, COJJ;epmam;Hii: B OCHOBHOM aMepHD;HH H pep;KO
aeMeJI:&Hhle aJieMeHThl. Hap;o orMeTHT:&, lfTO o6~a1:1 
OlJHCTKa OT y-aKTHBHOCTH Ha aTOM ararre MomeT 
6h1Tb HeBLICOKa, OCOOeHHO B CJiyqae npop;yKTOB 
2-3-JieTHeii Bhlp;epmKH (KoaqxpH~HeHT OlJHCTKH 
IIOpHp;Ka 2), TaK KaK npOHCXOJJ;HT OTp;eJieHHe aMe
pH~HJ:I B OCHOBHOM OT CTaOHJibHLIX H30TOIIOB 
KoHelJHLix npop;yKTOB n;enolfeK pacnap;a. 
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HaKoHen;, rpeTLHM aTarroM cxeMhl J:IBJIHeTcJ:I or
p;eJieHHe aMepHD;HH OT pe,n;K03eMeJILHhlX rrpop;yK
TOB p;eneHHJ:I. 8ra orrepa~HJ:I ocym;ecTBJIJ:IeTCJ:I 
;>KCTpaK~Heii aMepHn;HJ:I 20%-HLIM TOA H3 pacTBO
pa, cop;epmam;ero 11M LiCI H 0,1 M HCL PaaHHD;a 
B Koa.P«J>Hn;HeHrax pacnpep;eJieHHH aMepH~HJ:I H 
JiaHTaHH;r:J;OB, paBHaJ:I 60, o6ecnelJHBaeT BhiCOKYIO 
creneHh OlfHCTKH aMepHD;HJ:I. PyreHHii, lfaCTHlfHO 
cne,1y10m;Hii aa aMepHn;HeM no nceii cxeMe, npH 
noii: oneparrHH ocraerc1:1 B opraHHtiecKoii «J>aae, 
ecJIH 1IpOH3BOJJ;HTb peaKCTpaKD;HIO aMepHD;HJ:I 4-
6 M COJIJ:IHOH KHCJIOTOH. 

Ilpep;naraeMaJ:I cxeMa npH nponep;eHHH aKcrpaK
D;HOHHLIX onepa~HH Ha 13-ceK~HOHHOM CMeCHTeJie
OTCTOHHHKe IT03BOJIJ:IeT Bhlp;eJIHTb aMepH~HH C Bhl
XOJJ;OM 97%. IlpH aTOM Km~«J>«J>Hn;HeHT O'IHCTKH 
aMepH~HJ:I OT pep;K03eMeJILHhiX aJieMeHTOB paBeH 
1 • 106, OT ~e3HJ:I '"'-' 2 •106, OT CTpOHD;HJ:I """'"'4 • 106 

H OT pyreHHJ:I '"'-' 1· 106• 
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ABSTRACT -RESUME-AHHOTAUIIIR-RESUMEN 

A/348 USSR 

Extraction and some chemical properties of 
transplutonium elements 

By E. S. Gureev et a/. 

The transplutonium elements can be produced by 
the irradiation of heavy isotopes with high integral 
neutron flux. To produce these elements in relatively 
short periods of time the SM-2 reactor with the 
2 x 1015 nfcm2 s flux in the central channel was built in 

the USSR. There is a large radiochemical laboratory 
in the reactor building where transplutonium elements 
including Es and Fm are being extracted and their 
properties studied. The laboratory is equipped with 
I 6 cells and 56 glove boxes. In the cells and glove boxes, 
experiments with activities up to 100000 curies and 
1 curie respectively can be carried out. The total 
effective area of the laboratory is 20200 m2. 

The extraction of transplutonium elements is 
accomplished by separating them from a great number 
of fission products and in the first case from rare earth 
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elements whose chemical properties are essentially 
similar. 

The extraction properties of these elements with 
neutral and organophosphoric acid compounds from 
aqueous salt solutions were studied. The complex 
formation constants of some transplutonium and rare 
earth elements with organophosphorous compounds, 
mineral acids and a number of other compounds were 
determined. 

Under static and dynamic conditions the investiga
tion of the extractive separation oftransplutonium and 
rare earth elements by organophosphoric acid com
pounds and amines from chloride and thiocyanate 
solutions were carried out. 

Using these extracting agents a number of techno
logical schemes for transplutonium element extraction 
with a high yield and practically complete purification 
of these elements from fission products were obtained. 

Methodes d'extraction et certaines 
proprietes chimiques des elements 
trans pi uton iens 

par E. S. Gureev et al. 

A/348 URSS 

Pour obtenir les elements transplutoniens, il faut 
irradier les isotopes Iourds par de grands flux neu
troniques integres. On a construit a ces fins en URSS 
le reacteur SM-2, dont le flux, dans le canal central, est 
de 2 x 1015 njcm2 s, ce qui permet d'obtenir ces 
ele,ments dans des delais relativement courts. Au 
reacteur est associe un grand laboratoire radiochi
mique, dont la tache principale est !'extraction des 
elements transplutoniens, y compris Es et Fm, et 
!'etude de leurs proprietes. Le laboratoire est equipe de 
16 cellules et 56 boites a gants. Les cellules sont pre
vues pour une activite allant jusqu'a 100000 Ci, et Ies 
boites a gants jusqu'a 1 Ci. La surface utile totale du 
laboratoire est de 20200 m2 • 

L'isolement des elements transplutoniens est lie a 
leur separation d'un grand nombre de produits de 
fission, et en premier lieu des terres rares qui possedent 
des proprietes chimiques tres semblables. 

Afin d'elaborer un procede pour separer les ele
ments transplutoniens des produits de fission, on a 
etudie ]'extraction de ces elements a partir de diverses 
solutions salines aqueuses a !'aide de composes 
organophosphoriques neutres et acides. On a deter
mine les constantes de complexation de certains 
elements transplutoniens et terres rares avec des 
composes organophosphoriques, des acides mine
raux, etc. 

On a etudie, dans des conditions statiques et 
dynamiques, !'extraction selective des elements trans-

E. C. rYPEEB et aZ. 

plutoniens et de terres rares a !'aide de composes 
organophosphoriques acides et d'amines a partir de 
solutions de chlorures ou de thiocyanates. 

Grace a ces extractants, on a pu elaborer plusieurs 
schemas technologiques de separation des elements 
transplutoniens assurant un grand rendement et une 
elimination presque totale des produits de fission. 

A/348 URSS 

Metodos de extracci6n y algunas 
propiedades qufmicas de los elementos 
trans pi uton ianos 

por E. S. Gureev eta/. 

La obtenci6n de elementos transplutonianos exige 
la irradiaci6n de is6topos pesados con flujos neu
tr6nicos integrados grandes. Para ello se ha construido 
en la URSS el reactor SM-2, con un flujo en el canal 
central de 2 x J015 njcm2 s, flujo que permite obtener 
dichos elementos en plazos relativamente cortos. Junto 
con el reactor, se ha construido un gran laboratorio 
radioquimico, cuya finalidad principal es la separaci6n 
de los elementos transplutonianos, incluidos el Es y el 
Fm, y el estudio de sus propiedades. El laboratorio 
cuenta con 16 camaras y 56 cajas de guantes. En las 
camaras se calcula poder trabajar con actividades de 
hasta 100000 curios, yen las cajas de guantes, de hasta 
1 curio. La superficie total util del laboratorio es de 
20200 m2• 

El aislamiento de los elementos transplutonianos 
supone su separaci6n de una gran cantidad de pro
ductos de fisi6n y, en primer Iugar, de elementos de las 
tierras raras, que tienen propiedades quimicas muy 
parecidas. 

A fin de poner a punto el proceso de separar los 
elementos transplutonianos de los productos de fisi6n, 
se estudiaron las propiedades de extracci6n de estos 
elementos, con compuestos f6sforo-organicos neutros 
y acidos, a partir de diferentes soluciones acuosas de 
sales. Se determinaron las constantes de formaci6n de 
complejos de algunos elementos transplutonianos y de 
tierras raras con compuestos f6sforo-organicos, con 
acidos minerales y con otros varios compuestos. 

En condiciones estaticas y dinamicas, se investig6 la 
separaci6n por extracci6n de los elementos trans
plutonianos y de tierras raras mediante compuestos 
f6sforo-organicos acidos y aminas, de soluciones clor
hidricas y sulfocianicas. 

El uso de estos extractantes permiti6 elaborar toda 
una serie de esquemas para la separaci6n de elementos 
transplutonianos con elevado rendimiento y en con
diciones de pureza practicamente total de los mismos 
respecto del contenido de otros productos de fisi6n. 
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XM~M~ecKMe M sneKTpoxM~M~ecKMe caoAcTaa 
TeXHe4MJI B BOAHbiX paCTBOpax 

IMKT. M. CnM4biH1 A. CD. Ky3MHa, H. H. 3aMOWHMKOaa, 

A. A. 06noaa 

BBE,l\EHHE 
,lJ;oKJia,JJ; nOCBHiqeH HayqeHHIO XHMH'IeCKJ:IX H 

:meKTpOXHMHlJ:eCKHX CBOHCTB TeXHeD;HH, BLI,JJ;eJieH

HOl'O B Jia6opaTopHLix ycJioBHHX ua o6JiyqeHuoro 

HeUTpOHaMH MeTaJIJIH'IeCKOl'O MOJIH6,JJ;eHa H npo

MLIIDJieHHOl'O HHTpaTHoro c6pocuoro pacTBopa. 

Hau6oJiee BamHLIMH BonpocaMH XHMHH TexHe

D;J:IH HBJIHIOTCH CHHTea ero COe)l;J:IHeHHH ,JJ;JIH 

paaJIH'IHLIX BaJieHTHLIX COCTOHHHH H H3y'IeHHe yc

JIOBJ:IH J:IX cTa6J:IJIHaan;uJ:I B pacTBopax. M,JJ;eHTJ:I<f>J:I

KaD;J:IH H HCCJie)l;OBaHHe COe)l;HHeHJ:IH TeXHeiJ;HH ,11;0 

HaCTOHiqero BpeMeHH 3aTpy)l;HeHLI OTCYTCTBHeM 

)l;aHHLIX o crreKTpax norJioiqeHHH, xapaKTepHLix 

)l;JIH MHorux ero BaJieHTHbiX <J>opM. Crroco6HOCTh 

IIpOHBJIHTh HeCKOJihRO ORHCJIHTeJihHLIX COCTOHHHH, 

JierROCTh ux BaaHMHoro rrepexo,JJ;a, no)l;'Iac Haxom

,JJ;eHue B paCTBOpe O)l;HOBpeMeHHO J:IOHOB pa3JIH'IHOH 

BaJieHTHOCTH OCJIOlliHHIOT pa6oTy C TeXHen;ueM. 

RpoMe Toro, Heooxo)l;J:IMo yquTLIBaTL TaRHe ero 

CBOHCTBa, RaK ,JJ;HCIIpOIIOpD;HOHHpOBaHHe H KOM

nJieRC006pa30BaHJ:Ie 1- 17• 

1. KOHUEHTPHPOBAHHE TEXHEUHfl 
H3 MOnH5,l\ATH~X H 

nPOMbiWnEHHbiX C5POCHbiX 
HHTPATH~XPACTBOPOB 

,ll;JIH H3BJieqeHHH TeXHeD;HH RaR H3 06JiyqeHHOl'O 

HeHTpOHaMH MOJIH6,JJ;eHa, TaR H H3 c6poCHLIX pac

TBOpOB OT nepepa6oTRH ypaHa aBTOpLI rrpHMeilHJIH 

9I{CTpaKD;J:IOHHLIH MeTO)l;. ,ll;JIH ROHD;eHTpHpOBaHHH 

TeXHeD;HH H3 c6pOCHLIX Hl:ITpaTHLIX paCTBOpOB, CO
,JJ;epmaiqHX 60JihillOe ROJIHlJ:eCTBO OCROJIROB )l;eJie

HHH, HeROTOpoe ROJIJ:IlJ:eCTBO MaKponpHMe~ft H npo

,JJ;YKTLI ROpp03HH anrrapaTypLI, HCIIOJih30BaHHe 
an;eTOHa ,JJ;aeT B03MOlliHOCTh BLI)l;eJIHTh IIO'ITH pa

,JJ;HOXHMHlJ:eCRH lJ:HCTLIH TexHeD;HH C nepBOH CTyiie

HH 9KCTpaKD;HH (Ta6JI. 1) H ,JJ;OCTH'Ih 60Jihill01'0 

aHaqeHHH Koa<f><f>HqHeHTa O'IHCTRH, nOpH,Il;R<l' 10 4 

(Ta6JI. 2), a TaKme SHalJ:HTeJihHOl'O OCB060m,JJ;eHHH 

oT MaKponpuMeceu. TeM 6oJiee He npe,JJ;cTaBHJio 

TPY,JJ;HOCTH BLI,JJ;eJIHTh pa,JJ;HOKHMH'IeCRH 'IHCTLIH 

TeXHen;uii npH nOMOiqll an;eTOHa R3 MOJIJ:I6,JJ;aTHLIX 

paCTBOpOB 2 C MaJILIM CO,IJ.epmaHHeM pa,JJ;HOXHMH'Ie

CRJ:IX npJ:IMeceft. llpHMeHeHHe XHHOJIJ:IHa H TpH6y

THJI<f>oc<f>aTa B Ra'IeCTBe :mcTpareHTOB TaKme ,JJ;aeT 

noJIOlliHTeJibHLie pe3yJILTaTLI. 

Pac'IeT 'IHCJia TeopeTH'IeCRHX cTyneHeii npH 

HCnOJih30BaHHll an;eTOHa, XHHOJIHHa J:l TpJ:I6yTHJI

<J>oc<f>aTa rroRa3aJI, 'ITO ,JJ;JJH Jia6opaTopHoro anna-
paTypHoro o<J>opMJieHJ:IH MOm:HO npRMeHHTh 

aRCTpaKTOPLI HecJiomHoii ROHCTPYRD;J:IH Tuna 
cMecnTeJJH-OTCTOHHJ:IRa. Cpe,JJ;Hee 'IHCJIO cTyrreHeii 

COOTBeTCTBY'BT 2 + 4. 
8RCTpaRD;J:IIO TeXHeD;HH H3 BO)l;HLIX paCTBOpOB 

rrpoJ:I3BO)l;J:IJIH B cJJe,n;yro~qux ycJJOBJ:IHX: an;eTo

HOM - npu 3 H. ~qeJIO'IHOCTH no N aOH, XJ:IHOJJH

HOM - np1:1 pH = 11,8; TB<l> - 0,5 H. no HNOa. 

B.E.r)l;eJieHJ:Ie TexHeD;J:IH ocy~qecTBJIHJIH 1:13 an;eToua 

OTI'OHROH 91\CTpareHTa; 1:13 XHHOJIJ:IHa- peaKCTpaK

D;J:IeH XJIOpo<J>opMOM B BO,JJ;y; H3 TpJ:I6yTHJI<f>oc<J>a

Ta -10 H. HNOa J:IJIJ:I 5 H. paCTBopoM NaOH. 

2. nonY4EHHE 4HCTbiX COE,l\HHEHH!It 
TEXHEUHfl H METO,l\~ HX AHAnH3A 

KoHn;eHTpaTLI TexHen;nH, noJJyqeHHLie aRcTpaR

D;HOHHLIM MeTO)l;OM, o6pa6aTLIBaJIH COJJHHOH KJ:ICJIO

TOH. RoHelJ:HaH KHCJIOTHOCTh cpe,Ilhi cooTBeTCTBO

BaJJa 1 + 2 H. no HCI. 113 TaRoro pacTBopa c 

noMOiqhiO H2S ocam,JJ;aJlu TeMHO-RopH'IHeBLiii ren

TacyJJ:.E.<f>J:I,ll; TexHen;nH Tc2S7, ROTOpLiii ,JJ;eiicTBJ:IeH 

CMeCH rrepeRHCJ:I BO,JJ;Opo,n;a J:l aMM:HaRa nepeBO,li;J:IJIH 
B pacTBopHMLiii nepTexHaT aMHOHJ:IH NH4Tc04, 

a 3aTeM B TPYAHopacTBopJ:IMoe coe)l;J:IHeHJ:Ie- nep-

TexHaT TeTpa<f>eHHJiapcoHJ:IH, (CsHs)4AsTc04• llo
cJJe,n;Hee BOCCTaHaBJIHBaJIOCh BO,li;OpO)l;OM npH TeM

rrepaType 260-280° C ,11;0 ,JJ;BYORHCJ:I Tc02. 

Ma )l;BYORJ:ICH Texuen;uH ORHCJieHHeM nepeKJ:IChiO 

BO,JJ;Opo,n;a B aMMJ:Ia'IHOH cpe,n;e IIOCJie Y,JJ;aJieHJ:IH H3-

6LITRa aMMHaKa BLIITapHBaHHeM IIOJJy'IaJIH nepTeXJ 

HaT aMMOHHH B KpHcTaJIJIHqecKOM BHJJ;e. MeraJIJIJ:I

qecRJ:Iii TeXHeD;HH npHI'OTOBJIHJIJ:I BOCCTaHOBJieHHeM 

nepTexHaTa TeTpa<J>eHJ:IJiapcoHHH, a TaKme ,JJ;BYOKJ:I

cn TexHeD;J:IH Bo,JJ;opo,JJ;OM npH TeMneparype 600° C. 
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Ta6mtLUI 1. PaAHOXHMH'I8CKHK cocTIIB at.~eTOHOBbiX 3KCTPIIKTOB 

l'lpOMbiWneHHbiX HHTpiiTHbiX piiCTBOpOB 

(06'I>eM HCXOAHOI'O paCTBOpa 1 A, 061oeM an;eTona 0,5 .n,) 

II poOH 
HoMep ARTHBHOCTb, 

Co)l;ep)ltaHHe pa)l;H08RTHBHOro uaOTona, % 

9RCTp8RT8 MI£10PU/M.II•Hl' Tc" Ru"" Cs111 

1 8,5 91 7 2 
2 2,1 83 7 10 
3 0,6 43 18 39 
1 9,0 87 6 7 
2 8,5 52 35 13 II 
3 3,0 27 18 55 

1+2 3,6 97 3 
3 5,2 16 58 26 III 

Ta6nHI.III 2. 3KcTp11KLIHR TexHei.IH.JI 

H3 npoMbiWneHHOro HHTpiiTHOrO pac:TBOpll 

111.18TOHOM1 XHHOnHHOM, TpH6yTHn!pOC!piiTOM H H3011MHnOBbiM CnHpTOM * 
(06'I>eM HCXOAHOI'O paCTBOpa 1 .n,, o6'I>eM 3RCTpareBTa 0,5 .n,) 

An;eToH ••• 
XHHOJIHH •• 
TBID .••• 
MaoaMHJIOBhli cnHpT. 

B aToM CJiyqae OH noJiyqaeTCH B BH)~e MeJIKOAHC
nepcHoro nopornKa c HeHBHO KpHCTaJIJIHqecKoii: 
crpyKTypoii:. Ero peHTreHorpaMMa HMeJia pHp; p;H<f>
!JlyanLix JIHHHH. 

,[(JIH llOJiyqeHHH 6oJiee KpynHLIX KpHCTaJIJIOB Me
TaJIJIHqecKOI'O rexHe~HH Tpe6oBaJIOCb p;onoJinH
reJibHO HarpeTb o6paa~LI B BaKyyMe npH TeMnepa
Type 800° C B TeqeHHe 1 ~~,, PeHTreHorpa<f>HqecKHii 
anaJIHa npenapara * no3'BoJIHJI ycTaHOBHTb, qTo 
napaMeTpLI pemeTKH COCTaBJIHIOT: a = 2,745 ± 
0,001 A H c = 4,398 ± 0,005 A (pH c. 1), nmTH 
coBna·p;aiO~He c p;aHHLIMH MYHR 5. RpHCTaJIJIHqec
KaH CTpyKTypa MeTaJIJia OTHOCHTCH K reRcaro
naJibHOH CRCTeMe C llJIOTH'OH ynaROBROH aTOMOB 
H aHaJIOI'Hqna Ma·I'HHIO, peHHIO, OCMliiO, pyTeHiiiO. 

• MaMepeHD.II npoBeAeHhl H. A. illDmaROBhlM. 

~ 
I 

{ . 
{ ' \ ; t ~ . 1 

'"' : i ' 

10' 
10 3 

10' 
10 

Coaep)ltSHHe TeXH~HR B opraau'lecRoi\ 
lj;aae, % 

98 
58 
56 
60 

,[(JIH aHaJIRTHqecKoro onpep;eJieHHH rexHe~Hs: 
HayqeHa peaK~HS: ero C a-<f>ypHJIAHOKCHMOM B CO
JIHHOKHCJIOM pacTBope B npucyTCTBHH SnCl2• 
06paaoBaHHoe KoMnJieKcHoe coep;HHeHHe HMeeT 
poaoBo-MaJIHHOBYIO oRpacKy. HaH60Jibmee aHaqe
IIHe onTHqecKoii: nJIOTHOCTH JJ;JIH 1 H. no HCI pac
TBopoB T8XH8~11H 6 COOTB8TCTBY8T p;JIHHe BOJIHbl 
A= 520 .M.M7' (E = 13181). fionyqeHo ROMnJieKCHOe 
coep;HHeHHe T8XHe~H C MeTHJIOBLIM WIIOJI8TOBLIM 
B Heii:TpaJibHOH cpep;e, fl>HoJieTOBOI'O ~BeTa, aKCTpa
I'HpyeMoe 3THJia~eTaTOM, C MaKCHMYMOM CBeTOllO
fJIO~eHHS: npH A-=582 .MM7' (E=114000). 

Coep;HHeHHe rexHe~Hs: c a-6eHaHJip;HOKCHMOM B 
npHcyTC'IIBHH SnCh B 9 H. pacTBope cepHoii: KHCJIO
TLI, oKpamenHoe B poaono-MaJIHIIOBLiii: ~BeT, o6Ha
PY'f\HBaeT a6cop6n;HOHHbiH MaKcHMYM rrpn 
A-=495 MMn (E= 19000). 0Ho naBJieKaercs: 6eH-

~ 
I 

0 

C. =4.398 ~o,oo.s f1 rc ' 

Si -stand 

PHc. 1. PeHTreHorpiiMMII o6pa31.111 MeTannH'IecKoro TeXH&LIHII 
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aHJIOBLIM: n naoaMHJIOBLIM cnnpTaMH. RoMnJieKc 
TeXHeiJ;HH C OpTOD;HKJIOreKCaH)J;HOH-1 ,2-p;HOKCHMOM 
poaoBo-KopH'IHeBoro n;BeTa o6paayeTCH B 0,5 M 
coJIHHOKHCJIOM pacTJWpe. MaKCHMYM cBeTonorJio
ID;eHHH npn A= 413 .M.M11: ( E = 8780) *. lJyocTBH-

'/(F 
0 • 

0 
0 

30 

2Ci 

20 

1Ci 

10 

c; 

0 100 

P~o~c. 2. rpa<JIHK Cl>epMH AIUI H30TOna T c99 B C08AHH8HHH 
ABYOKHCH T8XH8411R 

TeJil>HOCTJ:. yKaaaHHLIX peaKD;HH KOJieoJieTCH OT 
0,07 p;o 0,1 Mne/.MA. 

Paapa6oTaHLI aHaJIHTHtrecKHe npneMLI onpep;eJie
HHR Texaen;nH B pacTBope, cotreTaiOIIJ;He na61Ipa
TeJII:.HyiO <lKCTpaKD;IIIO ero an;eTOHOM CO CIIeKTpO
cpOTOMeTpiieH ( Oill116Ka OIIpep;eJieHHH He npeBLI
rnaJia 5%) , a TaKme C II3MepeHIIeM a6COJIIOTHOTO 
ctreTa ~~tracTim; II npHMeHeHIIeM ~-, y-cneKTpo
CKOIIIIH. TotrHOCTJ:. MeTop;a B aToM cJiyqae 
cocTaBJIHeT ""10% (p1Ic. 2) **. RpoMe Toro, nc
IIOJIJ:.aoBaJIHCJ:. <lMHCCHOHHLIH CIIeKTpaJIJ:.HLIH II IIO
JIHporpacpHtreCKHH aHaJIII3LI. 

3. XIIIMIII4ECKOE Ill 
8JlEKTPOXIIIMIII4ECKOE nOBE,D,EHIIIE 

TEXHEUIIIH B BO,D,H~X PACTBOPAX 

lfCXO)J;HLIM COe)J;IIHeHHeM B HCCJie)J;OBaHHHX 8BTO
pOB CJIYH\H:JI BO)J;HLIH paCTBOp XHMHtieCKII II pap;IIO
XHMHtreCKH tiHCTOfO nepTeXHaTa aMMOHHH C KOH
IJ;eHTpan;Heii: 10-a + 10-6 M B Kamp;oM oTp;eJIJ:.HoM 
OIILITe. fiaytreHIIe CIIeKTpOB IIOfJIOID;eHHH IIpOBO
)J;HJIH B IIHTepBaJie )J;JIHH BOJIH 2100-2800 A. llc
CJiep;oBaHIIe IIOBep;eHHH nepTeXHaT-HOHa B ID;eJIOtf
Hl>IX II KHCJIMX pacTBopax (p;o 4 H. ROH H NH40H, 
.n:o 1 H. lhS04 H HCl) noaBOJIHJio ycTaHOBIITJ:., tiTO 

* 3TOT paa~eJI pa6oTLI BLIIIOJIHeH T. C. TarHJib. 
** lllHBH'IeCKHe HBMepeHHH BLIIIOJIHeHLI M. II. rJiaay

HOBLIM H II. H. Ro~o'!HrOBLIM. 

V. I. SPITSYN et of. 563 

B aTnx ycJioBIIHx noH Teo; p;ocTaTotrHo ycTOiitrHB 
p;ame IIpH HarpeBaHHH. C IIOBLIIDeHHeM ID;eJIOtfHO
CTII II KHCJIOTHOCTH paCTBOpOB HUCTynaiOT cyrqeCT
BeHHLie II3MeHeHHH Ra:K xapaKTepa KpiiBOH CIIaKT
pa IIOfJIOID;eHHH, TUK 11 BaJIHtiHHLI OIITHtieCROH 
IIJIOTHOCTH. 

BoccTaHOBJiemre nepTexHaTa aMMOHIIH (7,1 X 
X 10-5 M) rnp;paaHHoM (3,1·10-2 M) npn Harpe
oaann pacTBopa p;o 90° C rrpnBeJio K o6paaoBaHIIIO 
a6cop6D;HOHHOfO MUKCHMyMa Ha RpHBOH CIIeRTpa 
rrpn ~JIIIHe BOJIHLI A= 231 .M.Mn. Ilop;o6HI:.Iii: cneKTp 
HUMH IIOJiytreH )J;JIH COe)J;IIIIeHIIH TexHeD;HH (VI), 
o6paaoBaaaoro KyJioHoMeTpnpoBaHneM pacTBOpa 
rrepTeXHUTa, rp;e 6MJI YCTUHOBJieH O)J;HOaJie:KTpOH
Hl>IH npon;ecc BOCCTUHOBJieHHH. 3Ta tiUCTJ:. pa60TLI 
ocBerqeaa B cJiep;yroiD;eM paap;eJie. 

Ilpn p;aJIJ:.Heii:meM npop;oJimHTeJII:.HOM aarpeBa
HHH pacTBopa mecTHBaJieHTHoro Texaen;nH c rnp;
paanao:M IIpOHCXO)J;HJIO BOCCTUHOBJieHHe TeXHaD;HH 
(VI) p;o Texaen;HH (IV). B aMMHatraoii cpep;e, 
o6paaoBaBmeiicH B peayJIJ:.TaTe paapymeHHH Ha-
6LITKa riip;paaHHa, Texaen;nii: (IV) oKHCJIHJICH KIIc
Jiopop;o:M ooap;yxa p;o TexHeD;HH (VII) K Ha a6cop6-
D;HOHHOM CIIeKTpe o6HapymHJIHCJ:. MaKCHMYMLI, xa
paKTepHJ:.Ie )J;JIH nepTeXHaT-HOHa (224, 247 II 
287 .M.M11:). 

,[(ByOKIICI:. TeXHaD;HH peariipyeT C 6 H. COJIHHOH 
KHCJIOTOH IIpll npO)J;OJIH\HTeJIJ:.HOM HarpeBaHHII 
( t = 90° C, 3 tt) , o6paayH KOMIIJieKcHoe coep;naeane 
reKcaxJiopoTexaaT-HOH TcCl62- (puc. 3). YcJIOBHH 
OIIJ:.ITa YRU3LIBUIOT Ha cpaBHHTeJIJ:.HO Mep;JieHHl>IH 

J) 
1-

0,6 

g 
~0,4 
0 
0::: 
c 

a; 
as 
~ 
0 
ID 
:r 
s 
1-
c 
0 0,2 

200 250 800 350 

PHc. 3. A6cop614HOHHbiH cneKTp HOHa TcCJ62- a pacTBope 
6 M conRHOH KI1CnOTbl, KOH48HTPII4HR T8XH84HR 2,4 . 1 o-s M 

Ao = 239 H 338 MMK 
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npon;ecc paCT·BOpeHHH )J;ByORHCH TeXHeiJ;HH B COJIH
HOH RHCJIOTe. lfoH TcCI 6

2- MOiKHO TaRme rro

JiyqnTb BOCCTaHOBJieHHeM rrepTeXHaTa aMMOHHH 

4 H. coJIHHoii R·HCJJoToii (t = 90° C, 3 tt). 
feRCaXJIOpOTeXHaT-HOH B HeiiTpaJibHOH cpep;e 

o6paayeT rnp;paTHpOBaHHYIO )J;BYORHCb, IIOCJie)J;HHH 

]J;OBOJibHO Mep;JieHHO llO)J;BepraeTCH ORHCJieHHIO RHC

JIOp0]1;GM Boap;yxa. B rn;eJioqHoii n cepHORHCJibiX 

cpep;ax TeXHen;nft (IV) TOnac ORHCJJHeTCH ,!1;0 ce

MHBaJieHTHOro COCTOHHHH H a6cop6IJ;HOHHblH 

cneRTp cooTBeTCTByeT Torp;a crreRTPY noHa Tc04-. 

lfayqeHo BaanMop;eiicTBHe MeTaJIJinqecRoro Tex-

llMH'Q 
1 t .... 

0 -0,5 -t,O 2,0 

PHc. 4. rlonllporpaMMbl Tc04- a HeihpanbHOM H 11.1eno'1HOM 
pacraopax Ha ljloHe 1M KN03. Cocrae pacraopoa: ¢loH 
(1 M KN03 + 0,01% H<enaTHHbl) + 1,05 ·10-4 M NH4Tc04. 
KoHI.IeHrpai.IHll 11.1eno'IH: 1 - 0; 2- 0,31; 3 - 0,62; 4-

0,87; 5-1,1 M KOH 

HOIJ;HH B MlfJIJIHrpaMMOBbiX ROJIHqecTBaX C ROHIJ;eH

TpHpOBaHHblMH RHCJIOTaMH HCl, HCl04 n HN03. 

lfccJiep;oBaHne npoBO)J;HJIOCb pap;noMeTpnqecRHM n 
CIIeRTpOcpOTOMeTpH'IeCHHM MeTO)J;aMH. 'Y CTaHOBJie

HO HeaHaqnTeJJhHOe paCTBOpeHHe MeTaJIJJa B COJJH
HOH 1\HCJIOTe ( 5% OT HCXO)IHOro 1\0JIH'IeCTBa), qTo 

MOiKHO o6~HCHHTb CHOpee yp;aJieHHeM 01\HCHOH 

ITJJeHHH, O'IOBH)J;HO, npncyTCTBOBaBITieH Ha IIOBOpX

HOCTH MeTaJJJJHqecHoro TOXHOIJ;HH. TaHiKe He pea

rnpyeT aaMeTHO MeTaJIJIHqecRHH TOXHeiJ;HH H C 

XJIOpHOH 1\HCJIOTOH, B TO BpeMH Hal\ B a30THOH KHC

JIOTe OH IIOJIHOCTbiO paCTBOpHJICH C o6pa30BaHHOM 

nepTexHen;IIeBoii HIICJJOTLI: Tc + 7HNOa-+ 

-+ HTc04 + 7N02 + 3H20. 
fiOJI.HporpacpH'IOCRIIe HCCJIO)J;OBaHHH 6LIJIH IIOCBH

IIJ;OHbi II3Y'IOHIIIO ;)JIOHTpOBOCCTaHOBJIOHHH HOHOB 

nepTexHaTa Tc04- II reKcaxJiopoTexHaTa TcCls2-

Ha PTYTHOM KaneJJhHOM aJieHTpop;e. lloJIHporpacpii
poBaHIIe noHa Tc04 - npoBOiJ:IIJIOCh Ha paaJIH'IHMX 

cpoHax - 1 M pacTBopax KCl, KN03, NH4Cl B He

KOTopoM }J;IIaiia30HO In;OJIO'IHOCTII H KIICJIOTHOCTH 

paCTBOpa, a TaKiKe B nepeKIICHO-In;OJIOqHOH H aM

MHaqHOH cpep;ax. 
8Kcnepn:r.IeHTaJihHaH qacTL rrpoBep;eHa B TOM no

pHp;Ke, KaR ;)TO 6blJIO OIIHCaHO paHee 18• 3Ha'IOHHe 

Koacpcpnn;neHTa p;II<J>cpyaiiii B3HTO na pa6oTM 19• 

B HeiiTpaJILHOM pacTBope (pnc. 4) noH Tc04- p;aeT 
BOJIHY BOCCTaHOBJieHIIH C qJ 1/, ~ -0,7 6, Ha ROTO

pOM Ha6Jirop;aeTCH OOJibillOii MaRCHMyM ( qJ 1/, ~ 
- 1,6 B), xapaKTepHbiH )J;JIH RaTaJIIITH'IeCRliX BO-

BHKT. CnHL.\biH et al. 

p;opop;HMX BOJIH. Pac'IeT qncJia aJieKTpOHOB no 

ypa'BHeHHIO lfJihl\OBHqa llpH 3HaqOOHHX ROHCTa11T 

KanHJIJIHpa - cHopocTn ncTeqeHHH PTYTH m = 
1,39 .Me/cen H nepirop;a RanaHHH PTYTH 't' = 
= 3,8 cen- rrpnBeJI R n = 3,4. llpep;eJILHhlii TOK 

BOJIHM Tc04- cTporo nponopn;noHaJieH RoHn;eHTpa

IJ;HH TexHen;nH .B uHTepBaJie 10-5-7-10-4 M. ToR B 

MaRCHMyMe ne samrcwr OT BhlOOThl pTyTHoro CTOJI-

6a, a B MH:HIIMYMe OH HeCROJibRO B03paCTaeT C 

YBOJIII'IOHHOM )J;aBJieHHH. ,lJ;o6aBJieHHe In;eJioqH R 

HCXO)J;HOMY HeHTpaJibHOMY paCTBOpy :Bbl3bl.BaeT 
yMeHLrneHne BhlCOThl BOJIHhl. TaR, B 1,1 M pacTBO

pe KOH BOJIHa Tc04- cHnmaeTCH npnMepHo Ha 

O).l;HY TpeTb (n = 1,75, Ql'/z = -08 e). RaR B HeiiT

paJibHOM, Tal\ IH B rn;eJIOlJ.HOM pacTBope BOJIHhl WI«f!
«flyanoHHhle. 

fipH OC'fOpOiKHOM IIO}J;RHCJieHHH 6blJIO 06Hapyme

HO llOHBJieHHe HOBOH )J;HcPcPY3HOHHOH O)J;H03JieK

TpOHHOH iBOJIHhl ( qJ '/2 ~ -0,6 8), BblCOTa KOTOpoii 

c yBeJinqeHHeM ROHD;eHTpan;nn HNOa BoapacTaJia 

,!1;0 ypoBHH Heii:TpaJibHOH BOJIHhl ( n = 3), a npH 

p;aJILHeiimeM nop;RHCJieHHH pacTBopa oHa nenpe

pLIBHO YBeJinqnBaJiacL, cJIHBaHcb c cpoHoM n cp;BH

raHCL B o6JiaCTb IIOJIOiKHTeJibHblX IIOTeHn;HaJJOB. 

RaTaJIHTHlJ.eCRHX TOROB oT p;eiicTBHH ORHCJIHTeJIH, 

a30THORHCJIOH Cpep;bl, Ha npop;yRT 3JieRTpOBOCCTa

HOBJieHIJH He 6MJIO o6HapymeHo. BoJIHhl B cnJILHO 

RHCJIMX cpep;ax He npiiro)J;Hhl )J;JIH aHaJIHTIIqecRnx 

n;eJieii. 

OlOH 1 M KCI 

B HeiiTpaJibHO'M paCTBope (QJ'/z ~ -0,8 e) npo

n;ecc 3JIORTpOBOCCTaHOBJieHIJH HBJIHeTCH Tpex~JieR

TpORHbiM H ITO CBOeH llpHpO)J;'e p;II«flcpyaHOHHhlM 

(pnc. 5). B aToM CJiyqae nMeeT MecTo peaRn;nH: 

Tco4- + 3 e + 2H20-+ Tc02 + 40H-, RoTopyro 
MOiKHO IICUOJib30BaTb )J;JIH llOJiyqeHHH ).l;BYORHCH 

Texaen;nH. IloJIHporpa«flnpoBaHIIe TcOc B cJia6o

HIICJIOM ( 10-4 M HCI) paCTBope (piic. 6) rrpiiBeJio 

R ITOHBJIOHIIIO HOBOH O)J;H03JieRTpOHHOH BOJIRbl (TaR 

me, KaR B aaOTHOH RHCJIOTe) npn Ql% '"""' -0,·6 8 

AHIPcpyaiiOHHoro xapaRTepa, OTBe'IaiOrn;eii npoxom

p;eHHIO peaHIJ;IIH Tc04- + e-+ Tc042-. 

C ITOBbiiDeHHeM RHCJIOTHOCTH paCTBOpa BTOpaH 

BOJIHa (<p•;,~ -0,6 B) CTaHOBHTCH TpexaJieHTpOH

HOH, nop;qiiHHHCb cJiep;yrorn;eMy MexaHIIaMy npo
n;ecca: Tc04- + 3e + 6CI- + 8H+-+TcC16

2- + 
+ 4H20. HaJinqne B pacTBope reRcaxJiopoTexHaT

HoHa IIO)J;'fBepiK,!I;eHO aBTOpaMII CIIORTpOcpOTOMeTpH

qecKIIM MOTO}J;OM IIOCJie TOrO, RaR 6MJIO HaROIIJIOHO 
HeRoTopoe ROJIII'IeCTBO HOHOB TcCls2- nocpep;cT

BOM aJieHTpOJIIIaa 1 MA paCTBopa cocTaBa 1 M 
KCI + 3,1·10-5 M NH4Tc04 + 10-3 M HCl rrpii 

ROI-ITpOJIIIpyeMOM ITOTOHIJ;HaJie Ql'/2 = -0,8 8 B TO

'IOHHO 3 tt. CneRTp rrorJiorn;eHHH cooTBeTcTBOBaJI 

cneKTPY HOHa TcCls2-, nao6pameHHoMy Ha pnc. 3 
II npep;CTaBJI9HHOMY paHee B JIHTepaType 10• 

lfOHbi ill9CTHBaJieHTHOrO TOXHeD;IIH 6blJIH ITOJIY'

qeHbl TaRme RyJioHoMeTpiipOBaHneM rrpn rroTeH

n;narre Ql% = -0,6 6, Ha OCHOBaHHII llOJI.HporpaMMbl 
(eM. piic. 6) Jl1Cxop;Horo paCTBopa 1 M KCl -7-

-;- 4 ·10-4 MHCI-;- 0,9 ·10-5 MNH4Tc04. CneKTp 

norrrorn;eHIIH TexHen;IIa (VI) rrpep;cTaBJieH Ha 
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puc. 7. MaRCHMYM orrTH'IecRoii rrJioTtlocTH cooT

BeTCTBOBaJI ,D;JIHHe BOJIHLI A = 231 Jlt.M~. 

C:OOH 1 M NH4Cl 

B aMMHa'IHOM pacTBope (,n;o 4 M NH40H), TaR 

me RaR B HeiiTpaJILHoM, Ha cpoHe 1 M NH4Cl rrep-

a 
:c 
~ ·-
" 0 .. 
"' ll 
% .. 
c; 

" c[ 

8. 
r:: 

It MKa 

0 -0,5 -1,0 
noTeHqMan 

-1,15 -2,0 

PHC. 5. nonsrporpaMMbl Tc04- Ha <IJoHe 1 M KCI. Cocraa 
pacraopoa: 

1 - !f>oH ( 1 M KCI + 0,01% menaTJma); 2 - !f>oH + + 3,1·10-5 M NH4Tc04; KOHD;~HTpar~HH KHCJIOThl: 1-
0; 2- 0; 3- 10-3 ; 4- 10-z; 5- 10-1; 6- 1 M HCl 

TeXHaT-HOH BOCCTaHaBJIHBaeTCH ,!1;0 (n = 3) TeXHe

D;HH (IV), 'ITO MomHo o6'hHCHllTL HHaRoii: ID;eJioq

HOCTLIO rrpHMeHeHHhlx pacTBopoB NH40H. B aTHX 

cpe,n;ax HC'IeaaiOT BOJIHhl RaTaJIHTH'IeCRoro Bhl,D;eJie

HHH Bo,n;opo,!J;a. 

nEPEK~CHO-~En04HA~ CPEAA 
RaR rroRaaaHo paHee 18• 19, B ID;eJIO'IHLIX pacrrBo

pax BoccTaHoBJieHHe rrepTexHaT-HOHa Ha PTYTHOM 

aJieRTpo,n;e B HHTepBaJie :ma'leHHH IIOTeHn;HaJIQ-B OT 

-0,80 ,!1;0 -0,85 6 COOTBeTCTByeT JJ:BYX3JieRTpOH

~OMY rrpon;eccy. B o6JiaCTH rroTeHn;HaJioB OT -1,0 
,!1;0 -1,2 6 HaOJIIO,n;aeTCH pa3,D;BOeHHe BOJIHhl rrpH 

COXpaHeHHH ,n;HiPcpy3HOHHOH rrpHpO,ll;hl TORa, a IIpH 

{Jl'!z ~ -1,6 6 HMeeTCH RaTaJIHTH'IeCRHH BO)J;Opo,n;

HhlH MaRCHMyM. ,1J;o6aBJieHJie rrepeRHCH BO,!J;OpO,!J;a R 

tn;eJIO'IHOMY paCTBopy IIepTeXHaTa aMMOHHH (,n;o 

Heii:TpaJILHOH peaRD;HH), RaR IIORa3aJIH OllhlThl aB

TOpOB, peaRo yBeJIH'IHBaeT aHa'leHHe rrpe,n;eJILHoro 

TORa ,D;Hcpcpy3HOHHOH BOJIHhl (pHC. 8, RpHBhle 2 H 

3). Ilpe)J;eJILHLIH TOR iup 3TOH BOJIHhl JIHHeHHO aa

BHCHT OT ROHD;eHTpan;HH rrepeRHCH BO,D;Opo,n;a H OT 

ROHIJ;eHTpan;HH TeXHeiJ;HH, IIpHMepHO ,!1;0 3Ha'leHHH 

3 ·10-3 M NH4Tc04, a Bhlille· BoapacTaHHe BOJIHhl 

3aMe,!J;JIHeTCH, 

HapHAY c yBeJIH'IeHHeM BhlCOThl BOJIHhl rrepTex

HaT-HOHa B rrepeRHCHO-ID;eJIO'IHOM paCTBOpe IIOTeH

IJ;HaJI ee CTaHOBHTCH aJieRTpOIIOJIOa\HTeJIJ>Hee IIpH 

IIOCTeiieHHOM H3MeHeHHH m;eJIO'IHOH cpe,li;LI Ha Heii:

TpaJILHyiO. Bee CBOHCTBa ·aToii: •BOJIHhl CBH,n;eTeJIL

CTBYIOT 0 RaTaJIHTH'IeCROH npHpO,ll;e ee npe,ll;eJI:b-
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HOfO TORa. ,1J;eii:CTBHTeJILHO, BhlCOTa ee 3Ha'IHTeJIL

HO 60JILille BhlCOThl BOJIHhl, paCC'IHTaHHOH ,D;JIH 

OrpaHH'IeHHOfO ,D;HcpljlyaHOHH()l'O IIpO~CCa BOCCTa

HOBJieHHH nepTeXHaT-HOHa. ,1J;aJiee, ee rrpe,n;eJIJ>HhlH 

TOR He aaBHCHT OT Bl>lCOTLI PTYTHoro CToJI6a H 

CHJILHO B03paCTaeT C yBeJIH'IeHHeM TeMrrepaTyphl. 

Ha6monaeMoe aaMe,n;JieHne pocTa BOJIHhl rrpu 6oJiee 

Cl .. 
lt 
·~ 

~ 
0 .. .. 
Jl ,. .. 
" G .. .. 
a. c 

-2,0 
OoTeHLC.Mall 

PHc. 6. nonJiporpaMMa Tc04- Ha cpoHe 1 M KCI a cna6o
KJtCnoM pacraope. Cocraa pacTBopoa: 

1- !f>oH (1M KCl + 0,01% menaTHHa); 2- lf>oH + 
+ 0,9·10-4 M NH4Tc04 + 4·10-4 M HCI; m = 0,99 Mz/cen; 

-r = 2,4 cen 

BhlCORHX ROHIJ;eHTpaiJ;HHX TeXHeD;HH HBJIHeTCH TaR

me ,D;OIIOJIHIITeJILHLIM IIO)J;TBepm,n;eHHeM ee RaTaJIH

TH'IeCROfO rrpoucxom,n;eHHH. 

1,0 

A o,e 
... 
~ 
0 
0 
% 
~ 

g 0,6 
c 

II: 

"' = 0 
Cl) 

i 04 
1- I 
c 
0 

0,2 

200 

JliiMH8 BOIIHbl 

PHc. 7. A6cop61.1HOHHbiH cneKTP Tc042-; KOHI.IeHTPaLIH.II 
TeXHei.IHll 1.8 · 10-6 M, :\. = 231 MKK 
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PeayJibTaThl uccJiep;oBaHHii: cooTBeTCTBYKlT CJie
~YK>m;eMy MexaHHaMy npou;ecca. BoccTaHOBJieHHe 
nepTeXHaT-HOHa B Ill;CJIQqHQM paCTBOpe (B OTCyT
CTBHe nepeKHCH Bop;opoiJ.a) npu IP'f, = -0,85 8 

rrpoTeKaeT no ypaBHeHHIO Tc04- + 2e -• Tc023-. 
JlpH 1J.06aBJICHtlH rrepeKHCH BOIJ.OPOIJ.a rrpOHCXOIJ.HT 

= 0 ... 
.,. 
Ji 
X 
.JI 
c; 
G) 
o:[ 

8. 
c 

lJMKO 

0 1,0 

PHc. 8. nonllporpaMMbl Teo.- B nepeKHCHO-I.LienO"'HOM 
pacnope. Cocraa pacraopoa: 

1-7,45·10-~ M NH,TcO, + 0,4 M KOH; 2 -7,45·10-5 M 
NH4Tc04 + 0,4 M KOH + 9,5 ·10-4M H20 2; 3- 7,45 X 

X 10-5 M NH4Tc04 + 0,4M KOH + 23,1·10-4 M H202 

OKHCJieHHe BOCCTaHOBJieHHOrO TeXHeD;HH (V) )1;0 
rexne~n (VII) Tc043- + H202-+ Tc04- + 20H-. 
HayqeHHLie ycJIOBHH :meKTpoxHMHlJecKoro Boccra
HOBJieHHH MOryT 6LITb peKOMeHIJ.OBaHLI IJ.Jl.fl aHami
THqeCKOrO onpeiJ.eJieHHH TeXHe~H H nepeKHCH BO
ZI;Opop;a B pacTBopax Texnen;HH. 

nOJlHPOrPActiHPOBAHHE HOHA TcC16
2-

qeTLipexBaJieHTHbi:ii: rexHen;H:ii: B BHIJ.e reKca
XJIOporexHaTa-HoHa TcCl62- 6LIJI noJiyqen p;e:ii:cr
BHeM 5,5 H. COJIHHOH K.IICJIOTLI Ha rreprexHaT aMMO
HHH rrpH narpeBaHHH pacrBOpa (t = 90° C) B Teqe
HHe 2 'l. CocTaB KOMrrJieKca rro;n;rBepmp;en crreKrpo
IP<>ToMerpuqecKHM rryreM. 

lloJinporpaqmpoBaHHIO rrop;BepraJIH 1,5 MJt pac
TBopa cJiep;yiOm;ero cocraBa: 1 M KCI + 1,23 X 
X 10-4 M TcCl62- + 2,1 M HCI. B :3ToM cJiyqae Ha-
6JIIOp;aJiaCb BOJIHa rrp11 IP'f, ~ -0,55 8 c n = 0,89 
( ,...., 1). OiJ.HoaJieKrponHoe BoccraHOBJieHue HMeJio 
MCCTO TaKa<e IIpH KHCJIOTHOCTH paCTBOpa 0,5 H 
1,42 M no HCI. BLIBO)J; o ;n;u<J>cfJyaHOHHoii: npupop;e 
BOJIHLI TcCl62- B COJIHHO-KHCJII.Ix pacrBopax ocHo-

BHHT. CnHL.tbiH et al. 

BaH Ha miHeHHOH 3aBHCifMOCTH ee npep,eJihHOrO 
TOKa OT BbiCOThi PTYTHOro CTOJIOa (H) B CTCITCHH 
1/2. l\poMe ;n;ulf><J>yaHOHHOH BOJIHhl Ha llOJI.IIpOrpaM
Me o6napymeH 6oJII.mo:ii: MaKCHMYM rrpH IP'/z ~ 
~-1,18. 

4. 8J1EKTPQJ1!;1T!;IlfECKOE nOBE,lJ,EH!;IE 
nEPTEXHAT -HOHA HA nJlAT!;!HOBOM 

KATO,lJ,E 

B JIHTeparype HMeiOTCH p;aHHLie no aJieKTPOJIH
THlJCCKoMy Bbi)I;eJieHHIO TeXHCD;HH B BH)l;e )l;BYOKHCH 
Ha m;eJioqno:ii: 20 H cepHOKHCJIOH cpep; 21 • 22• TexHe
n;H:ii: 6I.IJI rrpe)I;BapHTeJibHO CKOHD;eHTpHpOBaH H3 MO-

+0,40 

PHc. 9. 3aBHCHMOCTb 3neKrpooca)I(AeHHll rexHeu,Hll or 
noreHu,Hana KaTOAa. Pacnop neprexHara aMMOHHll 
(2,7 · 10-5 M) a cepHHCTOKHcnoli cpeAe. J.1HTepaan apeMe-

HH: 1 - 1 'li 2 - 1 ,5 'I 

JIH6p;aTHbiX paCTBOpOB H OTXOIJ.OB rrepepa60TKH 
ypaHa. 

B uccJrep;oBaHHHX aBTopoB aJICKTpOJIHay ITOIJ.Bep
raJICH paCTBOp lJHCTOH COJIH nepTCXHaTa aM:MOHHH 
Ha ITJiaTHHOBOM KaTop;e B cepHHCTOKHCJIOH (pH = 
= 2,3) H cyJII.cPaTHoaMMOHHHHOH (pH = 5,6) 
cpep;ax. BI.I6op rrocJiep;Hux orrpep;eJIHJICH reM, qro 
B aTHx ycJioBHHX aa6JIIO)I;aJtacb xopoman KpHcTaJI
JIHaan;HH 3JieKTpOJIHTHlJeCKl1X ocap;KOB M:apraHD;a H 
peHH.fl 23, 24. 

B cepHrrcroKHCJIOM pacTBope npH noTe~u;HaJie 
-0,40 8 Ha6JIIOp;aJiaCb yme 3HalJHTeJII.HaH CK~pOCT.b 
BbliJ.CJICHHH TexHeD;HH, KOTOpaH B03pacTaJia p yBe
JIHlJCHHeM rroTeHn;HaJia. B cyJI~><J>arnoaMMOHH:ii:HoM 
paCTBope aJieKrpoocamp,enHe rexHen;HH rrporeKaJio 
IJ.OCTaTOlJHO IIHTeHCHBHO, HalJHHaH C llOTeHn;HaJia 
-0,80 8. B aTOM cJiyqae rroJIHoTa aJieKTpoocamp;e
HHH a a 1 'l COCTaBJIHJia 80%, TOriJ.a KaK B cepHHC
TOKHCJIOH COOTBeTCTBOBaJia 45%. 

Orrpep,eJieH ~~:pHTHlJeCKH:ii: rroreHn;HaJI Bhl)l;eJieHHH 
TeXHeD;H.fl H3 cepHHCTOKHCJIOrO paCTBOpa, paBHLIH 
0,20 8 1 OTHOCHTeJibHO HOpMaJibHOrO KaJIOMeJibHOrO 
aJieKTpo)l;a (puc. 9). ITo ypaBHeHHKl Hepncra, 
rrpHM:eHHMOMY K CHJI.bHO paa6aBJieHHhlM paCTBOpaM 
pa)I;HOaKTHBHbiX COJieii:, HaMH paCClJHTaH CTaHIJ.apT-
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HI>IH IIOTCHT~IfaJJ, paBHLIH 0,71 6. lloJiyqenHaR BC

JIH'!HHa 6JTHa.Ka .K ana'JCIIHIO rroTemvmJia .n;nyo1mcu 

Texne~HH Tc02, uMerou~eMycH n JIHTepaType 
10

• 
25

• 

B peayJII:.TaTe aJICRTpOJIHaa ua BLIIIIey.KaaaHni.Ix 

paCTBOpOB Ha .KaTo.n;e Ha6JJIOAaJICH TCMHLIH HaJieT, 

110-BHi'.IHMOMy, OTBeqaiOI~HH 01\HCHOMY COCTOHHMIO 

11()() 10021101 1021 Tc meop. 

a I • Q 

ol II I II 5 

1110 ·~·11200 
I 

21111~20 Tc02.meop. 
0,1110 0,200 0,2110 0,300 

Sin8 
-~ 

PHc. 10. CpaaHHTemoHble peHTreHorpa<JlH!leCKHe xapaKTe

pHCTHKH: paC!l8THb18 (Teop.) AnJI M&TannH'l8CKOrO TeXHe

L\HSI H ero OKHCH, 3KCnepHM8HTanbHble AnSI OTO>K>KeHHbiX 

o6pa3L\OB :tnei<TpOnHTHbiX OCaAKOB H3 cepHHCTOKHCnOro 

(a), cynb<JliiTHOIIMMOHHHHOrO (6) paCTBOpoB (npH nOT8HL\HII-
ne 1,20 a) 

TexHe~HH. PenTreHorpa~uqec.Kuii: aHaJiua ero ne 
noRaahlnaeT naJiuquH RpHcTaJIJIHqec.Koii: cTpyKTy

phl. 0Ha IIOHBJIHCTCH nOCJIC IIporpeBa o6paa~OB B 

na.KyyMe npu TeMnepaType "'800° C. 

ITocJie TepMuqecKoii o6pa6oT.KH o6paa~on 6hlJIH 
noJiyqeHhl Ha MCAHOM ~HJIL,TpOBaHHOM H3JiyqenHH 

peHTreHorpaMMhl, Ha OCHOBaHHH KOTOphlX npHBO

AHJIHC:b (puc. 10) cpaBHHTCJILHhle peHTrenorpa~u
qecRHe xapaKTepHCTH.KH, co.n;epma~He JIHHHH, 

l:faCT:b ROTOpLIX CJie.n;yeT OTHCCTH I\ MCTaJIJIHl(CCI\0-

MY TexHe~uro, o6paaonanrneMycH rrpu ~meRTpOJIH
ae H qaCTHl(HO npH OT»\Hre 01\HCJia BOCCTaHOBJIC
HUCM nocJie.n;Hero no.n;opo.n;oM, a6cop6uponaHHhlM B 
uopax oca.n;.Ka. OcTaJILHLre JIHHHH OTHOCHTCH K 

.n;nyo.KHCH TexHe~HH Tc02. PacqeThl, npone.n;enHhle 

Ha OCHOBaHHH peHTrCHOrpa4Juqec.KHX H3MepeiiHH, 

i'laiOT cJie.n;yro~ue aHaqeHHJI napaMeTpon AJIH pe
IIICT.KH Tc02: a= 4,753 ± 0,005 A; c = 2,840 ± 
± 0,005 A. KpucTaJIJIHqec.KaH perneTKa .n;nyo.KHCH 

COTBCTCTBYCT TeTparoHaJILHOH CTpy.KType THna 

Sn02 H no paaMepaM 6JIH3Ra K perneTKaM Mn02, 

Mo02uW02. 

3AKJltOLfEHIIIE Ill BbiBO,lJ,bl 

OnucaHhl MeTo~ KOH~CHTpupoBaHHJI TexHe~HJI 
B Jia6opaTopHhlX ycJioBHJIX ua MOJIH6.n;aTHhlX H 

c6pOCHhlX HHTpaTHhlX paCTJJOpOB, OCHOBaHHhle Ha 

<IKCTpaK~HH C HCnOJI:b30BaHHCM a~eTOHa, XHHOJIHHa 

H TpH6yTHJHf)()C~aTa. fipep;cTaBJICHhl p;aHHhlC KO

a<fl<flu~HCHTOB Ol(HCTKH TCXHC~HJI npH <IKCTpa.K~HH 
ero a~CTOHOM1 XHHOJIHHOM, Tpu6yTHJI4JoctPaTOM H 
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H30aMUJIOBhlM CIIUpTOM, 3HaqeHHH .KOTOpLIX 104, 

103, 102 H 10 COOTBCTCTBCHHO. 

f'l3yqCHUI:.IC panec ~BCTHLie pea.K~HH TCXHe~HJI 
C a-~ypHJIAHO.KCHMOM 6, MCTHJIOBhlM tPHOJI8TOBhlM, 

a-6eH3HJIJJ;HO.KCHMOM, opTO~HRJTore.Kcap;uon -1 ,2-p;H

OKCHMOM nOJIOffiCHLI B OCHOBY aHaJIHTH'!CC.KHX Me
TOAOB onpe.n;eJICHHH <ITOrO <IJICMCHTa. qyBCTBHTCJIL

BOCT:b peaK~Hii oT 0,07 i'lO 0,1 Mzr;,/M.tt. Paapa6oTa
Hld aBaJIHTlll(CC.KHC npueMLI OIIpc.n;eJJeHHH TCXHC

~HJI, COl(·CTaiO~He 31\CTpa.K~HIO ero a~CTOHOM C 

4JoroMeTpueii: H pa.n;HoMeTpueif. lloKaaaHo, qTo JJ 

aeii:'l'paJILHhlX H aMMHa'!Hhlx cpe.n;ax, HeaanucuMo o·r 

COCTaBa 4>oHa npo~eCC <IJICRTpOBOCCTaHOBJICHHJI 

npH nOTCB~HaJiaX (j)'/z = -0,7 ...;.- -0,8 6 HOCRT 

,n;u<fJ<flyaHOHHbiH TpeX<IJICKTpOHHhlH xapaRTep. fipH 

Cf'l> = -1,3 + -1,6 6 HMCCTCJI RaTaJIHTHl(OORaJI 

BOJIHa, nOHBJICHHe KOTOpoii: MO»\HO o6'bHCHHT:b 6o
Jiee rJiy60KHM BOCCTaHOBJICHHCM nepTCXBaT-HOHa. 

06paaonaHHoe coe.n;uHeHue, oqenu.n;no, KaTaJIHaH

pyeT Bhl,n;eJieHHe no,n;opo,n;a, cBumaJI ero nepena

npHmeHue. B noJIMY aToro ronopHT TOT ~aRT, qTo 
Ba MeTaJIJIHqec.KoM peHHH - 6Jiumaii:rneM aHaJiore 

Texne~HJI - nepeHanpHmeBue no,n;opo,n;a ,n;eii:cTBH
TeJIJ>HO Ol(CH:b HH3ROC, HHffie, l(CM Ha nJiaTHHC 26• 

YcJIOBHJI aJieKTponoccTaHOBJieHHJI nepTexBaT-HOBa 

MOryT 6hlT:b HCnOJI:b30BaHLI )l;JIJI aBaJIHTHl(CCKHX 

~eJieii:. BoJIBa npu (J)'Iz = -0,8 6 B neiiTpaJILHOM 

pacTnope Ha ~oae 1 M pacTBopa KCI npHMCHHMa 

AJIJI KYJIOHOMeTpuponaHHH nepTexHaT-HoHa c 
~CJILIO HaKOIIJICHHH ABYOKHCH TCXHC~HH. 

B pacTnopax, no.n;KHCJieHHhlX ,n;o 10-4 M aaoTHoii: 

H COJIHHOH KHCJIOTaMH, nOHBJIJICTCJI HOBaH OAHO

<IJICKTpOHHaH BOJIHa BOCCTaHOBJICHHJI nepTeXHaT

HOHa npH (j)tf, = -0,6 6. Y CJIOBHJI onhlTa HCIIOJI:b-

30BaHhl AJIJI noJiyqeHHJI B COJIHHORHCJIOM paCTBOpe 

HOHOB IIICCTHBaJICHTHOrO TCXHC~HJI. B 6oJiee KHC

JihlX (no HCI) paCTBopax HMeeT MecTo TpexaJieK

TpOHHhlii: xapaRTep BOCCTaHOBJICHHJI C o6paaoBaHH

eM reKcaxJiopoTexHaT-HoHa. Ha <floHe 1 M pacTBopc\ 

KOH npu (J)% = -0,85 6 npo~ecc aJieRTponoccTa
HOBJieHHJI nepTCXrH•aT-HOHa OOOTBCTCTBYeT n = 2. 

YcTaHOBJieHo HaJiuque RaTaJIHTuqecRHX TOKOB 

OT i'.ICHCTBHJI ORHCJIHTCJIJI Ha npo,n;yKT <IJICRTpOBOC

CTaHOBJICHHH nepTCXHaT-HOHa B nepeKHCHO-~CJIOl(

HOH cpe.n;e. IloRaa:ma JIHHeii:HaJI aanucHMOCTL rrpe

,n;eJILHoro TORa BOJIHhl OT KOH~CHTpa~HH TCXHC~HJI 

H nepeKHCH no,n;opo,n;a. BoJIHa npurop;Ha ,n;JIJI aHa

JIHTuqecKHX ~eJieii:. lloJIHporpa<fluponaHHe reKca

XJiopoTexHaT-HOHa B COJIJIHOKHCJihlX paCTBOpax 

HOCHT OAHO<IJICKTpOHHhlH ,n;ucp<flyaHOHHhlH xapaK

Tep. 
feKCaXJIOpOT8XHaT-H.OHhl o6pa3YJOTCJI B paCTBO

pe BOCCTaHOBJICHHCM nepTCXHaT-HOHOB 4 B. COJIJI
BOH KHCJIOToii:, pacTBopeBHeM .n;nyoKucu TexBe~JI B 

6 B. COJIJIBOH KHCJIOTe IIpH HarpenaHHH ( t = 90° C) 
B TeqeHue Tpex qacon, a TaRme KYJIOBOMeTpupona

BHeM 1 M.tt HCXO)l;HOrO paCTBopa COCTaBa 1 M 
KCI + 3,1·10-5 M NH4Tc04 = 10-a M HC! 

( (j) 1/z = -0,8 6, BpeMJI 3 'l). 
CnoncTno qeThlpexnaJieBTHoro TexHe~HJI oKHC

JIJITI:.CJI KHCJIOpo,n;OM BOa,n;yxa B ~eJIOl(BOH cpe,n;e 

p;aeT B03MO»\HOCT:b IIOJiyqaTL nepTCXBaThl H3 ,ll;By

OKHCH TCXHC~HJI, Be npHMCBJIJI rrepeKHCH BO)l;Opo-
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~a. BoccTaHOBJieHue rrepTexHaT-HoHa ru~pa3HHOM 
IIpHBeJIO R o6pa30BaHHIO meCTHBaJieHTHOrO TexHe

~HJI H IIpH IIpO~OJI:IKHTeJihHOM HarpeBaHHH 'IeThl

pexBaJieHTHOfO TexHe~HJI. 

IIepTexHaT-HOH B 1 H. pacTBopax coJIHHoii, cep

Hoii RHCJIOT, a TaRme B 4 H. pacTBopax KOH H 

NH40H cy~eCTBeHHhiX H3MeHeHHH He rrpeTeprre

BaeT. 8JieKTpOJIHTH'IeCKOe BhlAeJieHHe TeXHe~HJI, 
rrpoBeAeHHoe B cepHHCTOKHCJioii u cyJII>~aTHOaM
MOHHHHoii cpeAaX, IIOKa3aJIO, 'ITO TeXHe~HH BhlAe
JIHeTCJI Ha KaTOAe B BHAe OCaAKOB HeHBHO KpHCTaJI
JIH'IeCKOH ~opMM. IIocJie TepMH'IecKoif o6pa6oTKH 

o6pa3~0B CHHThle peHTreHorpaMMhl o6HapymHJIH 

JIHHHH KaK MeTaJIJIH'IeCKOrO TeXHe~HJI, TaK H ero 

ABYOKHCH. 
Pacc'IHTaHM rrapaMeTphl pemeTKH OKHCH TexHe

~HH, cocTaBJIJIIO~ue: a = 4,753 ± 0,005 A; c = 
= 2,840 ± 0,005 A u 6JIH3KHe no BeJIH'IHHe R rra

paMeTpaM pemeTRH Mn02, Mo02 H wo2. 
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A/349 USSR 

Chemical and electrochemical properties of 
technetium in aqueous solutions 

By V. I. Spitsyn et at. 

The paper deals with the problem of obtaining pure 
compounds of technetium from neutron-irradiated 
molybdenum metal and from the waste of plutonium 
production, and includes a study of the chemical and 
electrochemical properties of technetium. 

Technetium is polyvalent and changes easily from 
one valency to another. Sometimes a solution can con
tain various valency states of technetium at one time; 
this causes difficulties when working with this element. 
Also disproportionation, complex formation and 
hydrolysis must be taken into consideration. 

So far the important problems of technetium chem
istry have been the preparation of its various oxidation 
states and an investigation of their stabilization. 
Identification and analysis of technetium have involved 

some difficulties as no data on the absorption spectra 
characterizing each of its valency states in various 
media was available. 

In earlier investigations the extraction of technetium 
from acid, alkaline and neutral media by some organic 
solvents was studied. Acetone, tributylphosphate and 
quinoline, which are readily available solvents, extract 
the pertechnate ion with a high distribution coefficient. 

Of special interest is a study of the extraction of the 
pertechnate anion by acetone in an alkaline medium. 
Acetone extracts technetium with a high distribution 
factor (104) and allows radiochemically pure techne
tium to be obtained in the first stage of extraction. 
Acetone is used to obtain technetium in the laboratory. 

The paper includes data on chemical and electro
chemical properties of some of the valency states of 
technetium determined by polarography and spectro
metry. 

A study was made of polarographic recovery of per
technate anion by means of a mercury drop electrode 
in various media, IM solutions of KN03, KCl, 
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Na2S04, NaCl04, NH4Cl over a wide range of alkalin
ity and acidity, as well as in peroxide, alkaline and 
neutral media in the presence of KOH and NH40H. 
The diffusion and catalytic processes of the electrical 
reduction of the pertechnate anion in various media 
were established. Conditions for obtaining the different 
valency states of technetium were determined and the 
possibility of using the potential values in the analytical 
chemistry of this element. The stability of the oxida
tion states of technetium (VII), (VI) and (IV) and the 
metal in alkaline, acid and neutral media were studied. 

An investigation of the adsorption properties of 
technetium was made with the aid of scarcely soluble 
precipitates, molybdates, tungstates and phosphates. 

A study was made of electrolytic deposition of tech
netium from sulphuric acid, pH 2, and ammonium 
sulphate, pH 5.6, solutions of the pertechnate anion 
under constant cathode potentials of the platinum 
electrode used. During the measurement of the rates 
of electrodeposition of technetium, the critical poten
tials of its deposition from these solutions were found. 
A calculation was also made of a standard potential of 
technetium oxide, which proved to be close to data 
published in literature. 

It was established that the electrodeposition of 
technetium is similar to rhenium in that it takes place 
under a high overvoltage. Depositions formed on the 
cathode are not of a clearly crystalline character and 
their structure can only be revealed after additional 
annealing. X-ray patterns of electrolytic deposits 
exhibit not only the lines of technetium metal but also 
lines whose parameters should be apparently attributed 
to a technetium oxide. They are close to the parameters 
of the Mn02 tetragonal lattice. 

The presence of colour reactions of technetium with 
a number of organic substances provided new methods 
for its determination using extraction with acetone and 
subsequent photometry. 

A/349 URSS 

Proprietes chimiques et electrochimiques du 
technetium en solution aqueuse 

par V. I. Spitsyn et a/. 

Le memoire est consacre a !'obtention de composes 
purs de technetium a partir de molybdene metallique 
irradie par les neutrons et des dechets de Ia production 
du plutonium; il etudie aussi les proprietes chimiques 
et electrochimiques du technetium. 

Une source de complications est le fait que le tech
netium peut exister a differents etats de valence, passer 
facilement de l'un a l'autre ou meme etre present 
simultanement a plusieurs etais de valence dans une 
solution. De plus, il faut tenir compte de ses pro
prietes en matiere de dismutation, de formation de 
complexes et d'hydrolyse. 

Jusqu'a maintenant, les problemas importants de Ia 
chimie du technetium ont ete !'obtention de ses 
differents etats d'oxydation et !'etude de leur stabilisa-
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tion. L'identification et !'etude de cet element sont 
encore difficiles car on manque de donnees sur les 
spectres d'absorption caracteristiques de chacun de ses 
etats de valence dans differents milieux. 

Dans des etudes anterieures de !'extraction du tech
netium par certains solvants organiques en milieu 
acide, alcalin et neutre, les auteurs ont trouve que 
!'acetone, le TBP et la quinoline, solvants tres usuels, 
extrayent !'ion pertechnate avec un coefficient de par
tage eleve. 

L'etude de !'extraction de l'ion pertechnate par 
!'acetone en milieu alcalin presente un interet par
ticulier. L'acetone extrait le technetium avec un facteur 
de decontamination eleve (104) et permet d'obtenir du 
technetium radiochimiquement pur au premier stade 
d'extraction. On utilise !'acetone pour obtenir le 
technetium au laboratoire. 

Le memoire contient des donnees sur les proprietes 
chimiques et electrochimiques des differents etats de 
valence du technetium, obtenues par polarographie et 
spectrophotometrie. 

On etudie la reduction polarographique de !'ion 
pertechnate sur electrode a gouttes de mercure dans 
differents milieux: solutions lM de KN03, KCI, 
Na2S04, NaCl04, NH4Cl dans un grand domaine de 
pH et egalement en milieu de peroxydes alcalin ou 
neutre en presence de KOH et NH40H. On a deter
mine le mecanisme de l'electroreduction par diffusion 
et par catalyse de l'ion pertechnate dans differents 
milieux. On a trouve les conditions de formation de 
certains etats de valence du technetium et l'emploi 
possible de Ia potentiometrie dans Ia chimie analytique 
de cet element. On a etudie Ia stabilite des etats 
d'oxydation du technetium(VII), (VI) et (IV) et du 
metal en milieu alcalin, acide ou neutre. 

On a etudie les proprie~es d'adsorption du tech
netium sur des precipites difficilement solubles (molyb
dates, tungstates et phosphates). 

On a etudie le depot electrolytique du technetium 
sur une electrode de platine a partir de solutions de 
pertechnate dans l'acide sulfurique (pH 2) et le sulfate 
d'ammonium (pH 5,6) avec un potentiel de cathode 
constant. En se fondant sur Ia mesure des vitesses de 
depot electrolytique du technetium, on a trouve les 
potentiels critiques de sa separation de ces solutions et 
on a calcule un potentiel standard de l'oxyde de tech
netium, qui est voisin des donnees connues. 

On a constate que le depot electrolytique de tech
netium se produit, comme pour le rhenium, avec une 
surtension elevee. Les depots cathodiques ne sont pas 
nettement cristallins et leur structure n'apparait 
qu'apres un recuit complementaire. L'analyse aux 
rayons X des depots electrolytiques a fait apparaitre, 
outre les raies du technetium metal, des raies dont les 
parametres correspondent, semble-t-il, a une forme 
oxydee du technetium. lis sont voisins des parametres 
du reseau tetragonal de Mn02. 

L'existence de reactions colorees entre le technetium 
et plusieurs substances organiques a permis d'elaborer 
de nouvelles methodes de determination de ce corps 
utilisant !'extraction a !'acetone suivie de photometrie. 
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Propiedades qufmicas y electroqufmicas del 
tecnecio en soluci6n acuosa 

por V. I. Spitsyn eta/. 

La memoria versa sobre Ia obtencion de compuestos 
de tecnecio puros a partir del molibdeno metalico 
irradiado con neutrones y de los subproductos de la 
producci6n de plutonio, y sobre el estudio de las 
propiedades quimicas y electroquimicas del tecnecio. 

El hecho de que el tecnecio puede tener valencias 
diferentes, Ia facilidad con que pasa de un valor de Ia 
valencia a otro e incluso el que, a veces, aparezca en 
una soluci6n simultaneamente en varios estados de 
valencia distintos, complica el trabajo con tecnecio. 
Ademas, es necesario tener en cuenta sus propiedades 
de desproporcionamiento, de formaci6n de complejos 
y de hidr6Iisis. 

Basta ahora, los problemas mas importantes de Ia 
quimica del tecnecio han sido Ia obtenci6n de sus 
diferentes estados de oxidaci6n y el estudio de Ia 
estabilizaci6n de estos. La identificaci6n y Ia investiga
cion del tecnecio han tropezado basta ahora con Ia 
dificultad de Ia falta de datos acerca de los espectros 
de absorcion caracteristicos de cada uno de sus 
estados de valencia en los diferentes medios. 

Habiamos estudiado ya antes Ia extracci6n del 
tecnecio por algunos disolventes organicos en medio 
acido, alcalino y neutro, llegando a Ia conclusion de 
que Ia acetona, el fosfato de tributilo y Ia quinoleina, 
que son disolventes muy corrientes, extraen el ion 
pertecnato con un elevado coeficiente de reparto. 

Presenta interes especial el estudio de Ia extracci6n 
del ion pertecnato porIa acetona en un medio alcalino. 
La acetona extrae el tecnecio con un coeficiente de 
pureza grande (104) y ofrece Ia posibilidad de obtener 
tecnecio radioquimicamente puro desde Ia primera 
etapa de extracci6n. La acetona seem plea para obtener 
el tecnecio en ellaboratorio. 

En Ia memoria se presentan datos relativos a las 
propiedades quimicas y electroquimicas del tecnecio 
en sus diferentes estados de valencia obtenidos por 
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metodos polarognificos y espectrofotometricos. 
Se ha estudiado Ia reducci6n polarografica del ion 

pertecnato, en el electrodo de gotas de mercurio, en 
medios distintos: soluciones 1M de KNOa, KCI, 
NazS04, NaCI04, NH4CI en un amplio intervale de 
pH y tam bien en medios de peroxido alcalino y neutro 
en soluciones de KOH y NH40H. Se ha determinado 
el mecanisme de electrorreducci6n por difusi6n y 
catalisis del ion pertecnato en diferentes medios. Se 
encontraron las condiciones de obtenci6n de algunos 
estados de valencia del tecnecio y la posibilidad de 
utilizar Ia potenciometria en la quimica analitica del 
elemento considerado. Se ha estudiado Ia estabilidad 
de los estados de oxidaci6n del tecnecio(VIl), (VI), (IV) 
y del metal en medio alcalino, acido y neutro. 

Se han investigado las propiedades de adsorci6n del 
tecnecio en diferentes precipitados dificilmente solu
bles (molibdatos, volframatos y fosfatos). 

Se ha estudiado el deposito electrolitico del tecnecio 
en un electrode de platino a partir de soluciones de 
pertecnato en acido sulfllrico (pH 2) y sulfatoam6nicas 
(pH 5,6) para potenciales constantes del catodo. Par
tiendo de medidas de las velocidades de deposito 
electrico del tecnecio, se encontraron los potenciales 
criticos de separaci6n del mismo de dichas soluciones, 
y tam bien se calcul6 un potencial tipo de oxidacion del 
tecnecio, cuyo valor es patecido a los datos conosidos. 

Qued6 establecido que el deposito electrolitico del 
tecnecio, analogamente al del renio, tiene Iugar con 
una gran sobretensi6n. Los precipitados que se separan 
sobre el catodo no son claramente cristalinos y su 
estructura se manifiesta despues de un recocido com
plementario. Los roentgenogramas de los depositos 
electroliticos contienen, ademas de las rayas del tec
necio metalico, otras rayas que hay que atribuir, 
evidentemente, a un 6xido de tecnecio. Los parametres 
de dichas rayas son parecidos a los de Ia red tetragonal 
del MnOz. 

La existencia de fotorreacciones del tecnecio con 
toda una serie de sustancias organicas hace posible el 
desarrollo de metodos nuevos para deterrninarlo, 
utilizando la extracci6n por acetona seguida de un 
estudio fotometrico. 
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Processes for the recovery and purification of fission 
products from irradiated uranium 

By S. Ahrland* and K. E. Holmberg** 

Waste solutions from reprocessing plants may be 
treated in order to achieve one or more of the follow
ing objectives: 

(a) If the solutions still contain the bulk of the 
uranium, the separation of most of it from the fission 
products in order to make possible a high concentra
tion factor for the final waste; 

(b) To separate scientifically or technically valuable 
fission products, such as 137Cs, 90Sr, 144Ce and 147Pm 
in a pure form; 

(c) To separate most of the long-lived nuclides 
l37Cs and 90Sr in order to considerably shorten the 
required storage period of the high activity waste. 

Among the conceivable methods, we have so far 
tried cation exchange using inorganic compounds and 
freezing out. These methods may of course also be 
combined with others, e.g., precipitation. 

SEPARATION OF FISSION PRODUCTS 
BY INORGANIC CATION EXCHANGERS 

Choice of ion exchangers for investigation 

Inorganic ion exchanging materials are character
ized by high radiation and temperature resistance. To 
be useful for separation purposes, however, they have 
to possess several additional qualities. Thus they ought 
not to be dissolved or otherwise chemically attacked 
within a rather wide range of pH. Their exchange 
capacity should be high enough to ensure a practical 
operation. The sorption and elution must be so rapid 
that a column operation is feasible, and the resistance 
to attrition must be so good that no clogging occurs. 
For the present purpose it is finally of particular 
importance that, the selectivity between different ions 
is high and that, easily hydrolysed ions can be sorbed 
in media so acid that hydrolysis does not interfere. 

Among the inorganic compounds exhibiting ion 
exchanging properties certain basic salts and hydrous 
oxides have been found to comply fairly well with 
these demands. Notably zirconium phosphate (in the 
following denoted ZrP), zirconium hydrous oxide 
(ZrO) and silica gel (SiO) seem to be promising, and 
they have therefore attracted most interest [1]. 

* Chemical Institute of the University, Lund. 
* * AB Atomenergi, Studsvik. 

Workable ranges of pH for the 
investigated ion exchangers 

The number of H+ set free (or taken up) as the pH 
of a sample solution of specified composition is varied 
yields important information about the acidity and 
exchange capacity of an ion exchanger. From the 
simultaneous determination of other constituents of 
the equilibrium solutions, it is possible, moreover, to 
find out if and when the ion exchanger is liable to 
chemical attack. In the present experiments, equilib
rium has been established with the mass of the gel and 
volume of the solution chosen so that vfm = 100 mljg. 
The temperature was 20 oc. 

For ZrP, neutralization curves for preparations of 
various ratios of phosphate/zirconium, P/Zr, are 
plotted in Fig. 1. The curves characterize these com
pounds as moderately strong acids. If the concentra
tion of cations in the sample solution is kept approxi
mately constant by the addition of extra salt (sodium 
chloride, so that [Na+]~O.IM), the exchange in
creases considerably in the middle range of pH, where 
the cation concentration stays very low on the addition 
of only sodium hydroxide. A still higher exchange for 
a certain value of pH is found when an ion of higher 
affinity to the gels, e.g., Cs+, is substituted for Na+. 

The inflexion clearly visible between pH 9 and 10 for 
some of the curves of Fig. 1 indicates the exchange of 
1 H+ per phosphate group present in the ion ex
changers. The steep •increase found for higher values 
of pH is connected with a simultaneous hydrolysis of 
the gels, as demonstrated by the curves of Fig. 2. The 
extensive hydrolysis prevents the use of ZrP as an ion 
exchanger for solutions with a value of pH> 9. 

For the preparation of the lowest P/Zr= 1.12 only, 
a perceptible uptake of H+ is found at very low values 
of pH, indicating a slight amphoteric character for this 
gel. It thus possesses weak anion exchange properties 
in strongly acid solutions, which is not the case for less 
hydrolysed phosphate gels. The gel of P/Zr= 1.12 is 
also markedly dissolved by sulphuric acid in concen
trations > 0.5M. Otherwise ZrP-gels are only slightly, 
or not at all dissolved by strong acids, even at concen
trations as high as SM. It is thus possible to use them 
in solutions of pH < 9, except for those containing 
species of extreme affinity either to ZriV (such as 
fluoride, oxalate and, under certain conditions, sulphate 
ions) or to phosphate (such as other tetravalent cations). 
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Figure 1. Neutralization curves for ZrP of various compositions 

For the gel of P/Zr = 1. 95, curves are reported for different 
media. Water content of the gels= 50% 
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Figure 2. Hydrolysis curves obtained simultaneously with the 
neutralization curves of Figure 1 

On the other hand the neutralization curves for 
ZrO indicate a typical ampholyte, acting as a cation 
exchanger for pH > 5 and as an anion exchanger 
below this value, Fig. 3. When prepared by precipita
tion of a Zr1V salt with sodium hydroxide, some of the 
exchange sites are occupied by Na+ at the beginning. 
The lower curves of Fig. 3 refer to such original pre
parations, while the dotted curves give the amount of 
Na+ released from them on acidification. In the medium 
range of pH, this amount is equivalent to the amount 
of H+ taken up, as it should be for an ideal cation 
exchange. For pH < 5, the amount becomes constant 
and much lower than the amount of H+ taken up, as 
the ampholytic properties of ZrO become prominent. 

From a partly Na + loaded gel, a H + saturated gel, 
still free from sorbed anions, can be prepared by 
acidification until the solution in equilibrium with the 
gel reaches a pH ""'5. The neutralization curve of such 
a gel shows the expected course with no uptake or 
release of H+ along the horizontal part near pH= 5. 
This form of the gel is evidently the one most suitable 
for cation exchange purposes. 

In contrast to ZrO, the less basic hydrous oxide SiO 
is not ampholytic, Fig. 4. It is moreover insoluble in 
acids and can be used as a cation exchanger even in 
strongly acid solutions. On the other hand it is dis
solved markedly in alkaline solutions of pH > 9, Fig. 4, 
and therefore cannot be used above this value of pH. 

Selectivity and sorption rate 
The affinity of a H+ saturated ion exchanger for a 

certain ion is best measured by the distrioution co
efficient Kn = CMa/CMs determined as a function of 
pH of the sample solution. Here CMa and CMs mean 
the equilibrium concentrations of the ion Mn+ in the 
gel and the sample solution respectively. Now if the 
sorption takes place as an ideal cation exchange, and 
furthermore, if CMa is kept low in comparison with 
the exchange capacity, and the activity factors stay 
constant in the range of pH used, then it is easy to 
deduce that 

log Ko = n(pH) +A (1) 

where A is a constant. Under these circumstances, log 
Kn will thus be a linear function of pH with a slope 
equal to the charge of the sorbed ion. In Figs. 5-9 
curves of log Kn against (pH) are presented for 
several ions, and their spacing gives a very good pic
ture of the selectivity of the various ion exchangers. 
Each curve refers to a certain value of CMs- This 
parameter has been chosen because of its great im
portance in practical separations. As long as the 
assumptions made hold true, the same curve should be 
Obtained for a certain ion, independent Of CMS· 

For ZrP, this is the case for most ions (Ce3+, ya+, 
Sr2+, Na+) at very low values of CMs, Figs. 5 and 6. 
For Cs+ and Rb+, separate curves are obtained as 
CMs varies even if the load CMa is kept very low and, 
moreover, the theoretical slope is never reached. This 
most probably depends upon the existence of sorption 
sites of especially high affinity for these ions, as is 
strongly supported by the fact that if lines of log Kn 
against (pH) are constructed for constant CMa, these 
will have the theoretical slope of I. For U4+, the 
marked deviations (Figs. 5, 7) depend upon the fact 
that no ideal cation exchange occurs; the affinity of 
U4+ to phosphate ions is great enough to break the 
zirconium-phosphate bonds of the gels. 

H+ released 
m mol/g gel 

//~ 

Ill /"'(v 
/ 

/ 
/ 

/ I 

1 _ lt /::------

//_.,.,... H+ token up and 
/ No+ released, respectively 

I mmol/ggel 
pH 

10 12 

Figure 3. Neutralization curves for different preparations of ZrO 

Gel I has been precipitated at a molar ratio hydroxide/zircon
ium= 2, gel II at a ratio of 4; Gel III has been obtained by 
acidification of I. gel IV by acidification of II, to a value of 
pH= 5 in the sample solution. The amounts of Na + given up by 
the gels I and II on the uptake of H ' are shown by dotted 

lines. Water content of the gels= 40% 
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Figure 4. Neutralization curves (I, II) for a preparation of SiO, 
saturated with H+ by treatment with 5M nitric acid, in two 

different media 

Curve III gives the amount of hydroxide used for the dissolution 
of the gel as the pH exceeds 8. This curve is the same for both 

media. Water content of the gel = 17 % 
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Figure 6. Selectivity of the same gel as used for the experiments 
of Figure 5, for ions of various sizes and charges 
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Figure 5. Selectivity of ZrP of P/Zr = 1.95 for ions of various types 
and charges 

The curves refer to the constant values of CMs indicated for 
each of them. Water content of the gel= 45% 
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Figure 7. Selectivity of ZrP of P/Zr = 1.1 for ions of various types 
and charges 

Water content of the gel= 50 % 
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The selectivity is higher for the gel of the lower 
P/Zr= 1.1. For the gel of P/Zr= 1.95 it is, neverthe
less, sufficient for many important separations, and 
this gel has. the advantage of a considerably higher 
exchange capacity (see earlier section). 

The sorption rate is also higher, the higher the 
value of P/Zr. Moreover this rate increases with 
increasing water content of the gels, which is the 
reason for the high water content chosen for all ZrP 
gels used here. The sorption rate also depends very 
much upon the type of ion to be sorbed. Thus Cs+ 
and Sr2+ reach equilibrium almost at once upon 
shaking, while U022+ requires hours even for gels of 
high water content and high value of P/Zr. 

For ZrO, curves with slopes close to the theoretical 
value of 1 are obtained for Cs+ and Na+ up to fairly 
high values of CMs, Fig. 8. In the case of Sr2+, the 
line is even steeper than expected, having a slope of 
2.25. As ZrO is a much weaker acid than any composi
tiort of ZrP tested, all the lines are displaced to higher 
pH values. The order between Cs+ and Sr2+ is reversed 
as compared with ZrP, and there is, moreover, no 
marked difference between the affinities of Cs+ and 
Na+ for ZrO. The sorption is very fast for all these 
ions. 

The log Kn against (pH) curves found for SiO have 
an unusual appearance, characterized by an increase 
of the slope at pH ~ 6, Fig. 9. This increase is certainly 
connected with the beginning neutralization of the gel 
in this range of pH, Fig. 4. The course of the curves 
implies that the last traces of alkali ions are extremely 
strongly held, in spite of the fact that the sorption of 
larger amounts demands quite a high pH value. For 
this gel, the theoretical slopes are not reached even at 
quite low values of CMs. On the other hand, tetrava
lent ions (U4+, Pu4+, and also Zr4+, which is not 
reported in Fig. 9) are sorbed without major deviations, 
indicating that this sorbent is not attacked. The affinity 
of these ions is also extremely high compared with all 
the others, and silica gel is therefore especially suitable 
for their selective removal. A difficulty is, however, 
that they are sorbed rather slowly, in comparison to 
ions of lower charge, which is much the same as was 
observed in the case of ZrP. 

Separations achieved by ZrP 
Column separations have been performed by means 

of the ZrP preparation with P/Zr= 1.95. In the first 
experiment, Fig. 10, Cs+ is sorbed selectively from a 
solution containing equal concentrations of Na+, Sr2+ 
and Ce3+ in 0.3M nitric acid. After an acid wash, a 
pure Cs+ solution is eluted by 6M nitric acid. In the 
second experiment, Fig. 11, Ce3+ is sorbed from a 
solution containing an equal concentration of Sr2+ 
and a very large amount of Na+. After washing with 
very dilute nitric acid, a pure and rather concentrated 
Ce3+ solution is eluted by 1M acid. 

SEPARATION OF URANIUM FROM 
FISSION PRODUCTS BY FREEZING 

After extraction of plutonium by a tertiary amine 

from a nitric acid solution of a fuel element a concen
trated uranyl nitrate solution containing the fission 
products is left. It may contain, for instance, 200 g U, 
125 g free HNOa, 0.5 g Na, 2 g fission products and 
0.2 g corrosion products (Fe, Ni, Cr) per litre. 

It is well known that uranyl nitrate and water form 
a eutetic at -18.1 °C, containing 43.1 % U02(NOa)2 
or 400 g U per litre. In the presence of moderate 
amounts of nitric acid, uranyl nitrate and ice crystal
lize at some lower temperature while HNOa remains 
in the liquid. 

Because of the low concentration of fission products 
it may be expected that much of the uranyl nitrate 
will be frozen out before any of the fission products 
crystallize and, if no solid solutions are formed, the 
solid uranyl nitrate will be pure. 

In order to test the method some freezing experi
ments with uranyl nitrate solutions containing some 
of the more important fission products have been 
performed. The freezing of uranyl nitrate and ice 
from solutions containing nitric acid has also been 
investigated. 

Experimental 
A eutectic uranyl nitrate solution was made up con

taining the desired fission product element in the 
amount expected in a real waste solution or, in some 
cases, 10-20 times as much. Twenty mls of the solu
tion were partially frozen with magnetic stirring in a 
plastic tube. The tube was cooled through a thin air 
space by a concentric cooling mantle kept at about 
3 oc below the eutectic temperature. The freezing 
time was about half an hour. Then the crystals were 
separated by centrifuging at about 2000 gf for 4 min
utes, using pre-cooled centrifuge tubes with a perfor
ated insert. Samples of the crystal and the liquid 
fractions were taken, and the uranium and the added 
element were separated on an anion exchanger and 
were determined by complexometric titration. In some 
cases a suitable tracer was added initially and the 
analysis was made radiometrically. 

The system U02(NOa)2-HNOa-H20 was investi
gated by cooling an appropriate solution to the 
temperature at which both uranyl nitrate and ice 
crystallize, and maintaining it at this temperature with 
good stirring for about 1 hour. A sample of the liquid 
was taken through a filter stick and analysed. for U 
and free HNOa. 

Results 
Table 1 gives the results of some freezing experi

ments. It gives the amount of fission product element 
added to a eutectic uranyl nitrate solution, the amount 
of solid obtained after centrifuging, the amount of 
added element found in the solid and the liquid frac
tions, and the decontamination factor. The latter is 
the ratio of the concentration of added element in the 
liquid fraction to the concentration in the solid frac
tion. For Sr, Ba, and Ce the analytical methods were 
too insensitive and the decontamination factors (DF) 
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figure 10. Separation of Cs+ from Ce3+, Sr2+ and Na+ on a column 
of ZrP with P/Zr = 1.95 

The column had an inner cross section= 0.29 cm2, a height of 
14 em and contained 3 . 2 g of the gel, with a water content of 
50%- Flow rate= 50 ml/h cm2• The original concentration of 

all ions was 30 mM, in 300 mM nitric acid 
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Figure 11. Separation of Ce3+ from Sr2+ and Na+ on the column 
described before (see Figure 10) 

The original concentration of eea+ and Sr2+ was 30 mM, of 
Na+ 500 mM; no extra acid was added 
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Table 1. Separation of uranium and fission product elements by freezing 

Added Added amount Amount 

element mg/1 crystalhzed 
% 

Cs 220 11.4 
Sr 83 19.7 
Ba 585 27.5 
Ce 635 9.9 
Ru 126.6 16.2 
Ag 80 37.0 
Zr 4320 21.1 
Mo 1650 39.9 
Sb 80 48.2 
Cd 1770 30.2 
Fe 1385 } 
Ni 1585 20.8 
Cr 735 

are very uncertain. For Mo the liquid turned milky at 
about -15°C, but the separation of Mo from U was 
still satisfactory. 

The DF values are scattered, but are generally 
about 30. The reason they are not higher is probably 
due to incomplete separation of the solid and liquid 
phases during centrifuging rather than crystallization 
of a fission product compound or a solid solution. 

From Table 2 it is seen that the solubility of uranyl 
nitrate is considerably reduced in the presence of 
nitric acid. In the region investigated nitric acid does 
not enter into a solid phase. However, the last value 
of the table is rather close to a eutectic of HN03 and 
H20, which is at -43 oc and 33 % HN03 , and it may 
represent the ternary eutectic of uranyl nitrate, nitric 
acid and water. 

Discussion 
From the limited experience accumulated so far, it 

seems that most fission product elements should 
separate well from uranium on partial freezing of a 
concentrated uranyl nitrate solution. The solubility of 
the nitrates of some elements, e.g., Ba and Cs, falls 
rapidly at low temperature or in the presence of nitric 

Table 2. System U02(NOa)2-H20-HN03 • Liquid phase 
in equilibrium with U02(NOa)2-6H 20 and ice 

Temperature oc 
Composition of liqUid phase. %by weight 

UO,(NOsh HNOs H,o 

-19.4 42.9 1.0 56.1 
-20.1 40.7 2.4 56.9 
-22.0 33.6 6.8 59.6 
-22.7 31.2 8.·6 60.2 
-27.0 18.5 17.1 64.4 
-29.3 13.9 20.2 65.9 
-31.1 11.8 22.1 66.1 
-34.6 8.1 26.0 65.9 
-36.7 6.6 27.5 65.9 
-44.7 2.9 33.9 63.2 

Amount in % of added element 
recovered in 

the solid the liquid 

0.9 
0 ±5 
0 ±2 

0 ±2.5 
1.3 
4.6 
0.9 
1.5 
3.6 
2.5 
0.8 
0.8 
0.9 

95.7 
100 
100 
98 
92.7 
97.3 

103.5 
100.0 
95.0 
99.4 

100.7 
100.9 
100.0 

Decontamination 
factor 

14 
> 5 
>19 
> 4 

14 
12 
31 
44 
24 
17 
33 
33 
29 

acid. They may cause trouble if they are present in 
considerable amounts. 

A scheme using freezing to separate uranium from 
waste solutions has some advantages. The low tem
perature reduces the corrosion of the equipment. No 
chemicals or organic solvents are added. The freezing 
may be repeated many times for further purification. 

There are also some drawbacks. The DF is not very 
high. It might possibly be improved by using a higher 
centrifugal force or a longer centrifuging time. The 
freezing process is rather slow. The remote handling 
of the solid may be difficult. 

If a waste solution of the composition indicated at 
the beginning of this section is treated by freezing, the 
nitric acid concentration in the liquid will be high. It 
may be lowered considerably by reduction with 
formaldehyde or sucrose, which give chiefly gaseous 
reaction products. It is probably not convenient to 
freeze more than 50 % of the material in one operation. 
By 3-4 consecutive operations 90-95% could be 
frozen. It may be difficult to reduce the liquid volume 
further because of the radioactive heat produced by 
the fission products. 

In order to have the solid well separated from fission 
products it must be melted and partially refrozen 
several times. It thus seems possible in principle to 
recover 95 % or more of the uranium nitrate in a con
centrated solution and to obtain it in a rather pure 
form by repeated freezings, but the repeated opera
tions make the process a little complicated. 

The freezing method could also be used to purify 
natural, unirradiated uranium. In fact, it is intrinsic
ally well suited to removing impurities occurring at a 
low concentration. 

REFERENCE 
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A/609 Suede 

Precedes d'extraction et de purification des 
produits de fission de !'uranium irradie 

parS. Ahrland et K. E. Holmberg 

Les solutions residuaires provenant des usines de 
retraitement peuvent etre traitees afin d'atteindre un ou 
plusieurs des objectifs suivants: 

a) Solutions con tenant encore le gros de !'uranium: 
separer la plus grande partie de !'uranium des produits 
de fission afin de parvenir a un facteur de concentra
tion eleve dans le residu final; 

b) Separer a l'etat pur les produits de fission offrant 
une valeur scientifique ou technique et de longue 
periode tels que 137Cs, 90Sr, 144Ce et 147Pm; 

c) Separer la majeure partie des nucleides de longue 
periode 137Cs et 90Sr afin de reduire considerablement 
le temps de stockage necessaire des dechets fortement 
radioactifs. 

Parmi les differentes methodes possibles, on a 
jusqu'a present essaye l'echange ionique a l'aide de 
composes inorganiques, et egalement la congelation. 
Ces methodes peuvent etre associees a d'autres, 
comme par exemple la precipitation. 

Echangeurs d'ions inorganiques 
Le phosphate de zirconium et les oxydes hydrates de 

zirconium et de silicium (gel de silice) sont apparus 
comme les echangeurs d'ions inorganiques les plus 
prometteurs. Le phosphate de zirconium est modere
ment acide; les oxydes hydrates le sont faiblement. En 
fait, l'oxyde de zirconium hydrate est amphotere et 
agit principa1ement comme echangeur d'anions lorsque 
le pH est inferieur a 5. La selectivite entre ions de 
charges differentes augmente generalement avec la 
decroissance de l'acidite. Par contre, uncertain degre 
de sorption est atteint lorsque le pH est plus bas et cela 
d'autant plus que le gel est plus acide, ce qui peut etre 
important dans le cas d'ions facilement hydrolyses. 
Pour un pH superieur a 8, le phosphate de zirconium 
est fortement hydrolyse et ne peut done etre employe 
comme echangeur d'ions. Le gel de silice peut etre 
employe jusqu'a pH 9, valeur pour laquelle la dissolu
tion devient considerable. Le domaine utile du PH 
aussi bien que les autres proprietes des echangeurs 
d'ions etudies se completent ainsi assez bien. 

Avec le phosphate de zircohium, Cs+ et Ce3+ ont 
ete isoles de Sr2+ en tant que fractions pures, meme en 
presence de grandes quantites de Na+. II serait meme 
possible d'isoler Cs+ a partir de solutions contenant 
U022+ a des concentrations assez elevees. 

Avec le gel de silice, le zirconium(IV) peut etre sorbe 
selectivement et directement du residu fortement acide. 
Cela n'est pas possible avec le phosphate de zirconium 
qui reagit irreversiblement avec les cations tetravalents, 

etant donne la grande affinite de ceux-ci pour les ions 
phosphate. 

Separation de !'uranium des produits de fission par 
congelation 

Lors de la congelation partielle d'une solution con
centree de nitrate d'uranyle contenant une petite 
quantite de produits de fission, le nitrate d'uranyle et la 
glace se cristallisent, abandonnant les produits de 
fission dans l'eau mere. Les phases peuvent etre 
separees par centrifugation, ce qui laisse la phase 
solide quelque peu contaminee par l'eau mere. En 
repetant la congelation partielle, il devrait etre possible 
de purifier davantage le nitrate d'uranyle. Les produits 
de fission importants ont ete etudies et ne semblent pas 
se cocristalliser avec le nitrate d'uranyle. La separation 
par congelation du nitrate d'uranyle et de la glace peut 
etre egalement realisee en presence de concentrations 
moderees d'acide nitrique, ce qui reduit la solubilite 
du nitrate d'uranyle. 

Il parait ainsi physiquement possible, par congela
tion fractionnee repetee, d'extraire une fraction con
siderable d'uranium sous une forme assez pure a partir 
d'une solution concentree de nitrate d'uranyle con
tenant de petites quantites de produits de fission. En 
meme temps, le residu a haute activite est concentre en 
un volume de liquide reduit. 

A/609 WB81.\HA 

npoLteCCbl H3BneLfeHHfl H OLfHCTKH npo
AYKTOB ,o.eneHHfl H3 o6nyYeHHoro ypa
Ha 

c. ApnaHA, K. a. XonM6epr 

PacTBopLI pa.n,uoaKTHBHLIX oTxo.n,ou, nocTynaiO

m;ue c aauo.n,ou no rrepepa6oTKe o6Jiyqeuuoro Torr

miBa, MoryT o6pa6aTLIBaTLCJI .J];JIJI CJie.)l;yiOID;HX ~e
.lleii: 

a) paCTBOpLI, co.n;epmam;He OCHOBHYIO Macey 

ypaua, MOryT HCUOJIL30BaTLCJI .)l;JIJI OT.D,eJieHHH 

HaH60JI:biiiero KOJJH'IeCTBa ypaua OT npo.n;yKTOB 

p;eJieHHJI, KOTOpLie JIO.D,BepraiOTCJI KOH~eHTpHpO

B3HHIO .J];JIJI JIOJiy'leHHJI KOHe'IHiilX OTXO.J];OB; 

0) .D,JI.R Biil)leJieHHJI B 'IHCTOH lf>opMe T3KHX .J];OJI

rOlKHBYID;HX npo.n;yKTOB .neJieuuJI, KaK Cs 137, Sr90, 
Ce 144 u Pm'47, uMeiOm;ux Hayquoe u TexuuqecKoe 

rrpuMeueuue; 

C) )lJIJI BLI)leJieHHJI HaH60JILIIIero KOJIH'IeCTBa 

;~oJiromuuymux pa.n;uoaKTHBHLix uaoTorrou Cs137 u 
Sr90, 'IT06LI aaa'IHTeJILHo coKpaTHTL ueo6xo.n;u111Liii 

nepuo.n; XpaHeHHH BLICOKOaKTHBHhiX OTXO.D,OB. 

Cpe,llH uceuoaMomHLIX MeTo.n;ou o6pa6oTKH OT

xo.n;ou MLI HCULIT3JJH JIOKa MeTO.D, HOHHOrO o6Mena 

C HCJIOJI:b30B3HHeM Heo-praHH'IeCKHX Coe.n;HHeHHK, 
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a TaRme MeTOA BhlMOpamHBaHHJI. 3TH MeTO]:t;bl 

MOffiHO, ROHe'IHO, ROM6HHHpoBaTb C 1(pyrHMH Me

T01(aMH, RaR, HaiTpHMep, MCT01(0M oca;K1(eHHJI. 

HeopraHHlfeCKHe HOHoo6MeHHble MarepHanbl 

$ocqJaT ~HpROHHJI H rH]:t;paThl ORIICJIOB ~HpRO
HHJI Jf RpeMHJfJI ( CHJIHRareJib} paCCMaTpn:BaJIHCh 

RaR uan6oJiee nepcneRTIIBHhle ueopraHH'IeCRHe 

JIOH006MeHHliRH. <Doc~aT ~HpROHHJI IT01(RHCJIReT

CJI yMepPHHO, a rH1(paThl ORHCJIOB - Jllfillb CJia6o. 

$aRTH1JeCRH rH]:t;paT ORliCH ~HpROHHJI JIBJIJI8TCJI 

aM~OTepHbiM C08]:t;HHeHHeM, 1(8HCTBYIOID;HM rJiaB

HbiM o6pa30M RaR aHHOH006MeHHhlii MaTepHaJI 

npH pH < 5. CeJieRTHBHaa crroco6uocTL 3Toro Ma·

•repHaJia IIO OTHOill8HHIO R HOHaM C pa3JIH'IHbiMU 

pH1(aMH B OCHOBHOM IIOBblillaeTCR C yMeHLilleHHeM 

RJICJIOTHOCTH. C 1(pyroH CTOpOHbl, HeROTOpaa 

cop6~HJI 1(0CTHraeTCJI IIpH 6oJiee HH3ROM 3Ha'le

HHH pH, TO eCTb C ITOMOID;LIO 6oJiee RHCJIOrO reJIHJI, 

ROTOpbiH oco6eHHO IT01(X01(HT f!;JIJI JierRO rHf!;pOJIH-

3Y8MhlX HOHOB. 11pH pH> 8 ~oc~aT ~HPR9HHR 
IIJIOXO THApOJIHSyeTCJI H II03TOMY B 3TOM CJiyqae 

He ncrroJII>ayeTca B Ra'leCTBe noHoo6llreHHHRa. Cu

JIHRareJIL MOmHO HCIIOJib30BaTb 1(0 3HatJeHHll 

pH = 9, Rorp;a paCTBOpeHHe CTaHOBHTCJI 3aMeT

HbiM. OrrHChlBaiOTCH pa6oqne p;HanaaoHhl pH, a 

TaRme 1(pyrne CBOHCTBa HCCJiep;yeMhlX HOH006MeH

HHROB, f!;OITOJIHRIOID;He p;pyr p;pyra. 

ITpn ncnoJII>aooaHHH «ffoc«jjaTa ~HpRoHHJI HOHhl 

Cs + H Ce3+ OTf!;8JIRJIHCb OT Sr2 + B BHp;e 'IHCTbiX 

~paR~HH p;ame B npHCYTCTBHH 60JibillHX ROJlH

'IeCTB HOHOB Na+. MomeT oRaaaTLCJI aoaMomHbiM 

BhiAeJIHTL Cs + us pacTBopoo, cop;epmarn;ux U0
2
2 + 

6oJiee BbiCORHX KOH~eHTpan;HH. 
IIpH HCITOJlb30BaHHH CHJIHRareJIJI tieTblpexaa

JieHTHbiH D;HpROHHH MOffi8T CeJieRTHBHO cop6Hpo

BaTLCR Henocpe1(CTBeHHO H3 O'leHb RHCJibiX OTXO

f!;OB. 3TOTO HeJib3H f!;OCTHrHyTL C ITOMOm;biO ~OC
~aTa D;HpROHHJI, ROTOpbiH Heo6paTHMO pearHpyeT 

C '18TbipexBaJieHTHbiMH RaTHOHaMH BCJI8f!;CTBHe HX 

60JlbillOTO Cp01(CTBa C ~OC~aT-HOHaMH. 

OrAeneHHe ypaHa or npOAYKTOB AeneHHR 
nyTeM BbiMOpamHBaHHR 

l1pH 'laCTH'IHOM 3aMopamHBaHHH ROHD;8HTpH

poBaHHOrO paCTBOpa HHTpaTa ypaHHJia, C01(epma

m;ero He60JibillHe ROJIH'I8CTBa IIpOAYRTOB 1(eJie

HHJI, HHTpaT ypaHHJia H Jie1( RpHCTaJIJIH3YIOTCJI, 

OCTaBJIRJI IIpO]:t;YRTbl 1(eJieHHR B MaTO'IHOM pac

TBOpe. 3TH ~a3bl MOffiHO paa1(eJIHTb IIpH IIOMO

m;H D;8HTpH~yrupoBaHHJI, IIpH'IeM TBep]:t;aJI ~a3a 
oLIBaeT uecRoJILRO aarpa3HeHa MaTO'IHhlM pacTao

poM. IIyreM noBTOpHoro qacTH'IHOro aaMopam:aaa

HHJI MOffiHO ocyrn;eCTBJIRTb p;aJILHe:Hmyro O'lliCTRY 

HliTpaTa ypaHHJia. 0tiHm;aeMbiH HHTpaT ypaHHJia 

aHaJIH3HpoaaJica Ha co1(epmaHHe a HeM HaH6oJiee 

BaffiHhlX IIPOAYHTOB 1(eJI8HHJI, ROTOphle, RaJ\ 01\a

SaJIOCL, He HpHCTaJIJIH3YIOTCJI COBMeCTHO C HHTpa

TOM ypaHHJia. BhlMopamnaaHne HHTpaTa ypamma 

H Jlb1(a MO;KHO TaKme ocym;eCTBJIJITb B IIpliCYT-

CTBHJI yMepeHHLIX ROHI(eHTpan;nH a30THOH KHCJI0-

1'hJ, ROTOpaa CHH.maeT paCTBOpHMOCTb HHTpaTa 

ypaHHJia. 

TaHIIM o6paaoM, RameTCR «ffuaH'IecRH aoaMom

HhlM lf3BJieKaTh 3Ha'IIIT8JibHYIO 'laCTb ypaHa B 

OOJiee 'IIICTOH «jjopMe lf3 KOH~eHTpHpoBaHHOrO 
pacTaopa HIITpaTa ypaHHJia, cop;epmam;ero He-

6oJILmne KOJili'I8CTBa npop;yKTOB 1(8JieHHJI rryTeM 

ITOBTOpHOrO ~paR~HOHHOTO 3aMopamHBaHHJI. 01(

HOBpeMeHHO BbiCOROaRTIIBHble OTX01(LI ROHD;8HTpii

pyiOTCH a yMeHI>meHHOM o6'heMe »<IIAROCTH. 

A/609 · Suecia 

Separaci6n de los productos de fisi6n del 
uranio irradiado y purificaci6n de los mismos 

por S. Ahrland y K. E. Holmberg 

Los desechos liquidos de la instalaciones de regen
eraci6n de combustibles nucleares se pueden tratar 
para conseguir uno o varios de los objetivos siguientes: 

a) En soluciones que contienen todavia Ia mayor 
parte del uranio, separar Ia mayor parte del uranio de 
los productos de fisi6n a fin de alcanzar un factor de 
concentraci6n elevado en el desecho final. 

b) Separar productos de fisi6n puros, de periodo 
largo y de interes cientifico o tecnico, tales como 
137Cs, 9osr, 144Ce y 147Pm. 

c) Separar la mayor parte de los nuclidos 137Cs y 
9°Sr de periodo largo, con miras a abreviar consider
ablemente el tiempo de almacenamiento necesario 
para los desechos de elevada actividad. 

Entre los diversos metodos posibles, los autores han 
ensayado hasta ahora al intercambio i6nico con 
compuestos inorganicos y tambien la congelaci6n. 
Claro esta que estos metodos pueden asociarse con 
otros, por ejemplo, con la precipitaci6n. 

lntercambiadores i6nicos inorganicos 
Se ha considerado que los intercambiadores i6nicos 

inorganicos mas prometedores son el fosfato de 
circonio y los 6xidos hidratados de circonio y silicio 
(gel de silice). El fosfato de circonio es moderadamente 
acido y los 6xidos hidratados lo son solo debilmente. 
De hecho, el 6xido hidratado de circonio es anf6tero 
y actua principalmente como intercambiador ani6nico 
a pH < 5. En general, la selectividad entre iones de 
diferente carga aumenta al disminuir Ia acidez; por 
otra parte, a un valor mas bajo del pH, se alcanza un 
cierto grado de sorci6n que puede ser importante para 
iones que se hidrolizan con facilidad. A pH > 8, el 
fosfato de circonio se hidroliza en gran parte y, por 
tanto, no es utilizable como intercambiador j6nico. 
El gel de silice se puede emplear hasta con pH= 9, 
punto en que empieza a disolverse en forma apreci
able. Por tanto, los intervalos utiles del pH, asi como 
otras propiedades de los intercambiadores i6nicos son 
complementarios. 

Se han podido aislar Cs+ y Ce3+ puros del Sr2+ 
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empleando fosfato de circonio, incluso en presencia de 
grandes cantidades de Na+; quiza sea posible aislar el 
Ca+ de soluciones que contengan U0 2

2+ en concen
traciones bastante elevadas. 

Con el gel de silice el Zr1V puede sorberse selectiva 
y directamente de liquidos fuertemente acidos, lo 
cual no puede lograrse con fosfato de circonio porque 
reacciona irreversiblemente con cationes tetravalentes 
debido a su gran afinidad con los iones fosfato. 

Separaci6n del uranio de los productos de fisi6n 
por congelaci6n 

AI congelar parcialmente una solucion concentrada 
de nitrato de uranilo que contenga una pequefia 
cantidad de productos de fision, cristalizan el nitrato 
de uranilo y el hielo, dejando los productos de fision 

en las aguas madre. Las fases se separan por centri
fugacion, quedando la fase solida algo contaminada 
por aguas madre; Ia repeticion del proceso de con
gelacion parcial permite purificar todavia mas el 
nitrato de uranilo. Se han ensayado los principales 
productos de fision y, al parecer, no cocristalizan con 
el nitrato de uranilo. La operaci6n puede efectuarse 
tambien en presencia de concentraciones moderadas 
de acido nitrico, que reduce Ia solubilidad del nitrato 
de uranilo. 

Por tanto, repitiendo la congelacion fraccionada, 
parece fisicamente posible recuperar una parte con
siderable de uranio en forma bastante pura a partir de 
soluciones concentradas de nitrato de uranilo que 
contengan pequefias cantidades de producto de fision. 
Simultaneamente los desechos de elevada actividad se 
concentran en un reducido volumen de liquido. 
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The use of inorganic ion exchangers in acid medium for 
the recovery of Cs and Sr from reprocessing solutions 

By L. Baetsle, D. Van Deyck, D. Huys and A. Guery* 

The separation of the long-lived fission products 
from reprocessing effluents in the treatment of high 
level radioactive waste solutions is an almost ten-year 
old principle [1] which has been discussed extensively 
later on [2, 3, 4 ]. From the point of view of isotope 
production, the selective separation of long-lived 
fission products is a valuable method provided the 
procedure is simple and that a sufficient market may 
be found for each given radioelement. If a separation 
procedure meets the requirements of the isotope 
production techniques and at the same time achieves 
a high decontamination factor, the method would be 
very attractive for both fields of application. The pur
pose of our present work is to design such a selective 
separation procedure for the two most important long
lived fission products, 137Cs and 9°Sr, based on the use 
of mineral ion exchangers. 

Any scheme involving neutralization of the con
centrated reprocessing waste solutions induces precipi
tation of gel-like cakes which are difficult to handle or 
to process. 

Mineral ion exchangers suitable for work in acid 
medium are generally the acid salts of tetravalent 
readily hydrolysed metals such as Zr, Ti, Th ... [5] 
and a series of heteropoly acids [6, 7, 8]. Of these 
products zirconium phosphate (ZrP) which has been 
studied intensively [5,9 to 13] displays the most inter
esting properties for ion exchange work in acid solu
tion; particularly attractive is its high selectivity for 
Cs. Very recently, we di<;covered [14, 15] a new series 
of mineral ion exchangers, namely the ferrocyanide 
molybdates [16] and tungstates which exhibit still 
better characteristics with respect to Cs. 

The difficulties encountered with the separation of 
Sr in acid medium and in presence of bulk ions are 
such that at the present time no fully satisfactory 
mineral ion exchanger has been found. The mineral 
clinoptilolite shows some selectivity for this long-lived 
fission product in very dilute acid solution. 

ZIRCONIUM PHOSPHATE 
The most interesting and thoroughly investigated 

mineral ion exchanger is formed by the precipitation 

* Radioactive Waste Disposal Research Laboratory, SCK
CEN, Mol; operated by S. A. Belchim, Brussels. This work 
was sponsored under contract between SCK-CEN and the 
Commission of Euratom. 

I 

of zirconyl salts with phosphoric acid. Several methods 
of preparation have been put forward, giving in general 
different products [9, 10, 12, 17]. 

Method of preparation 
The main points which have to be taken into 

account when preparing zirconium phosphate are the 
nature ofthe Zr ions in solution, the ratio of P/Zr and 
the washing and drying procedures. 

A 0.1 to 0.2M ZrOCh·8H20 solution in 2M HCl is 
added to a solution containing a molar excess of 
H3P04 dissolved in 2M HCI. The molar ratio P/Zr = 
2.5 and the final Zr concentration is 0.1M. The Zr 
salt solution is previously equilibrated with the acid 
medium for at least 24 h before use. 

The gel-like precipitate is allowed to settle for 48 h 
and filtered. After filtration the slurry is washed with 
distilled water till the pH of the effluent reaches a 
value of 3-4. The product is finally dried at 50 oc for 
a relatively long period ending with a short (3 h) heat
ing at 100 °C. 

Composition and structure 
Such a procedure gives reproducible results inde

pendent of the type of zirconyl salt employed. The 
molar ratio P/Zr in the product is 1.70 ±0.1 which 
gives a total capacity of 4.5 ±0.1 meq/g at pH 7. The 
chemical and ion exchange properties are the same as 
described in earlier reports [12, 13], 

The very high P/Zr ratios (1.94-2.00) of the products 
prepared by Blumenthal [18], Nancollas [19] and 
Ahrland [20] indicate that in the presence of a very 
large excess of phosphate the theoretical ratio of 2 
may be obtained. Experience showed however that 
these products lose part of their phosphate content 
when contacted with HN03 solution reducing the ratio 
to values around 1. 70 ± 0.1. By treating the ZrP with 
dilute H3P04, it is possible to replace the lost phos
phate but as soon as this product is contacted with 
HN03 the phosphate is again washed out of the 
structure. 

Radiochemical applications of ZrP 
The radiochemical properties of ZrP have been 

discussed extensively in the literature [9, 11, 13, 15,21, 
22]. The most important practical application con
sists of the separation of Cs from' reprocessing solu
tions. Healy and Davis [23] have reported that the 
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Figure 1. Capacity of FeMo and ZrP as a function of the Cs concentration 

direct absorption of Cs from fission product concen
trates even at low acidities is very weak owing to the 
interference of other constituents of the concentrates, 
particularly AI and Fe. Systematic studies have been 
undertaken on the fixation of Cs on ZrP at different 
acid concentrations and in presence of the bulk ions 
Na, Fe, AI, etc., and a series of column experiments 
have been carried out with simulated reprocessing 
concentrates containing Cs. 

Uptake of Cs on ZrP in presence of bulk ions 

The concentration of Cs in reprocessing effiuents 
may vary from trace concentrations to 500 mg/1 and 
the HN03 concentration from 0.5 to 7 M. Since ZrP 
does not display any appreciable ion exchange cap
acity above 2M HNOa we have restricted our investi
gation to 0.1 to 1M HNOa. The results of the experi
ments are represented on Fig. 1. It may easily be 
deduced from this graph that the uptake of Cs 
increases with its concentration in solution at constant 
acidity and drops with increasing acidity. 

The shape of the curves indicates that dilution of a 
Cs solution. does not improve the performance of the 
ZrP column and the maximum exchange capacities for 
a solution of 500 mg Cs/1 are respectively 0.18, 0.24, 
0.30 and 0.40 meqjg in I, 0.5, 0.2 and O.lM HNOa. 
These figures represent the maximum attainable load
ing of Cs on ZrP and correspond to specific activities 
of 1.9, 2.5, 3.1 and 4.2 curies 137Cs per g dry ZrP. 

Separation of Cs from reprocessing effluents on ZrP 

The composition of the solutions used are given in 
Table 1. The compositjons reported by Hanford 
(USA), Windscale (UK), Marcoule (France) and 
Eurochemic (Belgium) have been considered. Simu
lated solutions containing all the chemical constituents 
with 134Cs as radioactive tracer have been made up. 
Two cases were considered, the first one consisted of 
the de-acidification of the HNOa solution from 2M 
down to 0.5M followed by the fixation step on ZrP, 
the second case which was investigated included the 
4 times dilution of the 2M solution reducing the 
acidity as well as the bulk ion concentration by a 
factor of four. The results are summarized in Table 2. 

As might be anticipated from the results of Cs 
fixation in the absence of bulk ions (Fig. 1), the uptake 
of the ZrP does not change with dilution, although the 
degree of purity is much higher (selectivity index= 
0.95 instead of 0.50 for non-diluted solutions). More
over, practical considerations favour the dilution 
step; for example, it is an easier way to decrease the 
bulk acid concentration and it increases the volume of 
the feed solution resulting in a steeper breakthrough 
curve. Table 2 shows that at DF = 103 we get a 20% 
increase of the uptake capacity (0.10 VS. 0.08 meqjg 
ZrP); this advantage banishes at 50 % breakthrough. 
The technological complications associated with the 
handling of larger volumes are negligible when the 
problem is looked at from the standpoint of isotope 
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Table 1. Composition of reprocessing solutions (M) [24] 

Element Hanford 

u 
Fe 0.7 
Ni 0.01 
Cr 0.02 
Mo 0.005 
AI 0.1 
Na 1.0 
NH4 
Mg 
N03 variable 
S04 1.1 
P04 0.01 
H+ 6 to 7 

Radionuclide composition in gjl 

Hanford Wmdscale (clarified) 

0.1 0.27 
0.01 0.025 
0.02 0.02 

0.05 0:46 
0.3 

{ 0.3 variable 
0.1 

0.01 
0.5 4.0 

Marcoule 

0.006 
0.11 
0.02 
0.02 
0.005 
0.07 
0.6 
0.023 
0.6 

variable 
0.037 
0.02 
2 

Eurochemic 

0.0076 
0.15 

0.4 

variable 
0.3 

6 to 7 

iooRu + 106Rh 
0.110 

144Ce + '"Pr Cs Sr Ba 
1.5 0.5 0.250 1.100 

preparation but these supplementary handling costs 
may become important in high level waste treatment. 

Elution of Cs from ZrP 
The high affinity of ZrP for Cs results in a difficult 

elution of the fixed ion. Two possible solutions have 
been proposed: one using 2M NH4Cl as eluting 
agent [11] and another stripping with 2M HN03 at 
90°C [21]. Both methods are almost equivalent as far 
as efficiency is concerned but differ in the subsequent 
steps and in their effect on the ion exchanger. 

The elution with 2M NH4Clleads to a liquor con
taining relatively small amounts of Cs in the presence 
of a large excess of NH4+ salts. The latter may be 
sublimed at 330°C without loss of Cs but it requires a 
special corrosion resistant vessel. However, the pres
ence of nitrates even in small quantities constitutes a 
potential explosive hazard which must not be over
looked when working with high activities. The ex
changer does not suffer during this treatment and holds 
its original exchange capacity. 

The elution with 2M HN03 at 90°C offers no special 
corrosion problems and the subsequent evaporation 
may be carried out at about 120°C. But the ion 
exchanger is slowly attacked by this violent elution 
and loses part of its exchange capacity after several 
cycles of saturation and elution. The loss may be 
compensated by a treatment with dilute H3P04 (1M) 
although it does not fully restore the original capacity. 

FERROCYANIDE MOLYBDATE 
(FeMo) 

In a search for new ion exchangers exhibiting inter
esting properties in an acid medium, we discovered 
ferrocyanide molybdate, which seems to be a promising 
acid-stable mineral ion exchanger [14, 15]. 

A preliminary review of its chemical and radio
chemical properties has been presented in an earlier 
paper [16] and a full account of its physical, crystal
lographic, chemical and radiochemical characteristics 
is in preparation [25]. 

Method of preparation and chemical properties 
On mixing sodium molybdates (in HCl solution) 

with H4Fe(CN)6 a precipitate is obtained if the final 
ratios of H/Mo and Mo/Fe are higher than 2. Below 
these ratios the efficiency of the precipitation is very 
poor. The H4Fe(CN)6 reagent is prepared by con
tacting a K4Fe(CN)s solution with a cation exchanger 
in the H+ form. After filtration, the precipitates are 
washed with O.lM HCl and dried at 100°C, followed 
by a further treatment with 1M HCI in order to 
improve the ion exchange properties. The material is 
then dried again, ground and screened for column use. 

Experimental evidence showed that the Mo/Fe 
molar ratios range from 2 up to a maximum of 4.3. 
The titration curve indicates that the total amount of 
OH- uptake is approximately the same for all frac
tions investigated, displaying only a more pronounced 
pH hump with increasing Mo/Fe ratios between pH 3 
and 5.7. The ion exchanging properties may be 
attributed to the hydrated Mo03 groups as well as to 
the H4Fe(CN)6 groups. By increasing the Mo/Fe 
ratio, the distribution coefficient increases for bivalent 
ions and decreases for alkali metals. 

The product is unstable above pH 3 to 4 due to the 
loosening of the bonds between the Mo03.H20 
groups and the H4Fe(CN)6 groups. In acid medium 
FeMo shows a different behaviour depending on the 
Mo/Fe molar ratio: the higher the ratio, the higher its 
solubility. The product with MojFe = 2 is the most 
stable and undergoes only a slow dissolution in con
tact with acid. 

Radiochemical properties 
The determination of the distribution coefficient for 

trace ions indicated that the product has a very large 
total capacity and a fairly good available capacity for 
alkali and alkaline earth cations in acid medium [15]. 
The most striking feature is the very high affinity of 
the exchanger for Cs in acid medium. The results of a 
systematic study on the uptake from solutions con
taining 0 to 500 mg/1 Cs are represented in Fig. 1. 
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Table 2. Adsorption of Cs+ on ZrP from concentrated fission product solutions at 25 oc 
Actdity OF 103 DF~IO' Total capacity Relative 

SoJution Dilution (N) selectivity 
HNOa +Haso. N,, Q(meq/g) N,, Q(meq/g) N" Q(meq/g) mdex 

Hanford (clarified) none 0.3+(0.2) 46 0.154 49 0.164 59 0.197 0.81 
Windscale . none 0.5 23 0.084 25 0.091 37 0.135 0.55 
Marcoule none 0.5 21 0.079 23 0.085 31 0.116 0.48 
500ppmCs 0.5 51 0.189 54 0.200 66 0.244 I 

Windscale 1:3 2.0 =0 5 
4 . 118 0.100 123 0.105 150 0.127 0.97 

Marcoule 1:3 2.0 =0 5 
4 . 113 0.098 120 0.104 148 0.128 0.98 

Eurochemic 1 :3 2.0 =0 5 
4 . 102 0.089 110 0.097 138 0.121 0.92 

125 ppmCs 0.5 125 0.099 135 0.107 165 0.131 

N" Exchange capacity of Cs in presence of bulk ions 
Selectivity index - 1 = . . 

N"• Exchange capactty of Cs m presence of pure HNOa 
N"• refers to the solutions containing only Cs+ in HNOa 

The curves obtained are situated much higher than 
those for ZrP and indicate that 10 to 21 curiesjg 137Cs 
FeMo may be fixed in presence of 2 to O.lM HNOa. 
Although the amounts mentioned drop in the presence 
of bulk ions, they still are five times higher than for 
ZrP under similar conditions. 
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Figure 2. Jon exchange adsorption curves of Cs on FeMo from 
concentrated fission product solutions 

Column size: 0.95 x 7.6 em; Particle size: 80-100 ASTM; 
Weight of ion exchangers: 7 g; Influent solution: Acidity: 

2NH+; Flow rate: 3 em/min; Temperature: 25°C 

Separation and recovery of Cs from 
reprocessing concentrates with FeMo 

Column tests with simulated reprocessing waste 
solutions were run in the same fashion as described 
for ZrP. The composition of the solution is given in 
Table I and the results are plotted in Fig. 2. 

The maximum specific activity of 137Cs on FeMo 
varies with the type of reprocessing solution and the 
decontamination required from 2 to 4.3 curies per g 
exchanger. 

The outstanding affinity of FeMo for Cs allows the 
economic separation of the latter nuclide straight after 
the de-acidification with formaldehyde. The recovery 
of Cs from the loaded exchanger may be achieved by 
eluting the nuclide with a 2M NH4CI+O.lM HCI 
solution. The column is stripped by passage of 5 to 8 
bed volumes of eluant. Although the recovery step is 
feasible it implies the separation of the 137Cs from 
the excess NH4Cl by sublimation at 330 °C. A more 
elegant solution has yet to be devised, enabling an 
easier separation of Cs from the bulk eluant. During 
the combined steps of saturation and elution the 
solubility amounts to 2-3% when feeding with 2M 
HNOa and eluting with 2M NH4NOa + O.lM HNOa. 

DISCUSSION ON THE Cs SEPARATION 

From the point of view of isotope production the 
separation on ZrP seems the more attractive particu
larly if the 2M reprocessing solution is diluted by a 
factor of four. Under these conditions the selectivity 
index (see Table 2) is near to unity, suggesting a high 
degree of purity. Another advantage of this exchanger 
lies in the possibility of eluting the Cs with HNOa 
solution, yielding, after evaporation and firing of the 
residue at a temperature below 600 °C, an almost 
pure CsNOa source material. The slight reduction of 
the capacity of ZrP after the elution step due to the 
attack of the acid at 90°C may be made up by a treat
ment with 1M HaP04. 
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Figure 3. Experimental Cs-Sr separation cell 

The use of FeMo is of more direct application to 
high level waste· treatment than to Cs production since 
this ion exchanger sorbs Cs directly from a 2M HNOa 
solution which is approximately the acid concentra
tion of formaldehyde treated waste solutions. The 
efficiency of the ion exchange process is high and the 
mineral ion exchanger itself is very cheap. The fixed 
Cs may be recovered by elution with NH4+ salts. 

The loading of Cs on FeMo varies between 2 and 
4 curies of Csjg exchanger which may be considered as 
a form of dry storage. 

SEPARATION .OF Sr IN ACID MEDIUM 

The problem of the separation of Sr from acid 
reprocessing solutions is a very difficult one for which 
a definite solution has yet to be found. Many ion 
exchanging or adsorbing agents have been put for
ward and tried but no conclusive results have been 
obtained with the simulated reprocessing effluents of 
Marcoule, Hanford or Windscale. 

The following were tried: FeMo, LiF, zirconium 
antimonate, synthetic zeolites and zirconium silicate 
melts with varied admixtures, without positive results. 
The only provisional solution for the separation of Sr 
consists of the use of clinoptilolite [26] as ion ex
changer in very dilute acid solution. 

The runs with concentrated reprocessing effluents 
are not very successful and 10-bed volumes seem to be 
a maximum. The high Mg content of the Marcoule 
solutions complicates the Sr extraction since both 
alkaline earth cations, Mg and Sr, have similar 
chemical properties. The recovery of Sr from clinoptil
olite may be achieved with a 2M NaNOa solution at 
50-60°C. The Sr is separated from the large excess of 
Na by running the solution through a ZrP column 
which has a very high affinity for this radioelement at 

neutral pH [13]. After washing the excess of Na from 
the ZrP column, the Sr is recovered by eluting with 
HCI. 

EXPERIMENTAL SEPARATION CELL 

The cell is shown schematically in Fig. 3 and consists 
essentially of two ion exchange columns in series, 
serving for the separation of I37Cs and 90Sr respect
ively. It is designed for the treatment of 10-litre 
batches of simulated concentrated fission product 
solutions of a maximum activity of 100 curies per 
batch at a flow rate of 1 litre/h. 

The installation of additional equipment for de
acidification is foreseen at a later date. Since in the 
present separation procedure clear liquids only are 
handled, problems associated with the manipulation 
of radioactive precipitates are avoided. The following 
scheme was adopted: 

(a) Ion exchange columns as well as feed, product 
and effluent solutions are kept in stainless steel con
tainers shielded by 100 mm of lead (seven containers: 
1-7). 

(b) Pumps, piping and auxiliaries are installed in an 
a shielded box (8). As may be seen from the side-view, 
containers are placed below the a-box supported on a 
small four wheeled base (9) which is guided into 
position on steel rails. 

(c) Connections between containers and piping are 
made by quick opening "snaptite" joints and flexible 
stainless steel tubes (10) shielded by mobile cylindrical 
half-shells equivalent to 50 mm of lead shielding (11) 
and plastic sleeves (12) ensuring leak-tightness between 
the a-box and the containers. For removal of the con
tainers, plastic sleeves are sealed by welding on to the 
container and a-box sides and cut between the welds. 

(d) Pumping is by two DCL micro pumps with 
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diaphragm heads inside the shielding (13). The motor 
and pump are installed outside the a-box. The piping, 
0.9 mm diam, is of 18/8 stainless steel as is the rest of 
the installation coming into contact with active 
solutions. The a-box is made of mild steel protected 
by an epoxy-based paint. The sides and top of the box 
are in one piece and may be lifted from the base to 
allow access for maintenance. 

(e) Solutions are sampled through stainless steel 
tubes of 1 mm interior diameter leading from the pipes 
to be sampled into a sampling glove box (14). Samples 
are withdrawn by means of evacuated penicilline 
bottles of 15 m1 volume. 

NOTE 
Recent investigations, made after the distribution of 

this paper to the Conference, have led to the discovery 
of an acid-stable mineral ion exchanger which is 
specific for Sr in acid solution. This exchanger is 
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easily formed by precipitating K2H2Sb207 with 1M 
HCI. The hydrated antimony oxide formed, behaves 
as an ion exchanger and was called polyantimonic 
acid. The selectivity for Sr2+ is very high with the 
result that even Mg2+, present in high concentrations 
(e.g., 0.6M in Marcoule solution) does not interfere 
with the Sr2+ fixation. The latter process however is 
semi-irreversible which makes it difficult to recover 
the separated Sr. Research is going on to find an 
acceptable solution to this problem. 
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ABSTRACT-RESUME-AHHOTAU~R-RESUMEN 

A/772 Belgique 

L'emploi d'echangeurs d'ions inorganiques 
en milieu acide pour Ia recuperation du 
Cs et du Sr des solutions de retraitement 

par L. Baetsle et a/. 

La recherche de nouveaux echangeurs d'ions 
mineraux synthetiques ayant des proprietes selectives 
envers Jes produits de fission a longue vie a mene a 
!'elaboration d'un schema de separation pour le 
cesium et le strontium des solutions de retraitement. 

Le phosphate de zirconium, dont les proprietes 
chimiques, physiques et radiochimiques sont donnees 
en fonction de sa structure, montre, en milieu acide, 
U!le selectivite prononcee pour le cesium. La quantite 
de cesium fixee atteint un maximum de 0,2 meqjg 
quand une solution contenant 0,5 g/1 de cesium et 
d'une acidite de 0,5N est envoyee sur une colonne de 
phosphate de zirconium sous forme H+. Ceci corres
pond a un facteur de concentration de 60. 

Les resultats sont presentes pour differents types de 
solutions de retraitement entre autres celles indiquees 
par Hanford; Windscale et Marcoule, ainsi que celle 
prevue par Eurochemic. 

La precipitation d'une solution de Na2Mo04 avec 
H4Fe(CN)6 en milieu acide a conduit a la decouverte 
d'une nouvelle famille d'echangeurs d'ions synthet
iques. L'echangeur ferrocyanure de molybdate pre
sente une affinite tres grande pour le cesium, ce qui 
permet de separer ce radioelement des solutions de 
retraitement desacidifiees jusqu'a 2M en HN03 • La 
quantite de cesium fixee sur l'echangeur s'eleve a 
0,5 meqjg correspondant a un facteur de concentration 
de pres de 100 dans ce milieu fortement acide. 

Les difficultes rencontrees lors de Ia separation du 
strontium en milieu acide et en presence d'une quan
tite de sels inactifs sont signalees et les resultats pro
metteurs obtenus avec la clinoptilolite a pres dilution de 
Ia solution saturante sont brievement indiques. 

La cellule experimentale construite pour la separa
tion du strontium et du cesium a l'aide d'echangeurs 
d'ions mineraux est decrite avec une attention toute 
speciale pour ses particularites technologiques. 

A/772 6enbrHR 

~CnOnbSOBaHHe HeopraHHYeCKHX HO
H006MeHHHKOB B KHCnoA CpeAe AnH 
H3BneYeHHH Cs H Sr H3 paCTBOpOB, no
nyyaeM~X npH nepepa6oTKe TonnHaa 
n. 6eTCne et a[. 

fioHC:KH HOBLIX CHHTeTU'IeC:KHX MUHepaJibHLIX 
HOH006MeHHH:KOB, o6Jia,ll;aiO~HX CBOHCTBOM CeJie:K-

THBHOrO Ha:KOTIJieHHJI ,ll;OJifO)I(HB~HX TipO,ll;Y:KTOB 
,ll;eJieHHH, npuneJiu :K paapa6oT:Ke exeMLI BLI,ll;eJie
HHH ~e3HJI H CTpOH~HJI H3 paCTBOpOB, TIOJiy'lae
MbiX npu nepepa6oT:Ke H,ll;epuoro TOTIJIHBa. 

<f>oc<f>aT ~Hp:KOHHJI, <f>U3H'IeC:KHe, XHMH'IeC:KHe H 
pa,ll;HOXHMH'IeC:KHe CBOHCTBa :KOTOporo CBJI3aHLI C 
ero CTpy:KTypoii, o6Jia,ll;aeT CeJie:KTHBHLIMH HOHO
o6MeHHbiMH CBOHCTBaMH TIO OTHOIIIeHHIO :K ~e3HIO 
B :KHCJioii cpe,ll;e. Harpya:Ka ~eaueM ,ll;OCTHraeT Ma:K
cuMaJibHo 0,2 Me • iJ1~6/e, eCJIH paCTBOp CO,ll;epmHT 
0,5 af.tt ~e3HJI, H :K <f>oc<f>aTy ~Hp:KOHHJI ,ll;06aB-

JJHeTCJI 0,5 H. :KHCJIOTHOCTH B BH,ll;e H+. 8To cooT
neTcTnyeT :Koa<f><f>u~HeHTY :KOH~eHTpa~HH O:KOJIO 60. 

fipe,ll;CTaBJieHhl peayJibTaThl ,ll;JIJI HeC:KOJib:KHX 
THIIOB TeXHOJIOfH'IeC:KHX paCTBOpOB, B TOM 'IHCJie 
~JIH noJiy'leHHLIX ua Xau<J>op,ll;a, BHH,ll;C:KeiiJia, 
Map:KyJIH, H pacTnopon Tuna omH,ll;aeMhlX ,ll;JIH aa
no,ll;a <J>upMhi <<Enpo:KeMH:K». 

Haftp;eHa HonaH rpynna CHHTeTu'lec:KHX uouo
o6MeHHH:KOB IIyTeM OC3)1(,ll;eHHH B :KHCJIOii cpep;e 
Na2Mo04 c H4Fe(CN)6. 

<f>eppon;HaHH,ll;HbiH MOJIH6,ll;aTHhlii HOH006MeH
HH:K o6HapymunaeT qpeaBbi'IaftHo 6oJILIIIoe cpo,ll;
CTBO C n;eaHeM, 'ITO ll03BOJIHeT Bhi,ll;eJIHTb JTOT 
l1.30TOll H3 paCTBOpOB OT nepepa60T:KH TOllJIHBa 
2M HNOa. Roa<J><J>un;ueHT :KoHn;eHTpan;uu O:KOJio 
100 MOmeT 6biTb ,ll;OCTJlrHYT llpH Ma:KCHM3JibHOii 
aarpyal\e 0,5 .lte · ;meje npn noii BhlCOI\oii I\JfCJIOT
HOCTJI. 

fipH Bbi,ll;eJieHHJI CTpOHD;HH B :KliCJIOH cpe,11e B 
npHCYTCTBllll 60JibiiiOrO :KOJIJf'leCTBa HOHOB B03-
Illi:KJIH onpe,ll;eJieHHLie TPY,ll;HOCTH, O,ll;Ha:Ko 6.biJIH 
noJiy'leHLI o6Ha,ll;emunaro~ue peayJILTaTLI c :KJIH
nonTHJIOJIHTOM llOCJie paa6aBJieHHJI llHTaiO~ero 
pacTnopa. 

Onncaaa a:KcnepuMeHTaJILHaH ycTaHoB:Ka, no
eTpoeHHaH ,ll;JIH Bhll!eJieHHH CTpOHIJ;HH H IJ;e3HH npH 
llOMO~H MHHepaJibHbiX HOH006MeHHH:KOB, llpH'IeM 
oco6oe BHHMaHHe y,ll;eJieHo nonpocaM TexHoJioruu. 

A/772 Belgica 

Empleo de intercambiadores i6nicos 
inorganicos en medio acido para recuperar 
cesio y estroncio a partir de soluciones de 
regeneraci6n 

por L. Baetsle et a/. 

La busqueda de nuevos intercambiadores i6nicos, 
de tipo mineral sintetico, que presenten propiedades 
selectivas de fijaci6n para los productos de fisi6n de 
periodo largo, ha conducido a la elaboraci6n de un 
esquema que permite separar el cesio y el estroncio 
contenidos en las soluciones obtenidas en Ia regenera
ci6n de combustibles nucleares. 



SESSION 2.7 P/772 

El fosfato de circonio, cuyas propiedades quimicas, 
fisicas y radioquimicas se describen en relaci6n con su 
estructura, presenta propiedades selectivas de inter
cambia i6nico para el cesio en medio acido. La fijaci6n 
de cesio alcanza un maximo de 0,2 meqfg, cuando se 
afiade al fosfato de circonio en forma acida una solu
ci6n que contiene 0,5 g/1 de cesio, con una acidez 
0,5N. El citado grado de fijaci6n corresponde a un 
factor de concentraci6n de alrededor de 60. 

Se indican los resultados obtenidos con distintos 
tipos de soluciones madre, entre elias las procedentes 
de las instalaciones de Hanford, Windscale y Marcoule 
y las que se obtendran en Ia de Ia empresa Eurochemic. 

Se ha encontrado una nueva familia de intercambia
dores i6nicos sinteticos, precipitando una soluci6n de 
Na2Mo04 en medio acido, con H4Fe(CN)s. El inter
cambiador i6nico <<ferrocianuro-molibdato >> posee 
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una afinidad sumamente elevada por el cesio, lo cual 
permite Ia separaci6n de este noclido a partir de solu
ciones de desecho, en HNOa 2M. Se puede alcanzar un 
factor de concentraci6n del orden de 100, correspon
diente a una fijaci6n maxima de 0,5 meq/g, a Ia elevada 
acidez citada. 

Se exponen las dificultades encontradas para Ia 
separaci6n del estroncio en medio acido y en presencia 
de gran des cantidades de otros iones; no obstante, se 
han conseguido algunos resultados prometedores 
utilizando clinoptilolita, despues de diluir Ia soluci6n 
de alimentaci6n. 

Se describe la instalaci6n experimental montada 
para Ia separaci6n del estroncio y del cesio por medio 
de intercambiadores i6nicos inorganicos, haciendo 
especial hincapie en los aspectos tecnol6gicos de dicha 
instalaci6n. 



P/819 Israel 

The chemistry of the trivalent actinides in aqueous 
solutions and their recovery 

By Y. Marcus, M. Givon and M. Shiloh* 

The increasing availability of the higher actinides 
makes the study of their chemistry both necessary and 
feasible. Whereas, in the separation of plutonium from 
irradiated uranium, oxidation-reduction reactions are 
utilized, the separation of the higher actinides from 
irradiated plutonium, americium or curium involves 
mainly the trivalent state. Some of these elements have 
already some practical use, such as californium and 
americium in neutron sources and curium as a heat 
source for satellites. Indeed, a large scale plant for the 
production of gram quantities of californium is being 
built at the USAEC Plant at Oak Ridge, Tennessee. 
The recovery and purification of these elements 
necessitates a familiarity with their chemistry. 

The trivalent oxidation state is the most stable one 
for the actinides starting with americium, as it is for 
the lanthanides which have similar electronic struc
ture. Some of these actinides do occur also in higher 
oxidation states (Am1V, Cmiv, Bk1V, Am v, Am VI), 

but are less stable in this form, although in some cases 
the higher oxidation states are useful for separations. 
The elements below americium do not exhibit a high 
stability in the trivalent state, but in order to compare 
them with the lanthanides, knowledge of their proper
ties in the trivalent state is required. 

Most practical separation methods for the actinides, 
both from contaminants such as fission product 
lanthanides and mutually from each other are based 
on differences in stability of complex ions. Therefore, 
in principle, knowledge of the stability constants 
should permit one to devise new effective separation 
methods. However, the chemistry of both lanthanide 
and actinide groups in aqueous solutions has only 
recently been studied in detail, and large gaps still 
exist, particularly regarding the heaviest actinides. In 
many cases, where the bonding is mostly electrostatic, 
the stability of the actinide complexes is similar to that 
of the lanthanides of equal ionic radius. In some cases 
where bonding presumably involves f-electrons, the 
stability of the actinides has been found to be higher, 
because of the larger spatial extension of the 5 f orbitals. 
This difference in stability can be used for group 
separation of the actinides from the lanthanides. 

* Israel Atomic Energy Commission, Soreg Research Estab
lishment, Yavneh. 

A survey of the complex formation behaviour of the 
trivalent actinides is presented, and the stability con
stants are summarized in a table. The most useful 
current separation methods are discussed in the light 
of these data. 

SURVEY OF COMPLEXES FORMED IN SOLUTION 

It is generally agreed that complex formation of the 
trivalent actinides and the lanthanides is rather weak. 
Association with inorganic ligands, e.g., chloride or 
nitrate, proceeds mainly through electrostatic inter
actions. Only in very concentrated solutions can the 
ligand displace the water of hydration and form a 
chemical bond. No detailed information concerning 
the hydration properties of the trivalent actinides 
could, however, be found. The hydrolytic properties 
have been summarized by Kraus [1], who reported his 
results for plutonium, pKh1 = 7.3. He also predicted 
that pKh1 values should decrease at the rate of 0.085 
units per 0.01 A decrease in crystal ionic radius, and 
should reach about 6.3 A for lawrencium. 

Chloride complexes 

Chloride complexes are of great importance in 
several sep1:1ration processes involving actinides, in 
particular in the group separation of actinides from 
lanthanides. Quantitative information concerning the 
nature of the species formed and their relative stability 
has been obtained in recent years. Formation con
stants are summarized in Table 1 : 
Uranium. The instability of the um ion against 
oxidation gives rise to difficulties, and most of the 
information available is qualitative. Still, uranium 
solutions are readily reduced to the trivalent state in a 
Jones reductor, provided no strongly complexing ions 
are present [2]. These solutions are grey in colour, but 
when made highly concentrated in chloride ions•they 
become cherry red [3]. A detailed spectrophotometric 
study has been made by Shiloh and Marcus [4], who 
found that the results can be best explained by assum
ing the formation of the species UC12+. It was also 
found that practically no absorption on an anion 
exchanger Dowex 1X4 occurs from 10M LiCl, and 
when the solutions (which are fairly stable) are equi
librated with a long chain amine hydrochloride solu
tion immediate oxidation takes place. Cation exchange 
data were also obtained for 5 to 12M LiCl. 
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Table 1. Summary of formation constants of complexes of trivalent actinides 

Ligand Actinide Complexion Medium Logll Method References 

Cl u UCI2+ cone. LiCl -2.85±0.10 Spec [4] 
Np NpCP+ cone. LiCl -2.42±0.06 Spec [4,6] 

NpCI~+ cone. LiCl -4.96±0.04 Spec [4,6] 
Pu PuCI2+ 1=0.5 -0.23 Catex [7] 

PuCI2+ cone. LiCl -2.43±0.08 Spec [4,6] 
PuCit 1=0.5 0.3 Catex [7] 
PuCit cone. LiCI -5.0()±0.06 Spec [4,6] 

Am AmCI2+ 1=0 5 -0.23 Catex [7] 
AmCI2+ 4MHC\04 -0 16 Catex [12] 
AmCI2+ cone. LiCl -2.21±0.08 Spec [4,6] 
AmCI~ 4MHC104 -0.64 Catex [12] 
Am Cit cone. LiCl -4. 70"±0.08 Spec [4,6] 

Cm CmCJ2+ 1=0.5 -0.18 Catex [7] 
Br u UBr2+. cone. LiCI -3.96±0.03 Spec [4,6] 

Np NpBr2+ cone. LiCI -3.39±0.06 Spec [4,6] 
NpBrt cone. LiCI -6.48±0.05 Spec [4,6] 

Pu PuBr2+ cone. LiCI -3.45±0.08 Spec [4,6] 
PuBrt cone. LiCI -6~54±0.06 Spec [4,6] 

Am AmBr2+ cone. LiCI -3.28±0.10 Spec [4,6] 
SCN Am AmSCN2+ 0.66±0.02 Catex [25] 

Cm CmSCN2+ 0.67±0.04 Catex [25] 
NOa Pu PuNO~+ 0.77±0.04 Sol vex [29] 

Pu(NOa)~ 1.16±0.02 Sol vex [29] 
Pu(NOah 1.16±0.02 Sol vex [29] 

Am Am NOH 
3 1=1.0 0.60 Catex [30] 

AmNO~+ 1=1.0 0.26 Sol vex [11] 
Cm CmNOH 3 1=1.0 0.57 Catex [30] 

S04 Pu PuSO~+ 1.0 [41] 
Pu(S04)2 1.7 [41] 

Am AmSOt 1=0.75 1. 78 Catex [30] 
Am(S04)0 1=0.75 2.11 Catex [30] 

Cm CmSO~ 1=0.75 1. 75 Catex [30] 
Cm(S04)0 1=0.75 1.92 Catex [30] 

Acetate Am AmAc2+ 0.5MC104 1.99 Catex [60,61] 
AmAct 0.5MCIO:; 3.28 Catex [60,61] 
AmAca 0.5MCIO; 3.9 Catex [60,61] 

Cm CmAc2+ 0.5MCIO:;; 2.05 Catex [60,61] 
CmAct 0.5MCIO; 3.09 Catex [60,61] 

Glycollate Am AmGJ2+ 0.5MCIO; 2.82 Catex [60,61] 
AmGla 0.5MCIO; 6.3 Cat ex [60,61] 

Cm CmGl2+ 0.5MCIO; 2.85 Catex [60,61] 
CmGit 0.5MCIO:;; 4.75 Catex [60,61] 

Citrate Am Am Cit 1=1 7.11 [62] 
AmCit~- 1=1 14.0 [62] 
Am(H2Cit)a 1=1 8.29 [62] 

Tartrate Am Am Tar; 1=1 10.72 [62] 
AmHTar2 1=~ 5.68 [62] 

a-hydroxy- Am AmX2+ 2.72 Catex [45] 
isobutyrate AmX2+ 1=0.5 2.38 Catex [46] 

(X) AmXt 4.69 Catex [45] 
AmXt 1=0.5 4.67 Catex [46] 
AmXa 5.64 Catex [45] 
AmXa 1=0.5 5.12 Catex [46] 

Cm CmX2+ 2.46 Catex [45] 
CmX2+ 1=0.5 2.43 Catex [46] 
CmXt 1=0.5 4.71 Catex [46] 
CmXa 1=0.5 5.23 Catex [46] 

Oxalate Pu PuOx~ 9.31 Solub. [44, 51] 
PuOx; lMNH4Cl 9.14 Catex [51] 
PuOx~- 9.39 Solub. [44,51] 
PuOx"-3 K2C204 10.66 [52] 
Pu0x1- 9.92 Solub. [44,51] 
Pu0x1- K2C204 11.62 Catex [52] 
Pu(HOx)4 lMNH4Cl 10.96 Catex [51] 

Oxalate Am Am Ox+ 1=0.2 5.99 Catex [30] 
Am Ox+ HCl04 7.30 Solub. [54] 
Am Ox; lMNH4Cl 9.96 Catex [53] 
Am Ox; 1=0.2 10.15 Catex [30] 

Am Am Ox; HCI04 11.48 Solub. [54] 
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Table 1 (continued) 

Ligand Actinide Complex ion Medium LogP Method References 

Amox;:- HCI04 12.28 Solub. [54] 
Am(HOx)~ 1MNH4Cl 11.0 Catex [53] 

Cm CmOx+ /=0.2 5.96 Catex [30] 
CmOx:; /=0.2 10.15 Catex [30] 

Pu PuY- 18.11 Catex [55] EDTA 
(Y) PuY- IMNH4CI 17.36 Catex [56] 

PuHY 1MNH4C1 9.21 Catex [56] 
Am AmY- 1MNH4C1 18.0 Catex [53] 

AmY- 18.16 [57,58] 
AmHY 1MNH4Cl 9.7 Catex [53] 

Cm CmY-
Bk BkY-
Cf CfY-

Neptunium. As recently as 1961 it was stated that 
"there is no information in the literature on the forma
tion of complexes by Npiii" [5]. Recently, Shiloh and 
Marcus [4,6] obtained spectrophotometric data show
ing the formation of NpCJ2+ and NpCl~. Solutions of 
Npiii are blue in the absence of complex formation, 
but turn green at high concentrations (above 8M) of 
chloride ions. This is due to the growth of a new 
absorption band at 384 miL (Fig. 1 ). A slight absorp
tion of Npiii from 13M LiCl on an anion exchanger 
Dowex lX4 (Dv = 1.0) was observed, but no extrac
tion with a long chain amine took place. Cation 
exchange data were obtained for 1 to 13M LiCI. 
Plutonium. More information is available on the 
complex formation of Puiii by chloride ions. Ward 
and Welch [7], using a cation exchange method, deter
mined the stability constants of PuC12+ and PuC!~ at 
ionic strength 0.5. They stated that Puiii is very 
strongly complexed in concentrated hydrochloric acid 
solution, basing this statement on anion exchange and 
electromigration experiments, in which 0.05M HI was 
used as a holding reductant. However, careful spectro
photometrically controlled experiments [8] show that 
Puiii is not at all absorbed on an anion exchanger 
from hydrochloric acid, and very weakly from lithium 
chloride solutions [4, 6, 9]. It is therefore probable that 
the solutions of Ward and Welch contained some PuiV 
as pointed out by Katz and Seaborg [10]. A spectro
photometric study showed the appearance of a strong 
new band at 312 II1fL in concentrated LiCl solutions 
[4,6] (Fig. 2), and it was concluded that PuCJ2+ and 
PuC!~ are formed in these solutions. Attempts to 
extract Puiii with a long-chain amine hydrochloride 
solution resulted in immediate oxidation in the amine 
phase, even at considerable plutonium concentrations 
and in the presence of holding reductants. such as 
hydrazine hydrochloride and zinc amalgam, using pre
reduced organic solutions. 
Americium. Americium (III) is stable against oxidation, 
and studies of its complex formation are not as diffi
cult as with the easily oxidizable um, Npiii and Puiii. 
The species AmC12+ and AmCJ2 have been identified 
by resin and liquid cation exchange [11, 12]. 

A spectrophotometric study [4,6] showed complex 
formation, as manifested by the solutions turning 

18.45 [57,58] 
18.9 [57,58] 
19.09 [57,58] 

yellow and by the strong growth of the band at 235 mfL, 
starting at 2M LiCl (Fig. 3). Considerable sorption on 
an anion exchanger [9, 13] (D = 23 in 11.5M LiCl, 
0.1M HCI with Dowex 1X8 at 87°) as well as good 
extraction with long chain amine hydrochloride 
[14, 15, 16] have been observed, from which it can be 
concluded that strong complex formation occurs, with 
the formation of anionic species in the organic resin 
and amine phases. The second power amine depend
ence observed [14, 15] is usually interpreted as indica
tive of the formation of (R3NH)2AmCb, an alterna
tive formulation being R3NHCI . R3NH . AmCl4 [17]. 
Cation exchange data in concentrated HCI and LiCl 
solutions [18,19,4,6] also indicate strong complex 
formation, and it has been concluded [18] that there 
are two more chloride ions associated with americium 
than with its homologue promethium. Since it can be 
expected that factors such as resin shrinkage, ion de
hydration, association with resin functional groups, 
etc., and electrostatic ion association should be similar 
for promethium and americium, the two extra chloride 
ions can be considered as covalently bound to the 
americium ion. It is the binding of these ligands that 
the spectrophotometric method [4, 6] is able to detect, 
and it occurs only at concentrations sufficiently high 
that the hydration shell can be penetrated by ligands. 
This may explain the large difference in the complex 
formation constants obtained for plutonium and 
americium by the spectrophotometric method and 
those obtained using thermodynamic methods. 
Curium. Some data on the chloride complexing of 
curium have been reported. Unfortunately, the 
absorption band for the complexes [4,6] is expected to 
occur at wavelengths too short for observation, in par
ticular in the presence of the reaction products of the 
intense alpha radiation with the chloride solutions [20]. 
The available information has, therefore, been ob
tained only from distribution experiments. The results 
of Ward and Welch [7] indicate that CmCJ2+ is some
what more stable than PuCJ2+ or AmCJ2+. Higher 
complex formation seems to be somewhat weaker 
than for americium, as evidenced by the smaller 
distribution coefficients obtained with an anion 
exchanger, and a long chain amine hydrochloride 
[9,16]. 
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Transcurium elements. Information on these elements 
is very scarce owing to their restricted availability, and 
most is qualitative. Anion exchange in concentrated 
hydrochloric acid solutions (19,21] shows a general 
increase in distribution coefficient with increasing 
atomic number, but some reversals take place. 
Isaac et al. [22] report a distribution coefficient 
between 100% TBP and 12M Hcl of0.073 for curium 
and 0.913 for californium, with probably still larger 
values for higher actinides. Anion exchange data again 
show an increase of distribution coefficients from 
plutonium to einsteinium in 1OM LiCI. 

Other halide complexes 

Almost no work has been published on the halide 
complexes of the actinides other than chloride. Shiloh 
and Marcus [4, 6] found spectral changes in bromide 
solutions. The data show that bromide complexes are 
weaker than chloride complexes. No complex forma
tion with iodide ion was observed spectrophotometric
ally. The appreciably higher solubility of americium 
and curium than that of the lanthanides in fluoride 
solutions indicates some complex formation [23]. 

Thiocyanate solutions of um are extremely un
stable. Their brownish-yellow colour (compared with 
grey for uncomplexed um and red for the chloride 
and bromide complexes) suggests a shift of the main 
bands to shorter wavelengths. No work on neptunium 
thiocyanate complexing has been reported. Surls [24] 
measured the relative elution positions of the trans
uranic elements and found a decrease of the distribu
tion coefficients on Dowex-50 and complex formation 
in solution with decreasing atomic number. The results 
with anion exchangers, however, show no definite 
correlation between distribution coefficient and atomic 
number. Two groups can be seen, the first (Pu, Am, 
and Cm) with lower distribution coefficients, the 
second (Bk to Fm) with values higher by a factor of 2. 
Lebedev and Yakovlev [25] concluded from cation 
exchange measurements that the species M(SCN)2+, 
M(SCN)a and M(SCN4)- were formed in solution, 
where M is Am3+, Cm3+. 

Nitrate complexes 

Uranium and Neptunium. It has been found impossible 
to prepare um [4] and Npiii [26] in nitrate solutions. 
Plutonium. Plutonium(III) is not readily oxidised in 
nitrate solutions, and with a holding reductant like 
ferrous sulphamate can be kept indefinitely in not too 
acid solutions. Controversial statements, however, 
have been made on its stability in nitric acid. Martin, 
Ockenden and Foreman [27] attributed the differences 
to the different extracting solvents used. Spectrophoto
metrically controlled experiments [28] showed that 
Puiii could not be extracted by TIOA from LiNOa 
solutions because of its rapid oxidation. Shevchenko, 
Timoshev and Volkova (29] studied the formation of 
plutonium nitrate complexes by TBP extraction and 
found that the species PuN032+, Pu(N03)2 and 
Pu(NOa)a are formed in the aqueous phase. Data 
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obtained for Pulll at tracer concentrations without 
definite evidence for the absence of other oxidation 
states should be taken with reserve. 
Americium. No difficulties with oxidation states are 
encountered with americium and higher actinides, the 
3+ state being the most stable. Stability of complexes 
has been studied by a number of authors. Lebedev, 
Piroshkov and Yakovlev [30] used cation exchange at 
ionic strength of 1.0 and found the species Am(N03)2+ 
The same species was found by Peppard [11 ]. 

The spectrum of americium in concentrated LiNOa 
and TIOA-NOa solutions has been measured by 
Givon and Marcus [31]. In aqueous 8M LiN03, the 
503 111fL band shifts to 505 mi-L and decreases in inten
sity by a factor of about 2, while a new shoulder 
appears at 513 mf-L. In the amine solutions, only a 
shoulder remains at 505 mf-L, the main peak being at 
513 mf-L, and a subsidiary peak appears at 519111fL. The 
peak at 800 mi-L also changes its shape and a small peak 
at 457 mf-L grows by a factor of 5. These appreciable 
changes in the spectrum indicate the formation of a 
new species in the organic phase. Tracer distribution 
experiments (32] showed a second power dependence 
on amine concentration, indicating the formation of 
the species (RaNH)2Am(NOa)s or (R3NHN03) ... 

(RaNH)Am(NOa)4. The anion exchange absorption of 
americium from nitric acid is very small [33]. How
ever, sorption from low acid-high nitrate media is 
appreciable [32, 34, 35, 36, 37], depending on the acidity 
of the solutions [38]. 
Higher Actinides. Anion exchange [32, 36] and extrac
tion with long chain amines [32] and TBP [39] have 
been applied to the elements from curium to einstein
ium. The distribution coefficients with TBP and 
TIOA were found to increase with atomic number 
from americium to einsteinium. Those for the anion 
exchange vary little between curium and einsteinium 
and are considerably lower than for americium, mak
ing efficient separation of the latter from the higher 
actinides possible. 

Other inorganic ligands 

um has been produced in sulfuric acid [4] and 
studied spectrophotometrically. Contrary to its be
haviour in halide solutions, where the band shifts from 
522 mi-L to longer wavelengths at high halide concentra
tions, it is shifted in sulfuric acid towards the violet, to 
488 mf-L, while the 897 mi-L band decreases in intensity. 
The spectral changes start at 2M sulfuric acid, much 
lower than with the halides, indicating stronger com
plex formation. This is also indicated by polarographic 
results for the uranium(Ill)-uranium(IV) couple [40]. 
No detailed information on the complexing of neptu
nium (Ill) in sulfate solutions could be found. Plu
tonium (III) is complexed by sulfate ions, and it has 
been estimated [41] that the association constants are 
similar to those of cerium (III). 

The stability of the sulfate complexes of americium 
and curium has been measured at tracer concentra
tions by the cation exchange method [30]. Spectro
photometric measurements did not reveal new bands 
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for plutonium and americium sulfate complexes, but 
for curium the double band at 375 111fL splits to give a 
third peak at 371 mi-L [20]. 

There is some qualitative evidence from spectro
photometric and electromigration experiments that 
carbonate complexes of plutonium [42] and americium 
are formed. Uranium(III) forms a black precipitate in 
potassium carbonate solutions [4]. 

Organic ligands: general 

Most work on the complexes of the actinides with 
carboxylate ligands has been done at tracer concentra
tions. There is no published information on complexes 
of um and Npiii with carboxylic acid ligands. 
Spectrophotometric studies have, however, been made 
of plutonium(III) in 20% potassium oxalate, and 
show considerable spectral changes, but also ready 
oxidation [42,43]. The solubility of plutonium [44] 
and americium [30] oxalates in oxalate solutions has 
also been measured and the stability of the complexes 
deduced. 

AI phahyd roxyisobutyrate 

A considerable amount of work has been done on 
the a-hydroxyisobutyrate complexes of the actinides, 
since this ligand has proved to be admirably suitable 
for separation of the actinides by elution from a cation 
exchange column. Choppin and Odenheimer [45] and 
Dedov et a/. [46] measured the stability of the ameri
cium and curium complexes. Their results are in fair 
agreement. Information on the higher actinides is only 
qualitative, obtained mainly from the separation 
factors, and an increase in complex formation with 
increasing atomic number [47,48] is found. Distribu
tion experiments with both a cation and an anion 
exchanger [49] indicated that, at 0.25M ligand con
centration at pH 4.6, about 80 % of the californium 
is present as an anionic complex, most probably 
Cf(C2HsCHOHC00)4, the rest being in the form of 
neutral or cationic species. If the ligand is considered 
as bidentate, the tetraligated species will be acta
coordinated. A coordination number of eight has often 
been ascribed to the lanthanide cations. For these, the 
relative stability of the complexes was found to vary 
[50] continuously with the atomic number, indicating 
that the main factor governing complex stability is the 
(crystalline) ionic radius. Ligand field effects, expected 
to be small in any case, seem to contribute negligibly 
to the relative stability of these complexes. The same 
is expected to be the case with the trivalent actinides, 
the stability constants measured being very roughly 
the same as those of lanthanides with the same ionic 
radius. 

Oxalate 

The stability of the plutonium complexes has been 
studied by Gel'man [44,51] using the cation exchange 
method with a 1M NH4Cl medium and the solubility 
method. The di-, tri- and tetra-oxalate species and a 
tetrahydrogen oxalate complex were found. Similar 
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results have been reported with concentrated potas
sium oxalate solutions [52]. 

Americium complexes have also been studied ex
tensively by the same methods [30, 53, 54]. Mono-, di
and tri-oxalate complexes have been found. Data for 
curium are also available [30]. From the data it is 
clear that strong complexes are formed by plutonium, 
americium anq curium, but the disagreement on the 
species present and their stability constants indicate 
that the complexes beyond di-oxalate must be treated 
with reserve. 

EDTA 

Mainly cation exchange has been used to study the 
complexes with EDTA. Foreman and Smith [55] found 
PuY-, while Moskvin and co-workers [56] report both 
PuY- and PuHY in a 1M NH4Cl medium, in which 
medium the stability of AmY- and AmHY has been 
determined [53]. Fuger's [57, 58] data for the mono
EDT A-complexes from americium to berkelium are in 
fair agreement with Moskvin's, and their figures agree 
well with the empirical formula [58] log {31 = 0.0645 
Z1·24, where Z is the atomic number. A polarographic 
study showed that neptunium(III) also forms the 
mono-EDTA-complex [59]. 

Other carboxylic acids 

Complexes of acetate, glycollate and thioglycollate 
ligands with americium and curium have been studied 
by Grenthe [60, 61 ], using the cation exchange method 
in a 0.5M perchlorate medium. 

Tartrate complexes of americium and curium have 
been studied only qualitatively, by cation exchange 
elution. The Puiii citrate complex has been found to be 
anionic [42]. Americium tartrate and citrate complexes 
have been studied [62] at unit ionic strength and the 
species AmCit, AmCit~-, Am(HzCit)a, AmTar2 and 
AmHTarz were found. 

SEPARATION METHODS 

Cation exchange methods 

Since early years, reagents that have been found 
useful for the mutual separation of lanthanides by 
elution from a cation exchange column have also been 
applied to the mutual separation of the trivalent 
actinides. Lactate and citrate [21] solutions have been 
used by Thompson, Harvey, Choppin and Seaborg. 
The reagent 20% ethanol-12.5M HCl has also been 
used to separate the actinides from one another, yield
ing good separation of americium, curium and 
berkelium and the group of the higher elements 
californium to mendelevium [21]. The most promising 
eluant found to date is a-hydroxyisobutyrate, which 
has been widely used since 1956 [47,48, 63, 64, 65]. This 
is indeed the only reagent actually used for separating 
the heaviest actinides [64]. The mean separation factor 
for neighbouring light lanthanides is about 1.7, and 
the same value has also been found for the neighbour
ing actinides (Table 2). 
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Table 2. Separation factors relative to Cm. with 
a-hydroxyisobutyrate on Dowex 50X12 

Ce 
Nd 
Pm 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 

3.5 
2.1 
1.2 
0.71 
0.39 
0.28 
0.14 
0.08 
0.055 
0.037 
0.026 

Am 
Cm 
Bk 
Cf 
Es 
Fm 
Md 

1.4 
1.00 
0.45 
0.20 
0.13 
0.07 
0.05 

The table shows, however, that no group separation 
of the lanthanides and actinides may be effected with 
this reagent. The heaviest actinides. californium and 
above, can, however, be eluted ahead of the fission 
product lanthanide contaminations, i.e., the elements 
lighter than europium. Comparison of the formation 
constants in aqueous solutions with the separation 
factors shows no direct correlation. An estimate of the 
stabilities of the solution species of americium and 
curium in 0.5M ligand solution leads to a separation 
factor of 1.2 between them, if the constants for the 
exchange and resin species are assumed to be the same 
compared with an observed factor of 1.4. It seems that 
the explanation of the high separation factor must lie 
in the composition of the complexes in the resin. For 
example, Holm [49] deduces from the slope of log 
distribution coefficient versus log ligand concentration 
that at 0.25M ligand concentration, the composition in 
the resin phase is 40% CfX2+-60% CfX~, and in the 
solution 20 % CfXa-80 % CfX!. The method, how
ever, is not very accurate. Consistent values for the 
stability constants of the higher actinides should be 
available before more definite evaluation of the separa
tion can be made. 

Solvent extraction methods: organic phosphorus 
compounds 

The use of tributylphosphate for purification of 
uranium and plutonium was one of the most import
ant advances in chemistry in the at~mic energy field. 
In later years, a search has been made for better 
extractants, and much work has been done by Peppard 
and co-workers in investigating numerous organic 
phosphorus compounds [11, 66]. Separation factors 
depend strongly on the medium, and, therefore, again, 
as in the cation exchange method with a-hydroxyiso
butyrate, no straightforward correlation between 
complex formation in the aqueous phase and the 
separation factor exists. Separation between americium 
and curium is usually not very good, e.g., in 1.5M 
HDEHP-0.23M HCl the factor is 1.3, whereas in 
0. 75M HDEHP-0.22M TEHP-0.25M HCl the separa
tion factor between curium and californium is 47. The 
best extractants used to date are HDEHP and 
HEH4>P. The species formed in the organic phase are 
usually of the type M111[H(DEHP)2]a. Baybarz [67] 
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used extraction by HEH</>P as a separation method, 
and found a steady increase in distribution factors from 
americium to fermium. Separation factors between 
two neighbours range from 1.3 to 3.3 except for the 
pair Bk-Cm, where the factor is 30. This reagent may 
therefore serve to separate the americium and curium 
group from the group of higher actinides. 

The same reagents have also been used in reversed 
phase chromatography, which is easier from the 
experimental point of view than multistage solvent 
extraction. Kooi et a/. [68] separated americium plus 
curium, berkelium and californium with separation 
factors of about 1.5. Hulet [69] separated americium 
from curium by oxidizing the former to the hexavalent 
state. 

The extraction properties of the lanthanide and 
actinide ions with dialkylphosphates or phosphonates 
can be modified by synergism, using a neutral trialkyl
phosphate or phosphin~ oxide. Zangen [70] has shown 
that whereas the extraction of americium and curium 
may be thus enhanced by a factor of 3-5, like that of 
the lighter lanthanides, the lanthanides heavier than 
gadolinium do not show synergistic enhancement of 
extraction. This is explained by the possibility that the 
larger cations (radius~ 0.94 A) may exhibit a co-ordina
tion number of 8 (6 co-ordination sites being taken up 
by 3 bidentate acid phosphates, 2 by the synergist), 
which is not possible in the case of the smaller lanthan
ide cations. Though no definite information is avail
able concerning the size of the actinide cations from 
berkelium and above, it is expected that they are 
sufficiently large to have a coordination number of 8 
(see previous discussion on a-hydroxyisobutyrate 
complexes) and therefore also show synergistic en
hancement of extraction. 

Separation factors, though considerable for the 
individual actinides, do not permit the group separa
tion of actinides from lanthanides. Nor is it expected 
that the synergistic effect will be helpful in this respect. 

The use of extraction with TBP for separation of the 
actinides depends strongly on complex formation with 
anions in the aqueous phase. The anion exchange data 
for LiNOa solutions [32] show small differences only 
in the stability constants of the nitrate complexes of 
the elements from curium to einsteinium, and it is 
therefore expected that extraction from nitrate 
(HNOa) solutions will not be effective for separation of 
the actinides, as indeed found by Best, Hesford, and 
McKay [39]. The anion exchange data for LiCl -.olu
tions [9], on the other hand, show a large increase in 
complex stability between Cm and (Bk, Cf) and it is 
therefore expected that extraction with TBP from con
centrated chloride (HCl) solutions could effect separa
tion. Indeed, Isaac eta!. [22] found a separation factor 
of 12.4 between curium and californium. The actinides 
heavier than californium were found to be extracted at 
least as well as this element, and hence also to be 
separable from curium. No information is available 
concerning berkelium, but from the anion exchange 
data it can be expected to be separable from curium 
with a factor of about 4. · 
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Anion exchange and amine extraction 

An important advance has been achieved in the pro
cessing of the actinides from irradiated plutonium, 
americium or curium, by using concentrated lithium 
chloride solutions for the group separation of the 
actinides from the lanthanides. This may be effected 
both by using an anion exchange column or by extrac
tion with a long chain tertiary amine hydrochloride, 
diluted with a suitable hydrocarbon diluent [15, 16]. 
The anion exchange method has been used successfully 
for separations in a number of laboratories. The work 
on amine extraction has recently been summarized 
[71]. Separation factors of 100 were found between the 
least extracted actinide, curium, and the best extracted 
lanthanide, europium. This separation factor is about 
50 in the anion exchange method. Extraction is, how
ever, sensitive to acidity in the aqueous phase and to 
a number of contaminant anions [71]. A part of the 
LiCI may be exchanged for AICla [71] or CaCl2 [14]. 

Anion exchange or amine extraction in chloride 
solutions can also be used for separations within the 
trivalent actinide group, yielding three groups: 
Am+ Cm, Bk and Cf + Es + Fm. In practice, the 
berkelium is usually contaminated either with curium 
or californium, and is often lost in a fraction contain
ing the major portion of another actinide. It has been 
found most useful in processing runs to separate 
berkelium before all the other actinides by oxidizing it 
in nitric acid solution with bromate, and to extract it 
in the tetravalent state with diethylhexylphosphate. 

On the other hand, anion exchange in concentrated 
LiNOa solution is unable to effect group separations, 
but makes separation of americium from the higher 
actinides possible [32, 36, 37]. The separation factor 
depends on the acidity, which should be as low as 
possible [38]; discrepancies between various data 
[32, 36] are probably due to slight variations in the 
acidity of the solutions. Separation of the elements 
beyond curium is impossible because of the similarity 
of the distribution coefficients. An odd-even effect [32] 
has been observed for the actinides, though not as 
pronounced as for the lanthanides or in the anion 
exchange of actinides in LiCl [9] and NH4CNS [24]. 

Amine extraction shows continuously increasing 
distribution coefficients for Am, Cm, Cf and Es [32], 
with no reversals. 

An alternative to the use of lithium nitrate is the use 
of aluminium nitrate in column elutions. Separation 
and distribution coefficients of the actinides are similar 
to those obtained in LiN03 at equal nitrate normality. 
A good Am-Cm separation has been obtained in this 
medium [72]. Still another alternative is the use of 
alcoholic nitric acid, in particular 0.01-lM HNOa
CHaOH mixtures [73, 74], which is a much more con
venient eluant than the viscous solutions containing 
non-volatile metallic nitrates. Separation factors of 
about 3 are obtained between Am-Cm, and Cm-Cf, 
and this, therefore, provides a good method for the 
difficult Am-Cm separation. Here again, the results 
for the actinides parallel those for the lanthanides. 

Concentrated thiocyanate solutions have also been 
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used to effect a group separation between the lanthan
ides and some of the actinides [75]. Large quantities of 
americium can thus be separated, although the method 
has not been successful for mg quantities of curium, 
because of the decomposition of the reagent by the 
intense alpha radiation. Smaller quantities of curium 
may, however, be separated along with the americium 
from the lanthanides [24]. 

CONCLUSIONS 
The present state of our knowledge of the chemistry 

of the trivalent actinides in solution is mainly quali
tative. The separation methods which have been pro
posed give information on the relative stability of the 
complexes involved. Often, however, even the pre
dominant species are not known with certainty, quite 
apart from their stability constants. It is, therefore, 
premature to try to predict the feasibility of new 
separation methods from the available knowledge on 
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complex formation. Great efforts will have to be made 
to determine stability constants of complex ions with 
higher accuracy. 

Research in recent years has brought about great 
advances in some of the separation steps in the isola
tion of the individual actinides. The group separation 
of the actinides from the lanthanides has been solved, 
utilizing anion exchange or amine extraction in con
centrated chloride solutions [9, 71]. Separation of the 
heaviest actinides can be carried out effectively with 
a-hydroxyisobutyrate elution from a cation exchange 
column [63]. The separation of americium, curium, 
berkelium and californium presents some difficulties. 
The former pair may be separated by anion exchange 
in concentrated nitrate solutions [32, 36]. The triad 
curium, berkelium and californium may be separated 
by chromatographic extraction with HDEHP or 
HEH</>P [68, 69] if the trivalent state only is utilized 
for the separation. 

REFERENCES 

I. Kraus, K. A., et a!., Hydrolytic Behaviour of the Heavy 
Elements, Proceedings of the First International Confer
ence on the Peaceful Uses of Atomic Energy, P/731, Vol. 7, 
p. 245, United Nations (1956). 

2. Kennedy, J. H., Anal. Chern., 32, 150 (1960). 
3. Jfllrgensen, C. K., Acta Chern. Scand., 10, 1503 (1956). 
4. Shiloh, M., Ph.D. Thesis, Hebrew University (1964); 

Shiloh, M., and Marcus, Y., Israel AEC Report IA-781 
(1962). 

5. Gel'man, A. D., Moskvin, A. 1., Zaitsev, L. M., and 
Mefod'eva, M. P., Complex Compounds of Transuranium 
Elements (1961), English translation, Consultants Bureau, 
New York (1962). 

6. Shiloh, M., and Marcus, Y., Israel AEC Report IA-924 
(1964). 

7. Ward, M., and Welch, G. A., J. Inorg. Nucl. Chern., 2, 395 
(1956). 

8. Marcus, Y., Israel AEC Report R-20 (1959); Nelson, F., 
Phillips, H. 0., Kraus, K. A., and Marcus, Y., USAEC 
report ORNL 2584, p. 58 (1958). 

9. Hulet, E. K., Gutmacher, R. G., and Coops, M. S., J. 
Inorg. Nucl. Chern., 17, 350 (1961). 

10. Katz, J. J., and Seaborg, G. T., The Chemistry of the 
Actinide Elements, p. 305, Methuen, London (1957). 

II. Peppard, D. F., Mason, G. W., and Hucher, 1., J. Inorg. 
Nucl. Chern., 24, 881 (1962). 

12. Grenthe, 1., Acta Chern. Scand., 16, 2300 (1962). 
13. Weigel, F., Z. Anorg. Allgem. Chern., 294, 294 (1958). 
14. Fuger, J., Institut Interuniversitaire des Sciences Nuc!l!aires, 

Annual Report 1960 (NP-10336). 
15. Moore, F. L., Anal. Chern., 33, 748 (1961). 
16. Baybarz, R. D., and Weaver, B., USAECreportORNL3185 

(1961). 
17. Duyckaerts, G., Universite de Liege, 9th trimestrial report 

(1963). 
18. Diamond, R. M., Street, K., and Seaborg, G. T., J. Am. 

Chern. Soc., 76, 1461 (1954). 
19. Choppin, G. R., and Chethman-Strode, A., J. Inorg. Nucl. 

Chern., 15, 377 (1960); Choppin, G. R., and Dinius, R. H., 
Inorg. Chern., I, 140 (1962). 

20. Carnall, W. I. and Fields P. R., J. Am. Chern. Soc., 81, 
4445 (1959). 

21. Thompson, S. G., Harvey, B. G., Choppin, G. R., and 
Seaborg, G. T., J. Am. Chern. Soc., 76, 6229 (1954). 

22. Isaac, N. M., Wilkins, J. W., and Fields, P. R., J. Inorg 
Nucl. Chern., 15, 151 (1960). 

23. Thompson, S. G., Morgan, L. 0., James, R. A., and 
Perlman, 1., N.N.E.S., Vol. IV, 14B p. 1339 (1949). 

24. Surls, J. P., Jr., USAEC report UCRL-3209 (1956); Surls, 
J. P., and Choppin, G. R., J. Inorg. Nucl. Chern., 4, 62 
(1957). 

25. Lebedev, I. A., and Yakovlev, G. N., Radiokhimiya, 4, 304 
(1962). 

26. Givon, M., and Marcus, Y., Israel AEC Semi-Annual 
Report IA-775, p. 61 (1962). 

27. Martin, B., Ockenden, D. W., and Foreman, J. K., J. 
Inorg. Nucl. Chern., 21, 94 (1961). 

28. Marcus, Y., and Givon, ,.M., Israel AEC Semi-Annual 
Report IA-726, p. 66 (1961). 

29. Shevchenko, W. B., Timoshev, W. G., and Volkova, A. A., 
Atomnaya Energiya, 6, 427 (1959). 

30. Levedev, I. A., Piroshkov, S. V., and Yakovlev, G. N., 
Radiokhimiya, 2, 549 (1960). 

31. Givon, M., and Marcus, Y., Israel AEC Semi-Annual 
Report IA-822, p. 66 (1962). 

32. Marcus, Y., Givon, M., and Choppin, G. R., J. lnorg. 
Nucl. Chern., 25, 1457 (1963). 

33. Buchanan, R. F., and Fanis, J. P., UNESCO Conference 
on Use of Radioisotopes in Physical Sciences and Industry, 
Paper RICC-173, Copenhagen (1960). 

34. Marcus, Y., and Nelson, P., J. Phys. Chern., 63, 77 (1959). 
35. Marcus, Y., and Abrahamer, 1., J. Inorg. Nucl. Chern., 22, 

141 (1961). 
36. Adar, S., Sjoblom, R. K., Barnes, R. F., Fields, P. R., 

Hulet, E. K., and Wilson, H. D., J. Inorg. Nucl. Chern.; 25, 
447 (1963). 

37. Lloyd, H. H., and Leuze, R. E., USAEC report CF-60-3-23 
(1960). 

38. Marcus, Y., and Givon, M., to be published in J. Phys. 
Chern. 

39. Best, G. F.,.Hesford, E., and McKay, H. A. C., J. Inorg. 
Nucl. Chern., 12, 136 (1959). 

40. Heal, H. G., Trans. Faraday Soc., 45, 1 (1949). 



596 SESSION 2.7 P/819 

41. Rabideau, S. W., Asprey, L. B., Keenan, T. K., and 
Newton, T. W., Recent Advances in the Basic Chemistry of 
Plutonium, Americium and Curium, P/2247, Vol. 28, p. 361, 
United Nations (1958). 

42. Moskvin, A. 1., Diss. Moscow (1957); Cf. Ref. [5], p. 32. 
43. Gel'man, A. D., and Moskvin, A. I., Atomnaya, Energiya, 

3, 314 (1957). 
44. Gel'man, A. D., Matorina, N. N., and Moskvin, A. 1., 

Atomnaya Energiya, 3, 308 (1959). 
45. Choppin, G. R., and Odenheimer, B. G., USAEC report 

UCRL-3515 (1956). 
46. Dedov, V. B., Lebedev, I. A., Ryuzhov, M. N., Trukhlyaev, 

P. S., and Yakovlev, G. N., Radiokhimiya, 3, 701 (1961). 
47. Smith, H. L., and Hoffman, D. C., J. lnorg. Nucl. Chern., 3, 

243 (1956). 
48. Milstead, J., and Beadle, A. B., J. lnorg. Nucl. Chern., 3, 

248 (1956). 
49. Holm, L. W., Choppin, G. R., and Moy, D., J. lnorg. Nucl. 

Chern., 19, 251 (1961). 
50. Choppin, G. R., and Chopoorian, J. A., J. lnorg. Nucl. 

Chern., 22, 97 (1962). 
51. Gel'man, A. D., Matorina, N. N., and Moskvin, A. I., 

Atomnaya Energiya, 4, 52 (1958). 
52. Fomin, V. V., Vorob'ev, S. P., and Andeeva, M. A., 

Atomnaya Energiya, 4, 57 (1958). 
53. Mosevin, A. I., Khalturin, G. V., and Gel'man, A. D., 

Radiokhimiya, 1, 141 (1959). 
54. Lebedev, I. A., Pirozhkov, S. V., Razbitnoi, V. M., and 

Yakovlev, G. N., Radiokhimiya, 2, 301 (1960). 
55. Foreman, J. K., and Smith, I. D., J. Chern. Soc., 1752 

(1957). 
56. Moskvin, A. 1., and Artyukhin, P. 1., Zhur. Neorg. Khim., 

4, 591 (1959); Gel'man, A. D., Moskvin, A. I., and Artyu
khin, P. I., Atomnaya Energiya, 7, 162 (1959). 

Y. MARCUS et al. 

57. Fuger, J., J. lnorg. Nucl. Chern., 5, 332 (1958). 

58. Fuger, J., J. lnorg. Nucl. Chern., 18, 263 (1961). 

59. Jenkins, E. N., UKAEA report AERE C/R 2721 (1958). 

60. Grenthe, 1., Acta Chern. Scand., 16, 1695 (1962). 

61. Grenthe, I., Acta Chern. Scand., 17, 1814 (1963). 

62. Moskvin, A. 1., Khalturin, G. V., and Gel'man, A. D., 
Radiokhimiya, 4, 162 (1962). 

63. Choppin, G. R., Harvey, B. G., and Thompson, S. G., J. 
lnorg. Nucl. Chern., 2, 66 (1956). 

64. Gatti. R. C., Phillips, L., Sikke1and, T., Muga, M. L., and 
Thompson;S. G., J. lnorg. Nucl. Chern., 11, 251 (1959). 

65. Choppin, G. R., and Silva, R. J., J. lnorg. Nucl. Chern., 3, 
153 (1956). 

66. Peppard, D. F., Mason, G. W., Driscoll, W. T., and 
McCarty, S., J. lnorg. Nucl. Chern., 12, 141 (1959). 

67. Baybarz, R. D., Nucl. Sci. Eng., 17, 463 (1963). 

68. Kooi, J., private communication (1963), Givon, M., 
unpublished result (1963). 

69. Hulet, E. K., Kjeller Report KR-56 (1963). 

70. Zangen, M. J., Inorg. Nucl. Chern., 25, 1051 (1963). 

71. Baybarz, R. D., Weaver, B. S., and Kinser, H. B., Nucl. 
Sci. Eng., /7, 457 (1963). 

72. Kraak, W., and Kroebel, R., private communication 
(1964). 

73. Hines, J., Wahlgren, H. A., and Lawless, F., Proceedings 
of Gatlinburg Conference on Analytical Chemistry in 
Nuclear Science, p. 247 (1962). 

74. Faris, I. P., and Warton, J. W., Anal. Chern. 34, 1077 
(1962). 

75. Keeman, T. K., J. Inorg. Nucl. Chern., 20, 185 (1961). 

ABSTRACT -RESUME-AHHOTALU11JI-RESUMEN 

A/819 Israel 

La chimie des actinides trivalents en 
solutions aqueuses et leur extraction 

par Y. Marcus et a/. 

L'irradiation du plutonium dans un reacteur, comme 
combustible ou com me cible, produit finalement des 
actinides, outre des produits de fission. Les premiers 
peuvent a leur tour etre irradies pour donner des 
actinides encore plus eleves, qui se pretent a certaines 
utilisations pratiques, par exemple le curium comme 
source de chaleur dans les satellites, Ia californium 
comme source de neutrons. L'extraction et Ia purifica
tion de ces elements exigent qu'on soit familiarise avec 
leur chimie. 

Les elements transplutoniens se rencontrent surtout 
a l'etat trivalent et leurs proprietes chimiques sont 
analogues a celles des lanthanides. Pourtant, ce n'est 
que tout dernierement qu'a ete etudiee en detail Ia 
chimie des deux groupes en solutions aqueuses con
venant aux procedes de separation. L'echange d'ions 
et l'extraction par solvant avec des esters phosphates 
acides, des acides hydroxy-carboxyliques et des solu
tions concentrees de chlorures et nitrates jouent un 

role important dans Ia separation des actinides les uns 
des autres ou d'autres elements. 

Une etude de Ia chimie des actinides dans ces milieux 
et des milieux apparentes montre comment les pro
prietes de ces systemes complexes contribuent aux 
processus de separation et de recuperation. 

La separation des actinides par elution, par exemple 
avec l'acide alpha-hydroxy-isobutyrique, a partir d'un 
echangeur de cations s'effectue de fa.;on analogue a Ia 
separation des lanthanides. D'ailleurs, ce procede a 
ete le seul a permettre !'identification chimique des 
actinides les plus lourds. Les facteurs de separation 
pour les elements avoisinants sont moderement eleves 
(1,6). Ces elements forment des complexes qui camp
tent jusqu'a quatre ligandes de chelation bidentes et Jes 
complexes anioniques formes ont une coordinence de 
11Uit. La stabilite relative des complexes ac;tinides et 
lanthanides avec ces ligandes et avec des ligandes 
apparentes pourrait etre reliee a des proprietes comme 
les rayons ioniques des cristaux. Les effets de champ du 
ligande ne paraissent pas presenter d'importance. 

Un procede concurrentiel pour la separation des 
actinides les uns des autres consiste a les extraire (par 
exemple selon Ia methode de chromatographie a phase 
renversee) par un ester phosphate acide comme le 
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di-(2-ethylhexyl)phosphate. Les facteurs de separation 
(2,5) sont encore plus grands que dans le procede 
precedent. Les complexes formes ont generalement 
trois ligandes esters dimeres, mais des complications 
surgissent dans certains systemes. L'action synergique 
de reactifs tels que le TBP peut elever les coefficients de 
partage et la separation mutuelle. Les coordinences de 
ces complexes actinides sont apparemment de six ou 
huit. 

Les procedes decrits plus haut ne permettent pas de 
separer les actinides des lanthanides presents en tant 
que produits de fission dans les solutions de reaction. 
Cette separation peut etre accomplie par echange 
d'anions ou par extraction par amine dans des solu
tions de chlorure de lithium a faible acidite. Cela 
indique qu'il se forme des complexes anioniques, mais 
les mesures spectrophotometriques executees dans 
notre laboratoire sur les actinides trivalents legers de 
!'uranium a !'americium montrent que seuls les 
complexes cationiques faibles sont actifs du point de 
vue spectroscopique, comme le prouve !'apparition de 
nouveaux pies. 

Une bonne separation, par echange d'anions, de 
!'americium et du curium peut etre obtenue avec le 
nitrate de lithium plutot qu'avec le chlorure. Le com
portement des actinides lourds aussi a ete compare 
dans notre laboratoire avec l'effet inhabituel du 
nombre atomique pair-impair montre par les lan
thanides; certains renseignements sur l'etat electro
nique de ces ions ont ete ainsi obtenus. 

En conclusion, quoique certains procedes de separa
tion utilisent les etats d'oxydation differents des 
actinides pour obtenir une separation efficace (par 
exemple de !'americium (VI) et du berkelium (IV) ), la 
clef de leur extraction demeure dans Ia connaissance 
du comportement de l'etat trivalent en solutions 
aqueuses. 

A/819 HapaHnb 

XHMHfl rpexeaneHTHbJX aKTHHHAOB e 
BOAHbiX paCTBOpaX H HX H3B11e4eHHe 

1-1. MapKyc et al. 

fipn OOJiy'IeHHII IIJIYTOHHH B peaKTOpe B BH)J;e 

TOIIJIIIBR IIJIII MIIIIICHII HRpHp;y C IIpO;D;YKTRMII p;e

JICHHH, IIO-BII)J;HMOMY, o6paayiOTCH TRKiKC 3JICMCII

TbJ RKTIIHII;D;HOH rpynnhl. fi pH ;D;RJibHeiiiiieM OOJJY-

1ICHIIH 3TIIX HOCJIC;D;HHX o6paayiOTCH BbiCIIIHe aK

TliHII;D;bl, KOTOphiC MoryT HRHTII IIpaKTII'ICCKOC 

npn:Menenue. HarrpiiMep, KIOpllii IICIIOJJhayeTCH B 

Ka'ICCTBe ltCTO'IHIIKa TCIJJJa B CIIYTHIIKaX, KaJIU

IflOpHIIii - B Ka'IeCTBe HCHTpOHHOfO IICTO'IHIIKa U 

p;p. MaBJJelfeHIIe 11 OlfiiCTKa aTIIX MaTepnaJJoB Tpe-

6yeT xopomero 3HRHIIH IIX XIIMHII. 

TpaucnJiyTonneBbie aJJeMeHThl BCTpeqaJOTCH 

fJlRBHhiM o6pa30M B TpeXBRJJCHTHOM COCTOJIHHII II 

IIMCIOT XIIMUlfCCKIIe CBOliCTBa, llO;D;OOHhiC JJRHTDHII

p;aM. 0;D;IIUKO XUMIIJI OOCIIX rpynrr B Bn;~e BO)l:HbiX 
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paCTBOpOB, HCOOXO;D;HMhiX )J;JJH IIpO.QCCCOB paa;r~;e
JJCHIIH, ;r~;eTaJJhHO Hayqena coBceM ue;r~;aBno. Bam

HYIO poJJh B paa;r~;eJieHHII aKTIIHH;D;HhiX aJieMeHTOB 

APYT oT ;r~;pyra u oT ;r~;pyr11x aJieMeHTOB nrpaiOT 

npO.QCCChl IIOHHOfO OOMeHa H 3KCTpaK.QliH paCTBO

p11TeJieM C IICIIOJih30BaHHCM KIICJihlX lfloclflaTHhlX 

alflllpOB, f11;D;pOKCHKap6oHOBbiX KIICJIOT II KOH

.QCHTpHpOBaHHhiX XJIOpii;D;HhiX If HIITpaTHhiX pac

TBOpOB. 
06aop XIIMHII RKTifHif;D;OB B 3TIIX II aHaJIOfii'IHhiX 

cpe;r~;ax IIOKR3hiBaeT, 'ITO CBOHCTBa 3TifX KOMIJJieK

CHhiX CIICTeM cnoco6cTByiOT npo.QeccaM paa;r~;eJie
HIIH II 113BJIC'ICHUH. 

Paa;r~;eJienue aKTIIHII;D;OB rryTeM aJIIOupoBannH, 

HaiipiiMep, -fH;D;pOKCHII30MaCJIHHOH KHCJJOTOll 113 

KaTHOHOOOMCHHliKa aHaJIOfii'IHO pa31J.CJICHHIO JJaH

TRHli;D;OB. ,l];eiicTBHTCJihHO, aToT npo.Qecc Ohm 

C;D;liHCTBCHHhiM, KOTOphiH 1103BOJIHJI XliMli'ICCKll 

U;D;eHTlllfJII.QIIpOBRTh CaMhiC THiKCJJhiC IIOJJY'ICHHhie 

UKTIIHli;D;hi. .Koalfllflli.QHCHThi paa;D;eJJCHHH COCe;D;HliX 

3JICMCHTOB cpaBHliTCJihHO BhiCOKIIC ( 1,6). 3TH 3JIC

MCHTbl o6paayiOT KOMIIJieKChi C 'ICThlphMJI ;D;Byx

ay6'IaThiMif xeJiaTHhiMII JIIIrau;r~;aMII, a o6paayiO

I.QHCCH aHIIOHHhle KOMIJJICKChi rrpiiHa;D;JICiKRT K 

'IIICJIY OKTOKOOp;D;IIHaTHhiX. 0THOCIITCJihHYIO CTa

OHJihHOCTh aKTHHII)J;Hhix n JJaHTaHII;D;HhiX KoM

HJieKcoB C 3THMII II ;D;pyrHMII JIHfRH;D;aMII MOiKHO 

CJIOCTaBUTh, uarrpuMep, C TaKliMII CBOHCTBRMII, KaK 

pa;D;IIYCI>I KpiiCTaJIJiuqecKIIX IIOHOB. BJIIIHHHe JJJI

rau;r~;uoro IIOJIH,, IJO-BII;D;HMOMy, He HMCCT BaiKHOfO 

3HR'ICHIIH. 
KonKypupyiO~HM IIpo.QeCCoM BaauMHOro paa

;D;CJICHHH aKTHHH;D;OB HBJIHCTCH HX H3BJIC'IeHHC (Ha

IIpiiMCp, B o6paTHoii lflaae xpoMaTorpalfluu) 11p11 

noMo~H KHCJioro lfloclflamoro alf!Hpa, nanpHMep 

)l:ll- (2-aTuJireKCHJI) lfloclflaTa. Koalfllfln.QHeHT paa

p;eJieHHH ( 2,5) ;o;ame BhiiiiC, 'ICM B OIIHC3HHOM 

npo.Qecce. 06paayiOI.QHCCH ROMIIJieRChl B006I.Qe 

UMCIOT TpH ;D;ByMepBLie a<flupHLie JIHfRH;D;LI, HO OC

JIOiKHCHHH BCTpeqaJOTCH TOJihRO B HCROTOphlX CH
CTeMaX. CunapriiCTH'IecRoe ;r~;eiicTBHe pearenToB, 

uanpHMep TpH6yTHJJ!floclflaTa, MOiKeT IIpHBCCTH K 

yBeJJH'IeHIIIO Roa!fllfJH.QHeHTOB pacnpe;D;eJICHHH II 
B3aiiMHOfO pa3;D;CJICHHH. 3TH aRTHHH)J;HhlC ROM

llJICKChi HMCIOT, IIO-BH;D;HMOMy, ROOp;D;IIHa.QHOHHhiC 
1IHCJia IIICCTh HJIH BOCCMh. 

HaaBannhle npo.Qecci.I uenpHrO;D;Hhl ;D;JIH paa;r~;e
JICHHH aKTIIHII;D;OB OT JiaHTRHH;D;OB, IIpiiCYTCTBYIO

I.QHX B TCXHOJIOfH'ICCKHX paCTBOpax B BII;D;C IIpO

l~YKTOB ;D;CJICHHH. 3To MOiKHO C;D;CJiaTh Upll IIOMO

I.Qll aHIIOHHOfO OOMCHa IIJIII 3KCTpaK.Qllll aMHHaMU 

JI3 KOH.QCHTpnpoBaHHhlX paCTBOpOB XJIOpHCTOfO 

JIIITIIH C He60JihiiiOii KliCJIOTHOCThiO. 3TO CBH;rJ;e

TCJlhCTBYCT 0 TOM, 'ITO o6paayiOTCJI RHIIOHHhlC 
KOMfiJICKChi; HO CIICKTpolfloTOMCTpn•IeCKlle JI3MC

peHUH B Jia6opaTOpHll aBTOpOB Ha 6oJiee JICfRJIX 

TpexBaJICHTHhiX aKTIIHH;D;aX, ypaHe II aMepii.QI111 1 

IIOKa3aJIH, 'ITO TOJihKO CJiaOhiC KaTUOHHhlC KOMII

.'WKChl aKTIIBHhl B CllCKTpOCKOIIII'ICCKOM OTHOIIIC

IIJIH, 0 'lCM CBII;D;CTCJihCTBYCT IIOHBJICHIIC HOBhlX 

IIJIKOB. 

Xopomero paa;r~;eJieHHJI aMepn.QnH 11 KIOpHH 

upn noMOI.Qn aHHOHnoro o6Mena MOiKHO ;D;OCTH'fh 
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cKopee c HHTpaToM JIHTHH, 'leM c xnopHJJ.OM. B 
Jia6opaTOpHH aBTOpOB npOBOJI,HJIOCb TaKme cpaB

IIl.'HHe llOBeJI,eHHH 6oJiee THmeJibiX 81\THHHP,OB C 

He06bi'IHbiMH acPcPeKT8MH :lJieMeHTOB C 'IeTHO-HC

'ICTHbiMJI 8TOMHbiM11 HOMl.'paMH, npH'ICM 6biJI8 IIO

JJy'leHa HHIPOpMa~HH IIO aJieKTpOHHbiM COCTOHIIH

HM :lTHX HOHOB. 

B aaKJIIO'IeHHe aBTopbl oTMe'laiOT, 'ITo, xoTH 

P,JIH P,OCTHmeHHH acPcPeKTHBHOfO paap,eJieHHH B He

KOTOpbiX npo~eccax HCDOJib3YIOTCH pa3JIH'IHble 

COCTOHHHH OKHCJieHHH 31\THHHJI,OB, HaiipHMep, 

aMepH~HH (VI) H 6epKJIHH (IV), KJIIO'I K HX H3-

BJie'leHHIO H3XOJI,HTCH BCe me B H3y'leHHH llOBe

P,l.'HHJI TpexBaJieHTHOfO COCTOJIHHJI B BOJI,HbiX pa

CTBOpax. 

A/819 Is rae I 

La qulmica de los acdnidos trivalentes en 
soluci6n acuosa y su recuperaci6n 

por Y. Marcus eta/. 

En definitiva, Ia irradiacion de plutonio en un 
reactor, sea como combustible o como blanco, produce 
elementos actinidos ademas de productos de fision. 
Los primeros pueden irradiarse a su vez para obtener 
actinidos mas elevados, que tienen algunas aplica
ciones practicas, por ejemplo, el curio, como fuente de 
calor en los satelites, y el californio, como fuente 
neutronica. La recuperacion y la purificacion de estos 
elementos exigen un conocimiento detallado de su 
quimica. 

Los elementos transplutonicos se presentan sobre 
todo en forma trivalente y poseen propiedades 
quimicas analogas a las de los lantanidos. Sin embargo, 
la quimica de ambos grupos en solucion acuosa, util 
para los procesos de separacion, solo se ha estudiado 
en detalle en fecha reciente. El intercambio ionico y la 
extraccion por disolventes utilizando estores fosf6ricos 
acidos, acidos hidroxicarboxilicos y soluciones con
centradas de cloruros y nitratos, desempefian papeles 
importantes en la separacion de los actinidos entre si 
y de otros elementos. 

El examen de la quimica de los actinidos en estos 
medios y en otros afines muestra como las propiedades 
de estos sistemas complejos contribuyen a los procesos 
de separacion y de recuperacion. 

La separacion de los actinidos por elucion, por 
ejemplo, con acido alfahidroxiisobutirico, de un inter
cambiador cationico, se desarrolla paralelamente a la 
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separacion de los lantanidos. En efecto, este procedi
miento fue el unico que permitio identificar quimica
mente los actinidos mas pesados. Los factores de 
separacion para los elementos vecinos son moderada
mente elevados (1, 6). Estos elementos forman com
plejos con basta cuatro ligandos bidentados, y los 
complejos anionicos obtenidos son octacoordinados. 
La estabilidad relativa de los complejos. actinidos y 
lantanidos con estos ligandos y otros afines podria 
relacionarse con propiedades tales como los radios 
ionicos de los cristales. Los efectos de campo del 
ligando no parecen tener mayor importancia. 

Un proceso competitivo para la separacion mutua 
de los actinidos es su extraccion (por ejemplo, en el 
metodo de cromatografia en fase inversa) mediante un 
ester como el acido bi(2-etilohexilo)fosforico. Los 
factores de separacion (2, 5) son aun mas elevados que 
en el procedimiento anterior. Los complejos formados 
tienen por lo general tres ligandos de esteres dimericos 
pero surgen complicaciones en ciertos sistemas. La 
accion sinergica de los reactivos, tales como el fosfato 
de tributilo puede acentuar los coeficientes de distri
bucion y Ia separacion mutua. Estos complejos actini
dos tienen, segun parece, numeros de coordinacion de 
seis u ocho. 

Los procedimientos anteriores no permiten separar 
los actinidos de los lantanidos presentes como pro
ductos de fision en las soluciones de reacci6n. Esa 
separaci6n puede lograrse por intercambio ani6nico o 
por extracci6n mediante aminas a partir de soluciones 
concentradas de cloruro de litio de escasa acidez. Esto 
indica que se forman complejos ani6nicos, pero las 
mediciones espectrofotometricas realizadas en nuestro 
laboratorio con los actinidos trivalentes mas ligeros 
(uranio a americio) muestran que solo los complejos 
cationicos debiles son activos desde el punto de vista 
espectroscopico, como prueba la aparicion de nuevos 
picos. 

Con nitrato de litio, mejor que con el cloruro, puede 
obtenerse una buena separaci6n del americio y del 
curio por intercambio ani6nico. Asimismo, se ha 
comparado en este laboratorio el comportamiento de 
los actinidos mas pesados con el efecto poco corriente 
del numero atomico par-impar que presentan los 
lantanidos, y se han obtenido ciertos datos sobre el 
estado electr6nico de estes iones. 

En conclusion, aunque en algunos procedimientos 
de separaci6n se aprovechan los diferentes estados de 
oxidacion de los' actinidos para lograr una separaci6n 
eficaz (por ejemplo, del americio(VI) y del ber
kelio(IV), Ia clave de su recuperaci6n radica en el 
conocimiento de las propiedades de la forma trivalente 
en soluci6n acuosa. 
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Fuel reprocessing (II) 

Chairman: K. D. B. Johnson (United Kingdom) 

Paper Pf798 (presented by T. Ishihara) 
Paper P/250 (presented by R. C. Vogel) 
Paper P/251 (presented by L. Burris, Jr.) 

(It was agreed that these papers should be discussed 
together.) 

DISCUSSION 

R. C. VOGEL (United States of America): With 
reference to paper P/798, why does the addition of 
Ce02 result in enhanced decontamination? 

I should also like to ask how the chlorination
distillation processing of large quantities of irradiated 
uranium dioxide might be carried out. 

T. IsHIHARA (Japan): Dilution by inactive cerium 
may be one reason for the enhanced decontamination. 
We are now trying to ascertain whether there are other 
reasons for this phenomenon. 

As to your second question, I should like to point 
out that, so far, our experiments have been carried out 
on a scale of 1-4 grams. We are now planning to 
carry them out on a 100-gram scale. As we are trying 
to process plutonium fuel, which involves a criticality 
problem, we think it may be sufficient to use a scale of 
several hundred grams. For fuels requiring a greater 
scale-up, I cannot say anything definite. 

V. N. PRUSSAKOV (USSR): Are any methods other 
than those mentioned in paper P/798 being studied for 
the removal of uranium from beds of sodium chloride? 

What material is used to construct the equipment 
employed in the process you described? 

T. ISHIHARA (Japan): The only method we use apart 
from the one described is an aqueous process. 

The equipment is of quartz. For the 100-gram scale 
work we are going to use stainless steel equipment. 

D. D. SoKOLOV (USSR): With-reference to paper 
P/250, I should like to ask what material is used in the 
apparatus in which PuF6 and UF6 are treated with 
H2 and H20. Can the reaction PuF6+H2+H20--+ 
Pu02 + HF + H20 for the complete removal of the 
fluoride be carried out in one step? 

R. C. VoGEL (United States of America): For the 
conversion of UF6 into U02 by H2 and H20,_ I 
believe the apparatus was made of Monel. We have 
not yet investigated this step when mixtures of UF6 
and PuF6 or PuF6 alone are used, but we intend to do 
so. As to your second question, we believe that it may 
be possible to carry out the reaction in one step, but 
we have not yet investigated the PuFs reaction in 
fluidized beds. 

V. N. PRUSSAKOV (USSR): How is it proposed to 
recover plutonium by the fluorination system used in 
the Oak Ridge National Laboratory? 

Will plutonium recovery be substantially altered by 
the burn-up of fuel in the fluoride volatility process 
used in the Argonne National Laboratory? 

R. C. VOGEL (United States of America): Plutonium 
hexafluoride can be removed from fused salts by 
fluorination of the fused salt. It is intended to use this 
process at the Oak Ridge National Laboratory. On 
the other hand, particularly since the reaction is slow, it 
is expected that corrosion will be a problem. However, 
a small amount of work is being done on a process in 
which small drops of the fused salt fall through a 
fluorine atmosphere, but the results are not yet 
available. 

With reference to your second question, since only 
inorganic reagents are involved and these are insensi
tive to the irradiation level, we do not expect pluton
ium recovery to be affected by the burn-up. 

J. RYDBERG (Sweden): Is the fluid-bed fluoride 
process carried out batch-wise or continuously? If 
batch-wise, are you considering the possibility of 
carrying out a continuous process? 

R. C. VoGEL (United States of America): The 
fluidized bed fluoride volatility processes have, so far, 
been carried out only on a batch basis. The execution 
of the processes on a continuous basis may be con
sidered in future. However, the fluidized bed process 
for the production of 5000 tons of UF6 per year from 
ore concentrates is carried out on a continuous basis 
at Metropolis, Illinois. 

J. ScHMETS (Belgium): I should like to comment on 
some results on the reprocessing of oxides by volatili
zation recently obtained in Belgium under a pro
gramme of the European Atomic Energy Community. 
After studying five di.fferent cycles we chose the 
following procedure. 

The mixed oxide is subjected successively to 
oxidation, hydrofluorination and fluorination in a 
fluidized bed. The final purification of plutonium and 
its conversion into oxide is carried out in molten salts. 

Oxidation is effected in air at temperatures ranging 
from 450 oc to 550 oc. The latter temperature is 
necessary when the concentration of plutonium 
dioxide reaches 20 %. In order to simulate operating 
conditions, the oxidation process is also carried out 
with sintered mixtures of uo2 and "fissium"' some of 
which have been subjected to thermal treatment 
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similar to that in the reactor. The presence of the 
fissium has a beneficial effect on the behaviour of the 
fluidized bed: reaction takes place without causing 
any rise of temperature such as that observed when 
sintered uo2, without fissium, is oxidized. 

Hydrofluorination of a mixture of UaOs powder 
and fissium in a fluid bed proceeds smoothly at 450 oc 
without giving rise to mass transfer, contrary to what 
is observed in similar reactions with uo2 of the same 
particle-size distribution. Hydrofluorination prior to 
fluorination permits conversion into UF6 in reduced 
exothermic conditions. 

Hexafluorides of uranium and of plutonium can be 
formed simultaneously by the use of fluorine only, or 
successively by the use of chlorine trifluoride and then 
fluorine. 

Tests have shown that fluorination of mixtures of 
U02F2, UF4 and fissium fluoride was carried out 
without difficulty with yields above 99.7 %. 

The prior separation of UF6 can be effected by 
using CIFa. This gives a yield of UF6 which is as high 
as that obtained when fluorine is used. In this case 
there is a residue consisting of PuF4 and fission 
products. The process has the advantage that it is 
carried out at a low temperature and is only slightly 
exothermic. In addition, the plutonium concentrate 
obtained can be treated in compact vessels and thus 
the technological procedure is facilitated. 

However, with a high plutonium content of about 
20 %, the complete separation of uranium by volatili
zation becomes more difficult. Despite the fact that a 
total separation is not required for fuel element 
fabrication, a system is now being studied which would 
not only permit plutonium to be separated but would 
also allow it to be converted into the dioxide, which is, 
so to speak, the primary material. In this process the 
uranium and plutonium fluorides are absorbed in a 
bath of molten chlorides. Under the action of chemical 
agents containing oxygen, the plutonium precipitates 
as Pu02. Stoichiometric U02 can also be recovered by 
subsequent electrolysis. 

The extremely simple techniques used and the new 
method of treating plutonium suggest that fluorina
tion will be applied initially to ceramics in the follow
ing cases: (a) uranium-enriched or plutonium
enriched fuels coming from power stations located at a 
considerable distance from conventional reprocessing 
plants; and (b) fast reactor fuel. 

D. D. SOKOLOV (USSR): I have two questions on 
paper P/251. First, how many times is it possible to 
return irradiated U-Pu alloy to produce fuel elements? 
Secondly, is it possible that, after the alloy has been 
recirculated three or four times, its physical and 
mechanical properties would deteriorate due to the 
accumulation of fission products particularly zircon
ium and niobium? 

L. BURRIS, Jr. (United States of America): A small 
fraction of the elements in question is removed in the 
small sidestream of material which is known as skull 
material, i.e., the residue remaining in a melt-refining 

crucible. This material is processed separately so as to 
recover the uranium and also to remove the noble 
fission products and eliminate them from the fuel 
cycle. At equilibrium, the amounts of these noble 
metal fission products introduced by fission are equal 
to the amounts removed in reclaiming and purifying 
the skull material. Zirconium is present in the 'initial 
fuel material at a concentration much below its 
equilibrium value. Therefore, its concentration will 
build up towards its equilibrium concentration as the 
fuel is reused in the reactor. The presence of these 
fission products as alloying elements in the fuel helps to 
reduce radiation damage to the fuel. 

G. R. HALL (United Kingdom): You have explained 
the reasons for developing pyrometallurgical processes 
and have mentioned that one advantage would be 
lower processing costs. I should therefore like to ask 
if you have compared the cost of reprocessing in the 
EBR-11 melt-refining plant with the estimated cost 
when an aqueous process is used for similar fuels. If so, 
what would the saving in cost amount to, taking into 
account, in particular, the savings on the fuel inven
tory? 

L. BURRIS, Jr. (United States of America): The cost 
of processing EBR-11 fuel by melt refining was not 
compared with the estimated cost when an aqueous 
process is used. Only 30 kg of EBR-11 fuel need be 
processed per week when the reactor is operating at its 
full rated power of 20 MW(e). This processing rate is 
only a small fraction of the processing rate of which the 
facility is capable. The purpose of the facility is to 
obtain economic data, as well as engineering per
formance data, which can be used to determine the 
feasibility and cost of processing fuel from large
scale power reactors by pyrometallurgical methods. 

The processing costs for a hypothetical I OOOMW(e) 
fast breeder reactor fuelled with metal, oxide and 
carbide fuels have been computed and it was found 
that pyrometallurgical processes would be economi
cally advantageous with metal fuels. They would, 
however, have little advantage, if any, with oxide and 
carbide fuels for which fluoride volatility processes 
might be better. However, since fast reactor fuels are 
still being developed, pyrometallurgical schemes for 
oxide and carbide fuels are being investigated. The 
economic data obtained in the above-mentioned 
study are not available but I believe the saving in cost 
effected by processing metal fuels pyrometallurgically 
was 0.1 to 0.2millsjkWh. 

B. F. WARNER (United Kingdom): Would the 
relative reprocessing costs of the three methods 
mentioned remain the same in the case of a inajor 
power programme, e.g., a programme in which 
5000-10000 MW(e) are generated? 

L. BuRRIS, Jr. (United States of America): The 
relative costs of the three processing methods would 
undoubtedly change with throughputs equivalent to 
the generation of 5000-IOOOOMW(e). However, on 
such a scale, even small cost savings would amount to 
a considerable sum of money every year. 
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K. D. B. JOHNSON (Chairman): At Technical 
Session 2.6* participants from several countries 
stressed the savings in the cost of reprocessing which 
accrue from the large-scaJe use of solvent extraction 
processes. At Technical Session 3.8** considerations 
concerning the transport of fuel and the cost of 
transport led to the conclusion that it was economi
cally desirable to transport fuel surprisingly long 
distances to a large central reprocessing plant. Would 
any of the authors who have presented papers care to 
say whether they think the dry processes can be 
competitive in those circumstances? 

L. BURRIS, Jr. (United States of America): There are 
several reasons why dry processes should be able to 
compete very well with aqueous processes. First, the 
problem of transporting high burn-up fuels in which 
the burn-up was very rapid has not been solved. 
Severe problems may be encountered in the shipment 
of these fuels. Secondly, their high radiation levels will 
create or, at least, aggravate problems relating to 
radiation damage, which are at present encountered 
with organic solvents at relatively low radiation levels. 
In the dry processes inorganic materials are used, 
which are relatively insensitive to radiation damage. 
Thirdly, the radiations from isotopes of the fissionable 
and fertile materials will necessitate some degree of 
remote refabrication regardless of the degree of fission 
product removal achieved. Thus there is Jess need for 
the complete removal of fission products. Fourthly, it 
is desirable to process the fast reactor fuels, which 
have relatively high burn-ups, as rapidly as possible to 
avoid excessive fuel inventory changes. Further 
advantages of the dry processes are the elimination or 
minimization of chemical conversions, the lessening of 
criticality problems because of the absence of aqueous 
and organic moderators, and the direct production of 
dry wastes. 

M. LEVENSON (United States of America): With 
regard to the apparent discrepancy between the direct 
relation between the size of a plant and costs, referred 
to at the present session, and the conclusion reached at 
Technical Session 2.6 that the cost was reduced as the 
size of the plant increased, it should be noted that the 
two cases are quite different. The latter conclusion is 
justified when slightly enriched fuel is used but it 
cannot be taken for granted for highly enriched or 
fast reactor fuel. When the fuel contains as much as 
20 % plutonium, criticality is a limiting factor in 
determining the size of the plant, particularly in an 
aqueous process: In this case an increase in size would 
simply mean building several plants on one site, but 
they would not be "larger" plants in the sense in which 
the word is used to describe plants using slightly 
enriched fuel. 

J. SCHMETS (Belgium): I agree with Dr. Burris and 
Dr. Vogel with regard to the competitiveness of dry 
reprocessing compared with aqueous reprocessing. I 

* This volume. 
**Vol. 13 these Proceedings. 
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should like to stress that the transport problem is a 
long way from being completely solved, particularly 
for very long fuel elements such as those used for 
power reactors operating with U02. These involve the 
use of very heavy transport (a figure of 60-90 tons has 
been quoted at the present conference), which gives 
rise to road transport problems. In general the maxi
mum load which may be conveyed by road, in ex
ceptional cases, amounts to 30 or 35 tons, which 
requires a container of 20-22 tons. The cost problem 
would not be solved by cutting up the fuel elements on 
the site of the reactor or increasing the number of 
journeys. The transport of high-activity fuels from the 
core of fast reactors would give rise to a similar 
situation. Furthermore, in may cases reactors are 
located a long way from large aqueous reprocessing 
plants or separated from them by the sea or other 
obstacles and this necessitates considerable expendi
ture on hoisting gear at the places of trans-shipment 
and also entails mixed transport costs (road, railway, 
sea) which are by no means negligible. 

K. SADDINGTON (United Kingdom): Do the 
authors of the papers on non-aqueous reprocessing 
methods think that those methods will replace 
aqueous reprocessing methods for slightly or 
highly enriched metal or oxide-carbide fuels and, if so, 
when is this likely to happen? 

R. C. VoGEL (United States of America): The 
objective of the United States programme on the 
fluoride volatility process is to supply a relatively 
firm flowsheet for oxide fuels by 1967. It is hoped that 
industrial groups will then carefully evaluate it with a 
view to its application. The introduction of carbide 
fuels is thought to be simple since oxidation of the 
carbides leads directly to the process for oxides now 
being developed. 

L. BuRRIS, Jr. (United States of America): In reply 
to Dr. Saddington I should like to add that the 
pyrometaUurgical processes are, in general, being 
developed for the highly enriched fuels used in fast 
power reactors. Thus it is not likely that they will be 
used until the 1980s when it is expected that large fast
breeder power reactors will come into use. At present, 
when fuels for fast reactors are unspecified, general 
methods of processing metal, oxide and carbide fuels 
are being developed. I would add that the EBR-II Fuel 
Cycle Facility is very flexible, and it is intended to use 
it to demonstrate a number of pyrometallurgical 
processes. On the other hand, the AIROX process was 
developed by Atomics International for slightly 
enriched as well as highly enriched fuels. The cost 
estimates show that this process has an economic 
advantage over aqueous processes even for slightly 
enriched fuels. However, no plans have been made for 
the large-scale use of this process. 

Paper P/609 (presented by S. Ahrland) 

DISCUSSION 

Y. MARCUS (Israel): Has it, in fact, been demon-
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strated that in the actual processing conditions fore
seen, inorganic cation exchangers would have advan
tages over resinous cation exchangers in regard to 
thermal and radiation stability? 

S. AHRLAND (Sweden): Inorganic ion exchangers 
are certainly superior to organic ones as far as radia
tion and thermal stability are concerned. This is the 
main reason why we try to use them. 

I. GAL (Yugoslavia): I think the superiority of 
inorganic exchangers from the point of view of radia
tion stability was clearly shown in a paper presented 
by Dr. Amphlett from the United Kingdom at the 
Second Geneva Conference.* 

N. E. BREZHNEVA (USSR): How many adsorption 
and desorption cycles can take place in one column 
with an inorganic ion exchanger? 

S. AHRLAND (Sweden): We have been able to use 
the same column of zirconium phosphate for several 
sorptions and elutions and have found no perceptible 
change in its properties. 

L. BAETSLE (Belgium): We have studied the use of 
zirconium phosphate for recovery of caesium from 
reprocessing concentrates but found that a straight
forward separation seemed to be very difficult except 
after dilution by a factor of four. We prefer, therefore, 
to use ferrocyanide molybdate as an ion exchanger for 
caesium separation. Certainly, for analytical caesium 
separations, zirconium phosphate seems to be a good 
material, but in the presence of large sodium, iron and 
magnesium concentrations its performance is rather 
poor. 

S. AHRLAND (Sweden): We have not encountered 
any serious difficulty in sorbing Cs+ on to zirconium 
phosphate in the presence, for example, of Na+, Sr2+ 
or Ce3+. 

Paper P/348 (presented by G. N. Yakovlev) 

DISCUSSION 

B. F. WARNER (United Kingdom): Did any problem 
arise as a result of the precipitation of solids when the 
acidity of the highly active waste solution was reduced 
to pH= 1? Was P043 - ion present following TBP 
extraction? 

G. N. YAKOVLEV (USSR): We have studied the 
complex formation of americium with H2P042+ ions, 
but we do not use phosphoric acid in americium 
recovery processes. 

A. S. KERTES (Israel): Were any experiments carried 
out on the extractability of actinides and lanthanides 
by trioctylamine from aqueous thiocyanate media? 

G. N. YAKOVLEV (USSR): The extraction of actin
ides and lanthanides from ammonium thiocyanate 

* Amphlett, C. B., Synthetic Inorganic Ion Exchangers and 
Their Applications in Atomic Energy, Proceedings of the 
Second International Conference on the Peaceful Uses of 
Atomic Energy, P/271, vol. 28, p.l7, United Nations (1958). 

solutions with trioctylamine solutions in various 
solvents has been studied very intensively in recent 
years. The group separation coefficients are close to 
those obtained in extraction from lithium chloride 
solutions. 

M. A. MANDIL (United Arab Republic): In the 
paper you have shown the third-power dependence 
upon the solvent concentration, which is in agreement 
with the findings for similar solvents in dilute solutions 
and tracer work. Do you think that this power of 
dependence would be in any way contingent upon the 
concentration of the species extracted, especially at 
high concentrations? 

G. N. Y AKOVLEV (USSR): We have studied the 
extraction of americium and curium with 20 neutral 
phosphoro-organic extractants, and also with a con
siderable number of acid organic phosphates, particu
larly from nitric acid solutions. With low concentra
tions of the elements studied, and with a nitrate ion 
concentration within the range of 0.01M to 1.5M, the 
third-power dependence on the concentration of the 
extractant was always observed. The solvent has a con
siderable effect on the degree of extraction, especially 
for acid extractants. 

We have not studied equilibria of high concentra
tions of extracted elements5 and I know of no pub
lished data on this subject. In principle, we should 
expect a decrease in the distribution coefficients at high 
concentrations of actinides, as a result of saturation of 
the extractant. Thus it is obvious that the third-power 
dependence on the concentration of the extractant will 
not apply in these circumstances. 

Paper P/819 (presented by Y. Marcus) 

DISCUSSION 

J. RYDBERG (Sweden): Could not the unusually high 
distribution coefficient for the adsorption of ameri
cium on Dowex-1 in 5M LiNOa be due to the forma
tion of some americium(IV)? It is known that ameri
cium(IV) has a stronger tendency to form complexes 
than americium(III). Thus some americium(IV) may 
be adsorbed on the resin, even if its concentration in 
the aqueous phase is too low to be detected. 

Y. MARCUS (Israel): Americium(IV) is very un
stable in aqueous solutions, and is not expected to be 
stable on an anion exchange resin. Spectrophotometry 
was used to check the oxidation states of americium in 
solution eluted from the resin, and on the resin itself, 
and we found only the bands of Amiii. An uneven 
variation of the distribution coefficients with atomic 
number was found not only for the actinides, but also 
for the lanthanides. 

Paper P/252 (presented by R. E. Tomlinson) 

DISCUSSION 

L. BAETSLE (Belgium): Do you consider that the 
CSREX process has been fully developed and can be 
used for fission product recovery? 
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R. E. ToMLINSON (United States of America): As I 
indicated in the paper, there is a problem of solvent 
stability involving the reaction of nitrous acid with the 
substituted phenols. This problem has not yet been 
solved. We are designing our processing equipment in 
such a way that the CSREX process may, but need not, 
be used, depending on the results of future develop
ments. 

Y. SoussELIER (France): Are fission products trans
ported in separate railway wagons or in wagons form
ing part of an ordinary train? 

R. E. TOMLINSON (United States of America): In 
wagons forming part of an ordinary train, but the 
train has to travel to its destination without making 
any intermediate stops. 

B. F. WARNER (United Kingdom): In estimating the 
cost of producing fission products was any allowance 
made for savings effected in waste disposal operations? 

R. E. TOMLINSON (United States of America): The 
costs quoted did not take into account any potential 
reduction in waste storage costs. 

L. THIRIET (France): What depreciation periods and 
interest rates served as a basis for calculating the cost 
price mentioned in the paper? 

R. E. ToMLINSON (United States of America): 
Standard USAEC formulae were used in the calcula
tion. In these formulae different rates are used for 
different portions of the plant. The plant buildings are 
amortized in about fifteen years, while the process 
equipment is amortized in eight to ten years. 

B. F. WARNER (United Kingdom): At Windscale 
we store our highly active waste as an acid solution in 
stainless steel tanks and are able to achieve very low 
costs and storage volumes, e.g., only 20-40 litres per 
tonne of uranium. Our experimental approach to 
fission product recovery is based on precipitation 
techniques for caesium and strontium which leave the 
volume of highly active wastes unchanged; thus we 
pay no penalty in respect of waste storage costs. 

N. E. BREZHNEVA (USSR): I am glad that the 
United States has begun to use the extraction process 
for the recovery of large quantities of isotopes. The 
extraction process of isotope separation, used in the 
Soviet Union, was described in paper P/2295 presented 
at the Second Geneva Conference in 1958;* and in 
paper P/512** submitted to the present conference an 
extraction process for complete isolation of strontium 
by salicylaldoxime is described. In the United States, 
it is intended to use di(2-ethylhexyl) phosphoric acid 

• Brezhneva, N. E., Levin, V. 1., Korpusov, G. V., Manko, 
N. M., and Bogachova, E. K., Isolation of Radioactive 
Fission Elements, Proceedings of the Second International 
Conference on the Peaceful Uses of Atomic Energy, 
P/2295, vol. 18, p. 219, United Nations (1958). 

**Vol. 14, these Proceedings. 
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for extracting strontium. We too have studied this 
method. 

I should like to know what success has been achieved 
in the United States in fully isolating strontium by 
extraction and ~aesium by adsorption with zeolites 
from waste solutions. I should also like to ask if your 
programme provides for the removal of europium. 

R. E. TOMLINSON (United States of America): In our 
waste management programme we must achieve a 
95 % removal of 137Cs and 9°Sr. We expect that the 
solvent extraction and zeolite processes will remove at 
least that amount, in fact, probably about 99 %. Our 
programme makes no specific provision for the 
removal of europium. 

N. E. BREZHNEVA (USSR): In the United States, a 
95 % recovery of strontium and caesium is considered 
sufficient. This means that subsequent reprocessing of 
residual waste solutions will remain costly and diffi
cult. It would seem advisable to increase the degree of 
recovery of caesium and strontium to 99.99 %. 

R. E. TOMLINSON (United States of America): The 
Hanford Waste Management Programme is perhaps 
unique in that we now have on hand very large vol
umes of radioactive waste solutions containing very 
large quantities of inert chemical salts. These wastes 
are now stored underground in concrete tanks. This 
situation is not likely to be duplicated in the future. 
Our problem is to continue to store these radioactive 
materials safely at the minimum cost. 

We have determined that the cheapest way for us to 
store these wastes indefinitely is to remove water from 
them and to store them as moist salt cakes in the exist
ing concrete tanks. To do this, however, we must 
remove the heat-producing isotopes so that a reason
able temperature can be maintained. We have deter
mined that 95 % removal of caesium and strontium is 
adequate after the short-lived isotopes have decayed to 
innocuous levels. 

If we were to depend solely on radioactive decay to 
reduce caesium and strontium concentrations to in
nocuous levels, we would have to store the wastes 
under surveillance for about 800 years. The removal 
of 95 % of these materials might reduce the required 
surveillance period by 100 years. The increase of the 
removal efficiency to 99.99% would, perhaps, reduce 
the surveillance period to 200 or 300 years. In our 
opinion, the difference between 300 and 700 years' 
surveillance is not significant. In any event, traces of 
transuranium elements are present and these materials 
would have to be stored for thousands of years. Thus 
the degree of recovery of caesium and strontium would 
not appreciably reduce the period of confinement. We 
therefore decided to remove only 95 % of the caesium 
and strontium solely on the grounds that that would 
be adequate to dissipate the heat of radioactive decay at 
a reasonable temperature in the moist salt cake. 
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Compte rendu de Ia seance 2.7 

Traitement du combustible irradie (II) 

President: K. D. B. Johnson (Royaume-Uni) 

Memoire P/798 (presente parT. Ishihara) 
Memoire P/250 (presente par R. C. Vogel) 
Memoire P/251 (presente par L. Burris, Jr.) 

(II a ete convenu que ces memoires seraient discutes 
ensemble.) 

DISCUSSION 

R. C. VOGEL (Etats-Unis d'Amerique): A propos du 
memoire P/798, pourquoi !'addition de Ce02 conduit
elle a une meilleure decontamination? 

Je voudrais aussi demander comment pourrait se 
faire le traitement par distillation des chlorures de 
grandes quantites d'oxyde d'uranium irradie. 

T. ISHIHARA (Japon): La dilution par le cerium 
inactif peut etre l'une des raisons de la meilleure de
contamination. Nous essayons de determiner si ce 
phenomene est du a d'autres causes. 

En reponse a votre seconde question, je voudrais 
signaler que, jusqu'a present, nos experiences ont ete 
faites sur des quantites de 1 a 4 g. Nous envisageons 
maintenant de les faire a l'echelle de 100 g. Comme 
nous essayons de traiter du combustible au plutonium, 
qui pose un probleme de criticite, nous pensons qu'il 
est suffisant de travailler sur quelques centaines de 
grammes. Pour les combustibles exigeant un traitement 
a plus grande echelle, je ne peux rien dire en precis. 

V. N. PRUSSAKOV (URSS): Etudiez-vous d'autres 
methodes que celles qui sont mentionnees dans le 
memoire P/798 pour !'elimination de !'uranium des 
lits de chlorure de sodium? 

Que] est le materiau utilise pour Ia construction de 
l'appareillage utilise dans le procede que vous avez 
decrit? 

T. ISHIHARA (Japon): La seule methode que nous 
utilisions en dehors de celle qui est decrite est un pro
cede par voie aqueuse. 

L'appareillage est en quartz. Pour les essais realises 
a l'echelle de 100 g, nous allons utiliser des appareils en 
acier inoxydable. 

D. D. SoKOLOV (URSS): A propos du memoire 
P/250, je voudrais demander quel materiau a ete 
utilise pour construire l'appareil dans lequel PuF6 et 
UF6 sont traites par H2 et H20. La reaction PuF6 + 
H2 + H20-+ Pu02 + HF + H20, pour I' elimination 
complete du ftuorure, peut-elle etre realisee en une 
seule etape? 

R. C. VOGEL (Etats-Unis d'Amerique): Dans le cas 
de la conversion de UF6 en U02 par H2 et H20, je 

crois que l'equipement etait en Monel. Nous n'avons 
pas encore etudie ce processus avec des melanges de 
UF6 et de PuF6 ou avec PuF6 seul, mais nous avons 
!'intention de le faire. En reponse a votre seconde 
question, nous pensons qu'il est peut-etre possible de 
realiser la reaction en une seule etape, mais nous 
n'avons pas encore etudie la reaction avec PuF6 en 
lit ftuidise. 

V. N. PRUSSAKOV (URSS): Comment envisagez
vous de recuperer le plutonium par la methode de 
ftuoration utilisee au Laboratoire national d'Oak 
Ridge? 

La recuperation du plutonium sera-t-elle modifiee 
de fa~on notable par le taux de combustion du com
bustible, dans le procede de volatilisation des ftuorures 
utilise au Laboratoire national d' Argonne? 

R. C. VoGEL (Etats-Unis d'Amerique): L'hexa
ftuorure de plutonium peut etre extrait des sels fondus 
par ftuoration du sel fondu. C'est le procede que nous 
pensons utiliser au Laboratoire national d'Oak Ridge. 
D'autre part, et en particulier a cause de la lenteur de 
la reaction, on peut s'attendre a ce que la corrosion 
pose des problemes. Cependant, on etudie de fa~on 
limitee un procede dans lequel de petites gouttes de sel 
fondu tombent dans une atmosphere de fluor, mais il 
n'y a pas encore de resultats disponibles. 

En ce qui concerne votre seconde question, comme 
nous n'utilisons que des reactifs mineraux qui sont 
insensibles au niveau d'irradiation, nous ne nous 
attendons pas a ce que la recuperation du plutonium 
soit modifiee par le taux de combustion. 

J. RYDBERG (Suede): La procede aux ftuorures en lit 
fluidise est-il realise de fa~on discontinue ou continue? 
S'il est realise en discontinu, envisagez-vous la possi
bilite de realiser un procede en continu? 

R. C. VoGEL (Etats-Unis d'Amerique): Les pro
cedes de volatilisation des ftuorures en lit ftuidise 
n'ont, jusqu'a present, ete realises qu'en discontinu. La 
realisation de ce procede en continu sera peut-etre 
envisagee a l'avenir. Cependant, le procede en lit 
ftuidise pour la production de 5000 t d'hexaftuorure 
d'uranium par an a partir de concentres de minerai est 
realise en continu a Metropolis (Illinois). 

J. ScHMETS (Belgique): J e voudrais dire quelques 
mots sur les resultats obtenus recemment en Belgique, 
dans le cadre d'im programme de Ia Communaute 
europeenne de l'energie atomique, et concernant le 
retraitement des oxydes par volatilisation. Apres avoir 
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etudie cinq cycles differents nous avons choisi la 
methode suivante: 

L'oxyde mixte est soumis successivement a l'oxyda
tion, a la fluoruration et a la fluoration en lit fluidise. 
La purification finale du plutonium et sa conversion en 
oxyde sont realisees en milieu de sels fondus. 

L'oxydation est effectuee a l'air, a une temperature 
comprise entre 450 et 550°C. Cette derniere tempera
ture est necessaire quand la concentration de l'oxyde 
de plutonium atteint 20 %· Afin de simuler les con
ditions de fonctionnement reel, l'oxydation est aussi 
realisee avec des melanges frittes de uo2 et de fissium, 
dont une partie a subi des traitements thermiques 
analogues ace que donnerait un reacteur. La presence 
de fissium a un effet favorable sur le comportement du 
lit fluidise: la reaction a lieu sans provoquer d'eleva
tion de temperature du type observe quand on oxyde 
uo2 fritte, sans fissium. 

La fluoruration d'un melange de poudre de UsOs et 
de fissium en lit fluide donne une reaction reguliere a 
450 °C, sans provoquer de transfert de masse, a 
!'inverse de ce que l'on observe dans le cas de reactions 
similaires avec U02 ayant la meme distribution de 
tailles de particules. La fluoruration avant la fluora
tion permet la conversion en U F 6 dans des conditions 
de faible exothermicite. 

Les hexafluorures d'uranium et de plutonium peu
vent etre formes simultanement en utilisant du fluor 
seul ou, successivement, en utilisant du trifluorure de 
chlore et ensuite du fluor. 

Les essais ont montre que la fluoration des melanges 
de U02F2, UF4 et de fluorure de fissium pouvait etre 
realisee sans difficultes avec des rendements depassant 
99,7%. 

On peut separer d'abord UF6 en utilisant ClFs. 
Ceci donne un rendement en UF6 aussi eleve que celui 
obtenu avec le fluor. Dans ce cas il y a un residu con
tenant PuF4 et les produits de fission. Ce procede a 
l'avantage de pouvoir etre realise a basse temperature 
et de n'etre que legerement exothermique. De plus, les 
concentres de plutonium obtenus peuvent etre traites 
dans des recipients compacts, ce qui facilite la tech
nologie. 

Cependant, avec une teneur elevee en plutonium, de 
l'ordre de 20 %, la separation complete de !'uranium 
par volatilisation devient plus difficile. Bien qu'une 
separation totale ne soit pas exigee pour la fabrication 
des elements combustibles, nous etudions un systeme 
qui permettrait non seulement de separer du pluto
nium, mais aussi dele convertir en oxyde, qui constitue, 
pour ainsi dire, ie materiau primaire. Dans ce procede, 
les fluorures d'uranium et de plutonium sont absorbes 
dans un bain de chlorures fond us. Sous !'action d'agents 
chimiques contenant de !'oxygene, le plutonium preci
pite sous forme de Pu02. On peut aussi recuperer U02 
stoechiometrique par electrolyse. 

Les techniques extremement simples utilisees et la 
nouvelle methode de traitement du plutonium sugge
rent que la fluoration sera utilisee initialement pour les 
ceramiques dans les cas suivants: a) combustibles 
enrichis a !'uranium ou au plutonium, venant de 
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centrales situees a de tres grandes distances des usines 
de traitement classiques et b) combustibles des reac
teurs rapides. 

D. D. SoKOLOV (URSS): Je voudrais poser deux 
questions relatives au memoire P/251. D'abord, 
combien de fois peut-on reutiliser l'alliage U-Pu 
irradie pour fabriquer des elements combustibles? 
Deuxiemement, est-il possible que, l'alliage ayant ete 
recycle trois ou quatre fois, ses proprietes physiques 
et mecaniques soient moins boones en raison de 
!'accumulation des produits de fission, en particulier 
zirconium et niobium? 

L. BuRRIS, Jr. (Etats-Unis d'Amerique): Une petite 
fraction des elements en question est extraite dans la 
petite derivation de materiaux connue sous le nom de 
materiaux de calotte, c'est-a-dire le residu qui reste 
dans un creuset de raffinage par fusion. Ce materiau 
est traite a part pour recuperer !'uranium et aussi pour 
eliminer les produits de fission nobles et les sortir du 
cycle de combustible. A l'equilibre, les quantites de ces 
produits de fission contenant les metaux nobles, intro
duites par la fission, soot egales aux quantites eliminees 
quand on recupere et purifie le materiau de la calotte. 
Le zirconium est present dans le materiau combustible 
initial a une teneur tres inferieure a la valeur d'equi
libre. Par consequent, sa concentration augmentera et 
tendra vers sa concentration d'equilibre avec la re
utilisation du combustible dans le reacteur. La pre
sence de ces produits de fission comme elements 
d'alliage dans le combustible aide a limiter les degats 
par rayonnements dans le combustible. 

G. R. HALL (Royaume-Uni): Vous avez explique 
les raisons qui poussent a mettre au point des procedes 
pyrometallurgiques et vous avez mentionne qu'un des 
avantages serait de conduire a des cofits de traitement 
plus faibles. Je voudrais done vous demander si vous 
avez compare le cofit du traitement dans !'installation 
de raffinage par fusion d'EBR-II avec le cout estime 
d'un procede aqueux pour des combustibles analogues. 
Dans ce cas, quelle serait l'economie realisee en tenant 
compte, en particulier, des economies sur l'inventaire 
en combustible? 

L. BuRRIS, Jr. (Etats-Unis d'Amerique): Le cofit du 
traitement du combustible d'EBR-11 par raffinage sous 
fusion n'a pas ete compare au cout estime d'un pro
cede aqueux. II n'y a que 30 kg de combustible EBR-11 
a traiter par semaine quand le reacteur fonctionne a sa 
puissance nominale maximale de 20 MW(e). Cette 
cadence de traitement ne represente qu'une faible 
fraction de la capacite de !'installation. Cette installa
tion est destinee a donner des renseignements eco
nomiques, ainsi que des donnees sur les performances 
techniques, que l'on pourra utiliser pour determiner 
les possibilites de realisation et le cout du traitement 
de combustible irradie par ces methodes pyrometal
lurgiques pour de grands reacteurs de puissance. 

On a calcule les co fits de traitement pour un reacteur 
surgenerateur rapide hypothetique de 1000 MW(e), 
avec des combustibles metalliques et des combustibles 
d'oxyde ou de carbure, et on a trouve que les procedes 
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pyrometallurgiques seraient economiquement avan
tageux pour les combustibles metalliques. lis ne pre
senteraien.t cependant qu'un faible a vantage, peut-etre 
inexistant, dans le cas des combustibles d'oxyde et de 
carbure pour lesquels les procedes par volatilisation 
des fluorures peuvent etre preferables. Cependant, 
comme les combustibles pour reacteurs rapides sont 
encore a !'etude, les methodes pyrometallurgiques 
pour les combustibles d'oxyde et de carbure font 
l'objet d'etudes. Les donnees economiques obtenues 
dans !'etude mentionnee ci-dessus ne sont pas dis
ponibles, mais je crois que l'economie realisee en 
traitant des combustibles metalliques par des methodes 
pyrometallurgiques est de 0,1 a 0,2 mill/kWh. 

3. F. WARNER (Royaume-Uni): Les couts relatifs de 
traitement par les trois methodes mentionnees seraient
ils les memes dans le cas d'un important programme 
de production d'energie, par exemple un programme 
portant sur 5000 a 10000 MW(e)? 

L. BURRIS, Jr. (Etats-Unis d' Amerique): Les couts 
relatifs des trois methodes de traitement changeraient 
certainement avec des quantites traitees correspondant 
ala production de 5000 a 10000 MW(e). Cependant, a 
une telle echelle, meme de petites economies repre
senteraient chaque annee des sommes considerables. 

K. D. B. JoHNSON (President): A Ia seance technique 
2. 6* des participants de plusieurs pays ont insiste sur 
les economies dans les traitements chimiques que per
met de realiser !'utilisation a grande echelle des me
thodes d'extraction par solvants. Ala seance technique 
3. 8 * * les considerations relatives au transport du 
combustible et au cout du transport ont conduit a Ia 
conclusion qu'il etait economiquement souhaitable de 
transporter le combustible sur des distances remarqua
blement longues jusqu'a une grande usine centrale de 
traitement. Certains des auteurs qui ont presente des 
memoires voudraient-ils nous dire s'ils pensent que les 
procedes par voie seche peuvent etre competitifs dans 
ces circonstances ? 

L. BuRRIS, Jr. (Etats-Unis d'Amerique): II y a 
plusieurs raisons qui devraient permettre aux pro
cedes par voie seche d'etre tout a fait competitifs avec 
les procedes par voie aqueuse. Premierement, le pro
bleme du transport des combustibles a taux de com
bustion eleve, pour lesquels Ia combustion a ete tres 
rapide, n'a pas ete resolu. Des problemes difficiles 
peuvent se poser pour le transport de ces combustibles. 
Deuxiemement, leurniveau derayonnement eleve creera 
ou, tout au moins, aggravera les problemes lies aux 
degats par irradiation, qui ne se posent actuellement 
pour les solvants organiques qu'a des niveaux de 
rayonnement relativement faibles. Dans les procedes 
par voie seche on utilise des matieres minerales, qui 
sont relativement insensibles aux rayonnements. 
Troisiemement, les rayonnements provenant des iso
topes des matieres fissiles et fertiles exigeront une 

* Voir dans le present volume. 
** Voir les presents Actes, vol. 13. 

certaine part de fabrication a distance, que! que soit le 
degre d'extraction des produits de fission. II n'est done 
pas indispensable d'eliminer completement les pro
duits de fission. Quatriemement, il est souhaitable de 
pouvoir traiter \es combustibles des reacteurs rapides, 
qui ont des taux de combustion relativement eleves, 
aussi rapidement que ·possible pour eviter des varia
tions excessives du stock de combustible. D'autres 
avantages des procedes par voie seche sont !'elimina
tion ou Ia limitation des transformations chimiques, la 
diminution de !'importance des problemes de criticite 
en raison de !'absence de moderateurs aqueux ou 
organiques, et Ia production directe de dechets solides. 

M. LEVENSON (Etats-Unis d'Amerique): En ce qui 
concerne Ia divergence apparente que presentent Ia 
relation directe entre Ia taille d'une usine et les couts, 
signalee au cours de Ia presente seance, et Ia conclu
sion obtenue a Ia seance technique 2.6 selon laquelle 
le cout diminue quand Ia taille de l'usine augmente, il 
faut noter que les deux cas sont tres differents. La 
derniere conclusion est justifiee pour des combustibles 
legerement enrichis, mais on ne peut plus la considerer 
comme valable quand il s'agit de combustibles tres 
enrichis ou de combustibles de reacteurs rapides. 
Quand le combustible contient jusqu'a 20 % de plu
tonium, la criticite est le facteur qui limite Ia taille de 
l'usine, particulierement quand on utilise un procede 
aqueux. Dans de cas une augmentation de la taille 
serait obtenue simplement par Ia construction de 
plusieurs usines sur le meme site, mais ce ne seraient 
pas des usines <<plus grandes >>au sens utilise quand on 
decrit des usines traitant des combustibles legerement 
enrichis. 

J. SCHMETS (Belgique): Je suis d'accord avec le 
Dr Burris et le Dr Vogel en ce qui concerne Ia com
petitivite du traitement par voie seche par rapport au 
traitement par voie aqueuse. Je voudrais insister sur le 
fait que le probleme du transport est loin d'etre 
entierement resolu, en particulier dans le cas des ele
ments combustibles tres longs tels que ceux qui sont 
utilises dans les reacteurs de puissance charges de uo2. 
Ces combustibles necessitent !'utilisation de moyens de 
transport tres lourds (on a cite a la presente Confe
rence un chiffre de 60 a 90t), qui pose des problemes 
pour le transport par route. En general, Ia charge 
maximale que l'on peut transporter par route, dans 
des cas exceptionnels, est de 30 a 35 t, ce qui exige un 
chateau de 20 a 22 t. Le decoupage des elements com
bustibles sur le site du reacteur ou !'augmentation du 
nombre de voyages ne resoudraient pas le probleme 
des couts. Le transport des combustibles de grande 
activite en provenance des creurs des reacteurs rapides 
conduirait a une situation du meme type. De plus, dans 
un grand nombre de cas, les reacteurs sont situes loin 
des grandes usines de traitement en phase aqueuse, ou 
en sont separes par lamer ou par d'autres obstacles, ce 
qui necessite des depenses considerables en engins de 
manutention et de levage aux lieux de transborde
ment, et entraine aussi des couts de transport mix.te 
(route, rail, mer) qui sont loin d'etre negligeables. 
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K. SADDINGTON (Royaume-Uni): Les auteurs des 
memoires sur les methodes de traitement non aqueux 
pensenHis que ces methodes remplaceront les me
thodes :aqueuses pour Jes combustibles legerement 
enrichis ::>u tres enrichis, en metal ou en oxyde 
ou carbure, et, le cas echeant, quand ce remplacement 
pourrait-il se produire? 

R. C. VoGEL (Etats-Unis d'Amerique): Le but du 
programme des Etats-Unis portant sur le procede de 
volatilisation des fluorures est d'obtenir en 1967 un 
schema relativement definitif pour les combustibles en 
oxyde. On espere que les groupes industriels l'etudie
ront alors avec soin en vue de son utilisation. On pense 
que !'introduction des carbures ne posera pas de 
problemes car l'oxydation des carbures conduit 
directement au procede en cours de developpement 
pour les oxydes. 

L. BURRIS, Jr. (Etats-Unis d'Amerique): En reponse 
au Dr Saddington je voudrais ajouter que les procedes 
pyrometallurgiques sont, de fa9on generale, mis au 
point pour les combustibles tres enrichis utilises dans 
les reacteurs rapides de puissance. 11 est done probable 
qu'ils ne seront appliques qu'a partir de 1980, epoque 
a laquelle on pense que les grands reacteurs de puis
sance rapides surgenerateurs entreront en service. Pour 
le moment, les combustibles des reacteurs rapides 
n'etant pas definis, on met au point des methodes 
generales de traitement pour les combustibles a base 
de metal, d'oxyde et de carbure. J'ajouterai que 
!'installation du cycle de combustible d'EBR-11 est 
tres souple et qu'il est prevu de l'utiliser pour essayer 
divers procedes pyrometallurgiques. D'autre part, le 
procede AIROX a ete mis au point par Atomics 
International pour des combustibles legerement 
enrichis, aussi bien que pour des combustibles tres 
enrichis. Les evaluations economiques montrent que 
ce procede est economiquement avantageux par 
rapport aux procedes aqueux, meme dans le cas des 
combustibles peu enrichis. Cependant, on n'envisage 
pas d'utiliser ce procede a grande echelle. 

Memoire P/609 (presente parS. Ahrland) 

DISCUSSION 

Y. MARCUS (Israel): A-t-il effectivement ete demon
tre que dans les conditions de traitement reelles prevue 
les echangeurs de cations mineraux presenteront des 
avantages par rapport aux resines echangeuses de 
cations en ce qui concerne la stabilite thermique et la 
stabilite sous irradiation? 

S. AHRLAND (Suede): Les echangeurs d'ions mine
raux sont certainement superieurs aux echangeurs 
organiques en ce qui concerne la stabilite sous irradia
tion et la stabilite thermique. C'est la raison principale 
pour laquelle nous essayons de les utiliser. 

I. GAL (Yougoslavie): Je crois que la superiorite des 
echangeurs niineraux au point de vue de la stabilite 
sous irradiation a ete bien mise en evidence dans une 
communication presentee par le Dr Amphlett du 
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Royaume Uni ala deuxieme Conference de Geneve*. 
N. E. 8REZHNEVA (URSS): Combien de cycles 

d'adsorption et de desorption peuvent avoir lieu dans 
une colonne avec un echangeur d'ions mineral? 

S. AHRLAND (Suede): No us avons pu utiliser la 
meme colonne de phosphate de zirconium pour 
plusieurs sorptions et plusieurs elutions et n'avons pas 
observe de changement decelable de ses proprietes. 

L. BAETSLE (Belgique): No us avons etudie !'utilisa
tion du phosphate de zirconium pour recuperer le 
cesium des concentres de traitement, mais nous avons 
observe qu'une separation franche semblait tres 
difficile, sauf apres dilution dans Je rapport quatre. 
Nous preferons done utiliser le ferrocyanure molyb
date comme echangeur d'ions pour Ia separation du 
cesium. 11 est certain que pour des separations ana
lytiques du cesium, le phosphate de zirconium semble 
etre un bon materiau, mais en presence de concentra
tions importantes de sodium, de fer et de magnesium, 
ses performances sont assez mediocres. 

S. AHRLAND (Suede): Nous n'avons pas rencontre 
de difficultes serieuses pour la sorption de Cs+ sur du 
phosphate de zirconium en presence, par exemple, de 
Na+, Sr2+ ou Ce3+. 

Memoire P/348 (presente par G. N. Yakovlev) 

DISCUSSION 

B. F. WARNER (Royaume-Uni): Avez-vous eu a 
resoudre des problemes resultant de la precipitation de 
solides quand l'acidite de la solution de dechets tres 
actifs etait ramenee a pH= 1 ? Y avait-il des ions 
P043- presents ala suite de !'extraction au TBP? 

G. N. YAKOVLEV (URSS): Nous avons etudie la 
formation d'un complexe d'americium avec les ions 
H2P042+, mais nous n'utilisons pas d'acide phospho
rique dans le procede de recuperation de !'americium. 

A. S. KERTES (Israel): Avez-vous fait des experiences 
sur !'extraction des actinides et des lanthanides par la 
trioctylamine dans des milieux aqueux de thiocyanate? 

G. N. YAKOVLEV (URSS): Nous avons etudie en 
detail au cours des dernieres annees !'extraction des 
actinides et des lanthanides de solutions de thiocyanate 
d'ammonium par des solutions de trioctylamine dans 
divers solvants. Les coefficients de separation des 
groupes sont voisins de ceux obtenus par extraction a 
partir de solutions de chlorure de lithium. 

M.A. MANDIL (Republique arabe unie): Vous avez 
indique dans votre memoire une relation ou la con
centration du solvant figure a la troisieme puissance, 
ce qui est en accord avec les resultats obtenus pour des 
solvants similaires en solutions diluees et pour des 
experiences a traceurs. Pensez-vous que cet .exposant 

* Amphlett, C. B. Les echangeurs d'ions mineraux synthltiques 
et leurs applications a I' energie atomique, Actes de Ia deuxieme 
Conference intemationale sur !'utilisation de l'energie ato
mique a des fins pacifiques, P/271, vol. 11, p. 205, Nations 
Unies (1958). 
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pourrait dependre d'une facon quelconque de la con
cenlration de l'espece extraite, en particulier dans le 
cas des concentrations elevees? 

G. N. YAKOVLEV (URSS): Nous avons etudie 
!'extraction de !'americium et du curium avec 20 
agents d'extraction organophosphoriques neutres, et 
aussi avec un nombre considerable de phosphates 
organiques acides, en particulier a partir de solutions 
nitriques. Pour de faibles concentrations des elements 
etudies, et avec une concentration en ion nitrate com
prise entre O,OIM et 1,5M, Ia loi de la puissance trois 
par rapport a la concentration de l'agent d'extraction 
a toujours ete observee. Le solvant a un effet con
siderable sur le degre d'extraction, surtout dans le cas 
des agents d'extraction acides. 

Nous n'avons pas etudie les equilibres dans le cas 
des concentrations elevees des elements extraits, et je 
ne connais pas de donnees publiees sur ce sujet. En 
principe, on s'attendrait a une diminution des coeffi
cients de distribution pour des concentrations elevees 
d'actinides, par suite de la saturation de l'agent 
d'extraction. 11 est done evident que la loi de la puis
sance trois de la concentration de l'agent d'extraction 
ne s'appliquerait pas dans ces circonstances. 

Memoire P/819 (presente par Y. Marcus) 

DISCUSSION 

J. RYDBERG (Suede): Le coefficient de distribution 
anormalement eleve pour !'adsorption de !'americium 
sur le Dowex-1 dans du LiNOa 5M pourrait-il etre du a 
la formation d'une certaine quantite d'americium (IV)? 
On sait que l'americium(IV) a une tendance plus 
grande a former des complexes que I' americium (III). 
Ainsi une certaine quantite d'americium(IV) peut etre 
adsorbee sur la resine, meme si sa concentration dans 
la phase aqueuse est trop faible pour etre detectee. 

Y. MARcus (Israel): L'americium(IV) est tres 
instable en solution aqueuse, et on ne s'attend pas ace 
qu'il soit stable sur une resine echangeuse d'anions. 
Nous avons verifie par spectrophotometrie les etats 
d'oxydation de !'americium dans la solution eluee de 
la resine, et sur la resine elle-meme, et nous n'avons 
trouve que les bandes de I'americium(III). Une varia
tion inegale des coefficients de distribution en fonction 
du numero atomique a ete observee non seulement pour 
les actinides, mais aussi pour les lanthanides. 

Memoire PJ252 (presente parR. E. Tomlinson) 

DISCUSSION 

L. BAETSLE (Belgique): Estimez-vous que le procede 
CSREX a ete completement mis au point et peut etre 
utilise pour la recuperation des produits de fission? 

R. E. TOMLINSON (Etats-Unis d'Amerique): Comme 
je l'ai indique dans la communication, il y a un pro
bleme de stabilite du solvant concernant la reaction de 
l'acide nitreux sur les phenols substitues. Ce probleme 
n'a pas encore ete resolu. Nous concevons notre 
installation de traitement de fa(,(On a pouvoir Utiliser 

le procede CSREX, mais sans que ce procede soit 
indispensable, en attendant les resultats des developpe
ments futurs. 

Y. SoussELIER (France): Les produits de fission sont
ils transportes dans des wagons de chemin de fer 
separes ou dans des wagot1s faisant partie d'un convoi 
ordinaire? 

R. E. ToMLINSON (Etats-Unis d'Amerique): Dans 
des wagons faisant partie d'un convoi ordinaire, mais 
le train doit se rendre a sa destination sans aucun 
arret intermediaire. 

B. F. WARNER (Royaume-Uni): En estimant le cout 
de production des produits de fission, avez-vous tenu 
compte des economies realisees dans les operations 
d'elimination des dechets? 

R. E. TOMLINSON (Etats-Unis d'Amerique): Les 
couts cites ne tiennent pas compte d'une reduction 
eventuelle des couts de stockage des dechets. 

L. Thiriet (France): Quelles sont les durees d'amor
tissement et quels sont les taux d'interet qui vous ont 
servi a calculer les prix de revient mentionnes dans 
votre memoire? 

R. E. TOMLINSON (Etats-Unis d'Amerique): Les 
formules types de la USAEC ont ete utilisees pour les 
calculs. Ces formules contiennent des taux differents 
pour differentes parties de !'installation. Les biHiments 
sont amortis sur environ quinze ans, tandis que le 
materiel est amorti sur huit a dix ans. 

B. F. WARNER (Royaume-Uni): A Windscale, nous 
stockons nos dechets tres actifs sous forme de solution 
acide dans des cuves en acier inoxydable, et nous 
sommes parvenus a des prix eta des volumes de stock
age tres faibles, par exemple 20 a 40 I seulement par 
tonne d'uranium. Notre etude experimentale de la 
recuperation des produits de fission utilise des me
thodes de precipitation pour le cesium et le strontium ce 
qui ne modifie pas le volume des dechets tres actifs; il 
n'y a done pas de penalite concernant les couts de 
stockage des dechets. 

N. E. BREZHNEVA (URSS): Je suis heureuse de voir 
que les Etats-Unis commencent a utiliser _les procedes 
d'extraction pour recuperer de grandes quantites 
d'isotopes. Le procede d'extraction pour Ia separation 
des isotopes, utilise en Union Sovietique, a ete decrit 
dans le memoire P/2295* presente a la deuxieme 
Conference de Geneve en 1958, et dans le memoire 
PI 512 * * presente a la presente Conference. On y decrit 
un procede d'extraction pour la separation complete du 
strontium par Ia salicylaldoxime. Aux Etats-Unis, il 
est prevu d'utiliser l'acide di(2-ethylhexyl) phospho
rique pour extraire le strontium. Nous avons egalement 
etudie cette methode. 

Je voudrais savoir quels ont ete les resultats obtenus 

* Brezhneva, N. E., Levine, V.I., Korpoussov, G. V., Manko, 
N. M., et Bogatcheva, E. K., Separation des elements de 
fission radioactifs, Actes de Ia deuxieme Conference inter
nationale sur !'utilisation de l'energie atomique a des fins 
pacifiques, P/2295, vol. 8 p. 638, Nations Unies (1958). 

** Voir les presents Actes, vol. 14. 
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aux Etats-Unis pour Ia separation complete du stron
tium par extraction et du cesium par adsorption sur 
des zeolithes a partir des solutions de dechets. Je 
voudrais aussi vous demander si votre programme 
prevoit !'extraction de !'europium. 

R. E. TOMLINSON (Etats-Unis d'Amerique): Dans 
notre programme de traitement des dechets nous 
devons obtenir !'extraction de 95% du 137Cs et du 
90Sr. Nous pensons que !'extraction par solvant et les 
procedes aux zeolithes elimineront au moins cette 
quantite et, en fait, probablement 99 % environ. Notre 
programme ne prevoit pas explicitement !'extraction 
de !'europium. 

N. E. BREZHNEVA (URSS): Aux Etats-Unis, une 
recuperation de 95 % du strontium et du cesium est 
jugee suffisante. Ceci veut dire que le traitement 
ulterieur des solutions residuelles de dechets restera 
coftteux et difficile. II semblerait souhaitable de porter 
le degre de recuperation du cesium et du strontium a 
99,99%. 

R. E. TOMLINSON (Etats-Unis d'Amerique): Le pro
gramme de traitement des dechets de Hanford est 
peut-etre unique en ce sens que nous disposons 
actuellement de tres grandes quantites de solutions 
de dechets radioactifs contenant des quantites con
siderables de sels chimiques inertes. Ces dechets sont 
actuellement stockes dans des cuves en beton souter
raines. II est peu probable que cette situation se repro
duise a l'avenir. Notre probleme est de continuer a 
stocker ces materiaux radioactifs de fa9on sure au coftt 
minimal. 
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Nous avons determine que. Ia far;on Ia plus eco
nomique pour nous de stocker ces dechets indefini
ment est d'en extraire l'eau et de les stocker sous 
forme de gateaux de sels humides dans les cuves en 
beton existantes. Pour ce faire, cependant, nous devons 
extraire les isotopes generateurs de chaleur de fa90n a 
maintenir une temperature raisoniJ.able. Nous avons 
determine que !'extraction de 95% du cesium et du 
strontium est suffisant~, une fois que les isotopes a vie 
courte ont decru et atteint des niveaux ne presentant 
pas de danger. 

Si nous voulions compter seulement sur Ia decrois
sance radioactive pour reduire les concentrations du 
cesium et du strontium jusqu'a des niveaux ne presen
tant pas de danger, il faudrait stocker les dechets sous 
surveillance pendant 800 ans environ.. L'extraction de 
95% de ces materiaux pourrait reduire Ia periode de 
surveillance necessaire de 100 ans. L'augmentation de 
l'efficacite d'extraction jusqu'a 99,99% reduirait sans 
doute Ia periode de surveillance a 200 ou 300 ans. A 
notre avis, Ia difference entre une surveillance de 300 
ans et une surveillance de 700 ans n'est pas significa
tive. De toute fa9on, il y a des traces d'elements 
transuraniens, et ces materiaux devraient etre stockes 
pendant des milliers d'annees. Ainsi le degre d'extrac
tion du cesium et du strontium ne modifierait pas de 
fa9on appreciable Ia periode de confinement. Nous 
avons done decide de n'extraire que 95% ~u cesium 
et du strontium uniquement parce que cette valeur 
serait suffisante pour que Ia dissipation de Ia chaleur de 
decroissance radioactive donne une temperature 
raisonnable dans le gateau de sels humide. 

nepepa60TKQ •AepHoro TOnnMaa (II) 

flpeaceaame.llb: K. ,LJ.. B. ,lJ.>KoHcoH (CoeAHHeHHoe Koponeecreo) 

,lJ.oKnaA P/798 (npeAcTaBHn T. !flwHxapa) 

,lJ.oKilaA P/250 (npeACTaBH/1 P. C. Olorenb) 

,lJ.oKilaA P/251 (npeAcraeHn II. 6yppHc, Mil.) 

(BhlJIO npHHJITO perneHHe 0 COBMeCTHOM o6cym
f),eHHH nux AORJiaAOB) 

,lJ.IIICKYCCHfl 

P. C. <t>OfEJlh (CIIIA): Ilo IIOBOAY AORJiaAa 
P/798 JI xoTeJI 6w cnpocuTD, no'leMy A06aBJieuue 
Ce02 npHBOAHT R IIOBhlilleHHoii O'IHCTRe? 

H xoTeJI 6w TaRme cnpocnTI>, Ral:\ MomHo ocy-
11\eCTBJIJITb o6pa6oTRY 60JibiiiHX 1:\0JIH'leCTB o6Jiy-

'leHHoii ABYORHCH ypaHa nyTeM XJiopupoBaHHJI u 
AHCTIIJIJIJiqHH. 

T. 11IIIMXAPA (flnoHHH): Paa6aBJieHue HeaR
THBHhiM qepHeM MomeT 6h1Tb OAHOH H3 npH'IHH 
noBhiiiieHHoii O'IHCTRH. Ceii'lac Mbl nwTaeMcJI oii
peAeJIHTb Apyrue npH'IHHbl aToro JIBJieHHJI. 

qTo RacaeTcJI Bamero BToporo Bonpoca, JI xo
TeJI 6hl yRa3aTb, 'ITO Mhl npOBOAHJIH HaiiiH ::mcne
JIHMCHThl flORa el.l\C Ha 1:\0JIH'IeCTBaX IIOPHAKa 
1-4 z. Ceifqac MLI rrJiaHupyeM rrposecTH :mcrrepu
MeHTM Ha ROJIH'lecTBax nopHARa 100 z. TaR Ral:\ 
Mhl llhlTaeMCJI nepepa6aThlB3Tb llJIYTOHHeBOe TOll
JIHBO, 'ITO CBJiaaHo c npo6JieMoii RPHTH'IHOCTH, Mhl 
IIOJiaraeM, 'ITO, BepOHTHO, 6YAYT AOCTaTO'IHhiMU 
1:\0JIH'IeCTBa B HeCl:\OJibl:\0 COTeH rpaMMOB. ,Il;JIJI 
cnyqaJI, ROrAa uymuo nepepa6aThiBaTI> 6oJILIIIHe 
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JWJIH'IeCTBa, JI He Mory cKaaaTh uuqero orrpep,e
JieHHoro. 

B. H. IIPYCA.KOB (CCCP): lhy•IaiOTCJI JBI 
KaKue-Jiu6o ,D,pyrue cnoco6hl, noMHMo Tex, KoTo
phie ynoMHHYTbi n' p,oKJia)W P/798, ,D,JIJI y,D,aJieHHH 
ypaHa H3 HaCa,D,Klf XJIOpHCTOrO HaTpHJI? 1\aKOH 
l\OHCTpyK~HOHHhiH MaTepuaJI HCIJOJih3yeTCJI ,D,JI11 
naroTonJieHHJI o6opy,D,oBaHHJI B orrucaHHOM BaMu 
11po~ecce? 

T. Mill MXAP A ( HrroHHJI) : E,D,HHCTBeHHLIM 
enoco6oM, KOTOphlH Mhl npuMeHJieM, IJOMHMO OIJH
caHHOrO, JIBJIJieTCJI BO,D,HhiH npo~eCC. 

06opy,D,onaHue BhiiJOJIHeHo Ha KBap~a. Ami 
:mcnepuMeHTOB Ha 100-rpaMMOBhiX KOJIH'IeCTBaX 
Mhi co6upaeMcJI ucnoJih30BaTb o6opy;n,oBaHue ua 
nepmaneiO~eii: cTaJIH. 

,1l;. ,1l;. COKOJIOB (CCCP): llo ,D,OKJiap,y P/250 
H XOTeJI 6hl CTipOCHTh, KaKOH MaTepuaJI HCTIOJih-
3yeTCJI ,D,JIJI H3rOTOBJieHHJI annapaTyphi, B KOTO
poii: PuF6 u UF6 o6pa6aThiBaiOTCJI H 2 u H 20. 
MomHo JIH peaK~HIO PuFs + H2 + H20 --.. 
Pu02 + HF + H20 ocy~eCTBHTh aa O.D.HY CTa,D,HIO 
npu TIOJIHOM y,D,aJieHHH cPTOpH;n,a? 

P. C. <DOfEJib (CiliA): llpu npenpai.QeHHH 
UFs B uo2 c TIOMOI.QhiO H2 H H20 MaTepuaJIOM, 
ll3 KoToporo 6Lma c,D,eJiaHa annapaTypa, 6MJI, no
MoeMy MOHeJih-MeTaJIJI. MM e~e He IIayqaJiu :ny 
cTa,D,IIIO npu ucnoJihaonaHHH cMecu UFs u PuFs 
HJIH o,D,Horo PuFs, HO co6upaeMcJI 3TO c,D,eJiaTb. Ha 
Barn BTOpoii: BOIIpOC MO>RHO CKa3aTh, 'ITO Mhi 
C'IHTaeM B03MO>RHbiM npoBe,D,eHHe 3TOH peaK~HH 

aa O,D,HY CTa,D,HIO, HO Mhl ei.Qe He uayqaJIH peaK~HIO 
PuF6 B K•HIIJII.QHX cJioHx. 

B. H. IIPYCAROB (CCCP): RaK npe,D,noJia
raeTcJI H3BJieKaTh IJJIYTOHHH B CHCTeMe cPTOpupo
naHHH, IlpHMeHJieMOH B 0KpH,D,>RCKOH Ha~HOHaJih
HOHJia6opaTOpHH? 

By,D,eT JIH uanJieqeHue IIJIYTOHIIJI cyi.QeCTBeHHo 
ll3MeHJIThCJI C yneJIH'IeHHeM BhlrOpaHHJI TOIIJIHBa 
npu nepepa6oTKe B nponecce, ocHonaaHOM ua Jie
TyqecTu «flTopH,D,OB u npHMeHHeMoM B AproHHCKOII 
Ha~uoHaJihHOii: Jia6opaTopuu? 

P. C. <DOfEJib (CiliA): feKca!JITopii,D, nJiyTo
HHJI MOffiHO y,D,aJIJITh H3 pacnJiaBJieHHbiX COJieii: 
nyTeM «flTopuponaHHJI pacnJiaBJieHHoii: coJIII. IIpe,D,
noJiaraeTcJI ucnoJILaonaTh 3TOT npou,ecc B 0KpHA
iKCKoii: Ha~HOHaJihHOH Jia6opaTopHH. C !!,pyroft 
CTOpOHhl, OC06eHHO B CBJI3H C TeM, 'ITO peaK~IIJI 
H,D,eT Me,D,JieHHO, MO>RHO O>RH,D,aTh, 'ITO KOpp03H11 
cTaHeT npo6JieMoii:. 0,D,HaKo HeKoTopaH pa6oTa 
IIpOBO,D,HTCJI flO npo~eccy, npu KOTOpOM He60JihrnHe 
KaiiJIH paCnJiaBJieHHOH COJIH na,D,aiOT 'Iepea aTMOC
«flepy cPTOpa, HO peayJihTaTbl IIOKa ei.Qe He TIOJiy
qeHhl. 

Ha Barn nTopoii: nonpoc H Mory CKaaaTh, 'ITO, 
IIOCKOJihKY B npo~ecce yqaCTBYIOT TOJihKO Heopra
IIH'IeCKHe peareHThl H OHH He 'IYBCTBHTeJihHhl K 
ypOBHIO o6Jiy'IeHHJI, Mbl He OffiH,D,aeM, 'ITO H3BJie
'IeHHe llJIYTOHHJI H3MeHHTCJI C yneJIH'IeHHeM Bhl
ropaHHJI TOllJIHBa. 

H. PMABEPf (illne~uH): Ocy~ecTnJIHeTcH JIH 
cPTOpH,D,HhiH npou,ecc C KHllJII.QHM CJIOeM nepHO,D,H-

•recKu HJIH HenpephiBHo? EcJiu nepuo,D,H'IecKu, To 
paccMaTpunaeTe JIH Bhi noaMo>RHOCTh ocy~ecT
BJieHnH uenpephlBHoro npo~ecca? 

P. C. <DOrEJib (CIDA): Ao cux nop npo~ec
chi C KJJIJJI~HM CJIOeM C o6paaoBaHHeM JieTy'IHX 
tJ>TOpH!!,OB OCyi.QeCTBJIJIJIHCh JIHrnh nepHO,D,H'IeCKH. 
HenpephlnHoe ocyi.QeCTBJieHHe aTHX npo~eccon, 
nepoHTHO, 6y,D,eT paCCMaTpHBaThCJI B 6y,D,yi.QeM. 
0,D,HaKo Ha aano,D,e B MeTponoJiuce, rnT. liJIJIH
Hoii:c, npo~eCC C KHllJII.QHM CJIOeM ,D,JIJI IIpOH3BOII,
CTBa 5000 r UFs B ro,D, ua py,D,Hhlx Koa~eHTpaTon 
OCYI.QeCTBJIJieTCJI Ha HenpephiBHOH OCHOBe. 

lli. illMEQ (BeJihrHH): H xoTeJI 6hi C,D,eJiaTh 
HeCKOJihKO aaMe'IaHHH 0 HeKOTOphlX peayJibTaTaX 
uepepa60TKH OKHCeii MeTO,D,OM B03fOHKH, IIOJiy'IeH
HhlX B IIOCJie,D,Hee npeMJI IIpH OCyi.QeCTBJieHHH npo
rpaMMbl Enponeii:cKoro coo6I.QecTna no aTOMHoii 
:mepruu. IIocJie uay'IeHHH IIHTH paaJIH'IHhiX ~ul\
JIOB Mhl Bhl6paJIH CJie,D,yiOI.QYIO npo~e,D,ypy. 

CMernaHHaH OKHCh IIOCJie,D,oBaTeJibHO IIO,D,Bep
raeTCJI OKHCJieHHIO, rH,D,pOcPTOpHpOBaHHIO H cPTOpU
pOBaHHIO B KHIIJII.QeM CJIOe. 0KOH'IaTeJihHaJI O'IHCT
Ka IIJIYTOHHH u npenpai.QeHue ero n oKHCh npoua
BO,D,HTCJI B paCIJJiaBJieHHhiX COJIJIX. 

0KHCJieHue OCyi.QeCTBJIJieTCJI Ha B03,D,yxe npu 
TeMnepaTypax OT 450 ,D,o 550° C. IIocJie,D,HHJI TeM
nepaTypa Heo6XO,D,HMa, KOr,D,a KOH~eHTpa~HJI ,D,By
OKHCH IIJIYTOHHJI ,D,OCTHraeT 20%. ,1l;JIJI HMHTa~HU 
pa6o'IHX YCJIOBHH npo~ecc OKHCJieHHJI TaK>Re ocy
I.QeCTBJIJieTCH Ha CUe'IeHHhiX CMCCJIX U02 H <<cPHC
CHyMa», 'IaCTh KOTOphiX IIO,D,BepraJiaCb TepMH1Ie
CKOH o6pa6oTKe, IIO,D,06Hoii o6pa60TKe B peaKTOpe. 
ff pHCYTCTBHe cPHCCHyMa OKa3hiBaeT 6JiaronpUHT
HOe noa,D,eii:cTBHe Ha none,D,euue KHIIJII.Qero cJioH: 
peai\~uH npoxo,D,HT 6ea peaKoro nonhlrneHHH TeM
uepaTypLI, KaK 3TO Ha6JIIO,D,aeTCJI npu OKUCJie
HUH CIIe'IeHHOH U02 6ea IIpHMeHeHHJI cPHCCHyMa. 

fu,D,po«flTopuponaHue cMecu nopouma UaOs u 
cPHCCHyMa B KHQJII.QeM CJIOe npOHCXO)J,HT IIJiaBHO 
upu 450° C, 6ea yneJIH'IeHHJI Macconepe)J.a'IH B oT
JIH'IHe OT TOro, 'ITO Ha6JIIO,D,aeTCJI B CJiyqae IIOA06-
HhiX peaK~HH C U02 TaKOrO >Re rpaHyJIOMeTpH'Ie
Cl\Oro cocTana. fu,D,po«flTopuponaHue nepeA «flTopH
ponaHHeM noanoJIJI:eT ocyi.QeCTBHTh npenpai.QeHue 
B UF6 npu nouumeHHOM Bhl,D,eJieuuu TeiiJia. 

feKca«flTopU!!,hl ypaHa ll IIJIYTOHHJI MoryT o6pa-
30BhiBaThCH O,D,HOBpeMeHHO upu HCIIOJih30BaHUH 
O,D,HOrO cPTOpa UJIU IIOCJie,D,OBaTeJihHO npu npuMe
neHHII Tpu«f~Topu)J.a xJiopa. u aaTeM «f~Topa. 

lfCIIhlTaHUJI llOKa3aJIH, 'ITO cPTOpllpOBaHHe CMe
ceii: U02F2, UF4 u «f~Topu)J.a «fluccuyMa npoxo,D,uT 
6e3 aaTpy,D,HeHHH C BhiXO)J,aMH CBhlrne 99,7%. 

IIpe)J.napuTeJILHoe OT)J.eJieHue UFs MomHo ocy
mecTBJIJITh, ncnoJILayJI ClFa. iho )J.aeT TaKoft me 
nhiCoKuii: BhiXOA UF6, KaK u npll ucnoJih30BaHuu 
«f~Topa. B aToM cJiyqae uMeeTcH oca)J.oK, cocToJI
~uii ua PuF4 u npo!!,yKTOB )J.eJieHHJI. IIpo~ecc uMe
eT TO npeuMy~eCTBO, 'ITO ero MOffiHO ocy~eCT

BJIJITh npll HH3KOH TeMnepaType ll 'ITO OH JIHrnb 
cJierKa aKaoTepMu'IeH. RpoMe Toro, noJiy'IeHHLiii 
KOH~eHTpaT IIJiyTOHHJI MO>RHO o6pa6aTbiBaTh B 
KOMTiaKTHhiX COCy!l,aX, 'ITO yrrpo~aeT TeXHOJIOfUIO. 

0)J,HaKO npu BhlCOKOM CO,D,epmaBHH WIYTOHHJI 
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( OKOJJO 20%) IIOJJHOe OT)WJJeHUe ypaHa aa C1IeT 
BoaroHKn craHOBHTCH 6onee TPY~HhiM. HecMoTp.H 
Ha TOT iflaKT, 'ITO ~JJR U3rOTOBJJeHU1:1 TeiTJIOBbl~e
JJHIOil\UX aJieMeHTOB He HY»\HO IIOJIHOe paa~eJie

HUe, ceii:'IaC U3y'IaeTC1:1 CUCTeMa, KOTOpaH He TOJJI,
KO II03BOJJUT OT~eJJHTh IIJJYTOHUH, HO TaKme IIpC
Bpall\aTb ero B ~ByOKUCh, KOTOpaH, TaK CKaaaTh, 
HBJJHeTCH ocHoBHhlM MaTepuaJJOM. B aTOM npo
rwcce ifJTopu~Lr ypaHa u nnyToHHH a6cop6upyroT
CH B BaHHe 03 paCITJJaBJJeHHbiX XJIOpH~OB. Ilo~ 
~eii:CTBUeM CO~epmall\UX KUCJIOpO~ peareHTOB, 
nnyToHuii: ocamt~;aeTcs B But~;e Pu02. IlyTeM no
cnet~;yroll\ero aJJeKTponuaa MomHo TaKme H3BJJe'Ih 
CTeXUOMeTpU'IeCKYIO U02. 

IlpuMeHHeMaH 'Ipe3Bbi'Iaii:HO npOCTaH MeTO,Il;HKa 
H HOBbiH cnoco6 o6paoOTKH HJIYTOHHH npe~rroJia
raeT, 'ITO lfJTopupoBaHue 6y~eT nepBoHa'IaJihHo 
npnMeHHThCH K KepaMUKaM B CJJet~;yiOil\HX CJiy'Ia
HX: a) ,Il;JIH TOIIJIHB H3 ooorall\eHHOro ypaHa UJIU 
o6oran~eHHoro nnyToHnH, nocTyrraiOil\HX c aJJeK
TpocTaH~uii:, pacnonomeHHhlX Ha aHa'InTeJihHOM 
paccTOHHHH OT oobi'IHhiX aaBot~;oB no nepepa6oTKe; 
b) t~;JJH TonJinBa ua peaHTopoB Ha 6McTphlx Heii:
Tponax. 

,D;. ,D;. COROJIOB (CCCP): ¥ MeHH ecTh t~;Ba 
Bonpoca no ~OHJiat~;y P/251. Bo-nepBbiX, CKOJJbKO 
paa MomHo pereHepupoBaTb o6JJy'IeHHMii ypaH
nnyToHneBhiii: CITJiaB ,Il;JJH H3rOTOBJICHHH TCIIJIOBbi
,Il;CJIHIOil\HX aneMeHTOB? Bo-BTOphlx, B03MomHo JIH, 
'ITO nocne Toro, KaK cnnaB 6y.rt:eT pereHepupoBaH 
Tpu unu 'ICThipe paaa, ero lfluau'IecHue u MexaHn
•recHue CBoii:CTBa yxy.rt:rnaTCR ua-aa HaKonJieHnH 
npo,Il;yKTOB p;eJieHHH, OCOOCHHO ~HpHOHUH H HHO
OHH",l 

JI. B"YPPHC, MJI. (CiliA): He6oJILIIIaH 'IaCTh 
paccMaTpHBaeMbiX aJieMeHTOB nonap;aeT B He-
6oJJLIIIoii: OOKOBOH IIOTOK T3K H33hlBaeMOI'O 'Iepen-
1\0BOI'O MaTepuaJJa, TO eCTh OCTaTKa B THI'Jie t);JJH 
palfluHupoBO'IHOii: nJJaBHH. 8TOT MaTepnaJI nepe
pa6aTbiBaeTcH OT)J;eJJhHO (c TeM 'ITOOhl H3BJIC'Ib 
ypaH, a TaKme yp;aJIHTh 6naropop;Hhie npop;yKThi 
,Il;eJienHH u BbiBecTu l'IX 1'13 TOJJJIHBHoro u,uima). B 
ycJioBHHX paBHOBecuH KOJIH'IeCTBa aTux 6naro
pot~;HhiX MeTaJIJIOB - npot~;yKTOB ,Il;CJieHH.H, B03HH
HaiOil\HX B peayJihTaTe p;eJieHiJH, paBHbl KOJIU'IeCT
BaM, yp;aJIHCMbiM npu pereHepa~HH H O'IHCTRe qe
peiTKOBOrO MaTepuaJia. QupHOHUH npucyTCTBYCT 
B HCXO,Il;HOM TOIIJIHBHOM MaTepHaJie B 1\0H~eHTpa
I\HHX 3H3'IHTeJihHO HH>Ke ero paBHOBeCHOH KOH
~eHTpa~HH. IloaTOMY ero KOH~eHTpa~HH 6yp;eT 
yBeJIU'IHBaTbCH )1;0 paBHOBeCHOH 1\0H~eHTpa~UH no 
Mepe IIOBTOpHOI'O UCIIOJih30BaHHH TOnJIHBa B pe-
31\TOpe. IlpucyTCTBHe B TOnJIUBe 3THX npo,Il;yKTOB 
ACJieHuH B Ka'IeCTBe nerupyroll\HX aJieMeHTOB cno
co6cTByeT CHH>KeHUIO pat~;ua~HOHHbiX HapyrneHHH 
B TOIIJIHBe. 

II. II. XOJIJI (Coep;uHeHHoe KoponeBcTBo): Bhi 
oo'hHCHHJIH npu'IHHhi paapa6oTKH nupoMeTaJIJiyp
ru'IeCKHX npo~eCCOB H YIIOMUHaJIU 0 TOM, 'ITO O,Il;
HHM H3 npeHMYil\eCTB 6yp;yT OOJiee HH31\He pac
XO,Il;hl Ha nepepa6oTHy. IloaToMy MHe xoTeJIOCh Ohi 
cnpocuTh, cpaBHHBaJiu JIH Bhl pacxot~;bl Ha nepe
pa6orHy AJIH ycTaHOBKH, r,Il;e npuMeHHeTCH palflu-
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HHpouo'lHaH uJiaBKa TOIIJiuBa ua peaKTopa EBR-11 
CO CMeTHhiMH paCXO)J;aMH, Korp;a ,Il;JIH nO,Il;OOHbiX 
IIH.,Il;OB TOIIJIJfBa HCI10Jih3yeTCH BO,Il;HbiH npo~ecc. 
Ecnu TaK, 'IeMy paBHa aKOHOMHH B pacxot~;ax c 
y'feToM, B 'l.acTnocru, aKoHoMnu B ooii(eM KOJJU'fe
CTBe TOHJIHBa? 

JI. B"YPPHC, MJI. (CiliA): Pacxo,Il;hi Ha nepepa
ooTKY TonJIHBa H3 peaKTopa EBR-11 nyTeM pa
lfluHHpOBO'IHOH nJiaBKH He CpaBHHBaJIUCh C 
paC'IeTHhiMH paCXO,Il;3MH IIpH HCnO.llh30BaHHH BOJ\
HOrO npo~ecca. Ilpu pa6ore peaKTopa EBR-11 Ha 
HOJIHOii: MOil\HOCTH 20 Mer (an.) Heooxo,Il;HMO ne
pepa6aTbiBaTh JIHIIIh 30 "z TOIIJIUBa ua ::noro peaK
Topa. TaHaR nponaBO,Il;HTeJILHOCTh cocTaBJIReT 
JIHillh HeOOJihiiiYIO ,Il;OJIIO OT npOH3BO~HTeJibHOCTU, 
Ha KOTOpyro paCC'IHTaHa ycTaHOBI\a. QeJib C03,Il;3-
HHH 3TOH ycTaHOBKH COCTOHT B TOM, 'ITOObl nony-
1fHTb ,Il;3HHhle no 3KOHOMH1JeCKHM, a TaKme H no 
pa6o'IHM noKaaareJIHM, Korophle MomHo 6MJIO 6M 
IICnOJih30BaTh ,Il;JIJI onpe,Il;eJieHUH TeXHH'IeCKOH ocy-
11\eCTBHMOCTH H CTOHMOCTH nepepaoOTKH TOOJIHBa 
H3 KpynHbiX :mepreTH'IeCKHX peaKTOpOB nupoMe-
1'3JIJiyprH'IeCKHMH cnoco6aMn. 

BMnn BbiC'InTaHbl pacxop;bl Ha nepepa6oTKY ,Il;JIH 
runoTeTn'IecKoro peaHTopa Ha ObiCTpblx HeiiTpo
Hax MOil\HOCThiO 1000 Mer ( :m.) c MeTaJIJIH'Ie
CHHM, OKHCHbiM HJIH HepaMH'IeCKHM TOIIJIHBOM H 
ubiJIO ycTaHoBJieHo, 'ITO nupoMeTaJinypru'IeCKue 
npo~eccbl 6YAYT aKoHoMu'IecKu 6oJiee BLiro)J;Hhi
MH ,Il;JIH MeTaJIJIH'IeCKHX BDAOB TonJinBa. Ho npu 
ncnOJih30BaHHH OKHCHbiX HJIH KepaMD'IeCKHX BH
,Il;OB TonnuBa aTu npo~eccbl 6YAYT ,Il;aBaTh Mano. 
npeuMyll\eCTB, ecnu Bo06Il\e 6YAYT ux uMeT)>; B 
<JTOM CJiy'Iae, BepOHTHO, JIY'Illle npuMeHHTh npo
~eCChl, ocHoBaHHble Ha neTy'IeCTH ifJTopu,Il;oB. Ho 
nocKoJILKY ronJIHBO ,Il;JIH peaKTopoB Ha 6McTphlx 
HeiiTpoHax Bee ell\e paapa6aTbiBaeTCH, uayqaiOTCH 
TaKme u cxeMM nnpoMeTaJinypru'IecHoii nepepa-
6oTKH 01\HCHbiX H KapoH)J;HbiX BH,Il;OB TOnJIHBa. 
,Il,aHHMe aHoHoMu'IeCHoro xapaHTepa, nony'IeHHLie 
npu BIJIIIeynoMHHYTOM IICCJie,Il;OBaHHH ell\e HenoJI
Hhle, HO H TIOJiaraiO, 'ITO 31\0HOMHH B paCXO,Il;3X Ha 
nepepaoOTKY MeTaJIJIH'ICCI\HX BH,Il;OB TOnJIUB3 IIH
pOMCT3JIJiyprH1JCCKHMH CllOCOoaMH COCT3BHT 
0,01-0,02 tfenr/"er • 'l. 

B. «!>. "YOPHEP (Coe.rt:uHeHHoe RoponeBcTBo): 
OcTaHyTc.JI nu OTHocureJILHble pacxO,Il;hi Ha nepe
paooTKY npu npuMeHeHuu ynoMHHYThlX Tpex cno
co6oB op;uHaKoBLnMH B CJiy'lae OCYil\CCTBJICHHH 
6oJILrnoii nporpaMMhl no aHepreruKe, HanpuMep 
nporpaMMbl paCC'IHT3HHOH Ha npOH3BO)J;CTBO 
5000-10 000 Mer (an.)? 

JI. B¥PPI1C, MJI. (CiliA): 0THocureJihHhle pac
xo~bl Ha nepepa6orKy aTuMu TpeMH cnoco6aMu, 
HCCOMHCHHO. H3MeHHTCH C OOBbiiiiCHUeM npOH3-
BO,Il;CTBa aJieKTpoaHepruu AO 5000-10 000 Mer 
( aJI.) • 11 pu'IeM ,Il;ame yKaaaHHaH He6onLmaH aKo
HOMHR B paCXO,Il;aX COCTaBHT 3H31JHTCJihHYIO CYM
MY emerot~;Ho. 

R. )J;. B. )J;IKOHCOH (npe,Il;Ce,Il;aTeJIL): Ha ceK-
1\HOHHOM aace,Il;aHHII 2.6* p;eJieraTbl HeCKOJihKHX 

* CM. ;}TOT TOM. 
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CTpaH nO~'IepKHB3JIH 3KOHOMHIO B paCXO~aX Ha 
rrepepa60TKy, KOTOpaH HMeeT MeCTO npH npOMhllli
JieHHOM npHMeHeHHH npon.eCCOB 3KCTp3KJI.HH pac
TBOpHTeJieM. Ha ceKJI.HOHHOM aace~aHHH 3.8** 
coo6pameHHH, CBH33HHble C nepeB03KOH TOnJIHBa 
H CTOHMOCTbiO nepeB03KH TOnJIHBa, npHBeJIH K 
aaKJIIO'IeHHIO, 'ITO aKOHOMH'IeCKH JI.eJiecoo6pa3HO 
nepesoaHTh Tonnuso Ha y~HBHTeJII>Ho 6oJII>rnHe 
paCCTOHHHH K KpynHoMy JI.eHTpaJibHOMY npe~npH
HTHIO no nepepa6oTKe TOnJIHBa. 

He MomeT JIH KTo-uu6y~h ua asTopos npe~cTa
BJieHHhlX ~OKJI3~0B paCCK333Tb 0 TOM, 6y~yT JIH 
cyxue npon.ecCbl KOHKypeHTOCnOC06HhlMH npu 
3THX o6CTOHTeJibCTBax? 

JI. BYPPI1.C, MJI. (CiliA): CyiJI.eCTByeT He
CKOJII>Ko llpH'IHH, llO'IeMy cyxue npoJI.eCChl BnOJIHe 
CMoryT KOHKypnpOB3Tb C BO~HhlMH npon.eccaMH. 
Bo-nepBhlX, npo6neMa nepeBoaKn TOnJiuBa c Bhl
coKuM BhlropaHueM, B KOTopoM Bhlropauue 6MJio 
6McTphlM, e!JI.e He perneua. Cepi>eaHhle npo6neMhl 
MoryT B03HHKHYTb H npu nepeB03Ke T3KHX BH~OB 
TonJinBa ua Kopa6JIHX. Bo-BTOphlx, ux BhiCOKne 
ypoBHH uany'leHnH 6y~yT coa~aBaTh eiJI.e 6onee 
CJIO)I(Hble, CBH33HHbie C pa~H3JI.HOHHbiMH noBpem
~eHHHMH 1Ip06JieMhl, KOTOpble B H3CTOHIJI.eC BpeMR 
B03HHK3IOT B opraHH'IeCKHX paCTBOpHTeJIHX np11 
oTHocuTeJII>Ho uuaKnx ypoBHHX uanyqeuuii. B cy
xux npon.eccax HCnOJib3YIOTCH HeopraHH'IeCKHe 
MaTepuaJibl, KOTOpble HBJIHIOTCH OTHOCHTeJibHO He
'-IYBCTBHTeJibHbiMH K pa~HaJI.HOHHhlM noBpem~eHH
HM. B-TpeTI>nx, uaJiy'leuue ua uaoTonoB ~eJIHIJI.nx
cH MaTepuaJIOB H MaTepuaJIOB 30Hhl BOCnpOH3BO~
CTBa C~eJiaiOT Heo6XO~HMhlM B K3KOH-TO CTeneHH 
IIpOH3BO~HTb nepepa6oTKY C ~HCT3HJI.HOHHbiM 
ynpaBJieHHeM He3aBHCHMO OT CTeneHH y~aJieHHH 
npo~yKTOB ~eneunH. TaKHM o6paaoM, noTpe6uoCTh 
B IIOJIHOM y~aJieHHH BbiCOKOaKTHBHhlX npo~yKTOB 
;1eJieHHH cTaHOBHTCH MeHLrne. B-'leTsepThiX, me
JiaTeJihHO KaK MomHo 6LICTpee o6ecne'-IHTh nepe
pa6oTKY TOIIJIHBa H3 peaKTOpOB Ha 6hlCTpbiX HeH
TpOHaX C OTHOCHTeJihHO rJiy6oKHM BhlropaHHeM, 
'-IT06LI ua6emaTh uannrnHnx aaMeH TOIIJIHBa. Ao
IIOJIHHTeJibHhiMH npeuMyiJI.eCTBaMH cyxux npon.ec
coB HBJIHIOTCH YCTpaHeHHe HJIH yMeHbllleHHe ~0 

MHHHMyMa XHMH'IeCKHX npeBpaiJI.eHHfi: COKpan~e
HHe npo6JICM KpHTH'IHOCTH H3-33 OTCYTCTBHH BOA
HhlX u opraHH'IeCKHX aaMe~JIHTeneii u uenocpe~
CTBeuuoe nonyqeuue cyxux OTXO~OB. 

M. JIEBEHCOH (CiliA): B oTHomeHHH HBHO
ro pacxom~eHHH npHMOH aaBHCHMOCTH Mem~y paa
MepoM ycTaHOBKII II pacxo~aMH, 33TpOHYTOH Ha 
;J;aHHOM 33C€i),aHHII, ll BblBO~aMH, C~eJiaHHbiMH Ha 
Cf'KJI.IIOHHOM aaccp;aHIIH 2.6 0 COKpaiJI.eHHH pac
X0;10B 110 Mepe yBeJIH'IeHHH pa3Mepa YCT3HOBKH, 
C.'IeAyeT 3aMeTIITh, '-ITO 3TH ~Ba CJiy'laH COBeprneH
HO paaJIH'IHbl. flocJiep;HHH BhlBO~ onpaB~aH, Kor~a 
HCIJOJih3yeTCH CJia6o o6oraiJI.eHHhlH ypaH, HO ero 
IICJih3H C'IHT3Th p;OCTOBepHbiM, KOr~a nepepa6a
TbiB3CTCH BbiCOKOo6oraiJI.eHHOe TOIIJIHBO HJIH TOli
.!IIIBO peaKTopa Ha 6LICTphlX HeiiTpoHax. 1:\orp;a 
TOIIJIHBO CO~epmHT p;OBOJibHO MHOro IIJIYTOHHH, 110-

** CM. uacron~ec H3p,auue, r. 13. 

pH~Ka 20%, pernaiOIJI.HM lflaKTopoM npu onpe~eJie
HIIH pa3Mepa YCT3HOBKH HBJIHeTCH KpHTH'IHOCTh, 
B oco6eHHOCTH eCJIH HCnOJih3yeTCH B0;1HhlH npo
n.ecc. B aToM cny'-Iae yBeJin'leuue paaMepa 6y~eT 
npOCTO 03H3'-13Th CTpOIITeJihCTBO HeCKOJibKHX yc
T3HOBOK Ha O~HOH IIJIOIJI.3~Ke, HO OHH He 6yp;yT 
<<60JibiiiHMH» ycTaHOBK3MH B TOM CMhlCJie, B Ka
KOM :.lTO CJIOBO HCllOJib3YCTCH ~JIH OnHC3HHH yc
T3HOBOK, pa60T3IOIJI.HX Ha CJia6oo6oraiJI.eHHOM 
ypaHe. 

iK. lliMEQ (BeJILrHH): .R corJiaCeH c ~-poM 
ByppHCOM H ~-poM <J>oreJieM B OTHOIIIeHHH KOHKy
peHTOCnOC06HOCTH cyxux npon.eccos nepepa6oTKH 
no cpaBHeHHIO c so~HhlMH npon.eccaMH. .H xoTeJI 
6bl nop;qepKHYTh, 'ITO npo6JieMa nepeB03KH eiJI.e 
p;aJieKO He perneHa IIOJIHOCThiO, oco6eHHO AJIH 
O'leHh ~JIHHHbiX TeiiJIOBhl~eJIHIOIJI.HX aJieMeHTOB, 
HanpuMep T3KHX, KOTOphle HCnOJib3YIOTCH B 
aHepreTH'IeCKHX peaKTOpax, pa60T3IOIJI.HX Ha U02. 
llnH 3THX TB3JIOB HymHhl O'leHb 60JiblliHe TpaHC
IIOpTHhie cpep;CTBa (Ha ~aHHOH KOH!flepeHJI.HH yno
MHHaJiaCh n.u!flpa 60-90 r) , 'ITO coap;aeT npo6-
neMy ~JIH nepesoaoK no rnocce. 06LI'IHO MaKcH
MaJILHhle rpyahl, KOTOphle MOryT nepeB03HThCH 110 
JIIOCCe, B HCKJIIO'IIITeJihHhlX CJiy'laHX p;OCTHraiOT 
:30-35 T, AJIH 'lero Heo6XO~HMhl KOHTeHHephl B 
20-22 r. PeaKa TBaJioB Ha MecTe pacnonomeHHH 
peaKTOpa HJIH yBeJIH'IeHHe 'IHCJia nepeB030K He 
pemuT npo6neMy pacxo~oB. 

flepeB03Ka CHJibH03KTHBHOrO TOIIJIHBa H3 aK
THBHOH aoHbi peaKTopos Ha 6blcTphlx Heii:TpoHax 
coap;acT no~o6Hoe me nonomeuue. KpoMe Toro, so 
MHorux cnyqa.Jix peaKTOphl pacnonomeHhl Ha 
60JiblliOM paCCTOHHHH OT KpynHhlX npe~npHHTHii 
BO~HOfl nepepa60TKH HJIH OT~eJieHhl OT HHX MOpeM 
JIJIH p;pyriiMH npenHTCTBHHMH, H 3TO ~eJiaeT Heo6-
XO~HMbiM 3H3'1HTeJihHhle 33TpaThl Ha llO~'beMHOe 

o6opyp;osanue B MeCTax neperpyaoK c o~noro BH
p;a TpancuopTa na ~pyroii, a TaKme BJie'leT aa co-
6oft cMemanHhie TpaucnopTHhle pacxop;hl (no 
mocce, meneanoii p;opore, MOpiO), KOTOphle, He
coMnenHo, ne 6yp;yT ne6oJihlliHMH. 

K C3AA11HfTOH (Coe~HHeHHoe KoponeBCT
Bo) : )J;yMaiOT JIH aBTOphl ~OKJia~OB. 0 JieBO~HhlX 
cnoco6ax nepepa6oTKH, o TOM, 'ITO aTH cnoco6hl 
aaMeHHT Bo~nhle cnoco6hi ~JIH nepepa6oTKH Ton
mma ua cna6o- HJIH CHJILHoo6oraiJI.eHnoro MeTaJI
na II H3 OKHCCH HJIH Kap6Hp;OB, II eCJIH TaK, TO 
I\Or~a :no MomeT npouaoiiTn? 

P. C. <l>OfEJib (CiliA): Qenb nporpaMMhl 
CiliA, CBHaanHoil c paapa6oTKoii npou.ecca, ocno
BaHHoro Ha JieTy'leCTH !fiTOpH~OB, COCTOHT B TOM, 
lfT06hl ~aTb OTHOCHTeJibHO Ha~emHyiO TeXHOJIOrH
qecKyiO CXeMy nepepa6oTKH OKHCHOro TOnJIHBa K 
1967 r. flpe~IIOJiaraeTCH, 'ITO aaTeM npOMhlllJieH
JibiC rpyniibl TIJI.aTeJihJIO OJI.eHHT 3TY CXeMy C T0'-1-
KH apeHHH ee npHA-IeHeHHH. C'IHTaeTCH, 'ITO BBe
~eHue Kap6n~Horo TonnuBa He coa~acT ocnomHe
HHH, TaK KaK OKHCJieHHe Kap6n~OB IIpHBO~HT 
nenocpe~CTBeHHO K npon.eccy ~JIH OKIICJIOB, KOTO
pbiH ceil'lac paapa6aThiBaeTCH. 

JI. BYPPI1.C, MJI. (CiliA): B OTBeT na Bonpoc 
11-pa Ca~~unrToHa H xoTeJI 6hl ~o6aBHTh, '-ITO nu-
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poMeTaJmyprnqecRne rrpo~eccLI B o6~eM paapa-
6aTLIBaiOTCH lVIH CHJihHOOOOra~eHHOrO TOIIJIHBa, 
HCIIOJihayeMoro B aHepreTH'IeCRHX peaRTOpax Ha 
OLICTpLix HeiiTpoHax. TaRHM o6paaoM, MaJio ne
poHTHo, 'ITO HX IIpHMeHeHne Ha'IHeTCH paHee 
1980-x ro;o;on, Ror;o;a omn;o;aeTcH, 'ITO Ha'IHYT pa-
6oTaTh KpyrrHLie aHepreTn'leCRne peaRTopLI-paa
MHomuTeJin Ha 6McTpLix HeiiTpoHax. B HacTOH~ee 
npeMH, Ror;o;a TOIIJIHBO )J;JIH peaRTopon Ha OhlCTphlx 
HeiiTpouax e~e He orrpe;o;eJieHo, paapa6aThiBaiOTCH 
o6~ne crroco6LI rrepepa60TRH MeTaJIJIH'ICCRoro, 
ORHCHOrO H RapOH)J;HOrO TOIIJIHBa • .fl XOTeJI Ohl )1;0-
0aBHTh, 'ITO YCTaHOBRa )J;JIH rrepepaOOTRH TOIIJIHBa 
ua peaRTopa EBR-11 nechMa rn6RaH H ee rrpe;o;rro
JiaraeTCH ncnoJILaonaTh )J;JIH nponepRn pa;o;a rrnpo
MeTaJIJiyprnqecRnx npo~eccon. C .n;pyroii cTopoHLI 
qmpMa «ATOMHRC HHTCpHCHlliHJI» paapaOOTaJia 
npo~ecc aiipoRc )J;JIH cJia6oo6ora~eHHoro, a TaR
me )J;JIH CHJihHoo6ora~eHHoro TOIIJIHBa. Pac'leTLI 
paCXO)J;OB IIORaabiBaiOT, 'ITO 3TOT IIpo~eCC HMeCT 
3ROHOMH'IeCRHe npeHMY~CCTBa rrepe;o; BO)J;HhlMH 
upo~eccaMn ;o;ame B cJiyqae cJia6oo6ora~eHHoro 
TonJinBa. Ho noRa e~e HeT HHRaRHX IIJiaHOB no 
ucnoJihaonauniO aToro npo~ecca B 6oJihmHx Mac
mTa6ax. 

,lJ,oKnaA P/609 (npeACTaBH/1 C. ApnaHA) 

,LJ,HCKYCCHft 

n. MAPKYC (liapaHJih): BLIJIO JIH )J;CHCTBH
TCJihHO IIpO)J;CMOHCTHpOBaHo, 'ITO IIpH npe)J;IIOJia
raeMbiX <f>aRTH'ICCKHX yCJIOBHHX rrepepaOOTKH He
opraHH'ICCKHC KaTHOHoo6MeHHHKH 6y;o;yT HMCTh 
upeHMY~CCTBa nepe;o; KaTHOHOOOMCHHhlMH CMOJia
MH C TO'IKH apeHHH TCpMH'IeCROH H pa;o;na~HOHHOII 
YCTOH'IHBOCTH? 

C. APJIAH,IJ; (illne~na): HeopraHH'ICCKne 
HOHOOOMCHHHKH, HCCOMHCHHO, JIY'IlliC opraHH'IC
CKHX C TO'IKH apeHHH TCpMH'ICCKOH H pa;o;ua~HOH
HOH ycToii'IHBOCTH, 8To HBJIHeTCH rJianuoii: npuqu
uoii TOrO, IIO'ICMY Mhl IIhlTaCMCH HX HCIIOJih30BaTh. 

II. fAJI (IOrocJianna): .H rroJiaraiO, 'ITO rrpe
nocxo;o;cTBO HCOpraHH'ICCKHX HOHOOOMCHHHKOB C 
TO'IKH apeHHH pa;o;na~noHHoii ycTOH'IHBOCTH OhiJIO 
JICHO IIORa3aHO B )J;ORJia)J;e, rrpe)J;CTaBJICHHOM )1;-pOM 
AM<f>JieTTOM ( Coe,unHeHHoe KopoJieBcTBo) ua BTo
poii if\eHCBCROH ROH<f>epeH~HH *, 

H. E. BPEii\HEBA (CCCP): CKOJihKO ~HKJIOB 
U)lCOpOIJ;IIH II ;o;ecop6~Hll MoryT llpOllCXO)J;HTh B 0)1;
Hofi KOJIOHHe'c HeopraHH'IeCI<HM HOH006MeHHHKoM? 

C. APJIAH,lJ; (lline~nn): MLI cMorJin ncnoJILao
nan o;o;Hy H TY me I<OJIOHHY c <f>oc<f>aToM ~HpKo
HnH )J;JIH HCCI<OJihRHX ~HI<JIOB COpO~HH If 3JII0Hpo
IIUHHH Jl HC 06HapymUJIH HHI<ai<HX cy~eCTBeHHLIX 
U3~1CH<'IIHii B HX CBOHCTBaX. 

* Amphlett C. B., Synthetic inorganic ion exchangers 
and their application in atomic energy, Proceedings of 
the Second International Conference on the Peaceful Uses 
of Atomic Energy, P/271, vol. 28, p. 17, United Nations 
(1958). 
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JI. BETCJI (BeJibrHH): MLI nay'laJIH rrpnMeHe
mie <f>oc<f>aTa ~HpROHHH )J;JIH H3BJIC'IeHHH ~e3HH Ha 
I<OH~eHTpaTOB OT rrepepaOOTKH, HO OOHapymHJilf, 
'ITO rrpHMOe pa3)J;CJieHHC OI<aahlnaeTCH BeCLMa aa
TPYAHHTeJibHhlM, ecJIH He rrponano;o;HTh 'leTLipex
I<paTHoe paa6anJieHne. 

IloaToMy Mhi npe;o;rro'IHTaeM rrpuMeHHTh <f>ep
po~HaHHAHLiii MOJIHO)J;aT B Ka'ICCTBe HOH006MeH
HHI<a AJIH oT;o;eJICHHH ~eana. HecoMHeHHO, )J;JIH 
aHaJIIITH'Ieci<oro OT)J;eJieHHH ~eana <f>oc<f>aT ~np
JWQHH, IIO-BH)J;HMOMy, HBJIR:eTCH XOpOlliHM MaTepH
aJIOM, Ho n npncyTCTBHH 6oJihlliHX I<oH~eHTpa~nii 
naTpna, meJieaa n MarHHH ero pa6o'lne I<a'lecTna 
j'OBOJihHO HH3I<He. 

C. APJIAH,IJ; (illne~na): MLI He ncTpeTHJIH HH
Hai<nx cepbeaHhiX aaTpy;o;HeHitii npn cop6~un 

Cs + Ha <f>oc<f>aTe ~Hpi<oHHH B rrpncyTCTBHH, na
npnMep, Na +, Sr2 + HJIH Ce3 +. 

,lJ,OKilaA P/348 (npeACTaBH/1 r. H. ftKOB/leB) 

,LJ,HCKYCCHft 

B. {!>, YOPHEP (Coe;o;nHeHHoe KopoJJeBCTBo): 
BoaHHKJia I<ai<aH-HHOYAh rrpo6JieMa B peayJILTaTe 
ocam;o;eHJIH Tnep;o;oii <f>aaLI, I<or;o;a KHCJIOTHOCTh pa
cTnopa CHJihHoai<THBHLIX oTxo;o;on OLIJia yMeHhme.-

na ;o;o pH= 1? IlpncyTcTnonaJI JIH HOH P043-
nocJie 3I<CTpaR~HH TpHOYTHJI<f>oc<f>aToM? 

r. H . .HKOBJIEB (CCCP): MLI H3y'laJIH o6pa

aonaHHe I<oMnJJei<ca aMepH~HH c noHaMII H2P042+, 
HO Mhl He IIpUMCHHJIII <f>oc<f>opHyiO I<IICJIOTY B npo
~eccax H3BJie'leliHH aMepH~HH. 

A. C. KEPTEC (l'lapaHJib): l>LIJIH JJu npone)J;e
HLI I<ai<He-JIHOO 3I<CnepHMCH'fhi ITO H3BJJe'ICHUIO 
ai<THHH)J;OB If JiaHTaHII)J;OB TpiiOI<THJiaMIIHOM 113 
RO)J;HOH TIIO~HaHaTHOH cpe;o;LI? 

f. H . .HKOBJIEB (CCCP): 8I<cTpai<~IIH ai<TII
HHAOB II JiaHTaHH)J;OB 113 paCTBOpOB TJJO~HaHaTa 

aMMOHHH TpHOI<THJiaMHHOBhlMII paCTBOpaMH B 
pa3JIH'IHhiX paCTBOpJITeJIJIX B IIOCJie;J;IIIIC ro,;J;hl 
uay'laJiaCb BeChMa IIHTCHCHBHO. fpylliiOBLie I<oa<f>
<f>H~HeHThl paa;o;eJieHUH nechMa 6JIII3I<ll K TeM 
Koa<f><f>H~HeHTaM, KOTOphie 6hiJill IlOJIY'IeHhl npn 
::li<CTpai<~Hll 113 paCTBOpOB XJIOpiiCTOro JIJITHH. 

M. A. MAH,IJ;IIJI (OAP): B )J;ORJia,ue BLI rroRa
aaJIII I<YOH'IeCKYIO aaBHCHMOCTh OT KOH~eHTpa~HII 
paCTBOpUTeJIH, 'ITO COrJiacyeTCH C peayJihTaTaMH, 
IIOJiyqeHHhlMII )J;JIH IIO)J;OOHhlX paCTBOpHTeJieH B 
pa36aBJICHHhlX paCTBOpaX H rrpu paOOTaX C HH)J;H
I<aTOpHhlMH KOJIH'IeCTBaMH. C'lnTaeTe JIII BLI, 'ITO 
na CTeiieHHaH aaBHCHMOCTh oy;o;eT KaRJIM-TO o6-
paaoM cnaaana c KOH~eHTpa~neii H3BJiei<aeMhiX 
HOHOB, OCo6eHHO B CJiy'lae BhiCOKHX KOH~eHTpa

UHH? 
r. H . .RKOBJIEB (CCCP): MLI nayqHJIH 3KC

Tpai<~HIO aMepH~IIH H I<IOpHH 20 HeHTpaJihHhlMII 
<f>oc<f>opopraHuqecKHMH ai<cTpareHTaMH, a Tai<me 
aHa'IHTeJibHhlM I<OJIH'ICCTBOM KHCJihlX OpraHH'IC
CI<HX <f>oc<f>aTOB, B 'laCTHOCTH, H3 aaOTHOKHCJihlX 
paCTBOpOB. IJpH HH3I<HX I<OH~eHTpa~UHX H3y'laB-
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UIHXCH a~eMCHTOB H upu ROH~CHTpa~HH HOHOB 
nurparon or 0,01 M p;o 1,5 M TaRme scerp;a Ha-
6~IOp;a~ach Ry6u'leCRaH aaBHCHMOCTh oT ROH~eH
rpa~uu aRcrpareHTa. Pacrsopure~h oRaahiBa~ 
3H3'1HTe~hHOe B03~CHCTBHe Ha CTCUCHh 3RCTpaR
I~HH, OCOOeHHO B C~yqae RHC~hiX 3RCTpareHTOB. 

Mhl He uayqa~u pasHoBecus B cnyqae BhiCORHX 
NOH~CHTpa~HH 3RCTparupyeMhlX 3JICMCHTOB H MHC 
HC H3BCCTHhl HHR3RHC ony6JIHKOB3HHhiC l1,3HHLIC 
uo aToMy nonpocy. B upnH~Hne Mhl MomeM omu
p;aTL yMeHhUICHHH RoatfJqm~ueHTOB pacnpep;e~e
HHH IIpH BhlCORHX ROH~CHTpa~HHX aRTHHH/.I,OB B 
peay~LT3TC H3Chl~CHHH 3RCTpareHTa. 

TaRHM o6paaoM, O'ICBH/.f,HO, 'ITO Ry6uqecRas aa
BHCHMOCTh OT ROH~eHTpa~HH 3RCTpareHTa He 
HpHMCHHMa IIpH 3THX OOCTOHTC~hCTB3X. 

,lJ.oK/laA P/819 (npeACTaBH/1 Ill. MapKyc) 

,lJ.ltiCKYCC~ft 

JI. PM)l.BEPr (llise]]us): He~Las nu o6'hsCHUTL 
HCOOhl'IHO BhiCORHH ROatfJtfJH]]HCHT pacupep;eJICHJIH 
/.f,JIH ap;copO]]HH aMepH]]HH Ha CMO~e p;ayaRC-1 B 
5 M LiN03 o6paaoBaHueM HeRoToporo KO.lJH'ICCTB<l 
Am (IV)? Mance THo, 'ITo Am (IV) o6nap;aeT 
OOJICC CHJihHOH TCH)':(CH~HCH K o6pa30B3HHIO 
RoMnJieRcos, 'I eM Am (I II) . TaRHM o6paaoM, He
RoTopoe KOJIH'Iecrso Am (IV) Morno ap;cop6upo
saTLCH Ha CMO~e, p;ame CCJIH KOHI]CHTpa]]HH H 
sop;Hou tflaae 6MJia CJIHWROM He6o~Lmoii, 'ITOOLI 
ee MomHo 6hl~o o6HapymuTh. 

:A. MAP.KYC ( Mapau~h): Am (IV) O'ICHh Heyc
TOH'IHB B BO)':(HhlX paCTBOpax H HCJih3H 0)1(H)':(3Th, 
'ITO OH 6yp;eT ycTOH'IHBhiM Ha aHHOHOOOMCHHOH 
cMoJie. CneRTpoMerpu'leCRHH aHa~ua npuMeHH~CH 
)':(~H rrposepKH COCTOHHHH ORHC~CHHH aMepH~HH B 
paCTBOpe, OTMhiTOM OT CMO~hl, H Ha C3MOH CMO~e, 
II Mhl OOHapymHJIH ~HUlL IIOJIOChl, COOTBCTCTBYIO
~He Am (I II). HepaBHoMepHoe uaMeHeHHe Roa<fJ
<flu~ueHToB pacupep;eJieHHH B 33BHCHMOCTH OT 
aTOMHoro HoMepa 6M~o ycTaHOB~eHo He TO~hRo 
)':(JIH aRTHHH)':(OB, HO T3K)I(C H /.f,JIH ~aHT3HH)':(OB, 

,lJ.oKnaA P/252 (npeACTaBH/1 P. S.ToMilHHCOH) 

,lJ.l-iCKYCCl-ift 

JI. BETCJI (BMLruH): C'luTacTe ~" BLr, 'ITO 
npo]]ecc CSREX (pe:mcTpaRI]HH ~eaus u CTpoH
I]HH) IIOJIIIOCThiO paapa60T3H H MO)I(HO JIH ero 
npuMeHHTh )':(JIH H3BJIC'ICHHH npop;yRTOB IW~CHHH? 

P. 8. TOMJIMHCOH (ClliA): HaR s yRaahl
na~ B p;oR~ap;e, cy~ecTsyeT rrpo6JieMa ycrouqu
BOCTH paCTBOpUTC~H, CBH33HH3H C peaRI)HeH aao
THCTOH Rnc~oTLI c aaMe~eHHhlMH tfJeHoJiaMH. 8Ta 
rrpo6~eMa e~e ne perneHa. MM npoeKTupyeM Ha
me TeXHOJIOrH'IeCKOe o6opyp;OB3Hlle T3RHM o6pa-
30M, 'ITOOLI npouecc CSREX MomHo 6Lmo (Ho He 
nymHo 6M~o) ucno~haosaTh B aanucuMocru or 
peayJILTaTOB 6yp;y~ux paapa6oToK. 

M. CYCEJibE (<I>paHI]HH): llepenoaHTCH Jill 
uporlYKTLI p;eJICHHH n oTp;eJILHhlX meneaHop;opom
llhtx BaroHaX HJllf B naronax, BXO)':(HI~HX B COCTaB 
o6M•moro uoeap;a? 

P. 8. TOMJlMHCOH (ClliA): 0Hn uepesoaHT
cH n naronax, o6paay10~nx 'laCTh o6hl'IHoro no
eap;a, HO 3TOT uoeap; )':(OJI)I(eH CJIC)':(OB3Th ~ MCCTa 
H33Ha'leHHH 6ea K3.KUX-Jllf00 npoMemyTO'IHhiX 
OCT3HOBOR. 

B. <1>. YOPHEP (Coe;:J;HHCHHOC Hopo~eBCTBo): 
Ae~a~uch JIII npii pac'leTe aaTpaT Ha npouasop;cr
no npop;yRTOB )':(CJICH'HH KaRJIC-JIHOO CRII/.f,Rif Ha 
31\0HOMHIO, coa)':(aBaeMyiO onepa]]UHMH no yp;a~e
nuiO OTXO)':(OB? 

P. 8. TOMJIMHCOH (ClliA): )l.JIH upunep;en
HhiX B ):\ORJiap;e 33TpaT HC DpiiHHM3JIOCh B paC'ICT 
HURaROC UOTCH]]IfaJihHOC CORpa~CHHC paCXO)':(OB 
ua xpaueuue oTxop;on. 

JI. TMPME (<l>paH]]IIH): HaRne cp01m aMopm-
3a~uu II upo]]eHThl Ha R3IllfT3~ npiiHflThl B OCHOBY 
paC'IeTOB aaTpaT, npiiBC;:J;eHHhiX B p;OR~ap;e? 

P. 8. TOMJIMHCOH (ClliA): llpu pac'leTax 
ncuo~haona~nch o6hl'IHhle tfJopMyJILI HAS CiliA. 
B aTnx tfJopMy~ax A~H paaJIU'IHhiX qacTeii ycTaHo
noR IfCIIOJih3YIOTCH pa3HhiC HOpMhi aMopni3ai]Uif Il 
11pO]]CHTOB. 3p;aHIIH ycTaHOBKII aMOpTU3HpyiOTCH 
llpUOJIH31ITeJihHO B TC'IeHUC 15 JieT, B TO BpeMH 
I>HK )':(~H TCXHO~orH'ICCROro o6opy;:J;OB3HifH CpOl{ 
aMopTII3ai]IfH ycTaHOB~CH OT BOChMif ;:1;0 )':(CCHTH 
.lJCT. 

B. <1>. YOPHEP (Coep;uHeHHoe HopoJieBCTBo): 
B BuHp;c:Kei'me MLI xpaHnM HaUIH cuJihHoaKTHB
Hhie OTXO)':(bl B BU)':(e KlfCJIOTHhiX paCTBOpOB B 6aKaX 
11a uepmane10~eu CTa~u u cMor~u p;ocTnrHyTh 
o'leHL HnaRux pacxop;on u o6'beMon xpammu~, 
HanpuMep, ~IfJIIh 20-40 .11/r ypaHa. Harn aKcne
puMenTa~LHhiH UOlJ;XO;:J; K HSB~e'leHUIO upop;yRTOB 
p;e~eHHH OCHOB3H Ha OCamp;eHHif l)e3UH H CTpOH
I]HH, ROTOphle BhlXO)l,HT H3 CHJihH03KTHBHhiX OT
XO)':(OB HCif3MCHHhiMH; T31\HM o6pa30M, MLI He U~a
TifM HHR3RHX UITpa<flon B CBH3H C paCX0)':(3MH Ha 
xpaHCHife OTXO)':(OB. 

H. E. BPEiRHEBA (CCCP): H pa,11;a, 11ro Co
ep;uHenHMe lliTaThl Ha'la~H npHMCHHTb DpO]]CCC 
31\CTpaRI]IfH )':(~H H3B~C'IeHHH OO~bllllfX KO~If'ICCTB 
H30TOUOB. llpO]]CCC 3KCTp3RI]HU )':(JIH paap;eJieHHH 
uaoTonon, npuMeHHCMhiH n ConeTCROM Co10ae, 6MJI 
OUHCaH B )':(OR~ap;e p /2295, npep;CTaB~eHHOM Ha 
BTopyiO iReHencKyiO KoH<flepeH~uiO B 1958 r.*, 
a n p;oR~ap;e P/512, upeACTan~eHHOM Ha p;aHHYIO 
KOHtfJepeH~IfiO **, OllHCaH npO]]CCC 3RCTp3RI]IfH 
)':(JIH IIO~HOH H30~HI]HH CTpOHI]H.II C UOMO~hiO Ca~If
I]HJiaJILAOKCHMa. B CiliA npep;uo~araeTcs nc
noJILaona TL p;u- ( 2-aTu~reRCHJI) opTo<floc<flaTHYIO 
Ruc~oTy p;~s aRcTpaRI]Hn cTpOHI]HH. Mhl TaRme 
nayqa~u aToT npo]]ecc. 

* H. E. Bpe»meaa, B. M. JleBnH 11 AP· MaoJJH~IIJI pa
puotmTnBHhlX 3.:IeMeHTOB AeJJeH.IIH. TpyAM BTopoii Mem
/IYHapOAHOH KoH«flepeHI\IIIl ITO MllpHOMY IICllOJihaHaHIIIO 
aTOMHuii ;meprmr, iKeHeBa, 1958, Pf2295. 

** HacToJm:we naAaHire, T. 14. 
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.ff xoTeJia 61:.1 aHaTh, RaRoro ycnexa yp;aJIOCh 
,n;ocTnrHyTL B CiliA B oTHomeHHH IIOJIHoro H3BJie

qeHHH CTpOH~H.fl llyTeM 3RCTpa'K~HH H ~e3H.fl ny

TeM a,n;cop6~HH Ha ~eOJIHTax H3 c6pOCHbiX pac

TBOpOB. Mue TaiOKe xoTeJIOCb 61:.1 cnpocHTb o TOM, 

paccqnTaHa JIH Barna 11porpaMMa Ha H3BJieqeHnc 

CBpOIIH.fl. 

P. 8. TOMJIIIHCOH (CiliA): B Hamnx pa6o

Tax 110 o6pa60TRe OTXO,ll;OB Mbl ,ll;OJllKHbl JJ;OCTHr

HYTb 95% y,n;aJieHHH Cs 137 n Sr90• Mhl omn,n;aeM, 

qTO 8RCTpaR~H.fl paCTBOpHTeJIHMH H 11po~eCChl C 

HCIIOJib30BaHHeM ~eOJIHTOB o6ecne'laT yp;aJieHIIe 

110 Rpai:i:Hei:i: Mepe aToro ROJIH'ICCTBa, a <f>aRTnqe

CRH, BepoHTHO, oRoJio 99% . B uamei:i: nporpaMMe 

cne~HaJILHo He npe,n;ycMorpeHo H3BJie'leHne eBpo

DHH. 

H. E. BPElliHEBA (CCCP): B CiliA 95% 
li3BJie'ICHHH CTpOH~H.fl H ~C3H.fl C'IHTaeTC.fl ,ll;OCTa
ToqHbiM. 8To oauaqaeT, 'ITO nocJie,n;yiO~aH o6pa

ooTKa OCTaiO~HXC.fl OTXO,ll;OB oyp;eT no-npe1KHCMY 

,UOporOCTOH~ei:i: H Tpy,n;uoi:i:. JTo-BH,ll;HMOMy, CJIC)l;O
BaJIO 61:.1 peiWMCHji,(>BaTh yBeJI•HqHTh CTCDeHb H3-

BJie'leHHH ~C3H.fl H CTpOH~H.fl ,ll;O 99,99%. 

P. 8. TOMJIIIHCOH (CiliA}: llporpaMMa no 

oopaooTKe OTXO,ll;OB B XaH<f>op,n;e .fiBJI.fleTCH, Bepo

HTHO, YHHKaJibHOii B TOM, 11TO Mhl HMeeM B CBOCM 

pacnopHmemm o•IeHb 6onhmne o6'heMLI paCTBo

poB pa,UHOaKTHBHbiX OTXO,ll;OB, cop;epma~IIC O'ICHb 
ooJILIDIIe KOJIH'IeCTBa uuepTHhiX XHMH'IeCKnx co

Jieii. 8n1 oTXO,ll;hi ceii'lac xpaHHTCH no,n; aeMJieii B 

oeTOHHhiX 6aKax. TaKoe fl<)JIOlKeHne, uepoHTHO, ue 

llOJiiKHo nouTopHThCH B 6y,n;y~eM. Hama aa,n;a'la 
COCTOIIT B TOM, 'IT06hi DpO,ll;OJI/1\aTh xpaHHTh 3Til 
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pa,uwoat\TUBHble MaTepnaJihi 6eaorracuo H 11pn MH

HHMaJibHI>tx pacxo,n;ax. 

M~:.r peiimJm, 'ITO lVIH Hac caMhiM p;emeBLIM cno

co6oM xpaHeHH.fl 3THX OTXOJJ;OB B Te'leHHe 6eCKO

JIC'IHO rrpOJJ;OJilKHTeJII:.HOrO BpeMeHH .fiBJIHeTCJI yp;a

JICHHe H3 JIHX BOJJ;bl H xpaHeHHe HX B BH,ll;e BJiam

IIhiX CoJieBbiX KeKOB B cy~eCTBYIO~HX 6eTOHHbiX 

oai<ax. Ho JJ;JI.fl 3Toro Mbl ,UOJilKHbl y,n;aJIHTh H30TO
Ilbl, Bbi]J;CJIJIIO~He TeiiJIO, 'IT06hl MOlKHO 6hiJIO pa-

6oTaTb npn yMepeHHoi:i: TeMnepaType. Mhl ycTa

HOBHJJH, 'ITO yp;aJieHHe 95% CTpOH~HH H ~eaHJI 
6y,ueT JJ;OCTaTO'IllbiM DOCJie pacnap;a ROpOTK0-

11\HBY~HX H30TOIIOB ,!(0 6eaonaCHbiX ypOBHeii. 

EcJIH 6Lr Mhl aaBuceJIH JIHrnb oT pap;noaKTHBHo

ro pacnap;a, TO JJ;JIH coKpa~eHHH KOH~eHTpa~nii 
~C3H.fl H CTpOH~H.fl ,!(0 6eaonaCHLIX ypoBHei:i:, Mhl 

OhiJIH 6~:.1 BhiHymp;eHhl xpaHnTL OTXOiJ.LI 11op; KoH

TpoJieM B Te'leHne no'ITn 800 JieT. Y,uaJieHne 95% 
8THX JI30TODOB MO)KCT CORpaTJITL Heo6XOJJ;HMLiii 

nepnop; ROHTpoJIH Ha 100 JieT. YueJinqeHne 3~)
<lleRTHBHOCTll yp;aJieHll.fl JJ;O 99,99%, B03M01KHO, CO

HpaTH.lJO 61:.1 nepno,n; ROHTPOJIH ,n;o 200 HJill 300 JieT. 

llo nameMy MHeHniO, paaHn~a Mom,uy nepnop;aMu 

IWHTpoJIH B 300 H 700 JieT He nMeeT aHa'leHH.fl. Bo 

BCHROM CJiyqae CJiep;hl TpaHcypaHOBhiX aJieMeHTOB 

npHCYTCTBYIOT, II 8Tll MaTepnaJILl ,ll;OJI/1\Hbl xpa

IIIITbC.fl B Te'leHne ThiCH'IeJieniii. TaRnM o6paaoM, 

CTCDeHb H3BJie'leHH.fl ~C3H.fl H CTpOH~HH He JiaCT 

3HU'IHTeJibHOf0 CORpa~CHll.fl 11epnop;a xpaHCHJill. 

JloaTOMY Mbl pemllJIH yp;aJIHTb JIHmb 95% ~eaHH 
U CTpOH~ll.fl llCRJIIOqHTeJibHO Ha TOM OCHOBUHHII, 
'ITO 3TO 1103BOJIHT pacceHTL TCIIJIO pa,n;HOaRTHBIIO

ro pacrra;:J,a rrpn yMepeHHoft TeMnepaType uo 

Jl.'Ja/1\HhiX COJieBhiX ReRaX. 

Tratamiento de combustibles irradiados (II) 

Presidente: K. D. B. Johnson (Reino Unido) 

Documento P(798 (presentado porT. Ishihara) 
Documento P/250 (presentado por R. C. Vogel) 
Documento P/251 (presentado por L. Burris, Jr.) 

(Se convino en que estos documentos se discutieran 
conjuntamente) 

DISCUSI6N 

R. C. VoGEL (Estados Unidos de America): En 
relaci6n con e1 documento P/798, l. por que la adici6n 
de Ce02 produce una mayor descontaminaci6n? 

Tambien me gustaria preguntar como se puede 
llevar a cabo el proceso de destilaci6n por cloruraci6n 
de grandes cantidades de di6xido de uranio irradiado. 

T. ISHIHARA (Jap6n): La diluci6n por el cerio inac-

tivo puede ser una de las razones de la mejor descon
taminaci6n. Ahora estamos tratando de determinar si 
hay otras razones en este fen6meno. 

En cuanto a su segunda pregunta, me gustaria hacer 
notar que, basta ahora, nuestros ensayos se han llevado 
a cabo en una escalade 1-4 gramos. Ahora pensamos 
realizarlos en una escala de 100 gramos. Como pen
samos tratar combustibles de plutonio, lo que implica 
problemas de criticidad, creemos que puede ser 
suficiente trabajar en una escala de varios centenares 
de gramos. En cuanto a los combustibles que requieran 
mayor escala, no puedo decir nada definitivo. 

V. N. PRUSSAKOV (URSS): l.Hay otros metodos en 
estudio, distintos de los mencionados en el documento 
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P/798, para la eliminacion de uranio de lechos de 
cloruro sodico ? 

l. Que material se usa en la construccion del equipo 
para el proceso que usted describio? 

T. ISHIHARA (Japon): El unico metodo que usamos, 
aparte del descrito, es un metodo acuoso. 

El equipo es de cuarzo. Para el trabajo en escala de 
100 gramos, vamos a usar acero inoxidable. 

D. D. SoKOLOV (URSS). En relacion con el docu
mento P/250, desearia preguntar que material se 
utilizo para construir el aparato en que se tratan 
PuFs + UFs con H20 y H2. l. Se puede llevar a cabo, 
en una etapa, la reaccion PuF6 + H2 + H20 ~ Pu02 + 
HF + H20 hasta la completa eliminacion del fluoruro? 

R. C. VoGEL (Estados Unidos de America): En el 
caso de la conversion de UF6- U02 por H2 y H20, 
creo que el material usado fue Monel. No hemos 
investigado aun esta etapa en el caso de mezclas de 
UFs y PuFs o PuF6 solamente, pero pensamos 
hacerlo. En cuanto a su segunda pregunta, creemos 
que es posible llevar a cabo la reaccion en una sola 
etapa, pero aun no hemos investigado la reaccion con 
el PuF6 en lechos fluidizados. 

V. N. PRUSSAKOV (URSS): i.Como piensan recu
perar plutonio por el metodo de fluoruracion usado en 
el Laboratorio Nacional de Oak Ridge? 

l. Se alterani sustancialmente la recuperacion de 
plutonio, por el grado de quemado del combustible, en 
el metodo de volatilidad de los fluoruros usado en el 
Laboratorio Nacional de Argonne? 

R. C. VoGEL (Estados Unidos de America): Se 
puede desalojar hexafluoruro de plutonio de las sales 
fundidas, por fluoracion de la sal fundida. Se piensa 
usar este proceso en el Laboratorio Nacional de Oak 
Ridge. Por otra parte, puesto que la reaccion es lenta, 
cabe esperar que la corrosion constituya un problema. 
No obstante, se esta realizando cierto trabajo en un 
proceso en el que se dejan caer pequeiias gotas de la 
sal fundida a traves de atmosfera de fluor, pero los 
resultados no estan aun disponibles. 

En relacion con su segunda pregunta y puesto que 
solamente se trata de reactivos inorganicos, y estos no 
son sensibles al nivel de irradiacion, no esperamos que 
la recuperacion del plutonio varie con el grado de 
quemado. 

J. RYDBERG (Suecia): i.El proceso de fluoracion en 
lecho fluidizado es continuo o discontinuo? Si es dis
continuo, l. piensan V ds. que sea posible adaptarlo a 
un proceso continuo? 

R. C. VOGEL (Estados Unidos de America): Los 
procesos de volatilidad de fluoruros en lecho fluidizado, 
se han llevado a cabo, hasta ahora, de forma dis
continua. Se podria considerar en el futuro su ejecu
cion en forma continua. No obstante, el proceso de 
lechos fluidizados se lleva a cabo de forma continua en 
la produccion de 5000 toneladas por aiio de UFs a 
partir de concentrados de uranio, en Metropolis, 
Illinois. 

J. SCHMETS (Belgica): Me gustaria comentar algunos 

resultados concernientes al tratamiento de oxidos por 
volatilizacion, obtenidos recientemente en Belgica en 
un programa de la Comision Europea de Energia 
Atomica. Despues de estudiar cinco ciclos diferentes, 
elegimos el siguiente prqcedimiento. 

La mezcla de oxidos se somete sucesivamente a 
oxidacion, hidrofluoruracion y fluoracion en lecho 
fluidizado. La purificacion final del plutonio y su 
conversion en oxido se lleva a cabo bajo la forma de 
sales fundidas. 

La oxidacion se efectua en el aire a temperaturas 
que oscilan entre 450 y 550°C. Esta ultima tempera
tura es necesaria cuando la concentracion de dioxido 
de plutonio llega al 20 %. Para simular las condiciones 
operatorias, el proceso de oxidacion se lleva a cabo 
con mezclas sinterizadas de uo2 y <<fissium )), alguna 
de las cuales se ha sometido a un tratamiento termico 
analogo al del reactor. La presencia del «fissium )) tiene 
un efecto beneficioso en el comportamiento del lecho 
fluidizado: la reaccion tiene Iugar sin provocar una 
elevacion de temperatura como la observada cuando 
se oxida uo2 sinterizado sin <<fissium )). 

La hidrofluoruracion de una mezcla de U30s en 
polvo y <<fissium )) en lecho fluidizado se desarrolla 
suavamente a 450°C sin dar Iugar a una transmision de 
materia, contrariamente a lo observado en el caso de 
reacciones similares con uo2 de la misma distribucion 
de tamafio de particulas. La hidrofluoruracion previa 
a Ia fluoruracion permite la conversion a UF6 en con
diciones exotermicas reducidas. 

Los hexafluoruros de plutonio y uranio se pueden 
obtener simultaneamente usando fluor solo, o sucesi
vamente mediante el uso de trifluoruro de cloro y 
despues fluor. 

Algunos ensayos han demostrado que la fluoracion 
de mezclas de U02F2, UF4 y fluoruro de <<fissium)> se 
realizaba sin dificultad con rendimientos superiores 
al99,7 %. 

La separacion previa de UFs se puede efectuar 
usando ClF3. Esto produce un rendimiento de UF6 
tan alto como el que se logra utilizando solo fluor. En 
este caso hay un residuo que consta de PuF 4 y pro
ductos de fision. El proceso tiene Ia ventaja de que se 
puede llevar a cabo a baja temperatura a ser tan solo 
ligeramente exotermico. Ademas el concentrado de 
plutonio asi obtenido se puede tratar en recipieptes 
compactos, facilitandose asi el proceso tecnologico. 

No obstante, con un alto contenido en plutonio, de 
alrededor del 20 %, la separacion completa de uranio 
por volatilizacion se hace mas dificil. A pesar de que 
para la fabricacion de elementos combustibles no es 
necesaria una separacion completa, ahora se esta 
estudiando un sistema que permitiria no solo separar 
el plutonio, sino tambien convertirlo en dioxido, que 
es, por asi decirlo, el material primario. En este pro
ceso los fluoruros de uranio y plutonio se absorben en 
un bafio de cloruros fundidos. Bajo la accion de 
agentes quimicos conteniendo oxigeno, el plutonio 
precipita como Pu02. Se puede recuperar U02 este
quiometrico por electrolisis subsiguiente. 

Las tecnicas extremadamente simples que se usan y 
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el nuevo metodo de tratamiento del plutonio sugiere 
que la fluoracion se aplicani a elementos cenimicos en 
los siguientes casos: a) elementos conteniendo uranio 
enriquecido o plutonio y que provienen de centrales 
situadas a considerables distancias de las instalaciones 
de tratamiento convencionales, y b) combustibles de 
reactores nipidos. 

D. D. SoKoLov (URSS): Deseo hacer dos preguntas 
sobre el documento P/251. Primera l.cuantas veces es 
posible recircular la aleacion U-Pu irradiada para 
producir elementos combustibles? En segundo Iugar, 
l. es posible que despues de haber recirculado tres o 
cuatro veces la aleacion, sus propiedades fisicas y 
mecanicas se llegaran a deteriorar debido a la acumu
lacion de productos de fision, particularmente circonio 
y niobio? 

L. BuRRIS, Jr. (Estados Unidos de America): Una 
pequefia fraccion de los elementos en cuestion se 
separa en la pequefia corriente secundaria de material 
conocido por cascara, es decir, el residuo que queda 
en un crisol de refinamiento por fusion. Este material 
se trata separadamente para recuperar el uranio y 
eliminar los productos de fision nobles del ciclo del 
combustible. En el equilibrio, las cantidades de estos 
productos de fision nobles, introducidos por la fision, 
son iguales a las cantidades que se eliminan en el 
aprovechamiento y purificacion de la cascara. El 
circonio esta presente en el material inicial del com
bustible con una concentracion muy por debajo de su 
valor de equilibrio. Por tanto, su concentracion aumen
tara hacia el equilibrio a medida que el combustible se 
vuelve a usar en el reactor. La presencia de estos pro
ductos de fision como elementos de la aleacion en el 
combustible ayuda a reducir los daii.os por irradiacion 
del combustible. 

G. R. HALL (Reino Unido): Vds. han explicado las 
razones para desarrollar procesos pirometalurgicos y 
han mencionado que una de las ventajas seria un 
menor coste de tratamiento. Me gustaria, por tanto, 
preguntar si han comparado el coste de tratamiento en 
la instalacion EBR-11 de purificacion por fusion con el 
coste estimado en el caso de usar un proceso por via 
acuosa para combustibles analogos. Se es asi i, a 
cuanto ascenderia el ahorro en los costes, teniendo en 
cuenta, en particular, los ahorros debidos al almacena
miento de los combustibles? 

L. BURRIS, Jr. (Estados Unidos de America): El 
coste del tratamiento de los combustibles EBR-11 por 
fusion no se comparo con el coste estimado caso de que 
se usara uri proceso por via acuosa. Solamente es 
necesario tratar 30 kg de combustible EBR-11 por 
semana cuando el reactor funciona a su plena potencia 
de 20 MW(e). Esta capacidad de tratamiento es sola
mente una pequefia fraccion de la capacidad de que es 
capaz la instalacio,n. El objeto de Ia instalacion es 
obtener datos economicos asi como datos tecnicos de 
funcionamiento utiles para determinar Ia posibilidad y 
coste del tratamien.to de los combustibles de grandes 
reactores de potencia por metodos pirometalurgicos. 

Se han calculado los costes del tratamiento para un 
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hipotetico reactor reproductor rapido de 1000 MW(e) 
con combustibles metalicos oxidos o carburos, 
resultando que los procesos pirometalurgicos serian 
economicamente ventajosos en el caso de elementos 
metalicos. No obstante, estos procesos tendrian pocas 
ventajas, si hubiera alguna, con elementos consistentes 
en oxidos y carburos para los cuales los procesos de 
volatilidad de los fluoruros pudieran ser mejores. No 
obstante, puesto que los combustibles para reactores 
rapidos estan aun en desarrollo, se estan investigando 
los procesos pirometalurgicos para combustibles con 
oxidos y carburos. Los datos economicos obtenidos en 
el estudio mencionado anteriormente no son ase
quibles pero creo que el ahorro en el coste por trata
miento pirometalurgico era de 0,1 a 0,2 milidolares/ 
kWh. 

B. F. WARNER (Reino Unido): l.Serian los mismos 
los costes relativos de tratamiento, por los tres metodos 
mencionados, en el caso de un mayor programa de 
potencia, por ejemplo en el caso de generar 5000-
10000 MW(e)? 

L. BuRRIS, Jr. (Estados Unidos de America): Los 
costes relativos de los tres metodos de tratamiento 
variarian indudablemente con las capacidades equiva
lentes a la generacion de 5000-10000 MW(e). Sin 
embargo, a tal escala, aun pequefios ahorros en el 
coste significarian una considerable cantidad de dinero 
anualmente. 

K. D. B. JoHNSON ·(Presidente): En Ia Sesion 
Tecnica 2. 6*, participantes de varios paises sefialaron 
los ahorros en los costes derivados por el uso de pro
cesos en gran escala de extraccion con disolventes. En 
la Sesion Tecnica 3. 8**, algunas consideraciones rela
tivas al transporte de los elementos combustibles y al 
coste de este transporte condujeron a la conclusion de 
que era economicamente deseable su transporte aun a 
distancias sorprendentemente largas para su trata
miento en una gran instalacion central. l. Les importaria 
a algunos de los autores que han presentado trabajos, 
decir si creen que los procesos por via seca pueden ser 
competitivos en esas circunstancias? 

L. BuRRIS, Jr. (Estados Unidos de America): Hay 
varias razones por las que los procesos por via seca 
deberian ser competitivos con los acuosos. Prim era, no 
se ha resuelto el problema del transporte de elementos 
combustibles con alto grado de quemado en los que 
dicho quemado fue muy rapido. Se pueden encontrar 
serios problemas en el trans porte de estos combustibles. 
En segundo Iugar, su alto grado de actividad crearia, o 
al menos, agravaria los problemas relacionados con 
los daii.os por radiacion, que actualmente se dan en los 
disolventes organicos a bajos niveles de radiacion. En 
los procesos por via seca se usan materiales inor
ganicos, que son relativamente insensibles a los daii.os 
por radiacion. En tercer Iugar, Ia radiacion debida a 

* Vease este volumen. 
**Vol. 13, estas Aetas. 
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los is6topos de los materiales fisibles y fertiles im
pondni en algun grado la refabricaci6n a distancia sin 
tener en cuenta el grado de eliminaci6n de los pro
ductos de fisi6n alcanzado. Entonces, no es tan nece
saria una completa eliminaci6n de los productos de 
fisi6n. En cuarto Iugar, es deseable tratar los elementos 
combustibles de los reactores nipidos, que tienen 
grados de quemado relativamente altos, tan nipida
mente como sea posible para evitar excesivos cambios 
en las existencias de los elementos combustibles. Otras 
ventajas de los procesos por via seca son la eliminacion 
o minimizacion de conversiones quimicas, Ia aminora
cion de los problemas de criticidad a causa de Ia 
ausencia de moderadores acuosos y organicos, y Ia 
produccion directa de residuos secos. 

M. LEVENSON (Estados Unidos de America): En 
relacion con Ia aparente discrepancia entre la relacion 
directa del tamafio de la instalacion y los costes, a que 
se ha hecho referenda en la presente sesion, y la con
clusion a que se llego en Ia Sesion Tecnica 2. 6 de que 
el coste se reducia a medida que el tamafio de Ia 
instalacion se hace mayor, se debe hacer notar que 
ambos casos son distintos. La ultima conclusion se 
justifica cuando se usan combustibles Jigeramente 
enriquecidos pero no se puede aplicar cuando se trata 
de combustibles muy enriquecidos o de reactores 
nipidos. Cuando el combustible contiene 20 % de 
plutonio, la criticidad es un factor limite para deter
minar el tamafio de Ia instalacion, sobre todo cuando 
se usa un proceso por via acuosa. En este caso un 
aumento de tamafio significaria Ia construccion de 
varias instalaciones en el mismo Iugar, pero no serian 
instalaciones mayores en el sentido usado para des
cribir las que usan combustibles ligeramente enrique
cidos. 

J. SCHMETS (Belgica): Estoy de acuerdo con los 
Drs. Burris y Vogel en relacion con Ia competencia 
entre el tratamiento por via seca comparado con el de 
via humeda. Me gustaria puntualizar el hecho de que 
el problema del transporte dista de haber sido com
pletamente resuelto, sobre todo en el caso de ele
mentos combustibles muy largos tales como los usados 
para reactores de potencia que operan con U02• Estos 
implican el uso de un transporte muy pesado (se ha 
dado en esta Conferencia el numero de 60-90 tone
ladas) que da origen a problemas en el transporte por 
carretera. En general, la maxima carga que se puede 
transportar por carretera, en casos excepcionales, 
llega a 30 o 35 toneladas, lo que requiere una vasija de 
20-22 toneladas. El coste de los elementos combus
tibles en el emplazamiento del reactor o el aumento del 
numero de viajes no resolveria el problema de los 
costes. El transporte de elementos combustibles de alta 
actividad desde el nucleo de los reactores nipidos daria 
Iugar a situaciones similares. Ademas, en muchos 
casos, los reactores estan situados a larga distancia de 
las grandes instalaciones de tratamiento por via 
acuosa, o separadas de elias por el mar u otros 
obstaculos y esto requiere considerables gastos de 
mecanismos de elevacion en los lugares de trans
bordo y tambien impone costes de diferentes clases de 

transporte (carretera, ferrocar-ril, mar) que no son en 
absoluto despreciables. 

K. SADDINGTON (Reino Unido): l.Creen los autores 
de los trabajos sobre metodos de tratamiento no 
acuosos que dichos metodos llegaran a reemplazar a 
los acuosos, para elementos ligera o altamente enri
quecidos constituidos por metal, 6xidos o carburos? 
Si es asi, l. cuando creen que esto pueda suceder? 

R. C. VoGEL (Estados Unidos de America): El 
objetivo del programa de Estados Unidos en el proceso 
de volatilidad de fluoruros es fijar un diagrama de 
flujo, relativamente consistente para combustibles 
constituidos por oxidos, hacia 1967. Se espera que 
entonces los grupos industriales lo evaluen con vistas a 
su aplicacion. La introduccion de combustibles cons
tituidos por carburos se cree que es simple puesto que 
la oxidacion de los carburos lleva directamente al pro
ceso para oxidos, que esta actualmente en desarrollo. 

L. BuRRIS, Jr. (Estados Unidos de America): En 
respuesta al Dr. Saddington me gustaria afiadir que 
los procesos pirometalurgicos estan siendo desarro
llados, en general, para los combustibles altamente 
enriquecidos usados en los reactores rapidos •de 
potencia. No es pues probable que estos procesos se 
usen antes del decenio de 1980; en cuya fecha, se 
espera que entren en operacion los grandes reactores 
nipidos de potencia. Actualmente, como aun no se han 
especificado los combustibles para reactores rapidos, 
se estan desarrollando metodos generales de trata
miento de combustibles metalicos de 6xidos y de 
carburos. Yo afiadiria tam bien que la instalacion para 
el ciclo del combustible EBR-II es muy flexible y se 
intenta usarla para ensayar algunos procesos piro
metalurgicos. Por otra parte, el proceso AIROX fue 
desarrollado por Atomics International para elementos 
combustibles ligera y altamente enriquecidos. Las 
estimaciones de costes demuestran que este proceso es 
economicamente ventajoso, en comparacion con los 
acuosos, aun en el caso de combustibles ligeramente 
enriquecidos. No obstante, no se !J.an hecho planes 
para el uso en gran escalade este metodo. 

Documento P/609 (presentado por S. Ahrland) 

DISCUSI6N 

Y. MARCus (Israel): l.Se ha demostrado en efecto 
que, en las condiciones de tratamiento previstas en Ia 
realidad, los cambiadores cati6nicos inorganicos 
tendrian ventajas sobre las resinas cationicas en lo que 
se refiere a estabilidad termica y a la radiacion? 

S. AHRLAND (Suecia): Ciertamente los cambiadores 
inorganicos son superiores a los organicos en cuanto a 
estabilidad termica y a Ia radiacion. Esta es la prin
cipal razon por la que tratamos de usarlos. 

I. GAL (Yugoslavia): Yo creo que la superioridad de 
los cambiadores inorganicos desde el punto de vista de 
la estabilidad a la radiacion se mostr6 claramente en 
un documento presentado por el Dr. Amphlett del 
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Reino U nido, en la Segunda Conferencia de Ginebra *. 
N. E. BREZHNEVA (URSS): l,Cmintos ciclos de 

absorci6n y desorci6n pueden tener Iugar en una 
columna con un cambiador inorganico de iones? 

S. AHRLAND (Suecia): Nosotros hemos podido usar 
la misma columna de fosfato de circonio para varias 
adsorciones y eluciones sin encontrar un cambio 
sensible en sus propiedades. 

L. BAETSLE (Belgica): Nosotros hemos estudiado el 
uso de fosfato de circonio en Ia recuperaci6n de cesio 
a partir de concentrados del reproceso pero encon
tramos que parecia dificillograr una franca separaci6n 
excepto despues de una diluci6n por un factor de 
cuatro. Preferimos, por tanto, usar ferrocianuro de 
molibdeno como cambiador de ion en Ia separaci6n de 
cesio. Es cierto que en separaciones analiticas de cesio, 
parece que el fosfato de circonio es un buen material, 
pero su funcionamiento en presencia de grandes con
centraciones de sodio, hierro y magnesio, es bastante 
pobre. 

S. AHRLAND (Suecia): Nosotros no hemos encon
trado dificultades serias en Ia adsorci6n de Cs+ en 
fosfato de circonio, en presencia por ejemplo de Na+, 
Sr2+ 6 Ce3+. 

Documento P/348 (presentado por G. N. Yakovlev) 

DISCUSION 

B. F. WARNER (Reino Unido): l.Surgi6 algun 
problema como resultado de la precipitaci6n de 
s6lidos en la disoluci6n que contenia residuos alta
mente activos, al reducir el pH a 1? l, Habia ion 
P04

3- presente despues de Ia extracci6n con TBP? 

G. N. YAKOVLEV (URSS): Hemos estudiado Ia 
formaci6n de complejos de americio con iones 
HzP042+, pero no usamos acido fosf6rico en procesos 
de recuperaci6n de americio. 

A. S. KERTES (Israel): i.. Se llevaron a cabo experien
cias sobre extracci6n de actinidos y lantanidos con 
trioctilamina a partir de medios acuosos de tiocianato? 

G. N. Yakovlev (URSS): La extracci6n de actinidos 
y lantanidos a partir de disoluciones de sulfocianura 
am6nico se ha estudiado intensivamente en los ulti
mos aiios usando trioctilamina en varios diluyentes. 
Los coeficientes de separaci6n de los grupos son 
del orden de los obtenidos en la extracci6n a partir de 
disoluciones de cloruro de litio. 

M. A. MANDIL (Republica Arabe Unida): En su 
memoria se ha mostrado que existe una relaci6n de 
dependencia de tercera potencia con la concentraci6n 
del disolvente, que esta de acuerdo con lo encontrado 
para disolventes analogos en disoluciones diluidas y 

* Amphlett, C. B., Cambiadores sinteticos e inorgdnicos de 
iones y sus aplicaciones en energia at6mica, Aetas de Ia Segunda 
Conferencia Internacional sobre Ia Utilizaci6n de Ia Energia 
At6mica con Fines Pacificos, documento P/271, Vol. II, 
pag. 206, Naciones Unidas (1958). 
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trabajando con trazadores. i., Cree V d. que esta relaci6n 
funcional dependera de alguna forma de la concentra
ci6n de las especies extraidas, sobre todo a altas con
centraciones? 

G. N. YAKOVLEV (URSS): Nosotros hemos estu
diado Ia extracci6n de americio y curio con 20 agentes 
de extracci6n organo-fosf6ricos neutros, y tambien 
con un numero considerable de fosfatos organicos 
acidos, sobre todo a partir de disoluciones con acido 
nitrico. A bajas concentraciones de los elementos 
estudiados y con una concentraci6n de ion nitrato 
dentro del intervalo de 0,0 I M a 1 ,5M, siempre se 
observ6 una funci6n de Ia tercera potencia de Ia con
centraci6n del agente de extracci6n. El diluyente tiene 
un efecto considerable sobre el grado de extracci6n, 
especialmente en el caso de disolventes acidos. 

No hemos estudiado los equilibrios de altas con
centraciones de los elementos extraidos, y no conozco 
datos publicados sobre esta materia. En principio, se 
deberia esperar una disminuci6n en los coeficientes de 
distribuci6n, a altas concentraciones de los actinidos, 
como consecuencia de Ia saturaci6n del disolvente. Asi 
pues, es obvio que no se darla en estas circunstancias 
una relaci6n de tercera potencia con Ia concentraci6n 
del disolvente. 

Documento P/819 (presentado por Y. Marcus) 

DISCUSION 

1. RYDBERG (Suecia): El coeficiente de distribuci6n 
para Ia adsorci6n de americio en Dowex-1 en soluci6n 
de LiN03 5M, anormalmente altoi.. no podria serdebido 
ala formaci6n de cierta cantidad de americio(IV)? Es 
sabido que el americio(IV) tiene mayor tendencia a la 
formaci6n de complejos que el americio (III). Asi pues, 
a! go de americio (IV) se puede absorber en la resina, aun 
cuando su concentraci6n en la fase acuosa sea dema
siado baja para poderla detectar. 

Y. MARcus (Israel): El americio (IV) es muy ines
table en disoluciones acuosas y no se espera que sea 
estable sobre una resina ani6nica. Se comprob6 
espectrofotometricamente el estado de oxidaci6n del 
americio en Ia disoluci6n del eluido de la resina y en la 
resina misma, encontrandose tan s6lo las bandas del 
americio(lll). Se encontr6, en los actinidos y lantani
dos, una variaci6n irregular de los coeficientes de 
reparto con el numero at6mico. 

Documento P/252 (presentado por R. E. Tomlinson) 

DISCUSION 

L. BAETSLE (Belgica): i., Cree V d. que el proceso 
CSREX ha sido desarrollado completamente y puede 
usarse para la recuperaci6n de productos de fisi6n? 

R. E. ToMLINSON (Estados Unidos de America): 
Como ya indique en el trabajo, hay un problema de 
estabilidad del disolvente debido a Ia reacci6n del 
acido nitroso con los fenoles sustituidos. Este pro
blema aun no esta resuelto. Nosotros estamos proyec
tando el equipo de forma que el proceso CSREX 
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pueda ser usado, aunque ello no sea necesario, segun 
sean los resultados de futuros estudios. 

Y. SouSSELIER (Francia): l. Los productos de fision 
se transportan en vagones de ferrocarril indepen
dientes o en vagones que forman parte de un tren 
ordinaria? 

R. E. TOMLINSON (Estados Unidos de America): En 
vagones que forman parte de un tren ordinaria, pero 
el tren tiene que viajar hacia su destina sin paradas 
intermedias. 

B. F. WARNER (Reino Unido): l.Al calcular el coste 
de produccion de los productos de fision l. se tuvieron 
en cuenta los ahorros debidos a las operaciones de 
eliminacion de residuos? 

R. E. TOMLINSON (Estados Unidos de America): En 
los costes dados no se ha tenido en cuenta cualquier 
reduccion posible en los costes de almacenamiento de 
residuos. 

L. THIRIET (Francia): l. Que periodos de depreciacion 
y tipos de interes se utilizaron como base en el calculo 
de los precios de coste dados en la memoria? 

R. E. ToMLINSON (Estados Unidos de America): En 
el calculo se usaron las formulas normales de la 
USAEC. En estas formulas se usan diferentes tipos de 
interes para distintas partes de la instalacion. Los 
edificios se amortizan en aproximadamente 15 afios, 
mientras que el equipo se amortiza entre 8 y 10 aiios. 

B. F. WARNER (Reino U nido): En Windscale 
almacenamos nuestros residuos altamente activos en 
tanques de acero inoxidable como disolucion acida, 
siendo posible obtener muy bajos costes y volumenes 
de almacenamiento, es decir, solamente 20-40 litros por 
tonelada de uranio. Nuestro metodo experimental de 
recuperacion de productos de fision se basa en tecnicas 
de precipitacion para el cesio y el estroncio, lo cual no 
hace variar el volumen de los residuos altamente 
activos, no teniendo asi variacion en los costes de 
almacenamiento de residuos. 

N. E. BREZHNEVA (URSS): Me alegra que los 
Estados Unidos hayan comenzado a usar los procesos 
de extraccion en la recuperacion de grandes cantidades 
de isotopos. En el documento P /2295 de la Segunda 
Conferencia de Ginebra de 1958* se describieron los 
procesos de extraccion para la separacion de isotopos 
usados en la Union Sovietica, y en el documento 
P/512** presentado en la actual Conferencia se des
cribe un proceso de extraccion para el aislamiento 
completo de estroncio con salicilaldoxima. En los 
Estados Unidos se piensa usar el acido di(2-etilhexil) 

* Brezhneva, N. E., Levin, V. I., Korpusov, G. V., Manko, 
N. M., y Bogachova, E. K., Extracci6n de elementos radi
activos de fisi6n, Aetas de Ia Segunda Conferencia Inter
nacional sobre Ia Utilizaci6n de Ia Energia At6mica con 
Fines Pacificos, documento P /2295, Vol. 8, pag. 620, Naciones 
Unidas (1958). 

** Vol. 14, estas Aetas. 

fosforico para extraer estroncio. Nosotros tambien 
hemos estudiado este metodo. 

Me gustaria saber que es lo que se ha logrado en 
Estados Unidos en la separacion completa del 
estroncio por extraccion y la del cesio por adsorcion en 
zeolitas, a partir de dis()luciones de residuos. Tambien 
me gustaria preguntar si en su programa se tiene en 
cuenta Ia eliminacion de europio. 

R. E. TOMLINSON (Estados Unidos de America): 
Segun nuestro programa de tratamiento de residuos, 
deberiamos. lograr un 95 % de eliminacion de 137Cs 
y 90Sr. Esperamos que los procesos de extraccion con 
disolventes y el de la zeolita permitan separar por lo 
menos esa cantidad, y hasta probablemente cerca del 
99 %. En nuestro programa no se especifica la separa
cion de europio. 

N. E. BREZHNEVA (URSS): En Estados Unidos se 
considera suficiente un 95 % de recuperacion de 
estroncio y cesio. Esto significa que el subsiguiente 
tratamiento de disoluciones residuales sera costoso y 
dificil. Seria aconsejable incrementar el grado de 
recuperacion de cesio y estroncio a 99,99 %. 

R. E. TOMLINSON (Estados Unidos de America): El 
programa de tratamiento de residuos de Hanford es 
quizas unico, ya que actualmente disponemos de 
grandes volumenes de disoluciones residuales radiac
tivas conteniendo grandes cantidades de sales 
quimicas inertes. Estos residuos se almacenan en 
tanques de hormigon subterraneos. No es probable 
que esta situacion se repita en el futuro. Nuestro pro
blema es continuar almacenando estos materiales 
radiactivos, de forma segura y con un coste minimo. 

Hemos determinado que, para nosotros, la forma 
mas barata de almacenar estos residuos indefinida
mente es eliminar el agua y almacenarlos como tortas 
humedas en los tanques de hormigon existentes. 
Hemos determinado que la eliminacion del 95% del 
cesio y estroncio es adecuada, despues que los isotopos 
de corta vida se han disintegrado hasta llegar a limites 
inocuos. 

Si dependieramos solamente de la desintegracion 
radiactiva para reducir las concentraciones de cesio y 
estroncio a niveles inocuos, tendriamos que almacenar 
los residuos, bajo control, durante aproximadamente 
800 aiios. La eliminacion del 95 % de estos materiales 
puede reducir este periodo en 100 aiios. El incremento 
en la eficacia de separacion hasta un 99,99 %, quizas 
redujera el periodo de vigilancia a 200 o 300 aiios. En 
nuestra opinion, la diferencia entre 300 y 700 aiios de 
periodos de vigilancia no es importante. En cualquier 
caso hay trazas de elementos transuranidos presentes, 
por lo que estos materiales tendrian que ser alma
cenados durante miles de aiios. Asi pues, el grado de 
recuperacion de cesio y estroncio no reduciria apre
ciablemente el p.eriodo de confinamiento. Por tanto, 
decidimos eliminar tan solo el 95 % del cesio y estron
cio sobre la base de que seria adecuado eliminar el 
calor debido a la disintegracion radiactiva de forma 
que se llegara a una temperatura razonable en la torta 
hUmeda. 
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