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A. STATEMENT OF TECHNICAL RATIONALE AND JUSTIFICATION
1 TECHNICAL AND ECONOMIC FEASIBILITY

Theobjectiveof thisproposa isto establish aharmonized globaltechnical regulation (gtr) covering thetype:
gpprova procedure for heavy-duty engine exhaust emissons. The bass will be the test procedure
developed by the WHDC informal group of GRPE (seetheinformal document No. 4 digtributed during the
forty-sxth GRPE session).

Regulationsgoverning the exhaust emiss onsfrom heavy- duty engines have been in exisencefor many years
but the test cycles and methods of emissions measurement vary significantly. To be able to correctly
determine theimpact of aheavy- duty vehicle on the environment in terms of its exhaugt pollutant emissons,
alaboratory test procedure, and consequently the gtr, needsto be adequately representative of real-world
vehicle operation.

The proposed regulation is based on new research into the world-wide pattern of red heavy commercid
vehicleuse. From the collected data, two representative test cycles, atransient test cycle (WHTC) with
both cold and hot start requirements and a hot start steady State test cycle (WHSC), have been cregted
covering typicd driving conditions in the European Union (EU), the United States of America, Japan and
Audrdia Alternative emission measurement procedures have been developed by an expert committeein
ISO and have been published in SO 16183. This standard reflects exhaust emissions measurement
technology with the potentid for accuraidy measuring the pollutant emissions from future low emisson
engines. Thiswork has been the basis for future Japanese and the EU emission legidation. In paradld,
substantial work has been undertaken on a different basisin the last severd yearsin the United States of
Americato make mgor improvements to the emissions measurement procedures, testing protocols, and
regulatory structure for both highway heavy-duty and non-road heavy-duty engines. This work is
documented in the rulemaking of the United States of Americaand was published on 13 July 2005. Some
of those new testing protocols are dready reflected in this gtr.

Itisrecognized by the Contracting Partiesto the 1998 Agreement that along-term god for highway heavy-
duty diesdl enginetesting and non-road diesel enginetesting would be gtrswhich aresmilar in structureand
substance with respect to measurement equipment, procedures and requirements. Therefore, the
Contracting Parties recognize there will be a need in the future to amend this gtr in order to have as much
commondity asispossble between the highway heavy - duty diesdl gtr and the non-road diesdl gtr currently
under development. As discussed below, this gtr does not contain emission limit values. When thisgtr is
amended in the future to include limit values, that may be the gppropriate timeto reconcile any substantive
differences between the world -wide heavy - duty certification procedure (WHDC) gtr and thefuture gtr on
non-road mobile machinery (NRMM). At thisstage, thelimit vaues shal be devel oped by the Contracting
Parties according to their own rules of procedure.

The WHTC and WHSC test procedures reflect world -wide on-road heavy-duty engine operétion, as
closdly as possible, and provide a marked improvement in the redlism of the test procedure for measuring
the emisson performance of existing and future heavy-duty engines. In summary, the test procedure was
developed so that it would be:
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(@ representative of world-wide on-road vehicle operations,

(b) ableto provide the highest possible leve of efficiency in controlling on-road emissions,

(c) corresponding to tate-of-the-art testing, sampling and measurement technology,

(d) applicablein practice to existing and foreseeable future exhaust emissions abatement technologies,
ad

(e capable of providing ardiable ranking of exhaust emisson levels from different engine types.

At this stage, the gtr is being preserted without limit values. In thisway, the test procedure can be given a
legd status, based on which the Contracting Parties are required to start the process of implementing it into
their nationd law. The gtr contains severa options, whose adoption & left to the discretion of the
Contracting Parties. Those options are related to the hot soak procedure between the cold and hot
WHTC, the weighting factor of cold and hot WHTC, the particulate filter materid and size, and the
reference fud. However, these aspects have to be fully harmonized when common limit vaues are
established.

When implementing the test procedure contained in thisgtr as part of their nationa legidation or regulation,
Contracting Parties are invited to use limit vaues which represent at least the sameleve of severity astheir
exiging regulaions, pending the development of harmonized limit vaues by the Executive Committee
(AC.3) under the 1998 Agreement administered by the World Forum for Harmonization of Vehicle
Regulations (WP.29). The performance levels (emissions test results) to be achieved in the gtr will,
therefore, be discussed on the basis of the most recently agreed legidation in the Contracting Parties, as
required by the 1998 Agreement.

2. ANTICIPATED BENEFITS

Heavy commercid vehicles and their engines are increasingly produced for the world market. It is
economicaly inefficient for manufacturersto haveto prepare subgtantialy different modd sin order to meet
different emission regulations and methods of measuring emissons, which, in principle, am & achieving the
sameobjective. To enable manufacturersto devel op new models more effectively and within ashorter time,
it isdedrable that agtr should be developed. These savings will accrue not only to the manufacturer, but
more importantly, to the consumer aswell.

However, devel oping atest procedure just to address the economic question does not compl etely address
the mandate given when work on thisgtr wasfirst started. Thetest procedure mustalso improvethe Sate
of testing heavy-duty engines, and better reflect how heavy- duty engines are used today. Compared tothe
measurement methods defined in exigting legidation of the Contracting Partiesto the 1998 Agreement, the
testing methods defined in this gtr are much more representative of in- usedriving behaviour of commercia
vehiclesworld-wide. It should be noted that the requirements of this gtr should be complemented by the
requirements relating to the control of the Off-Cycle Emissons (OCE) and OBD systems.

As a consequence, it can be expected that the gpplication of this gtr for emissons legidation within the
Contracting Parties to the 1998 Agreement will result in a higher control of in-use emissons dueto the
improved correlation of the test methods with in-use driving behaviour.



ECE/TRANSWP.29/GRPE/2006/17
page 4

3. POTENTIAL COST EFFECTIVENESS

Specific cogt effectiveness vaues for this gtr have not been cdculated. The decision by the Executive
Committee (AC.3) to the 1998 Agreement to move forward with this gir without limit vauesisthe key
reason why this andysis has not been completed. This common agreement has been made knowing thet
specific cogt effectiveness vaues are not immediady available. However, it is fully expected that this
informetion will be developed, generdly, in response to the adoption of this regulation in nationa
requirements and aso in support of developing harmonized limit values for the next step in this gtr's
development. For example, each Contracting Party adopting thisgtr into itsnationd law will be expected to
determine the appropriate level of stringency associated with using these new test procedures, with these
new vauesbeing a least as stringent as comparabl e existing requirements. Also, experiencewill begained
by the heavy- duty engineindustry asto any costsand cost savings associated with using thistest procedure.

The cost and emissions performance data can then be andyzed as part of the next step in this gtr
development to determine the cost effectiveness vaues of the test procedures being adopted today along
with the gpplication of harmonized limit valuesin the future. While there are no vaues on caculated costs
per ton, the belief of the GRPE expertsis that there are clear benefits associated with this regulation.
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TEXT OF REGULATION

PURPOSE

Thisregulation amsat providing aworld - wide harmonized method for the determination of the
levels of pollutant emissions from engines used in heavy vehides in a manner which is
representative of red world vehicle operation. Theresultscan bethebasisfor theregulation of
pollutant emissions within regiond type approval and certification procedures.

SCOPE

Thisregulation gppliesto the measurement of the emission of gaseousand particulate pallutants
from compression-ignition engines and pogitive-ignition enginesfudled with naturd gas(NG)
or liquefied petroleum gas (L PG), used for propelling motor vehicles of categories1-2 and 2,
having adesign speed exceeding 25 km/h and having amaximum mass exceeding 3.5 tonnes.
DEFINITIONS, SYMBOLS AND ABBREVIATIONS

Definitions

For the purpose of this regulation,

“continuous regeneration” meansthe regeneration process of an exhaust after-trestmentsystem

that occurs either permanently or at least once per WHTC hot start test. Such aregeneration
process will not require a specia test procedure.

"delay time" means the time between the change of the component to be measured at the
reference point and asystem responseof 10 per cent of thefina reading (t,,). For the gaseous
components, thisisthe transport time of the measured component from the sampling probeto
the detector with the sampling probe being defined as the reference point.

"deNOx system™ means an exhaust after-trestment system designed to reduce emissions of
oxides of nitrogen (NO) (e.g. passve and active lean NO, cataysts, NO, adsorbers and
sective catalytic reduction (SCR) systems).

"diesd engine™ means an engine which works on the compressiorignition principle.
"engine family" means a manufacturers grouping of engines which, through their design as

defined in paragraph 5.2. of thisgtr, have smilar exhaust emisson characterigtics, al members
of the family must comply with the gpplicable emisson limit vaues
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3.1.6.

3.1.7.

3.18.

3.1.9.

3.1.10.

3111

3112

3.113.

3.1.14.

3.1.15.

3.1.16.

3.1.17.

3.1.18.

"enginesystem" meansthe engine, theemisson control system and the communication interface
(hardware and messages) between the engine system e ectronic control unit(s) (ECU) and any
other powertrain or vehicle control unit.

"engine type' means a category of engines which do not differ in essentid engine
characterigtics.

"exhaust after-trestment systermt' means a catdyst (oxidation or 3-way), particulate filter,
deNOx systemn, combined deN Ox particulatefilter or any other emission-reducing device thet
isingdled downstream of theengine. Thisdefinition excludesexhaust gasrecirculaion (EGR),
which is condgdered an integrd part of the engine.

"full flow dilution method" means the process of mixing dilution air with the tota exhaust flow
prior to separating afraction of the diluted exhaust stream for analysis.

"gasengine” means an enginewhichisfuelled with naturd gas (NG) or liquefied petroleum gas
(LPG).

"gaseous  pollutants’ means carbon monoxide, hydrocarbons and/or  nonmethane
hydrocarbons (assuming aratio of CH, g for diesdl, CH, ., for LPG and CH, 4, for NG, and
an assumed molecule CH,O, . for ethanol fuelled diesd engines), methane (assuming aratioof
CH, for NG) and oxides of nitrogen (expressed in nitrogen dioxide (NO,) equivaent).

"high speed (n,,)" meansthe highest engine speed where 70 per cent of the declared maximum
power occurs.

"low speed (n,)" meansthe lowest engine speed where 55 per cent of the declared maximum
power OCCurs.

*maximum power (P,,)" meansthe maximum power in kW as specified by the manufacturer.

"maximum torque speed’ means the engine speed at which the maximum torque is obtained
from the engine, as specified by the manufacturer.

"parentengine™ meansan engine selected from an enginefamily in such away thet itsemissons
characterigtics will be representative for that engine family.

"particulate after-treatmert device' means an exhaust after-trestment system designed to
reduce emissonsof particulate pollutants (PM) through amechanicd, aerodynamic, diffusond
or inertial separation.

"patid flow dilution method" means the process of separating a part of theraw exhaust from
the tota exhaust flow, then mixing it with an gppropriate amount of dilution ar prior to the
particulate sampling filter.
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"particulate matter (PM)" means any materid collected on a specified filter medium after
diluting exhaust with clean filtered air to a temperature between 315K (42 °C) and 325K
(52 °C), as measured a a point immediately upstream of the filter; thisis primarily carbon,
condensed hydrocarbons, and sulphates with associated water.

"per cent load" means the fraction of the maximum available torque at an engine speed.

"periodic regeneration” means the regeneration process of an exhaust after- treetment system
that occurs periodicaly in typicdly less than 100 hours of norma engine operation. During
cycles where regeneration occurs, emission standards may be exceeded.

"ramped steady Statetest cycle" meansatest cyclewith asequence of steady state enginetest
modes with defined speed, torque, and stability criteria a each mode and defined ramps
between these modes (WHSC).

"rated speed" meansthe maximum full load speed dlowed by the governor as specified by the
meanufacturer in hissalesand serviceliterature, or, if such agovernor isnot present, the speed
at which the maximum power is obtained from the engine, as specified by the manufacturer in
his sdles and service literature.

"regponse time" means the difference in time between aragpid change of the component to be
measured at the reference point and the gppropriate change in the response of the measuring
system whereby the change of the measured component is at least 60 per cent full scale (FS)
and takes placein lessthan 0.1 second. The system response time (t,) consstsof thedelay
timeto the system and of the risetime of the system. The response time may vary dependent
onwherethereference point for the change of the component to be measured isdefined, either
at the sampling probe or directly at the port entrance of the analyzer. In thisgtr, thesampling
probeis defined as the reference point (seefigure 1).

"rise time" means the time between the 10 per cent and 90 per cent response of the final
reading (too — t10)-

"gpecific emissons” means the mass emissions expressed in g/kWh.

"test cycle" means a sequence of test points each with a defined speed and torque to be
followed by the engine under steady state (WHSC) or trangent operating conditions (WHTC).

"transformation time" meansthetime between the change of the component to be measured at
the reference point and a system response of 50 per cent of the final reading (t,) with the
sampling probe being defined as the reference point. The transformation time is used for the
sgnd dignment of different measurement instruments.

"trangent test cycle” meansatest cyclewith asequence of normdized speed and torque vaues
thet vary rdativey quickly with time (WHTC).
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3.1.30. "usHful lifé' meansthe relevant period of distance and/or time over which compliance with the
relevant gaseous and particulate emission limits has to be assured.

t
step input vl

response time /

transformation time

Response

|
0

_? delay time rise time i! Time
Figure 1:
Definitions of system response
3.2. Generdl symbols
Symbol Unit Term
AFy - Stoichiometric air to fud ratio

c ppm/Vol per cent  Concentration
Cy ppm/Vol per cent  Concentration on dry basis
C ppm/Vol per cent  Concentration on wet basis

Cb ppm/Vol per cent  Background concentration
Cq - Discharge coefficient of SSV

d m Diameter

d, m Throat diameter of venturi

D, mé/s PDP cdlibration intercept

D - Dilution factor

DX S Timeinterva
€yas o/kWh Specific emission of gaseous components
Em o/kWh Spexific emission of particulates

& o/kWh Spexific emisson during regeneration
Ew o/kWh Weighted specific emisson
Ecoz per cent CO, quench of NO, andyzer

Ee per cent Ethane efficiency
B0 per cent Water quench of NO, analyzer

Ev per cent Methane efficiency
Bvox per cent Efficency of NO, converter

f Hz Data sampling rate

fa - L aboratory atmospheric factor

F - Stoichiometric factor

H, o/kg Absolute humidity of the inteke air
H, okg Absolute humidity of the dilution air
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r/s

ka/s
ka/s
ka/s
ka/s
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Term
Subscript denoting an ingtantaneous measurement (eg. 1 Hz)
Fud specific factor
Humidity correction factor for NO, for CI engines
Humidity correction factor for NO, for PI engines
Regeneration factor
Dry to wet correction factor for the intake air
Dry to wet correction factor for the dilution air
Dry to wet correction factor for the diluted exhaust gas
Dry to wet correction factor for the raw exhaust gas
CFV cdibration function
Excessair ratio
Mass of the dilution air sample passed through the particulate
sampling filters
Totd diluted exhaust mass over the cycle
Mass of equivaent diluted exhaust gas over the test cycle
Tota exhaust mass over the cyde
Particulate sample mass collected
Particulate sample mass of the dilution air collected
Mass of gaseous emissions over the test cycle
Mass of particulate emissions over the test cycle
Exhaust sample mass over thetest cycle
Mass of diluted exhaust gas passing the dilution tunnel
Mass of diluted exhaust gas passing the particulate collection filters
Mass of secondary dilution air
Molar mass of the intake air
M olar mass of the exhaust
Molar mass of gaseous components
Number of measurements
Number of measurements during regeneration
Engine rotationa speed
High engine speed
Low engine speed
Preferred engine speed
PDP pump speed
Saturation vapour pressure of engineinteke air
Total atmospheric pressure
Saturation vapour pressure of the dilution air
Absolute pressure
Water vapour pressure after cooling beth
Dry atmospheric pressure
Intake air mass flow rate on dry basis
Intake air mass flow rate on wet basis
Carbon mass flow rate in the raw exhaust gas
Carbon mass flow rate into the engine
Carbon massflow rate in the partid flow dilution system
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Symbol Unit Term
Omdew ka/s Diluted exhaust gas mass flow rate on wet basis
Omaiw ka/s Dilution air mass flow rate on wet basis
Ot kg/s Equivaent diluted exhaust gas mass flow rate on wet bads
Omewy ka/s Exhaudt gas mass flow rate on wet basis
Omex ka/s Sample mass flow rate extracted from dilution tunnel
(oo ko/s Fud mass flow rate
Oy ka/s Sample flow of exhaust gasinto partid flow dilution system
Ovevs m3/s CVSvolume rate
Ovs dm¥min System flow rate of exhaust analyzer system
Ow crdmin Tracer gasflow rae
rq - Dilution retio
o - Diameter ratio of SSV
rn - Hydrocarbon response factor of the FID
Fm - Methanol response factor of the FID
r - Pressureratio of SSV
rs - Average sampleratio
r kgne Density
le kg/m? Exhaugt gas dengty
S - Standard deviation
T K Absolute temperature
T, K Absolute temperature of the intake air
t S Time
to S Time between step input and 10 per cent of find reading
ts, S Time between step input and 50 per cant of find reading
teo S Time between step input and 90 per cent of find reading
u - Ratio between dendties of gas component and exhaust gas
V, ne/r PDP gas volume pumped per revolution
V, dms System volume of exhaugt andyzer bench
W, kWh Actual cycle work of thetest cycle
Wy kWh Reference cycle work of thetest cycle

X ne/r PDP cdlibration function
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Symbals and abbreviations for the fue composition

WaLF
Weer

hydrogen content of fud, per cent mass
carbon content of fuel, per cent mass
sulphur content of fuel, per cent mass
nitrogen content of fuel, per cent mass
oxygen content of fuel, per cent mass
molar hydrogen ratio (H/C)

molar carbon ratio (C/C)

molar sulphur ratio (S'C)

molar nitrogen ratio (N/C)

molar oxygen ratio (O/C)

referring to afud G,H,ONyS,

Symbols and abbreviations for the chemica components

c1
CH,
C.He
CH,
co
Co,
DOP
HC
H,0
NMHC
NO,
NO
NO,
PM

Abbreviations

CrV
CLD
CVS
deNO,
EGR
FID
GC
HCLD
HFID
LPG
NDIR
NG
NMC

Carbon 1 equivaent hydrocarbon
Methane

Ethene

Propane

Carbon monoxide

Carbon dioxide

Di-octylphtalate

Hydrocarbons

Water

Non- methane hydrocarbons
Oxides of nitrogen

Nitric oxide

Nitrogen dioxide
Particulate matter

Criticd Flow Venturi
Chemiluminescent Detector
Congant Volume Sampling
NO, after-treatment system
Exhaust gasrecirculation
Hame lonization Detector

Gas Chromatograph

Heated Chemiluminescent Detector
Heated Flame lonization Detector
Liquefied Petroleum Gas
Non-Dispersve Infrared (Andyzer)
Naturd Gas

Non-Methane Cutter



ECE/TRANS/WP.29/GRPE/2006/17

page 12

5.1.

5.1.1.

PDP Pogtive Digplacement Pump
Per cent FS Per cent of full scde

PFS Partid Flow System

SSV Subsonic Venturi

VGT Vaiable Geometry Turbine

GENERAL REQUIREMENTS

The engine system shdl be so designed, constructed and assembled asto enabletheenginein
norma use to comply with the provisons of this gir during its useful life, as defined by the
Contracting Party, induding when ingaled in the vehicle

PERFORMANCE REQUIREMENTS

When implementing the test procedure contained in this gtr as part of their nationd legidation,
Contracting Partiesto the 1998 Agreement are encouraged to use limit val ueswhich represent
a least the same leve of severity as ther existing regulations, pending the development of
harmonized limit vaues, by the Executive Committee (AC.3) of the 1998 Agreement, for
inclusoninthegtr a alaer date.

Emission of gaseous and particulate pollutants

The emissons of gaseous and particulate pollutants by the engine shal be determined on the
WHTC and WHSC test cycles, asdescribed in paragraph 7. The measurement sysemsshall
mest the linearity requirements described in paragraph 9.2. and the specificationsdescribed in
paragraph 9.3. Annex 3 describes the recommended andyticd systems for the gaseous
pollutants and the recommended particulate sampling systems.

Other systems or analyzers may be approved by the type gpprova or certification authority, if
it isfound that they yield equivadent resultsin accordance with paragraph 5.1.1.

Equivdency

The determination of system equivalency shdl be based on a seven-sample pair (or larger)
correlation study between the system under consideration and one of the systems of this gtr.

"Results’ refer to the specific cycle weighted emissions value. The corrdletion testing is
to be performed a the same laboratory, test cell, and on the same engine, and is
preferred to be run concurrently.  The equivaency of the sample pair averages shdl be
determined by F-test and t-test dtatistics as described in annex4 obtained under the
laboratory test cdl and the engine conditions described above. Outliers shdl be
determined in accordance with |SO 5725 and excluded from the database. The systems
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to be used for correation testing shal be subject to the gpprova by the type approvd or
certification authority.

Engine family
Generd

Anenginefamily ischaracterized by design parameters. Theseshdl becommontoal engines
within the family. The engine manufacturer may decide, which engines belong to an engine
family, aslong asthe membership criterialisted in paragrgph 5.2.3. arerespected. Theengine
family shdl be approved by thetypeapproval or certification authority. Themanufacturer sl
provideto thetypeapprova or certification authority the gppropriateinformation relating to the
emisson levels of the members of the engine family.

Specia cases

In some cases there may be interaction between parameters. This shdl be taken into
congderation to ensure that only engines with smilar exhaust emisson characterigtics are
included within the same enginefamily. These casesshdl beidentified by the manufacturer and
notified to the type approva or certification authority. It shal then betaken into account asa
criterion for creating a new engine family.

In case of devicesor features, which are not listed in paragraph 5.2.3. and which haveastrong
influence ontheleved of emissons, thiseguipment shal be identified by the manufacturer onthe
basis of good engineering practice, and shdl be notified to the type approva or certification
authority. 1t shdl then be taken into account as a criterion for creating a new engine family.

In addition to the parameters listed in paragraph 5.2.3., the manufacturer may introduce
additiond criteriadlowing the definition of families of more redtricted Sze. These parameters
are not necessarily parametersthat have an influence on the level of emissons.

Parameters defining the engine family

Combudtion cyde

(@ 2-drokecyde

(b) 4-grokecyde

() Rotay engine

(d) Others

Configuration of the cylinders
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5.23.2.1.

5.2.3.2.2.

5.233.

5.2.34.

5234.1.

5.2.34.2.

5.2.34.3.

5.2.35.

Podtion of the cylindersin the block

@ Vv
() Inlire
(© Rada

(d) Others(F, W, etc.)
Retive postion of the cylinders

Engines with the same block may belong to the same family as long as their bore center-to-
center dimensions are the same.

Main cooling medium

@ ar
(b) water
©

Individua cylinder displacement
Engine with aunit cylinder displacement = 0.75 dm?

In order for engines with a unit cylinder displacement of = 0.75 dm? to be considered to
belong to the same engine family, the sporead of their individua cylinder displacementsshal not
exceed 15 per cent of the largest individua cylinder displacement within the family.

Engine with aunit cylinder displacement < 0.75 dm?

In order for engines with a unit cylinder displacement of <0.75 dm? to be considered to
belong to the same engine famiily, the spread of their individua cylinder dislacementsshdl not
exceed 30 per cent of the largest individud cylinder digolacement within the family.

Engine with other unit cylinder displacement limits

Engines with an individud cylinder displacement that exceeds the limits defined in
paragraphs 5.2.3.4.1. and 5.2.3.4.2. may be considered to bel ong to the same family with the
approva of the type approva or certification authority. The approva shdl be based on
technica eements (ca culations, Smulations, experimenta resultsetc.) showing that exceeding
the limits does not have a sgnificant influence on the exhaugt emissons.

Method of air aspiration
@ natudly aspirated

(b) pressurecharged
(©) pressure charged with charge cooler
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5.2.3.7.

5.2.38.

5.2.3.9.

5.2.3.10.

52311

Fuel type

(@ Diesd

(b) Natura gas(NG)

(¢) Liquefied petroleum gas (LPG)
(d) Ethanol

Combustion chamber type

(& Open chamber
(b) Divided chamber
(c) Other types
Ignition Type

(& Postiveignition
(b) Compresson ignition

Vavesand porting

(@ Configuraion
(b)  Number of valves per cylinder

Fuel supply type

(@ Liquid fud supply type

ECE/TRANSWP.29/GRPE/2006/17
page 15

()  Pumpand (high pressure) line and injector

(i) Inlineor distributor pump

(i) Unit pump or unit injector
(iv) Common rall
(v) Carburettor(s)
(vi) Others
(b) Gasfud supply type
()  Gaseous
(i) Ligud
(i) Mixing units
(iv) Others
(c) Other types

Miscdllaneous devices

(& Exhaud gasrecirculation (EGR)
(b) Water injection

(c) Airinjection

(d) Others
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5.2.3.12.

5.2.3.13.

Electronic control strategy

The presence or absence of an eectronic control unit (ECU) on the engineis regarded as a
basic parameter of the family.

In the case of dectronicaly controlled engines, the manufacturer shal present the technica
elementsexplaining the grouping of these enginesin thesamefamily, i.e. thereasonswhy these
engines can be expected to satisfy the same emisson requirements.

Thee dements can be caculations, smulations, estimations, description of injection
parameters, experimenta results, etc.

Examples of controlled features are:

@ Timing

(b) Injection pressure
(© Mutipleinjections
(d) Boost pressure
(e VGT

f EGR

After-treatment systems

Thefunction and combination of thefollowing devicesareregarded asmembership criteriafor
an enginefamily:

(@ Oxidation catdyst

(b) Three-way catayst

(0 DeNOx system with sdlective reduction of NO, (addition of reducing agent)
(d) Other DeNOx systems

(& Particulate trap with passive regeneration

(f) Particulate trgp with active regeneration

(@ Other particulate traps

()  Other devices

When an engine hasbeen certified without after- trestment system, whether as parent engine or
as member of the family, then this engine, when equipped with an oxidation catays, may be
included in the same engine famiily, if it does not require different fuel characteridtics

If it requires specific fud characterigtics (e.g. particulate trapsrequiring specia additivesinthe
fud to ensure the regeneration process), the decision to include it in the same family shal be
based on technicd eements provided by the manufadurer. These dements shdll indicatethat
the expected emission leve of the equipped engine complies with the same limit value as the

non-equipped engine.
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When an engine has been certified with after-treatment system, whether as parent engineor as
merrber of afamily, whose parent engine is equipped with the same after- trestment system,
then this engine, when equipped without after-trestment system, must not be added to the
same engine family.

Choaice of the parent engine
Compression ignition engines

Once the engine family has been agreed by the type approvd or certification authority, the
parent engine of the family shdl be sdlected using the primary criterion of the highest fuel

delivery per stroke at the declared maximum torque speed. In the event that two or more
engines share this primary criterion, the parent engine shdl be sdected using the secondary
criterion of highest fuel delivery per stroke at rated speed.

Pogtive ignition engines

Once the engine family has been agreed by the type approvd or certification authority, the
parent engine of the family shdl be sdected usng the primary criterion of the largest
disolacement. In the event that two or more engines share this primary criterion, the parent
engine shal be sdected using the secondary criterion in the following order of priority:

(@ thehighest fud ddlivery per stroke at the speed of declared rated power;
(b) the most advanced spark timing;
() thelowest EGR rate.

Remarks on the choice of the parent engine

Thetypeapprova or certification authority may conclude that the worst- case emission rate of
the family can best be characterized by testing additiond engines. In this case, the parties
involved shdl havethe appropriateinf ormetion to determinetheengineswithinthefamily likely
to have the highest emissonslevd.

If engines within the family incorporate other variable features which may be consdered to
affect exhaust emissons, these features shal aso be identified and taken into account in the
sdlection of the parent engine.

If engineswithin thefamily meet the same emission vaues over different useful life periods, this
shdl be taken into account in the selection of the parent engine.
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6.

6.1.

6.2.

TEST CONDITIONS

Laboratory test conditions

The absolute temperature (T ) of the engine air &t the inlet to the engine expressed in Kelvin,
and the dry atmospheric pressure (p,), expressed in kPasha | be measured and the parameter
f, shdl be determined according to the following provisons. In multi-cylinder engineshaving
distinct groups of intake manifolds, such as in a "Veg" engine configuration, the average
temperature of the distinct groups shall be taken. The parameter f,shall be reported with the
test results For better repeatability and reproducibility of the test results, it is recommended
that the parameter f, be such that: 0.93 £ f, £ 1.07. Contracting Parties can make the
parameter f, compulsory.

(@ Compression-ignition engines

Naturaly aspirated and mechanically supercharged engines:

o ..0.7
0 a&T, 0 (l)

. 800 @T, 0
" "6, €6,

Turbocharged engines with or without cooling of theintake air:

w90 5°
oy Elal ®)

" 6p; 28,
(b) Postiveignition engines
.12

06
=602 2Tal &)

a7Cp; 2985

Engines with charge air-cooling

The charge air temperature shall be recorded and shal be, at the rated speed and full load,
within + 5 K of the maximum charge air temperature specified by the manufacturer. The
temperature of the cooling medium shdl be at least 293 K (20 °C).

If atest |aboratory system or externa blower isused, the charge air temperature shall be set to
within + 5 K of the maximum charge air temperature specified by the manufacturer & the rated
speed and full load. Coolant temperature and coolant flow rate of the chargeair cooler at the
above st point shal not be changed for the whole test cyce, unless this reaults in
unrepresentative overcooling of the charge air. The charge air cooler volume shall be based
upon good engineering practice and shal be representative of the production engingsin-use
indallation.
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Engine er

The basis of specific emissons measurement is uncorrected power as defined by the
Contracting Parties.

Certain auxiliaries, which are only necessary only for the operation of the vehicleand which
may be mounted on the engine should beremoved for thetest. Thefollowingincompletelistis
given asan example:

(& air compressor for brakes

(b) power steering compressor
(c) ar conditioning compressor
(d) pumpsfor hydraulic actuators

Where auxiliaries have not been removed, the power absorbed by them shdl bedeterminedin
order to adjust the set vaues and to calculate the work produced by the engine over the test

cycle.

Engine ar intake system

Anemginear intake system or atest |aboratory system shal be used presenting an air intake
redriction within + 300 Paof the maximum val ue specified by the manufecturer for acleanair
cleaner at the rated speed and full load.

Engine exhaugt system

An engine exhaust system or atest laboratory system shall be used presenting an exhaust
backpressurewithin + 650 Paof the maximum value specified by the manufacturer at therated
speed and full load. The exhaust system shdl conform to the requirements for exhaust gas
sampling, as s&t out in paragraphs 8.3.2.2. and 8.3.3.2.

Engine with after- treatment system

If the engineis equipped with an exhaust after- trestment device, theexhaust pipe shdl havethe
same diameter as found in-use for at lesst four pipe diameters upstream to the inlet of the
beginning of the expandon section containing the after- treetment device. Thedisancefromthe
exhaust manifold flange or turbocharger outlet to the exhaust after-trestment deviceshdl bethe
same asin the vehidle configuration or within the distance specifications of the manufacturer.
Theexhaust backpressureor restriction shall follow the samecriteriaas above, and may be set
with avave The after-trestment container may be removed during dummy testsand during
engine mapping, and replaced with an equivaent container having an inactive catayst support.

The emissons measured on the test cycle shdl be representative of the emissons in the
fidd. Inthe case of an engine equipped with aexhaust after-treatment system that
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6.6.1.

6.6.2.

requires the consumption of areagent, the reagent used for dl tests shal be declared by the
manufacturer.

For engines equipped with exhaust after-treatment systemsthat are regenerated on aperiodic
basis, as described in paragraph 6.6.2., emission results shal be adjusted to account for
regeneration events In this case, the average emission depends on the frequency of the
regeneration event in terms of fraction of tests during which the regeneration occurs.

After-trestment systems with continuous regeneration according to paragraph6.6.1. do not
require aspecia test procedure.

Continuous regeneration

For an exhaust after-trestment system based on a continuous regeneration process the
emissions shall be neasured on an after-treatment system that has been stabilized 0 as to
result in repeatable emissons behaviour.

The regeneration process shdl occur a least once during the WHTC test and the manufacturer
shdl declare the normal conditions under which regeneration occurs (soot load, temperature,
exhaust back- pressure, etc.).

In order to demonstrate that the regeneration processis continuous, at least three WHTC hot
start tests shdl be conducted. During the tests, exhaust temperatures and pressures shdl be
recorded (temperature before and after the after-treatment system, exhaust back pressure,
etc.).

The after-treatment system is considered to be satifactory if the conditions declared by the
meanufacturer occur during the test during a sufficient time and the emisson results do not
scatter by more than 15 per cent.

If theexhaust after- trestment hasasecurity modethat shiftsto aperiodic regeneration mode, it
should be checked according to paragraph6.6.2. For that specific case, the applicable
emission limits could be exceeded and would not be weighted.

Periodic regeneration

For an exhaust after-trestment based on a periodic regeneration process, the emissions shdll
be measured on at least three WHTC tests, one during and two outside aregeneration event
on astabilized after-trestment system, and the results be weighted.

The regeneration process shdl occur at least once during the WHTC tet. Theengine may be
equipped with aswitch capable of preventing or permitting the regereration process provided
this operation has no effect on the origind engine calibration.
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The manufacturer shal declarethe norma parameter conditions under which the regeneration

process occurs (soot |oad, temperature, exhaust back- pressure, etc.) and itsduration based
onthe number of cycles(n, ). Themanufacturer shal o providedl thedatato determinethe
number of cyclesbetween two regenerations (n). The exact procedureto determinethistime
shall be agreed by the type approva or certification authority based upon good engineering
judgement.

The manufacturer shal provide an after-trestment system that has been loaded in order to
achieve regeneration during aWHTC test. Regeneration shdl not occur during this engine-
conditioning phase.

Average emiss ons between regeneration phases shal be determined from thearithmetic mean
of severa gpproximatdy equidigant WHTC hot dart tets. As a minimum, at least one
WHTC as close as possible prior to aregeneration test and one WHTC immediatdly after a
regeneration test shall be conducted. Asan dternative, the manufacturer may provide datato
show that the emissonsremain constant (+ 15 per cent) between regeneration phases. Inthis
case, the emissions of only one WHTC test may be used.

During the regeneration test, al the data needed to detect regeneration shall be recorded (CO
or NO, emissons, temperature before and after the after-trestment system, exhaust back
pressure, €c.).

During the regeneration process, the applicable emission limits may be exceeded.
Themeasured emissions shdl beweighted according to paragraph 8.5.2.3., and thefind result

shdl not exceed the gpplicable emission limits. Thetest procedure is schematicaly shownin
figure 2.

r e, =(nxe  +nxe)/(n+n) ki=ew/e

Emissionsduring

regeneration e

Emissions [g/kWh]

1 Mean emissionsduring
sampling e 1.n

Weighted emissions of sampling

and regeneration e

Number of cycles

Figure 2
Scheme of periodic regeneration
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6.7.

6.8.

6.9.

7.1.

Cooling system

An engine coaling system with sufficient capacity to maintain the engine at norma operating
temperatures prescribed by the manufacturer shall be used.

Lubricating ol

Thelubricating oil shal be specified by the manufacturer and be representative of lubricating oil
avalable in the market; the spedifications of the lubricating oil used for the test shdl be
recorded and presented with the results of the test.

Spedificatio n of the reference fud

The use of one standardized reference fuel has dways been considered asan ideal condition
for ensuring the reproducibility of regulatory emission testing, and Contracting Parties are
encouraged to use such fud in their compliance testing. However, until performance
requirements (i.e. limit vaues) have been introduced into this gtr, Contracting Parties to the
1998 Agreement are dlowed to define their own reference fud for their nationd legidation, to
address the actud Stuaion of market fue for vehiclesin use.

The appropriate diesd reference fuds of the European Union, the United States of America
and Japan listed in annex 2 are recommended to be used for testing. Sincefuel characterigtics
influence the engine exhaust gas emission, the characterigtics of the fud used for the test shall
be determined, recorded and declared with the results of the test.

No CNG and LPG reference fuds are listed due to the significant differences in loca fue
qudities.

Thefud temperature shal be in accordance with the manufacturers recommendations.
TEST PROCEDURES

Principles of emissons measurement

In this gtr, two measurement principles are described that are functionaly equivaent. Both
principles may be used for both the WHTC and the WHSC test cycle:

(@ the gaseous components are measured in the raw exhaust gason ared timebasis, and
the particulates are determined using a partid flow dilution system;

(b)  the gaseous components and the particulates are determined using a full flow dilution
system (CVS system);

(¢ any combination of the two principles (eg. raw gaseous measurement and full flow
particulate measurement) is permitted.
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The engine shdl be subjected to the test cycles specified below.

Transent test cycle WHTC

The trandent test cycle WHTC is listed in annex 1 as a second- by-second sequence of
normalized speed and torque va ues gpplicableto al engines covered by thisgtr. Inorder to
perform the test on an engine test cdll, the normalized vaues shall be converted to the actual
vaues for the individud engine under test based on the engine-mapping curve. The
conversonisreferred to as denormalization, and the test cycle so devel oped asthereference
cycle of the engine to be tested. With those reference speed and torque vaues, the cycle
shdll berun onthetest cell, and the actua speed, torque and power vaues shal be recorded.

In order to vaidate the test run, aregression analysis between reference and actual speed,
torque and power vaues shal be conducted upon completion of the test.

For caculation of the brake specific emissions, the actua cycle work shdl be caculated by
integrating actua engine power over the cycle. For cycle vdidation, the actua cycle work
must be within prescribed limits of the cycle work of the reference cycle (reference cycle
work).

The gaseous pollutants may be recorded continuoudy or sampled into asampling bag. The
particulate sample shdl be diluted with conditioned ambient air, and collected on a single
auitablefilter. The WHTC is shown schematicdly in figure 3.

%
‘ | ——n_norm

" | 1Al

A 1 B )

% 1H

AT ST

Normalized Speed/Torque

- %

Time [s]

Figure 3
WHTC test cycle
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7.3.

Ramped steady dtate test cycle WHSC

The ramped steady state test cycle WHSC consists of a number of normalized speed and
load modes which cover the typica operating range of heavy duty engines. ModeO isnot
run, but is only accounted for mathematically by aweighting factor (WF) of 0.24 and zero
emissions and power. The engine shall be operated for the prescribed time in each mode,
whereby engine speed and load shdl be changed linearly within 20 seconds. In order to
vaidate the test run, aregresson analysis between reference and actual speed, torque and
power vaues shdl be conducted upon completion of the test.

During each mode and the ramps between the modes the concentration of each gaseous
pollutant, exhaust flow and power output shall be determined, and the measured vaues
averaged over the test cycle. The gaseous pollutants may be recorded continuoudy or
sampled into asampling bag. The particulate sample shall be diluted with conditioned ambient
ar. One sample over the complete test procedure shdl be taken, and collected on asingle
suitablefilter.

For calculation of the brake specific emissions, the actud cycle work shal be caculated by
integrating actua engine power over the cycle.

TheWHSCisshownintablel. Theweighting factors(WF) aregivenfor referenceonly. The
idle modeis separated in two modes, mode 1 at the beginning and mode 13 at the end of the
test cycle.

Normalized | Normdized
Speed Load WF Mode length (9)
Mode| (per cent) (per cent) for reference incl. 20 sramp
0 Motoring - 0.24 -
1 0 0 0.17/2 210
2 55 100 0.02 50
3 55 25 0.10 250
4 55 70 0.03 75
5 35 100 0.02 50
6 25 25 0.08 200
7 45 70 0.03 75
8 45 25 0.06 150
9 55 50 0.05 125
10 75 100 0.02 50
11 35 50 0.08 200
12 35 25 0.10 250
13 0 0 0.17/2 210
aum | | | 1.00 | 1895
Table1:

WHSC test cycle
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General test sequence

Thefollowing flow chart outlines the generd guidance that should be followed during testing.
The details of each step are described in the relevant paragraphs.  Deviations from the
guidance are permitted where appropriate, but the specific requirements of the relevant
paragraphs are mandatory.

For the WHTC, the test procedure consists of a cold start test following either natura or
forced cooldown of the engine, a hot soak period and a hot sart test. Selection of the hot
soak period and the weighting factor between cold Sart test and hot start test shal be decided
by the Contracting Parties.

For the WHSC, thetest procedure consists of ahot start test following engine preconditioning
a WHSC mode 9.
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Engine preparation, pre-test measurements, performance checks and calibrations

v

Generate reference test cycle

Generate engine map (maximum torque curve)

paragraph 7.5.
paragraph 7.6.

v

systems

Run one or more practice cycles as necessary to check engine/test cell/emissions

l WHTC

Natural or forced engine cool-down
paragraph 7.8.2.1.

v

WHSC

’

Ready all systems for sampling and
data collection

paragraph 7.8.2.7.

Preconditioning of engine and particulate
system including dilution tunnel

paragraph 7.8.2.4.

v

v

Cold start exhaust emissions test
paragraph 7.8.3.1.

v

Hot soak period

paragraph 7.8.3.2.

v

Change dummy PM filter to weighed
sampling filter in system by-pass mode

paragraph 7.8.2.5.

Ready all systems for sampling and data
collection

paragraph 7.8.2.7.

v

Hot start exhaust emissions test

Exhaust emissions test within 5 minutes after
engine shut down

paragraph 7.8.3.3.1. paragraph 7.8.3.3.2.
Data collection and evaluation paragraph 7.8.4.

Emissions calculation

paragraph 8.
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Engine mapping procedure

For generating the WHTC and WHSC on the test cdll, the engine shall be mapped prior to the
run of the test cycle for determining the speed vs. torque curve.

Determination of the mapping speed range

The minimum and maximum mapping speeds are defined asfollows:

Minimum mapping speed =  idle speed
Maximum mapping speed N, x 1.02 or speed where full load torque drops off to
zero, whichever issmdler.

Engine mapping curve

Theengine shdl bewarmed up at maximum power in order to stabilize the engine parameters
according to the recommendation of the manufacturer and good engineering practice. When
the engine is stabilized, the engine mapping shal be performed according to the following
procedure.

(@ Theengine shdl be unloaded and operated et idle speed.

(b) The engine shdl be operated at full load setting of the injection pump & minimum
mapping speed.

() Theengine speed shdl beincreased at an averagerate of 8 £ 1 mirr/sfromminimumto
maximum mapping speed. Engine speed and torque points shal be recorded & a
sample rate of at least one point per second.

Alternate mapping

If amanufacturer believes that the above mapping techniques are unsafe or unrepresentative
for any given engine, aternate mapping techniques may be used. These dternate techniques
mugt satisfy theintent of the specified mapping proceduresto determinethe maximum available
torque at dl engine speeds achieved during the test cycles. Deviations from the mapping
techniques specified in this paragraph for reasons of safety or representativeness shall be
approved by thetype gpprova or certification authority dong with thejudtification for their use.

In no case, however, thetorque curve shdl be run by descending engine speedsfor governed
or turbocharged engines.

Replicate tests

An engine need not be mapped before each and every test cycle. An engine shal be
remapped prior to atest cycleif:

(& an unreasonable amount of time has transpired since the last map, as determined by
engineering judgement, or
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7.6.

7.6.1.

(b) physca changesor recdibrationshave been madeto the enginewhich potentidly affect
engine performance.

Generdion of the reference test cycle

Denormalization of engine speed
The speed shdl be denormaized using the following equation:
Actua speed = Ny x (0.45x Ny, + 0.45 x Ny + 0.1 x Ny — Nige) x2.0327 + Nige 4

where:

n, isthelowest speed where the power is 55 per cent of maximum power

Nuet 1S the engine speed where the max. torque integral is 51 per cent of the whole integra
n, isthe highest speed where the power is 70 per cent of maximum power.

Nige IStheide speed

asshowninfigure4.

%

Pmax —
/ \"\% Of
9 T
% / \\ % Of Prax
% Il

%Ofpmy \
% / \

%

F)m ax
v/

Engine Power

%

Engine Speed

Figure 4:
Definition of test speeds
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Determination of preferred speed

From the engine mapping curve as determined in accordance with paragraph 7.5.2., the
integral of the maximum torque shall be calculated from n o Ny, Ny, isthehighest speed
where the power is 95 per cent of maximum power. N, isthen defined as the speed that
corresponds to 51 per cent of the whole integrd, as shown in figure 5.

, %

Engine Torque

, %
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3"
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, %
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Engine Speed

Figure 5:
Definition of n,

Denormdization of enginetorque

The torque vaues in the engine dynamometer schedule of annex 1 are normdized to the
maximum torque at the respective speed. The torque values of the reference cycle shdl be
denormalized, using the mapping curve determined according to paragraph 7.5.2., asfollows:

per cent torque” max. torque
100

Actud torque = 5)

for the respective actud speed as determined in paragraph 7.6.1.
Example of denormalization procedure
Asan example, the following test point shal be denormdized:

per cent speed
per cent torque

43 per cent
82 per cent
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7.7

7.7.1.

71.7.2.

Given the following vaues

N, = 1,015 min!

Ny = 2,200 mn?

Moo = 1,300 mint

Nigie = 600 mirr

resultsin:

actual speed = 43" (0.45° 1,015 + 0.45" 1,300 +0.1° 2,200 - 600)" 2.0327 + 600

100
=1,178 min?

With the maximum torque of 700 Nm observed from the mapping curve at 1,178 mint

82" 700

actud torque = = 574 Nm
100

Vdidation of the tes run

Cdculdtion of the cycle work

Before cd culating the cycle work, any points recorded during engine starting shdl be omitted.
The cyclework W, (kWh) shdl be caculated based on engine feedback speed and torque
values. The reference cycle work W (kWh) shall be calculated based on engine reference
speed and torque values. The actua cycle work W, isused for comparison to thereference
cyclework W, and for caculating the brake specific emissions (see paragraph 8.5.2.1.).

Thesamemethodology shall beused for integrating both reference and actua enginepower. If
values are to be determined between adjacent reference or adjacent measured vaues, linear
interpolation shal be used. In integrating the actud cycle work, any negative torque vaues
shall be st equd to zero and included. If integrationis performed a afrequency of lessthan 5
Hz, and if, during a given time segment, the torque va ue changes from positive to negative or
negativeto positive, the negaiive portion shdl be computed and set equd to zero. Thepositive
portion shal be included in the integrated vaue.

W, shal be between 85 per cent and 105 per cent of W
Vdiddion gatigtics of thetest cycle

Linear regressons of the actua vaues on the reference values shdl be performed for speed,
torque and power.
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Tominimizethebiasing effect of thetime lag between the actud and reference cyclevaues, the
entire engine speed and torque actual signa sequence may be advanced or ddayed in time
with respect to the reference speed and torque sequence. If theactud signdsare shifted, both
peed and torque must be shifted the same amount in the same direction.

The method of least squares shal be used, with the best-fit equation having the form:

y = mx+b (©)
where:

y =  atud vaueof speed (min?), torque (Nm), or power (kW)

m =  dopeof theregressonline

X = reference vaue of speed (min-Y), torque (Nm), or power (kW)

b y intercept of theregresson line

The standard error of estimate (SEE) of y on x and the coefficient of determination (r?) shdl be
calculated for each regression line.

It is recommended that this analysis be performed a 1 Hz. For atest to be considered valid,
the criteriaof table 2 nmust be met.

Speed Torque Power

Standard error of max. 100 min? [ max. 13 per cent of max. 8 per cent of
edimate (SEE) of y maximum engine torque | maximum engine power
onx
Sope of the 0.95t01.03 0.83-1.03 0.89-1.03
regresson ling, m
Coefficient of min. 0.970 min. 0.850 Min. 0.910
determination, r2
y intercept of the + 50 min't + 20 Nmor + 2 per +4 kW or + 2 per cent
regressionline, b cent of maximum of maximum power

torque whichever is whichever is greater

Orester

Table 2

Regression line tolerances

For regresson purposes only, point deletions are permitted where noted in table 3 before
doing theregression cadculation. However, those pointsshal not be ddeted for the caculation
of cyclework and emissons. Anidlepointisdefinedasapoint having anormalized reference
torque of O per cent and a normalized reference speed of O per cent. Point deletion may be
gpplied to the whole or to any part of the cycle.
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Condition Points to be deleted
First 6+ 1 seconds Speed, torque, power
Full load demand and actua torque < 95 per cent reference torque Torque and/or power
Full load demand and actua speed < 95 per cent reference speed Speed and/or power
No load demand and actua torque > reference torque Torque and/or power
No load demand and actual torque > + 2 per cent of maximum torque | Speed and/or power
(idle point)
No load demand and reference torque < 0 per cent (motoring point) Torque and/or power

7.8.

7.8.1.

7.8.2.

7.8.2.1.

Table3:
Permitted point deletions from regression analys's

EmissonsTest Run

Introduction

Theemissonsto be measured from the exhaugt of the engineinclude the gaseous components
(carbon monoxide, total hydrocarbons or norn methane hydrocarbonsand oxides of nitrogen),
andtheparticulates. Additiondly, carbon dioxideisoften used asatracer gasfor determining
the dilution ratio of partia and full flow dilution systems.

Theabove pollutants shal be examined during the prescribed test cycles. The concentrations
of the gaseous components shal be deternined over thecycleether intheraw exhaust gasby
integration of the analyzer signd, or in the diluted exhaust gas of a CVSfull flow dilution
system by integration or by bag sampling. For particulates, a proportiond sample shdl be
collected from thediluted exhaust gas on aspecified filter by ether partid flow dilution or full
flow dilution. Depending on the method used, the diluted or undiluted exhaust gas flow rate
shdl be determined over the cycleto cdculate the mass emission vaues of the pollutants The
meass emission vaues shdl be related to the engine work, as caculated in accordance with
paragraph7.7.1., to get the grams of each pollutant emitted per kilowatt hour.

Pre-test procedures

Pre-test engine measurements, pre-tes engine performance checks and pre-test system
cdibrations shdl be made prior to the engine mapping procedure in line with the generd test
sequence shown in paragraph 7.4.

Engine cool-down (cold start test only)

A naturd or forced cool-down procedure may be applied. For forced cool-down, good
engineering judgment shal be used to st up systems to send cooling ar across the
engine, to send cool oil through the engine lubrication system, to remove heat from the
coolant through the engine woling system, and to remove heat from an exhaust after-
trestment system. In the case of aforced after-treatment cool down, cooling air shal not
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be agoplied until the after-treatment system has cooled below its catdytic activation
temperature.  Any cooling procedure that results in unrepresentative emissons is not
permitted.

Preparation of the sampling filters

At least one hour before the tet, each filter shdl be placed in apetri dish, which is protected
againg dust contamination and alows air exchange, and placed in a weighing chamber for
stabilizetion. At the end of the stabilization period, each filter shal be weighed and the tare
weight shal be recorded. Thefilter shal then be stored in a closed petri dish or sedled filter
holder until needed for testing. Thefilter shal be used within eight hours of its remova from
the weighing chamber.

Ingdlation of the measuring equipment

The instrumentation and sample probes shdl be ingtaled as required. The tailpipe shal be
connected to the full flow dilution system, if used.

Preconditioning the dilution system and the engine (WHSC only)

Thedilution system and the engine shdl be started and warmed up. After warm-up, theengine
and sampling system shd| be preconditioned by operating the engine at mode 9foraminimum
of 10 minutes while smultaneoudy operating ether the partia flow dilution system or the full

flow dilution and secondary dilution system. Dummy particulate emissions samples may be
collected. Those sample filters need not be stabilized or weighed, and may be discarded.
Flow rates shall be set at the approximate flow rates selected for testing.

Sarting the particulate sampling system

The particulate sampling system shdl be started and operated on by-pass. The particulate
background level of thedilution air may be determined by sampling the dilution air prior tothe
entrance of the exhaust gasinto the dilution tunnd. The measurement may be done prior to or
after thetest. If the measurement is done both at the beginning and at the end of the cycdle, the
valuesmay beaveraged. If adifferent sampling systemisused for background measurement,
the measurement shal be done in pardld to the test run.

Adjustment of the dilution system
Thetotd diluted exhaust gasflow of afull flow dilution sysem or the diluted exhaust gas flow

through apartid flow dilution system shall be st to diminate water condensation in the system,
and to obtain afilter face temperature between 315K (42 °C) and 325 K (52 °C).



ECE/TRANS/WP.29/GRPE/2006/17

page 34

7.8.2.7.

7.8.3.

7.8.3.1.

7.8.3.2.

7.8.3.3.

7.8.3.3.1.

7.8.3.3.2.

Checking the andlyzers

Theemisson anadyzersshdl be sat a zero and spanned. If sample bagsare used, they shdl be
evacuated.

Engine starting procedure
Cold gstart test (WHTC only)

The cold -gtart test shall be started when the temperatures of the engine's lubricant, coolant,
and after- treetment systemsaredl between293 and 303 K (20 and 30 °C). Theengineshdl
be started using one of the following methods:

(@ theengne shdl be started as recommended in the owners manuad using a production
starter motor and adequately charged battery or a suitable power supply; or

(b) the engine shdl be sarted by using the dynamometer. The engine shdl be motored
within + 25 per cent of itstypica in-use cranking speed. Cranking shall be stopped
within 1 second of starting the engine. If the engine does not start after 15 seconds of
cranking, cranking shal be stopped and the reason for the failure to start determined,
unless the owners manua or the service-repair manua describes the longer cranking
time as normd.

Hot soak period (WHTC only)

Immediately upon completion of the cold sart test, the engine shdl be conditioned for the hot
dart test by using one of thefollowing options:

(@ 5 minutes hot soak period

(b) 20 minutes hot soak period

The option shal be selected by the Contracting Parties.
Hot start test
WHTC

The engine shdl be started at the end of the hot soak period as defined in paragraph7.8.3.2.
using the starting methods given in paragraph 7.8.3.1.

WHSC

5 minutes after completion of preconditioning at mode 9 as described in paragraph7.8.2.4.,
the engine shdl be started according to the manufacturer'srecommended starting procedurein
the owner'smanud, using elther aproduction starter motor or the dynamometer in accordance
with paragraph 7.8.3.1.
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Cyclerun
Test sequence
The test sequence shal commence &t the art of the engine.

The WHTC shdl be performed according to the reference cycle as set out in paragraph 7.2.
Engine speed and torque command set pointsshall beissued a5 Hz (10 Hzrecommended) or
greater. The set points shdl be caculated by linear interpol ation betweenthe 1 Hz st points
of thereference cycle. Actua engine speed and torque shal be recorded at least once every
second during the test cycle (1 Hz), and the sgna's may be eectronicaly filtered.

The WHSC shdl be performed according to the order of test modes ligted in teble 1 of
paragraph 7.3.

Andyzer response
At the start of the test sequence, the measuring equipment shdl be started, smultaneoudy:

(@ dat calecting or andyzing dilution ar, if afull flow dilution system is wsed;

(b) sart collecting or analyzing raw or diluted exhaust gas, depending on the method used;

() sart measuring the amount of diluted exhaust gas and the required temperatures and
pressures;

(d) sart recording the exhaust gas mass flow rate, if rav exhaust gas andysisis used;

() art recording the feedback data of speed and torque of the dynamometer.

If raw exhaust measurement is used, the emission concentrations (HC, CO and NQ,) and the
exhaust gas mass flow rate shal be measured continuoudy and sored with at least 2 Hzona
computer system. All other datamay be recorded with a sample rate of at least 1 Hz. For
analogue analyzers the response shall be recorded, and the cdibration data may be applied
online or offline during the data evalugtion.

If afull flow dilution systemisused, HC and NO, shall be messured continuoudy inthedilution
tunnd with afrequency of at least 2 Hz. The average concentrations shal be determined by
integreting the andyzer sgnds over the test cycle. The system response time shdl be no
greater than 20 s, and shd | be coordinated with CV Sflow fluctuations and sampling timeftest
cycle offsets, if necessary. CO, CO,, and NMHC shall be determined by integration of
continuous measurement Signasor by anayzing the concentrationsin the sample bag, collected
over the cycle. The concentrations of the gaseous pollutants in the dilution air shdl be
determined by integration or by collecting into the background bag. All other parametersthat
need to be measured shdl be recorded with a minimum of one measurement per second
(1 H2).
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7.8.4.3.

7.8.4.4

7.8.4.5.

Particulate sampling

At the gart of the test sequence, the particulate sampling system shall be switched from by
pass to collecting particul ates.

If apartia flow dilution system is used, the sample pump(s) shdl be controlled , so that the
flow rate through the parti culate sample probeor transfer tubeismaintained proportiond tothe
exhaust mass flow rate.

If afull flow dilution system is used, the sample pump(s) shdl be adjusted so that the flow rate
through the particulate sample probe or transfer tube is maintained a a vaue within + 5 per
cent of the set flow rate. If flow compensation (i.e., proportiona control of sample flow) is
used, it must bedemonstrated that theratio of main tunnd flow to particulate sampleflow does
not change by more than+ 5 per cent of its set vaue (except for the first 10 seconds of

sampling). The averagetemperature and pressure at the gas meter(s) or flow instrumentation
inlet shal be recorded. If the sat flow rate cannot be maintained over the complete cycle
(within £ 5 per cent) because of high particulate loading on the filter, the test shall be voided.
The test shdl be rerun using a lower flow rate.

Engine galing and equipment malfunction

If the engine stdls anywhere during the cold start test of the WHTC or during the WHSC, the
test shall be voided. The engine shdl be preconditioned and restarted according to the
requirements of paragraph7.8.3.1., and the test repeated.

If the engine stals anywhere during the hot start test of the WHTC, the test shall be voided.
Theengine shall be soaked according to paragraph 7.8.3.2., and the hot Start test repested. In
this case, the cold start test need not be repeated.

If amdfunction occursin any of the required test equipment during thetest cycle, thetest shall
be voided and repested in line with the above provisons in dependence of the test cycle.

Operations after test

At the completion of the test, the measurement of the exhaust gas mass flow rate, the diluted
exhaugt gasvolume, the gasflow into the collecting bags and the parti culate sample pump shall
be stopped. For anintegrating analyzer system, sampling shal continueuntil system response
times have eapsed.

The concentrations of the collecting bags, if used, shall be analyzed as soon aspossibleand in
any case not later than 20 minutes after the end of the test cycle.
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After the emission test, a zero gas and the same span gas shal be used for re-checking the
analyzers. The test will be consdered acceptable if the difference between the pre-test and
post-test resultsis less than 2 per cent of the span gas vaue.

The particulate filters shdl be returned to the weighing chamber no later than one hour after
completion of thetest. They shdl be conditioned in a petri dish, which is protected against
dust contamination and alows air exchange, for at least one hour, and then weighed. The
grossweight of thefilters shall be recorded.

EMISSION MEASUREMENT AND CALCULATION

The find test result shdl be rounded in one step to the number of places to the right of the
decimd point indicated by the gpplicable emisson standard plus one additiond sgnificant
figure, in accordancewith ASTM E 29-04. No rounding of intermediate val uesleading to the
find bresk-specific emission result is permitted.

Dry/wet correction

If the emissons are not measured on a wet bass, the measured concentration shal be
corverted to awet basis according to the following equation:

CW:k\NICd (7)

where:

G isthe wet concentration in ppm or per cent volume
¢, isthe dry concentration in ppm or per cent volume
k,, isthe dry/wet correction factor

Raw exhaust gas
& 12442 H +11119" w, 2
Ky o = gl- » mdi 71,008 ©)
§ 7734+12442° H_ +—"" k.~ 1,000 £
qmad,i ﬂ
or
12442 H,+11119" w,,, 2 )
_ Gy * /& PO
Kua= - - S ©
¢ 7734+12442° H, +M" K © 1,000+ P o
mad,i
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8.1.2.

& 1 0,
P —— - k,,2" 1.008 (10)
1+a” 0005 (Ccoz + Cco) %]
with
ki = 0.055594 X W, . + 0.0080021 X Wyg, + 0.0070046 X Weps (12)
and
1608" H
kWl = ,a (12)
1,000 +(1.608" H,)
where:

H, isthe intake air humidity, g water per kg dry ar
Wy e Isthe hydrogen content of the fud, per cent mass

(o vy is the instantaneous fuel mass flow rate, kg/s

Omay  IStheinstantaneous dry intake ar mass flow rate, kg/s
p, is the water vapour pressure &ter cooling bath, kPa
Py is the total atmospheric pressure, kPa

Wy isthenitrogen content of the fuel, per cent mass
Weps  iSthe oxygen content of the fuel, per cent mass

a isthe molar hydrogen ratio of the fuel
Ccoz is the dry CO, concentration, per cent
Cco isthe dry CO concentration, per cent

Equations (8) and (9) are principaly identica with the factor 1.008 in equations (8) and (11)
being an gpproximation for the more accurate denominator in equation (9).

Diluted exhaust gas
_é a  CGowl u,
k= al- 2 <o | = 1008 13
e gi o K”ZH (13)
or
S :
é - U
K Sg ke 0" 1.008 (14)
é§1+a Ccozd_Tl]
é 200 A

with
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1608° gH, &- L%+ Y
€ e Do éD of
Kz = - - 1 e (15)
| , , o ol
1,000 + {1.608" & -—= + H, " c—Fy
1 g_ld gi Dg gD&%
where:
a isthe  molar hydrogen rétio of the fue

Coopw  1Sthewet CO, concentration, per cent

Ceopg  ISthedry CO, concentration, per cent

H, isthedilution air humidity, g water per kg dry ar
H, istheintake air humidity, g water per kg dry ar

D isthe dilution factor (see paragraph 8.4.2.4.2.)

Dilution ar

Koo = (1- k) 1008 (16)
with

K, = 1608 " H, (17)

1,000 +(1.608" H,)

where:
Hy isthedilution ar humidity, g water per kg dry air

NO, correction for humidity and temperature

As the NO, emission depends on ambient air conditions, the NO, concentration shdl be
corrected for humidity with the factors given in paragraph8.2.1. or 8.2.2. Theinteke ar
humidity H, may be derived from relaive humidity measurement, dew point messurement,
Vgpour pressure messurement or dry/wet bulb measurement using generally accepted equation.

Compression-ignition engines

_15.698" H,

Kno 1,000

+0.832 (18)

where:
H, istheintake ar humidity, g water per kg dry ar

Pogtive ignition engines

kng =0.6272+44.030 x103x H,—0.862x 103 x H2 (19)
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8.3.

8.3.1.

83.1.1.

where:
H, istheintake arr humidity, g water per kg dry ar

Partid flow dilution (PFS) and raw gaseous measurement

Theingantaneous concentration signa s of the gaseous components are used for the calculation
of the mass emissons by multiplication with the ingtantaneous exhaust mass flow rate. The
exhaugt massflow rate may be measured directly, or caculated using the methods of intake air
and fud flow measurement, tracer method or intake air and air/fuel ratio measurement. Specid
attention shdl be paid to the response times of the different insruments. These differences
shall be accounted for by timedigning thesignads. For particulates, the exhaust massflow rete
sgndsareused for controlling the partia flow dilution system to take asample proportiond to
the exhaust massflow rate. Thequdlity of proportiondity ischecked by applying aregression
andys sbetween sampleand exhaust flow. The completetest set up isschematicaly shownin
figure 6.

Figure 6:
Scheme of raw/partia flow measurement system

Determination of exhaust gas mass flow
Introduction

For cdculaion of the emissons in the raw exhaust gas and for contralling of a partid
flow dilution system, it is necessary to know the exhaust gas mass flow rate. For the
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determination of the exhaust mass flow rate, ether of the methods described in
paragraphs 8.3.1.3 to 8.3.1.6 may be used.

Response time

For the purpose of emissons cdculation, the response time of either method described in
paragraphs 8.3.1.3 to 8.3.1.6 shdl be equa to or less than the requirement for the andyzer
response time of = 10 s, as defined in paragraph 9.3.5. When using a NMC for the
measurement of NMHC, the system response time may exceed 10 s.

For the purpose of controlling of apartia flow dilution system, afaster responseis required.
For partid flow dilution sysems with online contral, the responsetime shdl be= 0.3 s. For
partid flow dilution systems with look ahead control based on a pre-recorded test run, the
responsetime of theexhaust flow measurement sysemshdl be = 5 switharisetimeof = 1s
The system response time shal be specified by the instrument manufacturer. The combined
response time requirements for the exhaust gas flow and partid flow dilution sysem are
indicated in paragraph 8.3.3.3.

Direct measurement method

Direct measurement of the instantaneous exhaust flow shal be done by systems, such as.
€) pressure differentid devices, like flow nozzle, (detalls see 1SO 5167)

(b) ultrasonic flowmeter

(© vortex flowmeter

Precautions shall be taken to avoid measurement errors which will impact emisson vaue
errors. Such precautions include the careful ingtdlation of the device in the engine exhaust
system according to the instrument manufacturers recommendations and to good engineering
practice. Especidly, engine performance and emissonsshd| not be affected by theingalation
of the device.

The flowmeters shal meet the linearity requirements of paragraph 9.2.

Air and fuel measurement method

This involves measurement of the airflow and the fud flow with suitable flowmeters. The
cdculaion of the ingantaneous exhaust gas flow shdl be asfollows:

Omewi = Amaw,i + Oy (20

where:
Onawi  isthe ingtantaneous exhaust mass flow rate, kg/s
Oravi  istheingantaneous intake air mass flow rate, kg/s
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8.3.15.

Oy, is the instantaneous fudl mass flow rate, kg/s

The flowmeters shal meet the linearity requirements of paragraph 9.2., but shall be accurate
enough to dso meet the linearity requirements for the exhaust gas flow.

Tracer measurement method
Thisinvolves measurement of the concentration of atracer gasin the exhaust.

A known amount of aninert gas(e.g. pure helium) shdl beinjected into the exhaust gasflow as
atracer. The gasis mixed and diluted by the exhaust gas, but shal not react in the exhaust
pipe. The concentration of the gas shdl then be measured in the exhaust gas sample.

In order to ensure complete mixing of the tracer gas, the exhaust gas sampling probe shall be
located a least 1 m or 30 times the diameter of the exhaust pipe, whichever is larger,

downstream of thetracer gasinjection point. The sampling probe may belocated closer tothe
injection point if complete mixing isverified by comparing the tracer gas concentration withthe
reference concentration when the tracer gasis injected upstream of the engine.

The tracer gas flow rate shall be set so that the tracer gas concentration at engine idle speed
after mixing becomes lower than the full scale of the trace gas andyzer.

The cdculation of the exhaust gasflow shal be asfollows:

- O T
qmeWi 60° (Cmix,i - Ca) (21)
where:
Omawi  istheingtantaneous exhaust mass flow rate, kg/s
Ou istracer gasflow rae, cm¥/min
Cmixi IStheingtantaneous concentration of the tracer gas after mixing, ppm
re isthe density of the exhaust gas, kg/m (cf. table 4)
C, is the background concentration of the tracer gasin theintake air, ppm

The background concentration of the tracer gas (c,) may be determined by averaging the
background concentration measured immediately before the test run and after the test run.

When the background concentration islessthan 1 per cent of the concentration of thetracer
gas dter mixing (Cn,ixi) & maximum exhaud flow, the background concentration may be
neglected.
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Thetotd system shal meet thelinearity requirementsfor the exhaust gasflow of paragraph 9.2.
Airflow and air to fue ratio measurement method

Thisinvolvesexhaust masscdculation from thearflow and the air to fuel ratio. Thecdculaion
of the ingtantaneous exhaust gas massflow is asfollows

, & 0
qmewi :quﬁWI gl-i- A/ : (22)
i g
with
138.0° a‘?s+—-—+')9
IF, = 4 2 o (23)
12.011" 3+1.00794" a+159994 e+14.0067 ~ d+32.065" ?
2 2" Coy 107* 0
. & _CCOd,lO-A_ . '49 ca. 35" Ceon _E. E+’ ‘104
B glOO 5 Chow 10 B+Q4 l+Cco'1O>4 > 2: (CCOZd+CCOd 10 )
| = é 35 Ccozd B (24)

4.764° 8‘?z,+71-5+')9 (Coops +Coos” 10°* +Cye, ~ 10°4)
(7]

where:

Omewi  istheinstantaneous exhaust mass flow rate, kg/s
Omawi  isthe ingtantaneous intake air mass flow rate, kg/s
AF, isthegoichiometric air to fud ratio, kg/kg

I isthe ingtantaneous excess air ratio

Ccopq  ISthe dry CO, concentration, per cent

Coog  ISthedry CO concentration, ppm

Cyow ISthewet HC concentration, ppm

Airflowmeter and analyzers shal meet the linearity requirements of paragraph9.2., and the
tota system shdl meet the linearity requirements for the exhaust gas flow of paragraph 9.2.

If an air to fud ratio measurement equipment such as a zirconia type sensor isused for the
measurement of the excess arr rdio, it shal meet the specifications of paragraph 9.3.2.7.
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8.3.2.

8321

8.3.2.2.

8.3.2.3.

Determination of the gaseous components
Introduction

The gaseous components in the raw exhaust gas emitted by the engine submitted for testing
shal be measured with the measurement and sampling systems described in paragraph 9.3.
and annex 3. The data evaluation is described in paragraph 8.3.2.3.

Two calculation procedures are described in paragraphs 8.3.2.4. and 8.3.2.5., which are
equivaent for the reference fuels of annex 2. The procedure in paragraph8.3.2.4. is more
graightforward, sinceit uses tabulated u valuesfor the ratio between component and exhaust
gas dengity. The procedure in paragraph 8.3.2.5. is more accurate for fuel qualities that
deviate from annex 2, but requires dementary analyss of the fuel composition.

Sampling for gaseous emissons

Thegaseous emissions sampling probesshd| befitted at least 0.5 m or 3timesthe diameter of
the exhaust pipe - whichever isthe larger - upstream of the exit of the exhaust gas system but
aufficiently close to the engine as to ensure an exhaust gas temperaiure of a least 343 K
(70 °C) at the probe.

In the case of a multi-cylinder engine with abranched exhaust manifold, theinlet of the probe
shdl belocated sufficiently far downstream so asto ensure that the sampleis representative of
the average exhaust emissions from al cylinders. In multi- cylinder engines having digtinct
groupsof manifolds, suchasina"Veeg' engine configuration, itisrecommended to combinethe
manifolds upstream of the sampling probe. If thisisnot practicd, itispermissbleto acquirea
sample from the group with the highest CO, emisson. For exhaust emission cadculaion the
total exhaust massflow shall be used.

If the engineis equipped with an exhaudt after- treatment system, the exhaust sample shal be
taken downstream of the exhaust after- treetment system.

Data evduation

For the evaluation of the gaseous emissions, the raw emission concentrations (HC, CO and
NO,) and the exhaust gas massflow rate shal be recorded and stored with &t least 2 Hz ona
computer system. All other data shdl be recorded with asamplerate of & leest 1 Hz. For
andogue analyzers, the response shal be recorded, and the cdlibration data may be applied
online or offline during the data eva uation.

For cdculaion of the mass emisson of the gaseous components, the traces of the
recorded concentrations and the trace of the exhaust gas mass flow rate shdl be time
digned by the transformation time as defined in paragraph 3.1.28. Therefore, the
response time of each gaseous emissions andyzer and of the exhaust gas mass flow
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system shdl be determined according to paragraphs 8.3.1.2. and 9.3.5., respectively, and
recorded.

Cdculation of mass emisson based on tabulated vaues

The mass of the pollutants (g/test) shal be determined by cd culating the instantaneous mass
emissonsfrom the raw concentrations of the pollutants and the exhaust gas massflow, aligned
for the transformation time as determined in accordance with paragraph 8.3.2.3., integrating
theingtantaneous va ues over the cycle, and multiplying the integrated vaueswith theu vaues
fromtable 4. If measured on adry bas's, the dry/wet correction according to paragraph 8.1.
shal be gpplied to the ingtantaneous concentration vaues before any further calculetion is
done.

For the calculation of NO,, the mass emisson shal be multiplied with the humidity correction
factor ki, p, or Ky, ¢, as determined according to paragraph8.2.

An example of the caculation procedures is given in annex 6.

The following equation shdl be applied:

I=n
M= U @ G G T (ngles) 25)
i=1
where:
Ugzs is the ratio between density of exhaust component and density of exhaust gas
Cyasi is the instantaneous concentration of the component in the exhaust gas, ppm
Onew;  IStheinstantaneous exhaust mass flow, kg/s
f isthe data sampling rate, Hz
n isthe number of measurements
Gas
No, | co | Hc | co, | o, | cH,
Fud re I ges [KQM]
2053 | 1250 | 9 | 190636 | 14277 | o076
Ugasb)
Diesdl 12943 | 0001586 | 0000966 | 0.000479 | 0001517 | 0001103 | 0000553
Ethenol 12757 | 0001609 | 0000980 | 0.000805 | 0001539 | 0001119 | 0000561
CNGY 12661 | 0001621 | 0.000987 | 0.000558” | 0001551 | 0.001128 | 0.000565
Propane | 12805 | 0001603 | 0000976 | 0000512 | 0001533 | 0001115 | 0000559
Butane 12832 | 0001600 | 0.000974 | 0.000505 | 0001530 | 0001113 | 0000558
LPG® 12811 | 0001602 | 0.000976 | 0.000510 | 0001533 | 0.001115 | 0000559

a) depending on fuel

b) atl =2, wetair, 273K, 101.3 kPa

) u accurate within 0.2 % for mass composition of: C=66-76 %; H=22 - 25%; N=0-12%
d) NMHC on the basis of CH 43 (for total HC the ug,scoefficient of CH, shall be used)

€) u accurate within 0.2 % for mass composition of: C3 = 70- 90 %; C4 = 10- 30 %

Table 4
Raw exhaust gas u vaues and component densities
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8.3.2.5.

Cdculation of mass emisson based on exact equations

The mass of the pollutants (g/test) shdl be determined by ca culating the instantaneous mass
emissonsfrom the raw concentrations of the pollutants, theu va ues and the exhaust gas mass
flow, digned for thetransformation timeasdetermined in accordance with paragraph 8.3.2.3.
and integrating the instantaneous values over the cycle. If measured onadry bas's, the dry/wet
correction according to paragraph8.1. shdl be gpplied to the instantaneous concentration

vaues before any further calculaion is done.

For the cdculation of NO,, the mass emisson shal be multiplied with the humidity correction
factor ki, p, or ki, ¢, as determined according to paragraph 8.2.

The following equation shdl be applied:

Mo = Bl O G T (NOE) (29
i=1

where:

Ugasi isthe instantaneous density ratio of exhaust component and exhaust gas

Coasi is the ingtantaneous concentration of the component in the exhaust gas, ppm

Omw; IStheingantaneous exhaust mass flow, kg/s

f is the data sampling rate, Hz

n isthe number of measurements

The ingantaneousu vaues shdl be caculated as follows,

Ui = Mgas! (M x1,000) (27)
or

ugas,i =r gas/ (r ei X 11000) (28)
with

M ge = Mg / 22.414 (29
where:

Mgzs isthe molar mass of the gas component, g/mal (cf. annex 6)

M.i is the ingtantaneous molar mass of the exhaust gas, g/mol

Mo is the density of the gas component, kg/n®

M e is the instantaneous density of the exhaust gas, kg/n®

The molar mass of the exhaust, M,, shal be derived for a generd fuel compostion
CpH,ONS, under the assumption of complete combustion, as follows:
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1+ O, i (30)
M ej = qnﬁl\/.\ - —
i +E+g Ha 10 + 1
Qi - 4 2 2 . 2°100794+15.9994 M,
Onaw; 120117 b +1.00794" a +15.9994" e + 140067 d +32.065 g 1+H, 10
where:

Onavi  isthe ingtantaneous intake air mass flow rate on wet basis, kg/s
O isthe instantaneous fuel mass flow rate, kg/s
H istheintake air humidity, g weter per kg dry air

a

M, is the molar mass of the dry intake air = 28.965 g/mal
Theexhaust densty r shall be derived, asfollows:

R 1,000 + H, +1,000" (0yi/ e

, = 31
® T7734+12434° H,+k “ 1,000 (O /i) D

where:
Onai  istheingantaneous intake air mass flow rate on dry basis, kg/s

O isthe ingantaneous fudl mass flow rate, kg/s
H, istheintake air humidity, g water per kg dry air

K isthefud specific factor according to equation 11 in paragraph 8.1.1.
Particulate determination
Introduction

The determination of the particulates requires dilution of the sample with filtered ambient air,
synthetic ar or nitrogen. The partid flow dilution system shdl be set to completdly diminate
water condensation in the dilution and sampling systems, and maintain the temperature of the
diluted exhaust gas between 315 K (42 °C) and 325K (52 °C) immediately upstream of the
filter holders. Dehumidifying the dilution air before entering the dilution system is permitted,
and especidly useful if dilution air humidity ishigh. Thetemperature of the dilution air shall be
higher than 288 K (15 °C) in close proximity to the entrance into the dilution tunnel.

The partid flow dilution sysem has to be designed to extract a proportiona raw exhaust
sample from the engine exhaust stream, thus responding to excursions in the exhaust stream
flow rate, and introduce dilution air to this sample to achieve a temperature between 315 K
(42°C) and 325 K (52 °C) at the test filter. For thisitisessentid thet thedilutionratio or the
sampling ratior 4 or r be determined such that the accuracy requirements of paragraph 9.4.4.
arefulfilled.

To determine the mass of the particulates, a paticulate sampling system, particulate
sampling filters, a microgram baance, and a temperature and humidity controlled
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8.3.3.2

8.3.3.3.

weighing chamber, are required. The details of the system are described in paragraph 9.4.
Particulate sampling

In generd, the particulate sampling probe shall be ingtalled in close proximity to the gaseous
emissions sampling probe, but sufficiently distant asto not cause interference. Therefore, the
ingalation provisons of paragraph 8.3.2.2. dso apply to particulate sampling. The sampling
line shall conform to the requirements laid down in annex 3.

In the case of a multi-cylinder engine with abranched exhaust manifold, theinlet of the probe
shdl belocated sufficiently far downstream so asto ensure that the sampleis representative of

the average exhaust emissons from dl cylinders. In multi- cylinder engines having digtinct

groupsof manifolds, suchasina"Veeg' engine configuration, itisrecommended to combinethe
manifolds upstream of the sampling probe. If thisisnot practicd, it is permissibleto acquirea
sample from the group with the highest particulate emisson. For exhaust emission caculation

the totdl exhaust mass flow shal be used.

Sygtem response time

For the control of a partia flow dilution system, a fast g/stem response is required. The
transformation timefor the system shall be determined by the procedurein paragraph 9.4.6.3.
If the combined transformation time of the exhaust flow measurement (see paragraph 8.3.1.2.)
and thepartid flow sysemislessthan 0.3 s, onlinecontrol may beused. If thetransformation
time exceeds 0.3 s, look ahead control based on apre recorded test run shall be used. Inthis
case, therisetime shdl be£ 1 sand the ddlay time of the combination £ 10 s.

The total system response shal be designed as to ensure a representative sample of the
particul ates, g, ;, proportional to the exhaust massflow. To determinethe proportionality, a
regression analysisof g, ; VErsUSQ,,; shall be conducted onaminimum 5 Hz dataaoouisition
rate, and the following criteriashdl be met:

(@ Thecoefficient of determination 2 of thelinear regression between g, ; and g, shell
not be less than 0.95

(b) The standard error of estimate of gm,; ON Qmy,,; shal not exceed 5 per cent of g,
maximum.

(©) O, intercept of the regression line shal not exceed + 2 per cent of G, Maximum.

Optiondly, a pre-test may berun, and the exhaust massflow signd of the pre-test be used for
controlling the sample flow into the particulate system ("'look-ahead control"). Such a
procedure is required if the transformation time of the particulate system, t,, , or/and the
transformetion time of the exhaust massflow signd, t, - ae>0.3s. A correct control of the
partid dilution sysem is obtained, if the time trace of Qme,, e Of the pre-test, which controls
Qmy,, IS shifted by a"look-ahead” timeof tgyp + tso .
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For etablishing the correlation between gm,; and gm,,; the data taken during the actual test
shall be used, with gmg,,; time digned by ts, - relaiveto g, ; (No contribution fromts, » tothe
time dignment).  That is, the time shift between gm,, and gm, is the difference in their
transformation times that were determined in paragraph 9.4.6.3.

Data evduation

Thetareweight of thefilter, as determined according to paragraph 7.8.2.2., shdl be subtracted
from the gross weight of the filter, as determined according to paragraph7.8.4.5., which
results in the particulate sample mass m.. For the evaluation of the particulate concentration,
the total sample mass (m,) through the filters over the test cycle shall be recorded.

Withthe prior gpprova of thetypeapprova or certification authority, the particulate massmay
be corrected for the particulate leve of thedilution air, asdetermined in paragrgph 7.8.2.5.,in
line with good engineering practice and the specific design features of the particulate
mesasurement system used.

Cdculation of massemisson

Depending on system design, the mass of particulates (g/test) shal be cadculated by either of
themethodsin paragraphs 8.3.3.5.1. or 8.3.3.5.2 after buoyancy correction of the particulate
sample mass according to paragraph 9.4.3.5. An example of the caculation proceduresis
given in anex6.

Cdculation based on sample raio

Mey = M/ (rsx 1,000) (32)

where:
my  isthe particulate mass sampled over the cycle, mg
r is the average sample ratio over the test cycle

S

with

o= M Mep (33)
Moy Meqg

where:

m,. isthe sample mass over the cycle, kg

m,, isthetota exhaust massflow over the cycle, kg

Mg, isthemassof diluted exhaust gas passing the particulate collection filters, kg

My iSthe mass of diluted exhaust gas passing the dilution tunnd, kg

In case of the total sampling type system, m,,, and m, are identical
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8.3.3.5.2. Cdculation based on dilution ratio

8.4.

m
Moy = —— Mgt (34)
My, 1000

where:

m is the particulate mass sampled over the cycle, mg

M, isthemassof diluted exhaust gas passing the particulate collection filters, kg
My isthemass of equivaent diluted exhaust gas over the cycle, kg

The total mass of equivaent diluted exhaust gas mass over the cycle shdl be determined as
follows:

i5n o1

Megt = A O, T (35
i=1

Omegr) = Omaw, XTg; (36)

o= 37
gqmdew,,i = Ungw, >

where:

Omer;  IStheinstantaneous equivaent diluted exhaust massflow rate, kg/s
Omw;  iStheingtantaneous exhaust mass flow rate, kg/s

M isthe ingantaneous dilution ratio

Omiewi 1S theinstantaneous diluted exhaust mass flow rate, kg/s

Omy;  IStheinstantaneous dilution air mass flow rate, kg/s

f is the data sampling rate, Hz

n is the number of measurements

Full flow dilution measurement (CVS)

The concentration signds, either by integration over the cyde or by bag sampling, of the
gaseous components shdl be used for the caculation of the mass emissons by multiplication
with the diluted exhaust massflow rate. The exhaust massflow rate shall be measured with a
congtant volume sampling (CV'S) system, which may use apositive displacement pump (PDP),
acriticd flow venturi (CFV) or asubsonic venturi (SSV).

For particulates, aproportiona sample shal be taken from the diluted exhaust gas of the CVS
system.

The complete test sat up is schematicdly shown in figure 7.
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Figure 7
Scheme of full flow measurement system

Determination of the diluted exhaugt gas flow
Introduction

For caculation of the emissonsin the diluted exhaust gas, it is necessary to know the diluted
exhaust gasmassflow rate. Thetotd diluted exhaust gasflow over the cycle (kg/test) shdll be
cd culated from the measurement va ues over the cycle and the corresponding cdibration data
of the flow measuremert device (V, for PDP, K,, for CFV, C,, for SSV) by either of the
methods described in paragraphs 8.4.1.2. to 8.4.1.4. may beused. If thetotal samplemassof

particulates (M, and gaseous pollutants exceeds 0.5 per cent of the total CVS flow (M),

theCV Sflow shall be corrected formg,, or the particulate sampleflow shall bereturned tothe
CV S prior to the flow measuring device.

PDP-CVSsystem

The caculation of the mass flow over the cycdleisasfollows, if the temperature of the diluted
exhaudt is kept within + 6 K over the cycle by usng a heat exchanger:

My = 1.293 x Vo x Mo xP, x 273/ (101.3x T) (38)
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8.4.1.3.

84.14.

where:

V, isthevolume of gas pumped per revolution under test conditions, m3/rev
n. isthetotd revolutions of pump per test

p, istheabsolute pressure at pump inlet, kPa

T  istheaverage temperature of the diluted exhaust gas at pump inlet, K

If a system with flow compensation is used (i.e. without heat exchanger), the instantaneous
mass emissons shdl be cdculaed and integrated over the cycle. In this case, the
ingtantaneous mass of the diluted exhaust gas shdl be caculated as follows.

My, = 1293 xVox e x Py x 273/ (101.3xT) (39)

where:
np; isthetota revolutions of pump per time interval

CFV-CVS system

The caculation of the massflow over the cycleisasfollows, if the temperature of the diluted
exhaust is kept within £ 11 K over the cycle by using a heat exchanger:

my = 1.293 xt xK, xp,/ T %° (40)
where:

t isthecyde time, s

K, isthecdibration coefficient of the criticd flow venturi for standard conditions,

P  isthe absolute pressure a venturi inlet, kPa

T  isthe asolute temperature at venturi inlet, K

If a system with flow compensation is used (i.e. without heat exchanger), the instantaneous
mass emissons shdl be cdculated and integrated over the cycle. In this case, the
instantaneous mass of the diluted exhaust gas shdll be calculated as follows:

My, = 1.293 xDt x Ky xp, / TOS (41

where:
Dt isthetimeinterva, s

SSV-CVS system

The cdculation of the mass flow over the cycle shdl be asfollows, if the temperature of the
diluted exhaust is kept within £ 11 K over the cycle by using a heat exchanger:

med = 1293 X QSSV (42)

with
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é & al
<1 1 ; 1 2
Q, = Aodvzcdpp ?_F(rpuzse_ rp17143)>&w1| (43)
g 8 - h
where;
& 10
A, is0.006111in Sl unitsof &m’ &K Ze 1 ¢
gmin':QkPa_'Q ? g
gy e

d, isthediameter of the SSV throat, m

C, isthedischarge coefficient of the SSV

p, istheabsolute pressure at venturi inlet, kPa
T  isthetemperatureat the venturi inlet, K

r istheratio of the SSV throat to inlet absolute tatic pressure, 1- 3]

a

f, istheratio of the SSV throat diameter, d, to theinlet pipe inner diameter D

If a system with flow compensation is used (i.e. without heat exchanger), the instantaneous
mass emissons shal be caculated and integrated over the cycle. In this case, the
ingtantaneous mass of the diluted exhaust gas shdl be calculated as follows:

My = 1.293 x QSSV X Dt| (44)

where:
Dt isthetimeintervd, s

Thered time caculation shal beinitidized with ether areasonable vauefor C, suchas 0.98,
or areasonablevalue of Q. If thecaculationisinitiaized with Q,, theinitid vaue of Q,
shall be used to evduate the Reynolds number.

During dl emissions tests, the Reynolds number at the SSV throat shdl be in the range of
Reynolds numbers used to derive the cdlibration curve developed in paragraph9.5.4.

Determingtion of the gaseous components
Introduction

The gaseous componentsin the diluted exhaust gas emitted by the engine submitted for testing
shal be measured by the methods described in annex 3. Dilution of the exhaust shdl be done
with filtered ambient air, synthetic air or nitrogen. The flow capacity of the full flow system
shdl belarge enough to completely diminate water condensation in the dilution and sampling
systems. Dataevaluation and cal culation procedures are described in paragraphs 8.4.2.3. and
8.4.2.4.
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8.4.2.2.

8.4.2.3.

84.24.

8.4.24.1.

Sampling for gaseous emissions

The exhaugt pipe between the engine and the full flow dilution system shdl conform to the
requirementslaid down in annex 3. The gaseous emissions sample probe(s) shall beingalled
in the dilution tunnd a a point where the dilution air and exhaust gas are well mixed, and in
close proximity to the particulates sampling probe.

Sampling can generdly be done in two ways:

(@ the pallutants are sampled into a sampling bag over the cycle and measured after
completion of the test; for HC, the sample bag shdl be heated to 464 + 11 K
(191 + 11°C), for NO,, the sample bag temperature shdl be above the dew point
temperature;

(b) the pollutants are sampled continuoudy and integrated over the cycle.

The background concentrations sha | be sampled upstream of thedilution tunnd intoasampling
bag, and shdl be subtracted from the emissons concentration according to
paragraph8.4.2.4.2.

Data evauation

For the evauation of the gaseous emissions, the emission concentrations (HC, CO and NO,)

and the diluted exhaust gas massflow rate shal be recorded and stored with at least 1 Hzona
computer system. All other data shall be recorded with asamplerate of a least 1 Hz. For

andog andyzersthe response will be recorded, and the cdibration datamay be applied online
or offline during the data evauation.

Cdculation of mass emisson
Systemns with congtant mass flow

For systems with heat exchanger, the mass of the pollutants shdl be determined from the
following equation:

My = Uges X Cgs X Mgy (in gitest) (45)
where:
Ugs Istheratio between density of exhaust component and density of air

Ce  ISthe average background corrected concentration of the component, ppm
m,, isthetotd diluted exhaust mass over the cycle, kg
Omyew 1Sthe diluted exhaust gas mass flow rate, kg/s

If measured on a dry basis, the dry/wet correction according to paragraph 8.1. shdl be
applied.
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For the cadculation of NO,, the mass emission shdl be multiplied with the humidity correction
factor ky, b, or Ky, , &s determined according to paragraph 8.2.

The u values are given in teble 5. For calculaing the u,, values, the density of the diluted
exhaust gas has been assumed to be equal to air dendity. Therefore, the Uy, values are
identica for sngle gas components, but different for HC.

Alternatively, the exact equation method described in paragraph 8.3.2.5., equations 27 or 28
may be used.

Gas
NO, | co | HC co, | 0, | CH,
I ges
A kg
2053 | 1250 | 2 19636 | 14277 | 0716
Ugas
Diesdl 1293 0.001588 | 0.000967 | 0.000480 0.001519 0.001104 0.000553
Ethanal 1293 0.001588 | 0.000967 | 0.000795 0.001519 0.001104 0.000553
CNG? 1293 | 0001588 | 0.000967 | 0000584 0001519 | 0001104 | 0000553
Propane 1293 0.001588 | 0.000967 | 0.000507 0.001519 0.001104 0.000553
Butane 1293 0.001588 | 0.000967 | 0.000501 0.001519 0.001104 0.000553
LPG® 1293 0.001588 | 0.000967 | 0.000505 0.001519 0.001104 0.000553
a) depending on fuel
b) al =2, wetair, 273K, 101.3 kPa
c) u accurate within 0.2 % for mass composition of: C=66-76%; H=22 -25%; N=0-12%
d) NMHC on the basis of CH , g3 (for total HC the ug.s coefficient of CH, shall be used)
€) u accurate within 0.2 % for mass composition of: C3 = 70- 90 %; C4 = 10- 30 %

Table 5.
Diluted exhaust gas u vaues and component densities

Determination of the background corrected concentrations

The average background concentration of the gaseous pollutants in the dilution air shdl be
subtracted from measured concentrations to get the net concentrations of the pollutants. The
average vaues of the background concentrations can be determined by the sample bag

method or by continuous measurement with integration. Thefollowing equation shall be used:

C = c,-cx(1-(UD)) (46)
where:

C. istheconcentration of the component measured in the diluted exhaust gas, ppm

¢, isthe concentration of the component measured in the dilution ar, ppm

D isthedilution factor

The dilution factor shal be cdculated as follows:
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a) for diesd and LPG fuded gas engines

D = s 47)

. -4
CCOZE + (CHC,e + CCO,e) 10

b) for NG fuded gas engines

D = Fs (48)

CaAn-4
Ccoze +(CNMHCe +Ccoe) 10

where:

Ccoze  ISthewet concentration of CO, in the diluted exhaust gas, per cent vol
Cuce Isthewet concentration of HC in the diluted exhaust gas, ppm C1
Cumnce 1Sthewet concentration of NMHC in the diluted exhaust gas, ppm C1
Ccoe  ISthewet concentration of CO in the diluted exhaust gas, ppm

Fs is the stoichiometric factor

The stoichiometric factor shal be caculated as follows:

Fs = 100° 1 (49

1+2 4376 <8ﬁ+39
2 e 4o

where:
a isthemolar hydrogen ratio of the fud (H/C)

Alternatively, if thefuel compositionisnot known, the following stoichiometric factorsmay be

used:

Fq(died) = 13.4
F(LPG) = 116
FSNG) = 95

8.4.2.4.3 Systemswith Flow Compensation

For systemswithout heat exchanger, the mass of the pollutants (g/test) shall be determined by
cd culaing the ingtantaneous mass emissions and integrating the instantaneous vaues over the
cyce Also, the background correction shdl be gpplied directly to the instantaneous
concentration vaue. The following equation shall be applied:

n

M = A [ e vl [ o @-90) vyl (50

i=1
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where:

C.  isthe concentration of the component measured in the diluted exhaust gas, ppm
Cc; isthe concentration of the component measured in the dilution air, ppm

My; istheingtantaneous mass of the diluted exhaust gas, kg

m,, isthetotal massof diluted exhaust gasover the cycle, kg

Ugs iSthetabulated vauefromtable 5

D isthedilution factor

Particulate determination
Introduction

The determination of the particulates requires dilution of the sample with filtered ambient air,
synthetic air or nitrogen. Theflow capacity of thefull flow double dilution sysem shdl belarge
enough to completely diminate water condensation in the dilution and sampling systems, and
maintain the temperature of the diluted exhaust gas between315 K (42 °C) and 325 K
(52 °C) immediately upstream of the filter holders.  Dehumidifying the dilution ar before
entering the dilution system is permitted, and especidly useful if dilution ar humidity is high.
Thetemperature of thedilutionair shal be higher than 288 K (15 °C) in close proximity to the
entrance into the dilution tunnel.

To determine the mass of the particulates, a particul ate sampling system, particul ate sampling
filters, amicrogram baance, and atemperature and humidity controlled weighing chamber, are
required. The details of the system are described in paragraph9.4.

Particulate sampling

The particulate sampling probe shdl beingdled in close proximity to the gaseous emissions
sampling probe, but sufficiently distant as to rot cause interference, in the dilution tunndl.
Therefore, the ingtallation provisions of paragraph 8.3.2.2. aso apply to particulate sampling.
The sampling line shal conform to the requirementslaid down in annex 3.

Cdculation of massemisson

The particulate mass (g/test) shdl be calculated after buoyancy correction of the particulate
sample mass according to paragraph 9.4.3.5. asfollows:

= M . My 51
Moy .. 1000 (51)
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8.5.

8.5.1.

where:

my  isthe particulate mass sampled over the cycle, mg

My, isthe mass of diluted exhaust gas passing the particulate collection filters, kg
m, isthemassof diluted exhaust gas over the cycle, kg

with

msep = My - My (52)
where:

My, isthe mass of double diluted exhaust gas through particulate filter, kg

my, isthemassof secondary dilution air, kg

If the particulate background level of the dilution air is determined in accordance with

paragraph 7.8.2.5, the particulate mass may be background corrected. In this case, the
particulate mass (g/test) shdl be caculated as follows:

Moy =

¢m g%giig_“ Mg (53)
ernsep ernsd Dﬂﬁ 11cxx)

where:

M, isthe mass of diluted exhaust gas passing the particulate collection filters, kg
m, isthemassof diluted exhaust gas over the cycle, kg

my isthemassof dilution air sampled by background particulate sampler, kg
m, isthe massof the collected background particulates of the dilution air, mg

D isthedilution factor as determined in paragraph 8.4.2.4.2.

Genad cdculdions

Cadlculation of NMHC and CH,, with the non methane cuitter

The concentration of NMHC and CH, shdl be caculated asfollows:

_ CHC(W/OCUE‘), (1' EM)' CHC(W/Cutte) (54)
CNMHC™ Ec- En
w/Cutte) ~ w/oCuter " L-
Cona= CHc(w/Cutte) EEC( /E(;m) ( EE) (55)
where:

Chcwicuten 1S the HC concentration with sample gas flowing through the NMC, ppm
Chowiocutery 1S the HC concentration with sample gas bypassing the NMC, ppm

E,, is the methane efficiency as determined per paragraph 9.3.8.1.

Ec is the ethane efficiency as determined per paragraph 9.3.8.2.
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Cdculation of the specific emissons

The specific emissonsey or &, (/kWh) shall becalculated for eachindividua componentin
the following ways depending on the type of test cycle.

Hot start test (WHSC and hot WHTC)

(56)

where:
m  isthe mass emission of the component, g/test
W, isthe actuad cycle work as determined according to paragraph 7.7.1., KWh

Thefina test result of the WHTC shall be aweighted average from cold start test and hot
dart test by using ether of the following options:

_ (014" m,,)+(086" m,,) (579)
(014 ’ Wact,cold)+ (086, WaCthOT )

e= (01’ rn:old)+ (09, rnnot) (57b)
(O r Wact,cold)+ (09, Wacthot )

The option shall be sdected by the Contracting Parties.
Periodic exhaust after-treatment systems

The hot sart emissons shdl be weighted as follows:

ne+n’ e

= — r 58
Y . (58)
where:
n isthe number of WHTC hot start tests outside regenerations
n  isthenumber of WHTC hot start tests during regeneration (minimum one test)
e istheaverage specific emisson outsde regeneration, g/kWh
g  istheaverage specific emisson during regeneraion, gkWh
The regeneration factor k. shal be determined as follows:
kr = & (59)

(S
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9.1.

9.2.

The regeneration factor K, :

(@ shal be applied to the weighted WHTC test result of paragraph 8.5.2.2.,

(b) may be gpplied to the WHSC and cold WHTC, if a regeneration occurs during the
cyde

(0 may be extended to other members of the same engine family,

(d) may beextended to other engine families using the same aftertrestment system with the
prior approval of the typeapproval or certification authority based on technica evidence
to be supplied by the manufacturer that the emissons are smilar.

MEASUREMENT EQUIPMENT
This gtr does not contain details of flow, pressure, and temperature measuring equipment or
systems. Ingteed, only the linearity requirements of such equipment or systems necessary for

conducting an emissons test are given in paragraph 9.2.

Dynamometer specification

An engine dynamometer with adequate characteristics to perform the appropriate test cycle
described in paragraphs 7.2 and 7.3 shall be used.

Theinstrumentation for torque and speed measurement shal alow the measurement accuracy
of the shaft power as needed to comply with the cycle vdidation criteria  Additiond
cdculations may be necessary. Theaccuracy of the measuring equipment shall be such that the
linearity requirements given in paragraph 9.2, table 6 are not exceeded.

Linearity requirements

The cdibration of dl measuring ingruments and systems shdl be tracegble to nationd
(internationd) standards. The measuring insruments and systems shdl comply with the
lineerity requirementsgivenintable 6. Thelinearity verification according to paragraph9.2.1.
shdl be performed for the gas andyzers at least every 3 months or whenever asystem repair
or changeismadethat could influence cdlibration. For the other ingruments and systems, the
linearity verification shal be done asrequired by interna audit procedures, by the instrument
manufacturer or in accordance with 1SO 9000 requirements.
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Measurement Intercept Slope Standard |- Coeff q ent of
system b m error determination
SEE r2
Engine speed = 0.05% max | 0.98 - 1.02 |= 2% max = 0.990
Engine torque = 1% max 0.98-1.02 [= 2% max = 0.990
Fud flow = 1% max 0.98-1.02 |= 2% max = 0.990
Airflow = 1% max 0.98-1.02 |= 2% max = 0.990
Exhaust gasflow = 1% max 0.98-1.02 |= 2% max = 0.990
Dilution arflow = 1% max 0.98-1.02 |= 2% max = 0.990
Diluted exhaustgas = 1% max 0.98-1.02 |= 2% max = 0.990
flow
Sampleflow = 1% max 0.98-1.02 |= 2% max = 0.990
Gas andyzers = 05%max |0.99-101 |= 1% max = 0.998
Gas dividers = 05% max |0.98-1.02 [= 2% max = 0.990
Temperatures = 1% max 0.99-1.01 |= 1% max = 0.998
Pressures = 1% max 0.99-1.01 |[= 1% max = 0.998
PM baance = 1% max 0.99-1.01 |= 1% max = 0.998
Table6:

Linearity requirements of instruments and measurement systems
Linearity verification
Introduction

A linearity verification shal be performed for each measurement system ligted in table 6. At
least 10 reference vaues shal be introduced to the measurement system, and the measured
vaues shal be compared to the reference vaues by using a least squares linear regression.
The maximum limitsin table 6 refer to the maximum va ues expected during testing.

Generd requirements

The measurement systems shdl be warmed up according to the recommendations of the
instrument manufacturer. The measurement systems shall be operated at their specified
temperatures, pressures and flows.

Procedure

Thelinearity verification shal berun for each normaly used operating range with thefollowing
steps.

(@ Theingrument shal be st a zero by introducing a zero signd. For gas andyzers,
purified synthetic air (or nitrogen) shdl be introduced directly to the andyzer port.
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9.3.
9.3.1

9.3.1.1.

9.3.1.2.

9.3.13.

9.3.14.

(b) The ingrument shal be spanned by introducing a span signd. For gas andyzers, an
appropriate span gas shdl be introduced directly to the analyzer port.

(©) Thezero procedure of (a) shal be repeated.

(d) Theveificaion shdl beestablished by introducing at leest 10 referencevaues (including
zero) that are within the range from zero to the highest values expected during emission
testing. For gas andyzers, known gas concentrations shdl be introduced directly to the
andyzer port.

(e Atarecordingfrequency of at least 1 Hz, thereference values shal be measured and the
measured values recorded for 30 s.

(f)  The arithmetic mean vaues over the 30 s period shdl be used to caculate the leest
squares linear regression parameters according to equation 6 in paragraph7.7.2.

(@ Thelinear regression parameters shal meet the requirements of paragraph 9.2., teble 6.

() The zero setting shdl be rechecked and the verification procedure repeated, if

necessary.

Gaseous emissions measurement and sampling system

Andyzer specifications
Generd

The andyzers shdl have a measuring range and response time appropriate for the accuracy
required to measure the concentrations of the exhaust gas components under transent and
steady state conditions.

The dectromagnetic compatibility (EMC) of the equipment shal be on alevd asto minimize
additiond errors.

Accuracy

Accurecy is defined as the deviation of the andyzer reading from the reference value. The
accuracy shal not exceed + 2 per cent of the reading or £ 0.3 per cent of full scale whichever
islarger.

Precison

Theprecison, defined as 2.5 timesthe standard deviation of 10 repetitive responsesto agiven

cdibration or span gas, shall be no greater than 1 per cent of full scae concentration for each
range used above 155 ppm (or ppm C) or 2 per cent of each range used below 155 ppm (or

ppm C).
Noise

The anayzer pesk-to-peak response to zero and caibration or span gases over any 10
seconds period shall not exceed 2 per cent of full scale on dl ranges used.
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Zero drift
Zero response is defined as the mean response, including noise, to a zero gas during a30 s

timeinterva. The drift of the zero response during a one-hour period shdl belessthan 2 per
cent of full scae on the lowest range used.

Span drift

Span response is defined as the mean response, including noise, to a span gas during a30 s
timeinterval. The drift of the Span response during a one-hour period shal belessthan 2 per
cent of full scale on the lowest range used.

Risetime

Therisetime of the anayzer indaled in the measurement system shdl not exceed 2.5 s
Gas drying

Exhaust gases may be measured wet or dry. Agas-drying device, if used, shdl haveaminima
effect on the composition of the measured gases. Chemica dryers are not an acceptable
method of removing water from the sample.

Gas andyzers

Introduction

Paragraphs 9.3.2.2 t0 9.2.3.7 describe the measurement principlesto be used. A detailed
description of the measurement systemsisgiveninannex 3. The gasesto be measured shdl be
andyzed with thefollowing insruments. For nor-linear andlyzers, the use of linearizing circuits
is permitted.

Carbon monoxide (CO) analysis

The carbon monoxide andyzer shal be of the non-dispersiveinfrared (NDIR) absorption type.
Carbon dioxide (CO,) andyds

The carbon dioxide andyzer shal be of the non dispersiveinfrared (NDIR) absorption type.
Hydrocarbon (HC) andysis

The hydrocarbon andyzer shdl be of the hested flame ionization detector (HFID) type
with detector, valves, pipework, etc. heated so as to maintain a gas temperature
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9.3.25.

9.3.2.6.

9.3.2.7.

9.3.3.

9.33.1L

of 463 K = 10 K (190 10 °C). Optionaly, for NG fueled and PI engines, the hydrocarbon
andlyzer may be of the non-hested flame ionization detector (FID) type depending upon the
method used (see annex 3, paragraph A.3.1.3.).

Non-methane hydrocarbon (NMHC) andlysis

The determination of the non-methane hydrocarbon fraction shall be performed with aheated
non-methane cutter (NMC) operated in linewith an FID as per annex 3, paragraphA.3.1.4.
by subtraction of the methane from the hydrocarbons.

Oxidesof nitrogen (NO,) andyss

If measured on adry bas's, the oxides of nitrogen analyzer shal be of the chemiluminescent
detector (CLD) or heated chemiluminescent detector (HCLD) type with a NO,/NO
converter. If measured on a wet basis, a HCLD with converter maintained above 328 K
(55 °C) shdl be used, provided thewater quench check (see paragraph 9.3.9.2.2)) issified.
For both CLD and HCLD, the sampling path shal be maintained at awall temperature of 328
K to 473 K (55 °C to 200 °C) up to the converter for dry measurement, and up to the
andyzer for wet measurement.

Air to fud messurement

Theair to fuel measurement equipment used to determine the exhaust gasflow as specified in
paragraph 8.3.1.6. shdl be awide range air to fuel ratio sensor or lambda sensor of Zirconia
type. The sensor shal be mounted directly on the exhaust pipe where the exhaust gas
temperature is high enough to eiminate water condensation.

The accuracy of the sensor with incorporated eectronics shdl be within:

+ 3 per cent of reading for | <2
+ 5 per cent of reading for 2£1 <5
+ 10 per cent of reading for SEI

To fufill the accuracy specified above, the sensor shdl be calibrated as specified by the
ingrument manufacturer.

Cdibration gases

The shdf life of dl cdibration gases shdl be respected. The expiration date of the caibration
gases stated by the manufacturer shall be recorded.

Pure gases

The required purity of the gases is defined by the contamination limits given below. The
following gases shdl be available for operation:
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Purified nitrogen
(Contamination £ 1 ppm C1, £ 1 ppm CO, £ 400 ppm CO,, £ 0.1 ppm NO)

Purified oxygen
(Purity > 99.5 per cent vol O,)

Hydrogen- hdium mixture
(40 = 2 per cent hydrogen, balance hdium)
(Contamination £ 1 ppm C1, £ 400 ppm CO,)
Purified synthetic ar
(Contamination £ 1 ppm C1, £ 1 ppm CO, £ 400 ppm CO,, £ 0.1 ppm NO)
(Oxygen content between 18-21 per cent val.)
Cdlibration and span gases

Mixtures of gases having the following chemica compositions shdl be available. Other gas
combinations are alowed provided the gases do not react with one another.

C,Hg and purified synthetic air (see paragraph 9.3.3.1.);
CO and purified nitrogen;

NO, and purified nitrogen (the amount of NO, contained in this calibration gas shal not
exceed 5 per cent of the NO content);

CO, and purified nitrogen

CH, and purified synthetic air

C,Hs and purified synthetic air

Thetrue concentration of acdibration and span gasshd| bewithin+ 1 per cent of the nomina

vaue, and shdl be traceable to nationd and internationd standards. All concentrations of
cdibration gas shdl be given on a volume bas's (volume percent or volume ppm).
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9.3.34.

Gasdividers

The gases used for cdibration and span may aso be obtained by means of gas dividers
(precison blending devices), diluting with purified N, or with purified synthetic air. The
accuracy of thegasdivider shall be such that the concentration of the blended cdibration gases
isaccurate to within + 2 per cent. Thisaccuracy impliesthat primary gases used for blending
shall be known to an accuracy of at least + 1 per cent, traceableto nationd or international gas
dandards. The verification shal be performed at between 15 and 50 per cent of full scalefor
each cdibrationincorporating agasdivider. An additiond verification may be performed using
another cdibration gas, if the firg verification has faled.

Optionaly, the blending device may be checked with an instrument which by natureis lineer,
eg. usng NO gaswith aCLD. The span vaue of the insrument shall be adjusted with the
gpan gasdirectly connected to theinstrument. The gasdivider shal be checked at the settings
used and the nomind vaue shdl be compared to the measured concentration of theinstrument.
Thisdifference shdl in each point bewithin + 1 per cent of the nomina vaue.

For conducting the linearity verification according to paragraph 9.2.1., the gas divider shall be
accurate towithin = 1 per cent.

Oxygen interference check gases

Oxygen interference check gases are a blend of propane, oxygen and nitrogen. They shall
contain propane with 350 ppm C+ 75 ppm C hydrocarbon. The concentration vaue shal be
determined to cdibration gas tolerances by chromatographic analysis of tota hydrocarbons
plus impurities or by dynamic blending. The oxygen concentrations required for postive
ignition and compression ignition engine testing are listed in table 7 with the remainder being
purified nitrogen.

Typeof engine O, concentration (per cent)
Compressionignition 21 (20t0 22)
Compression and pogtive ignition 10 (9to 11)
Compression and positive ignition 5(4to6)
Positiveignition 0(0tol)
Table7:

Oxygen interference check gases
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Leskage test

A system leakage test shdl be performed. The probe shal be disconnected from the exhaust
sysem and the end plugged. The andyzer pump shdl be switched on. After an initid
dabilization period dl flowmeters shdl read zero. If not, the sampling lines shall be checked
and the fault corrected.

The maximum alowable leakage rate on the vacuum side shdl be 0.5 per cent of thein-use
flow rate for the portion of the system being checked. The ardyzer flows and bypassflows
may be used to estimate the in-use flow rates.

Alternatively, the system may be evacuated to a pressure of at least 20 kPavacuum (80 kPa
absolute). After aninitia stabilization period the pressureincreaseDp (KPalmin) inthesystem
shall not exceed:

Dp = p/V, x0.005 x Gy, (60)

where:
V, isthesysem volume, |
O, isthesysem flow rate I/min

Ancther method is the introduction of a concentration step change at the beginning of the
sampling line by switchingfrom zeroto spangas. If for acorrectly cdibrated andyzer after an
adequate period of time the reading is= 99 per cent compared to the introduced
concentration, this points to aleakage problem that shal be corrected.

Response time check of the andlytica system

The system settings for the response time evaduation shal be exactly the same as during
meesUrement of the test run (i.e. pressure, flow rates, filter settings on the analyzers and all
other response time influences). The resporee time determination shal be done with gas
switching directly a the inlet of the sample probe. The gas switching shdl be donein less
than0.1s. The gases used for the test shall cause a concentration change of a least 60 per
cent full scale (FS).

The concentration trace of each single gas component shal berecorded. Theresponsetimeis
defined to be the difference in time between the gas switching and the appropriate change of
therecorded concentration. The system response time (ty,) consists of the dday timeto the
measuring detector and therisetime of thedetector. Thedeay timeisdefined asthetimefrom
the change (t,) until the response is 10 per cent of the find reading ¢,,). Therisetimeis
defined as the time between 10 per cent and 90 per cent response of the find reading (tg, —

th)'

For time dignment of the andyzer and exhaugt flow sgnds, the transformation time is defined
asthetime from the change (t,) until the response is 50 per cent of the final reading (tgy).
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9.3.6.

9.3.6.1.

9.3.6.2.

9.3.6.3.

The systlem response time shdl be £ 10 swith arisetime of £ 2.5 sin accordance with
paragraph 9.3.1.7. for dl limited components (CO, NO,, HC or NMHC) and dll rangesused.

Efficiency test of NO, converter

The efficiency of the converter used for the conversion of NO, into NO istested as given in
paragraphs 9.3.6.1 to 9.3.6.8 (see figure 8).

T

m [ ]

N o

NOIN2 o snelynar
Figure 8
Scheme of NO, converter efficiency device
Test setup

Using thetest setup as schematicaly shownin figure 8 and the procedurebel ow, the efficiency
of the converter shall be tested by means of an ozonator.

Cdlibration

The CLD andtheHCLD shdl be cdlibrated in the most common operating rangefollowing the
meanufacturer's specifications using zero and span gas (the NO content of which shdl amount to
about 80 per cent of the operating range and the NO,, concentration of the gas mixtureto less
than 5 per cent of the NO concentration). The NO, andyzer shal beinthe NO mode so that
the span gas does not pass through the converter. The indicated concentration has to be
recorded.

Cdculaion

The per cent efficiency of the converter shal be calculated asfollows:

a-bo.
Enox = CL+ + 61
NOx a C- d 7 ( )
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where:

a  isthe NO, concentration according to paragraph 9.3.6.6.
b  isthe NO, concentration according to paragraph 9.3.6.7.
c isthe NO concentration according to paragraph 9.3.6.4.
d  isthe NO concentration according to paragraph 9.3.6.5.

Adding of oxygen

Via a T-fitting, oxygen or zero ar shdl ke added continuoudy to the gas flow until the
concentration indicated is about 20 per cent less than the indicated cdibration concentration
given in paragraph 9.3.6.2. (the andyzer isin the NO mode).

The indicated concentration €) shal be recorded. The ozonator is kept deactivated
throughout the process.

Activation of the ozonator
Theozonator shdl beactivated to generate enough ozoneto bring the NO concentration down
to about 20 per cent (minimum 10 per cent) of the calibration concentration given in

paragraph 9.3.6.2. The indicated concentration (d) shdl be recorded (the andyzer isin the
NO mode).

NO, mode

The NO andyzer shdl be switched to the NO, mode so that the gas mixture (consisting of
NO, NO,, O, and N,) now passes through the converter. The indicated concentration (a)
shdl be recorded (the andyzer isin the NO, mode).

Desctivation of the ozonator

The ozonator is now deactivated. The mixture of gases described in paragraph 9.3.6.6.
passes through the converter into the detector. The indicated concentration (o) shall be
recorded (the analyzer isin the NO, mode).

NO mode

Switched to NO mode with the ozonator deectivated, the flow of oxygen or synthetic air shdll
be shut off. The NQ, reading of the andyzer shal not deviate by morethan+ 5 per cent from
the value measured according to paragraph 9.3.6.2. (the andlyzer isin the NO mode).

Tedt interval

The efficiency of the converter shal be tested at |least once per month.
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9.3.7.

9.3.7.1.

9.3.7.2.

Efficiency requirement

The efficiency of the converter E o, shdl not be less than 95 per cent.

If, with the andyzer in the most common range, the ozonator cannot give areduction from80
per cent to 20 per cent according to paragraph 9.3.6.5., the highest rangewhich will givethe
reduction shall be used.

Adjustment of the FID
Optimization of the detector response

The FID shdl be adjusted as specified by the instrument manufacturer. A propaneinair span
gas shdl be used to optimize the response on the most common operating range.

Withthefud and airflow rates st a the manufacturer's recommendations, a 350 + 75 ppm C
span gas shdl be introduced to the andlyzer. The response a a given fue flow shdl be
determined from the difference between the span gas response and the zero gas response.
Thefue flow shdl beincrementally adjusted above and bel ow the manufacturer's specification.
The span and zero response a thesefue flowsshdl berecorded. Thedifference betweenthe
gpan and zero response shall be plotted and the fuel flow adjusted to therich sde of the curve.
Thisistheinitia flow rate setting which may need further optimization depending on the results
of the hydrocarbon response factors and the oxygen interference check according to
paragraphs 9.3.7.2. and 9.3.7.3. If the oxygen interference or the hydrocarbon response
factors do not meet the following specifications, the airflow shdl be incrementaly adjusted
above and bel ow the manufacturer's specifications, repesting paragraphs9.3.7.2. and 9.3.7.3.
for each flow.

The optimization may optiondly be conducted using the procedures outlined in SAE paper
No. 770141.

Hydrocarbon response factors

A linearity veification of the andyzer shdl be performed using propane in air and purified
synthetic air according to paragraph 9.2.1.3.

Responsefactorsshdl be determined whenintroducing an andyzer into service and after mgjor
sarvice intervals. The response factor () for aparticular hydrocarbon speciesistheratio of
the FID CL1 reading to the gas concentration in the cylinder expressed by ppmC1.

The concentration of thetest gas shdl be at aleve to give aresponse of gpproximately 80 per
cent of full scde. The concantration shdl be known to an accuracy of £ 2 per cent in
referenceto agravimetric standard expressed in volume. In addition, the gascylinder shdl be
preconditioned for 24 hours a atemperature of 298 K £ 5K (25°C £ 5 °C).
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The test gases to be used and the relative response factor ranges are as follows:

@
(b)
(©

Methane and purified synthetic air 1.00£r,£115
Propylene and purified synthetic air 090£r,£1.1
Toluene and purified synthetic ar 090£r,£1.1

These vadues arerelative to ar, of 1 for propane and purified synthetic air.

Oxygen interference check

For raw exhaust gas andyzers only, the oxygen interference check shdl be determined when
introducing an andyzer into service and after mgor serviceintervas.

A range shdl be chosen where the oxygen interference check gaseswill fal in the upper S0per
cent. The test shdl be conducted with the oven temperature set as required. Oxygen
interference check gas specifications are found in paragraph 9.3.3.4.

@
(b)
(©

(d)
C)

®

The analyzer shall be st at zero.

The andyzer shdl be spanned with the O per cent oxygen blend for positive ignition

engines. Compresson ignition engineingruments shal be spanned with the 21 per cent

oxygen blend.

The zero response sl be rechecked. If it has changed by more than 0.5 per cent of

full scale, steps (a) and (b) of this paragraph shal be repested.

The 5 per cent and 10 per cent oxygen interference check gases shdl be introduced.

The zero response shal be rechecked. If it has changed by more than + 1 per cent of

full scae, the test shall be repeated.

The oxygen interference E o, shal be calculated for each mixture in step d) asfollows:

EOZ = (Cref,d - C) x100/ Cretd (62)

with the analyzer response being

c - Cre‘, b ’ CFS,b - Cm,d (63)
Cmb CFS,d

where:

Crp IS the reference HC concentration in step (b), ppm C
C,« 4 IS the reference HC concentration in step (d), ppm C
Crs, ISthe full scale HC concentration in step (b), ppmC
Crsq ISthefull scale HC concentration in step (d), ppmC
Cin,p IS the measured HC concentration in step (b), ppm C
Cnq ISthe measured HC concentration in step (d), ppm C
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9.3.8.1.

9.3.8.2.

(@ The oxygen interference E, shdl be lessthan + 1.5 per cent for al required oxygen
interference check gases prior to testing.

()  If the oxygen interference E, isgreater than + 1.5 per cent, corrective action may be
taken by incrementaly adjusting the airflow above and below the manufacturer's
specifications, the fud flow and the sample flow.

()  Theoxygen interference shal be repeated for each new setting.

Efficiency of the non-methane cutter (NMC)

The NMC is used for the remova of the non methane hydrocarbonsfrom the samplegashby
oxidizing dl hydrocarbons except methane. Idedly, the converson for methaneis O per cent,
and for the other hydrocarbons represented by ethane is 100 per cent. For the accurate
measurement of NMHC, the two efficiencies shdl be determined and used for the calculation
of the NMHC emission mass flow rate (see paragraph 8.5.1.).

Methane Efficiency

Methane cdibration gas shdl be flown through the FID with and without bypassing the NMC

and the two concentrations recorded. The efficiency shdl be determined as follows:
Ev = 1- CHC(w/cutte) (64)
CHC(w/ocutter)

where:
Crcwianey 1S the HC concentration with CH, flowing through the NMC, ppm C
Cricwio ey 1S the HC concentration with CH, bypassing the NMC, ppmC

Ethane Efficiency

Ethane cdlibration gas shdl be flown through the FID with and without bypassing the NMC
and the two concentrations recorded. The efficiency shdl be determined as follows:

Ep = 1- CHC(w/cutte) (65)
CHC(w/ocutter)

where:
Crcwieutey 1S the HC concentration with C,Hj flowing through the NMC, ppmC
Crcwioarey 1S the HC concentration with C,Hg bypassing the NMC, ppmC
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Interference effects

Other gasesthan theone being andyzed caninterferewith thereading in severa ways. Positive
interference occursin NDIR ingruments where the interfering gas givesthe same effect asthe
gasbeing measured, but to alesser degree. Negativeinterference occursin NDIR instruments
by the interfering gas broadening the absorption band of the measured gas, and in CLD

insruments by theinterfering gas quenching thereaction. Theinterference checksin paragraphs
9.39.1. and 9.3.9.2. shdl be performed prior to an andyzer's initid use and after major

srviceintervals,

CO andyzer interference check

Water and CO, caninterferewith the CO andyzer performance. Therefore, aCO, span gas
having aconcentration of 80 to 100 per cent of full scae of the maximum operating range used
during testing shal be bubbled through water a room temperature and the analyzer response
recorded. The analyzer reponse shal not be more than 1 per cent of full scae for ranges
equal to or above 300 ppm or more than3 ppm for ranges below 300 ppm.

NO, analyzer quench checks

The two gases of concern for CLD (and HCLD) andyzers are CO, and water vapour.
Quench responses to these gases are proportiond to their concentrations, and therefore
require test techniques to determine the quench a the highest expected concentrations
experienced during testing.

CO, quench check

A CO, span gas having a concentration of 80 to 100 per cent of full scale of the maximum
operating range shall be passed through the NDIR andyzer and the CO,, val ue recorded asA.

It shdl then be diluted approximately 50 per cent with NO span gas and passed through the
NDIR ad CLD, with the CO, and NO va ues recorded asB and C, respectively. TheCGO,
shall then be shut off and only the NO span gas be passed through the (H)CLD and the NO
value recorded as D.

The per cent quench shdl be cadculated as follows:

¢ = (C'A &
Eeop = 6l- G— 3y 100 (66)
=8 €5 A) D Ba
where

A istheundiluted CO, concentration measured with NDIR, per cent
B isthediluted CO, concentration measured with NDIR, per cent
C isthediluted NO concentration measured with (H)CLD, ppm

D istheundiluted NO concentration measured with (H)CLD, ppm
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9.3.9.2.2.

Alternative methods of diluting and quantifying of CO, and NO span gas values such as
dynamic mixing/blending are permitted with the gpprova of the type gpprovd or certification
authority.

Water quench check

Thischeck appliesto wet gas concentration measurementsonly. Caculation of water quench
shdl congder dilution of the NO span gas with water vapour and scaing of water vapour
concentration of the mixture to that expected during testing.

A NO span gas having a concentration of 80 per cent to 100 per cent of full scde of the
normal operating range shall be passed through the (H) CLD and the NO value recorded as
D. The NO span gas shall then be bubbled through water at room temperature and passed
through the (H) CLD and the NO value recorded as C. The water temperature shall be
determined and recorded asF. The mixture's saturation vapour pressure that correspondsto
the bubbler water temperature (F) shal be determined and recorded as G.

The water vapour concentration (in per cent) of the mixture shal be caculated as follows:
H=100x(G/p,) (67)

and recorded as H. The expected diluted NO span gas (in water vapour) concentration shall
be cdculated as follows:

D.,=Dx(1-H/100) (68)
and recorded as D,. For diesdl exhaudt, the maximum exhaust water vapour concentration (in
per cent) expected during testing shall be estimated, under the assumption of afue H/C ratio
of 1.8/1, from the maximum CO, concentration in the exhaust gasA asfollows:
H,=0.9xA (69)
and recorded asH,,
The per cent water quench shdl be cadculated as follows:
E,,0=100x((D,-C)/ D) x(H,/H) (70)
where:
D, istheexpected diluted NO concentration, ppm

is the measured diluted NO concentration, ppm

C
H, isthe maximum water vapour concentration, per cent
H istheactua water vapour concentration, per cent
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Maximum dlowable quench

(@ For raw measurement:
(i) CO, quench according to paragraph 9.3.9.2.1.: 2 per cent of full scale
(i)  water quench according to paragraph 9.3.9.2.2.: 3 per cent of full scde
(b) For dilute measurement:
() 2 per cent combined CO, and water quench.

Effidiency of the cooling bath

For dry CLD andyzers, it shdl be demongtrated that for the highest expected water vapour
concentration H,,, (see paragraph 9.3.9.2.2), the water removal technique maintains CLD
humidity & = 5 g water/kg dry air (or about 0.008 per cent H,O), which is 100 per cent
relative humidity at 3.9 °C and 101.3 kPa. This humidity specification is dso equivaent to
about 25 per cent relative umidity a 25 °C and 101.3 kPa. This may be demonstrated by
measuring thetemperature a the outl et of atherma dehumidifier, or by measuring humidity at a
point just upstream of the CLD. Humidity of the CL D exhaust might aso be measured aslong
as the only flow into the CLD isthe flow of the dehumidifier.

Particulate measurement and sampling system

Generd specificaions

To determine the mass of the particulates, a particul ate sampling system, particulate sampling
filters, amicrogrambaance, and atemperature and humidity controlled weighing chamber, are
required. The particulate sampling system shall be designed to ensure arepresentative sample
of the particulates proportiond to the exhaust flow.

Particulate sampling filters

The diluted exhaust shdl be sampled by a filter that meets the requirements of
paragraphs 9.4.2.1. to 9.4.2.3. during the test sequence. Selection of the options in
paragraphs 9.4.2.1. and 9.4.2.2. shall be decided by the Contracting Parties.

Filter specification

All filter types shal have a0.3 um DOP (dioctylphthal ate) collection efficiency of at least 99
per cent. Thefilter materid shdl be either:

(@ fluorocarbon (PTFE) coated glassfiber, or
(b) fluorocarbon (PTFE) membrane.
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9.4.3.3.

Flter sze
The filter 9ze shdl be ether:

(@ 47 mm diameter or
(b) 70 mm diameter.

Filter face velocity

The face velocity through the filter shal not exceed 1 m/s. The pressure drop increase
between the beginning and the end of the test shal not exceed 25 kPa.

Weighing chamber and anaytica baance specifications
Weighing chamber conditions

The temperature of the chamber (or room) in which the particul ate filters are conditioned and
weighed shdl be maintained towithin 295K + 3K (22 °C + 3 °C) during al filter conditioning
and weighing. The humidity shdl be maintained to adew point of 282.5K + 3K (9.5°C+
3°C) and a rdative humidity of 45 per cent + 8 per cent. For sendtive baances, it is
recommended that the tolerance for the wei ghing chamber room air temperature and the dew
point be + 1 K.

Referencefilter weighing

The chamber (or room) environment shal be free of any ambient contaminants (such as dust)
that would settle on the particulate filters during their stabilization. Disturbances to weighing
room specifications as outlined in paragraph 9.4.3.1. will be dlowed if the duration of the
disturbances does not exceed 30 minutes. The weighing room shal meet the required
Soecifications prior to persond entrance into the weighing room. At least two unused
reference filters shal be weighed within 12 hours of, but preferably a the same time as the
samplefilter weighing. They shdl be the same sze and materid asthe samplefilters.

If theaverage weight of thereferencefilters changes between samplefilter weightingsby more
than 10 pg, dl samplefilters shal be discarded and the emissions test repeated.

Andytica balance
The andyticd balance used to determine the filter weight shall meet the linearity verification

criterion of paragraph 9.2., table 6. Thisimpliesaprecison (standard deviation) of at least 2
pg and aresolution of a least 1 pg (1 digit = 1 pg).
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Elimination of Satic eectricity effects

Thefiltersshdl be neutrdized prior to weighing, eg. by a Polonium neutrdizer or adevice of
amilar effect.

Buoyancy correction

The sampling filters shal be corrected for their buoyancy in ar. The buoyancy correction
depends on sampling filter dendity, air density and the density of thebaance cdlibration weight,
and does not account for the buoyancy of the PM itsdlf.

If the dengity of thefilter materid is not known, the following dengties shdl be used:

(@ teflon coated glass fiber filter: 2,300 kg/n?

(b) teflon membranefilter: 2,144 kg/n¥

(c) teflon membrane filter with polymethylpentene support ring: 920 kg/n?®

For stainlesssted cdibration weights, adensity of 8,000 kg/n® shall be used. If the materid of
the cdibration weight is different, its density must be known.

The following equation shdl be used:

r,o
§- L
= % L 71
M= Moo (71)
g N o
with
=B B 72
83144° T,
where:
Muncor is the uncorrected particul ate sample mass, mg
A isthe dengity of the air, kg/n®
2 isthe dendty of balance cdibration weight, kg/n#
% is the dengity of the particulate sampling filter, kg/n®
o8 is the total atmospheric pressure, kPa
T, isthe ar temperaure in the baance environment, K

28.836 isthe molar mass of the air at reference humidity (9.5 K), g/mol
8.3144 isthe molar gas constant

Specifications for flow measurement

For partid flow dilution systems; the accuracy of the sample flow g, isof specia concern, if
not measured directly, but determined by differentia flow measurement:
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O = Omgew — Omaw (73)

In this case, the maximum error of the difference shall be such that the accuracy of d, is
within +5 per cent when the dilution ratio islessthan 15. 1t can be calculated by taking root
mean square of the errors of each instrument.

Acceptable accuracies of g, can be obtained by either of the following methods:

(@  The absolute accuracies of Qmye, 8d Qmy, are + 0.2 per cent which guarantees an
accuracy of gm, of £ 5 per cent a adilution ratio of 15. However, greater errors will
occur a higher dilution retios.

(b)  Cdibration of gy, relaive to gy, iscarried out such that the same accuraciesfor g,
asin (a) are obtained. For details see paragraph 9.4.6.2.

(9 Theaccuracy of g, is determined indirectly from the accuracy of the dilution ratio as
determined by atracer gas, eg. CO,. Accuraciesequivaent to method (a) for g, are
required.

(d) Theabsolute accuracy of Omge, aNd gmy,, iSWithin+ 2 per cent of full scale, themaximum
error of the difference between Qgmye, @d Qmy,, IS Within 0.2 per cent, and the linearity
eror iswithin + 0.2 per cent of the highest g, Observed during the test.

Additiond specifications

All parts of the dilution system and the sampling system from the exhaust pipe up to the filter
holder, which are in contact with raw and diluted exhaust gas, shdl be designed to minimize
deposition or dteration of the particulates. All parts shdl be made of dectricaly conductive
materiasthat do not react with exhaust gas components, and shall be dectricaly grounded to
prevent el ectrogtetic effects.

Cdibration of the partid flow dilution system
Introduction
The cdibration of the particulate messurement is limited to the flowmeters used to determine

sampleflow and dilutionratio. Each flowmeter shall be cdlibrated as often as necessary to fulfil
theaccuracy requirementsof thisgtr. The calibration method that shal beused isdescribedin

paragraph 9.4.6.2.

How measurement
Periodicd calibration

The flowmeter or the flow measurement instrumentation shal be caibrated with an accurate
flowmeter traceable to internationd and/or nationd standards.
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If the sample gas flow is determined by differentid flow measurement, the flowmeter or the
flow measurement instrumentation shall be cdibrated in one of the following procedures, such
that the probe flow gm, into thetunnel shall fulfil the accuracy requirements of paragraph 9.4.4..

(@ The flowmeter for gy, shal be connected in series to the flowmeter for g, the
difference between the two flowmeters shdl be cdibrated for at least 5 set pointswith
flow vaues equaly spaced between the lowest gy, Vaue used during the test and the
value of g, used during the test. The dilution tunnel may be bypassed.

(b) A cdibrated flow device shall be connected in series to the flowmeter for g, and the
accuracy shal be checked for the value used for the test. The calibrated flow device
shall be connected in seriesto the flowmeter for gmy,,, and the accuracy shdl be checked
for at least 5 settings corresponding to dilution ratio between3and 50, relativetoqm,,,,
used during the test.

() Thetrandfer tube (TT) shdl be disconnected from the exhaust, and a cdibrated flow-
measuring devicewith asuitablerange to measure gm, shal be connected to the transfer
tube. Qe Shal be set to the value used during the test, and gy, Shall be sequentialy
setto at least 5 va ues corresponding to dilution ratios between 3 and 50. Altemndivey,
aspecid cdibration flow path may be provided, in which thetunndl isbypassed, but the
totdl and dilution arflow through the corresponding meters asin the actud test.

(d) A tracer gas, shdl be fed into the exhaust transfer tube TT. Thistracer gas may bea
component of the exhaust gas, like CO, or NO,. After dilutioninthetunnd thetracer
gas component shal bemeasured. Thisshall be carried out for 5 dilution rati os betwemn
3and 50. Theaccuracy of the sample flow shdl be determined fromthedilution ration
ry:

Qmp = Omgew /Ta (74)

The accuracies of the gas analyzers shal be taken into account to guarantee the accuracy of
Omp:

Carbon flow check

A carbon flow check using actud exhaust isstrongly recommended for detecting measurement
and control problems and verifying the proper operation of the partid flow sysem. The
carbon flow check should be run at least each time a new engine is ingtdled, or something
sgnificant is changed in the test cdll configuration.

The engine shall be operated at peak torque load and speed or any other steady state mode
that produces 5 per cent or more of CO,. Thepartid flow sampling system shdl be operated
with a dilution factor of about 15 to 1.
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If a carbon flow check is conducted, the procedure given in annex 5 shall be gpplied. The
carbon flow rates shal be calculated according to equations 80 to 82 in annex 5. All carbon
flow rates should agree to within 3 per cent.

Pre-test check
A pre-test check shdl be performed within 2 hours before the test run in the following way.

The accuracy of the flowmeters shall be checked by the same method as used for cdibration
(see paragraph 9.4.6.2.1.) for & least two points, including flow vaues of Qmg, that
correspond to dilution ratios between 5 and 15 for the Qmge, Value used during the test.

If it can be demonstrated by records of the calibration procedure under paragraph 9.4.6.2.1.
thet the flowmeter cdibration isstable over alonger period of time, the pre-test check may be
omitted.

Determination of the transformation time

The system settings for the transformation time eva uation shdl be exactly the same asduring
measurement of the test run. The transformation time shal be determined by the following
method.

Anindependent reference flowmeter with ameasurement range gppropriate for the probeflow
shal be put in series with and closaly coupled to the probe. This flowmeter shdl have a
transformation time of less than 100 ms for the flow step Size used in the response time
measurement, with flow restriction sufficiently low asto not affect the dynamic performance of
the partid flow dilution system, and condstent with good engineering practice.

A step change shdl beintroduced to the exhaust flow (or airflow if exhaust flow is cal cul ated)
input of the partid flow dilution system, from alow flow to at least 90 per cent of full scale.
Thetrigger for the step change shdl be the same one used to start the |ook- ahead control in
actud testing. The exhaust flow step stimulus and the flowmeter response shal berecorded at
asample rate of a least 10 Hz.

From thisdata, thetransformation time shall be determined for the partid flow dilution system,
which is the time from the initiation of the step imulus to the 50 per cent point of the
flowmeter response. In a smilar manner, the transformation times of the ¢, signd of the
partia flow dilution sysem and of the Q. Sgnd of the exhaust flovmeter shall be
determined. These signds are used in the regression checks performed after each test (see
paragraph 8.3.3.3.)

The cdculaion shal be repested for a least 5 rise and fdl stimuli, and the results shall
be averaged. Theinternd trandformation time (< 100 ms) of the reference flowmeter
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shdl be subtracted from thisvalue. Thisisthe "look-aheaed" vaue of the partid flow dilution
system, which shall be applied in accordance with paragraph 8.3.3.3.

Calibration of the CVS system

Generd

The CVS system shdl be cdibrated by using an accurate flowmeter and a redtricting device.
Theflow through the system shdl be measured et different restriction settings, and the control
parameters of the system shdl be measured and related to the flow.

Varioustypesof flowmetersmay beused, eg. cdibrated venturi, cdibrated laminar flowmeter,
calibrated turbine meter.

Cdibration of the positive displacement pump (PDP)

All the parameters related to the pump shdl be smultaneoudy measured dong with the
parameters related to a cdibration venturi which is connected in series with the pump. The
caculated flow rate (inm¥/sat pump inlet, absol ute pressure and temperature) shal be plotted
versus acorrdation function which isthe value of aspecific combination of pump parameters.
The linear equaion which relaes the pump flow and the corrdation function shal be
determined. If aCV S hasamultiple speed drive, the cdibration shal be performedfor each
range used.

Temperature gtability shal be maintained during cdibration.

Leaksin dl the connections and ducting between the cdibration venturi and the CV S pump
shdl be maintained lower than 0.3 per cent of the lowest flow point (highest restriction and
lowest PDP speed point).

Dataandyss

The arflow rate (0. 5) & each redriction setting (minimum 6 settings) shall be caculated in
standard n#/s from the flowmeter data using the manufacturer's prescribed method. The
arflow rate shal then be converted to pump flow {,) in ni/rev a absolute pump inlet
temperature and pressure as follows:

v, = Qovs- T . 101.3 (75)
n 213 p,

where:

Qveys iStheairflow rate at standard conditions (101.3 kPa, 273 K), n#/s
T  isthetenperaure at pump inlet, K

p, istheabsolute pressure a pump inlet, kPa

n isthe pump speed, rev/s
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To account for the interaction of pressure variations at the pump and the pump dip rate, the
correlaion function (X,) between pump speed, pressure dif ferentid from pump inlet to pump
outlet and absolute pump outlet pressure shall be cdculated as follows:

x, =1 2% (76)
n\p

where;

Dp, isthe pressure differentia from pump inlet to pump outlet, kPa

p, istheabsolute outlet pressure at pump outlet, kPa

A linear least- square fit shal be performed to generate the cdibration equation as follows:
V,=D,- m" X, (77)
D, and m are the intercept and dope, respectively, describing the regression lines.

For a CV'S system with multiple speeds, the cdlibration curves generated for the different
pump flow ranges shal be gpproximatdly pardld, and the intercept vaues (D) shal increase
as the pump flow range decreases.

The caculated va ues from the equation shal bewithin £0.5 per cent of the measured value of
V,. Vauesof mwill vary from one pump to ancther. Particulateinflux over imewill causethe
pump dip to decrease, as reflected by lower vaues for m. Therefore, cdibration shall be
performed a pump start-up, dter mgor maintenance, and if the total system verification
indicates a change of the dip rate.

Cdibration of the critica flow venturi (CFV)

Cdibration of the CFV is based upon the flow equation for a critical venturi. Gasflow isa
function of venturi inlet pressure and temperature.

To determine the range of critica flow, K, shdl be plotted as a function of venturi inlet
pressure. For critical (choked) flow, K, will have ardatively congtant vaue. As pressure
decreases (vacuum increases), the venturi becomes unchoked and K, decreases, which
indicates that the CFV is operated outside the permissible range.

Data andyss
The arflow rate (gy,s) @ each restriction setting (minimum 8 settings) shall be calculated in

standard n#/s from the flowmeter data using the manufacturer's prescribed method. The
cdibration coefficient shdl be caculated from the cdibration datafor each seiting asfollows:
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K, = Gevs” AT (78)
Po

where:

Oys IStheairflow rate a standard conditions (101.3 kPa, 273 K), m3/s
T is the temperature a the venturi inlet, K

Py is the absolute pressure at venturi inlet, kPa

The average K, and the standard deviation shall be caculated. The standard deviation shall
not exceed + 0.3 per cent of the average K,,.

Cdlibration of the subsonic venturi (SSV)

Cdibration of the SSV is based upon the flow equation for asubsonic venturi. Gasflow isa
function of inlet pressure and temperature, pressure drop between the SSV inlet and throat, as
shown in equation 43 (see paragraph 8.4.1.4.).

Data andyss
The arflow rate (Qsgy) a each redtriction setting (minimum 16 settings) shal be caculated in

standard nd¥/s from the flowmeter data using the manufacturer's prescribed method. The
discharge coefficient shal be calculated from the calibration data for each setting as follows:

C, = , Qe (79)
e & o))
2 ~ |31 () 14286 . 1.7123) 1 =z
d, Po % (rp T ) s 77 1428640
ST &l-ry "1, H

where:

Qs istheairflow rate at standard conditions (101.3 kPa, 273 K), n/s
T  isthetemperaure a the venturi inlet, K

d, isthediameter of the SSV throat, m

r,  istheratio of the SSV throat to inlet absolute static pressure = 1- Bp
Po
r, istheratio of the SSV throat diameter, d,, to theinlet pipe inner diameter D

Todeterminetherange of subsonic flow, C shal be plotted asafunction of Reynolds number
Re, at the SSV throat. The Re at the SSV throat shall be calculated with the following
equation:

Re=A~ dQ—S,SVm (80)
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with

, 15
m=2_T 81
S+T

where;
A, 52555152 in9 unitsofel gamin Gemmo
gm'pé S @ Mg

Qssy  istheairflow rate at standard conditions (101.3 kPa, 273 K), m¥/s

dy is the diameter of the SSV throat, m

vl is the dbosolute or dynamic viscosity of the gas, kg/ms
b is 1.458 x 10° (empirica constant), kg/ms K©°*°

S is110.4 (empirica congtant), K

Because Qg isan input to the Re eguation, the caculations must be sarted with an initial
guess for Qg Or C, of the cdibration venturi, and repested until Qgg,, converges. The
convergence method shal be accurate to 0.1 per cent of point or better.

For aminimum of sixteen pointsin the region of subsonic flow, the calculated values of C, from
the resulting calibration curvefit equation must bewithin+ 0.5 per cent of the measured C , for
each cdibration point.

Totd system verification

Thetotd accuracy of the CV S sampling system and andyticd system shal be determined by
introducing a known mass of a pollutant gas into the system whileit is being operated in the
norma manner. The pollutant is analyzed, and the mass caculated according to paragraph
8.4.2.4. except in the case of propane where a u factor of 0.000472 is used in place of
0.000480 for HC. Either of the following two techniques shall be used.

Metering with acritica flow orifice

A known quantity of pure gas (carbon monoxide or propane) shal be fed into the CVS
system through a cdibrated criticd orifice. If the inlet pressureis high enough, the flow rete,
which is adjusted by means of the criticd flow orifice, is independent of the orifice outlet
pressure (critical flow). The CVS system shal be operated asin anorma exhaust emisson
test for about 5 to 10 minutes. A gas sample shdl be anadyzed with the usua equipment
(sampling bag or integrating method), and the mass of the gas caculated. The mass 0
determined shdl be within + 3 per cent of the known mass of the gas injected.
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Metering by means of agravimetric technique

Themassof asmdl cylinder filled with carbon monoxide or propane shal be determined with
aprecisonof £0.01g. For about 5to 10 minutes, the CV S system shall be operated asina
normal exhaust emission test, while carbon monoxide or propaneisinjected into the system.

The quantity of pure gas discharged shal be determined by means of differentid weighing. A
gas sample shdl be andyzed with the usud equipment (sampling bag or integrating method),

and the mass of the gas calculated. The mass so determined shall bewithin + 3 per cent of the
known mass of the gasinjected.
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WHTC ENGINE DYNAMOMETER SCHEDULE
Time  Norm. Norm. Time  Norm. Norm. Time Norm. Norm.
Speed Torque Speed Torque Speed  Torque
s per cent per cent s percent  per cent s percent percent
1 0.0 0.0 a7 0.0 0.0 93 32.8 32.7
2 0.0 0.0 48 0.0 0.0 94 337 325
3 0.0 0.0 49 0.0 0.0 95 34.4 29.5
4 0.0 0.0 50 0.0 131 96 34.3 26.5
5 0.0 0.0 51 13.1 30.1 97 344 24.7
6 0.0 0.0 52 26.3 255 98 35.0 24.9
7 15 8.9 53 35.0 322 99 35.6 25.2
8 15.8 30.9 54 417 14.3 100 36.1 24.8
9 27.4 1.3 55 42.2 0.0 101 36.3 24.0
10 32.6 0.7 56 42.8 11.6 102 36.2 23.6
11 34.8 1.2 57 51.0 20.9 103 36.2 23.5
12 36.2 7.4 58 60.0 9.6 104 36.8 22.7
13 37.1 6.2 59 49.4 0.0 105 37.2 20.9
14 37.9 10.2 60 38.9 16.6 106 37.0 19.2
15 39.6 12.3 61 43.4 30.8 107 36.3 18.4
16 42.3 125 62 49.4 14.2 108 35.4 17.6
17 45.3 12.6 63 40.5 0.0 109 35.2 14.9
18 48.6 6.0 64 315 435 110 354 9.9
19 40.8 0.0 65 36.6 78.2 111 355 4.3
20 33.0 16.3 66 40.8 67.6 112 35.2 6.6
21 42.5 27.4 67 447 50.1 113 34.9 10.0
22 49.3 26.7 68 48.3 52.0 114 34.7 25.1
23 54.0 18.0 69 51.9 63.8 115 344 29.3
24 57.1 12.9 70 54.7 279 116 34.5 20.7
25 58.9 8.6 71 55.3 18.3 117 35.2 16.6
26 59.3 6.0 72 55.1 16.3 118 35.8 16.2
27 59.0 49 73 54.8 111 119 35.6 20.3
28 579 m 4 54.7 115 120 35.3 22.5
29 55.7 m 75 54.8 175 121 35.3 23.4
30 52.1 m 76 55.6 18.0 122 34.7 11.9
31 46.4 m 7 57.0 14.1 123 455 0.0
32 38.6 m 78 58.1 7.0 124 56.3 m
33 29.0 m 79 43.3 0.0 125 46.2 m
34 20.8 m 80 28.5 25.0 126 50.1 0.0
35 16.9 m 81 30.4 47.8 127 54.0 m
36 16.9 425 82 321 39.2 128 40.5 m
37 18.8 384 83 32.7 39.3 129 27.0 m
38 20.7 32.9 &4 324 17.3 130 135 m
39 21.0 0.0 85 31.6 114 131 0.0 0.0
40 19.1 0.0 86 31.1 10.2 132 0.0 0.0
41 13.7 0.0 87 311 195 133 0.0 0.0
42 2.2 0.0 83 314 225 134 0.0 0.0
43 0.0 0.0 89 31.6 229 135 0.0 0.0
44 0.0 0.0 D 31.6 24.3 136 0.0 0.0
45 0.0 0.0 9 31.9 26.9 137 0.0 0.0
46 0.0 0.0 R 324 30.6 138 0.0 0.0
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Time  Norm. Norm. Time Norm. Norm. Time Norm. Norm.
Speed Torque Speed Torque Speed  Torque
s per cent per cent s per cent  per cent s  percent percent
139 0.0 0.0 189 0.0 59 239 0.0 0.0
140 0.0 0.0 190 0.0 0.0 240 0.0 0.0
141 0.0 0.0 191 0.0 0.0 241 0.0 0.0
142 00 49 192 0.0 0.0 242 0.0 0.0
143 0.0 73 193 0.0 0.0 243 0.0 0.0
144 44 28.7 194 0.0 0.0 244 0.0 0.0
145 111 26.4 195 0.0 0.0 245 0.0 0.0
146 15.0 94 196 0.0 0.0 246 0.0 0.0
147 15.9 0.0 197 0.0 0.0 247 0.0 0.0
148 15.3 0.0 198 0.0 0.0 248 0.0 0.0
149 14.2 0.0 199 0.0 0.0 249 0.0 0.0
150 13.2 0.0 200 0.0 0.0 250 0.0 0.0
151 11.6 0.0 201 0.0 0.0 251 0.0 0.0
152 84 0.0 202 0.0 0.0 252 0.0 0.0
153 54 0.0 203 0.0 0.0 253 0.0 31.6
14 43 5.6 204 0.0 0.0 254 9.4 13.6
155 58 24.4 205 0.0 0.0 255 222 16.9
156 9.7 20.7 206 0.0 0.0 256 33.0 535
157 13.6 211 207 0.0 0.0 257 437 22.1
158 15.6 215 208 0.0 0.0 258 39.8 0.0
159 16.5 21.9 209 0.0 0.0 259 36.0 457
160 18.0 223 210 0.0 0.0 260 476 75.9
161 21.1 46.9 211 0.0 0.0 261 61.2 70.4
162 25.2 33.6 212 0.0 0.0 262 72.3 70.4
163 28.1 16.6 213 0.0 0.0 263 76.0 m
164 28.8 7.0 214 0.0 0.0 264 74.3 m
165 275 50 215 0.0 0.0 265 68.5 m
166 23.1 30 216 0.0 0.0 266 61.0 m
167 16.9 19 217 0.0 0.0 267 56.0 m
168 12.2 26 218 0.0 0.0 268 54.0 m
169 929 32 219 0.0 0.0 269 53.0 m
170 91 40 220 0.0 0.0 270 50.8 m
171 88 38 221 0.0 0.0 271 46.8 m
172 85 12.2 222 0.0 0.0 272 417 m
173 82 294 223 0.0 0.0 273 359 m
174 9.6 20.1 224 0.0 0.0 274 29.2 m
175 14.7 16.3 225 0.0 0.0 275 20.7 m
176 245 87 226 0.0 0.0 276 10.1 m
177 394 33 227 0.0 0.0 277 0.0 m
178 39.0 29 228 0.0 0.0 278 0.0 0.0
179 385 59 229 0.0 0.0 279 0.0 0.0
180 424 80 230 0.0 0.0 280 0.0 0.0
181 38.2 6.0 231 0.0 0.0 281 0.0 0.0
182 41.4 38 232 0.0 0.0 282 0.0 0.0
183 44.6 54 233 0.0 0.0 283 0.0 0.0
184 38.8 82 234 0.0 0.0 284 0.0 0.0
185 375 89 235 0.0 0.0 285 0.0 0.0
186 354 73 236 0.0 0.0 286 0.0 0.0
187 28.4 7.0 237 0.0 0.0 287 0.0 0.0

188 14.8 7.0 238 0.0 0.0 288 0.0 0.0
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Time  Norm. Norm. Time  Norm. Norm. Time Norm. Norm.
Speed Torque Speed Torque Speed  Torque
s per cent per cent s percent  per cent s percent percent
289 0.0 0.0 339 0.0 0.0 389 25.2 14.7
290 0.0 0.0 340 0.0 0.0 390 28.6 28.4
291 0.0 0.0 341 0.0 0.0 391 355 65.0
292 0.0 0.0 342 0.0 0.0 392 43.8 75.3
293 0.0 0.0 343 0.0 0.0 393 51.2 34.2
294 0.0 0.0 344 0.0 0.0 394 40.7 0.0
295 0.0 0.0 345 0.0 0.0 395 30.3 45.4
296 0.0 0.0 346 0.0 0.0 396 34.2 83.1
297 0.0 0.0 347 0.0 0.0 397 37.6 85.3
298 0.0 0.0 348 0.0 0.0 398 40.8 87.5
299 0.0 0.0 349 0.0 0.0 399 44.8 89.7
300 0.0 0.0 350 0.0 0.0 400 50.6 91.9
301 0.0 0.0 351 0.0 0.0 401 57.6 94.1
302 0.0 0.0 352 0.0 0.0 402 64.6 44.6
303 0.0 0.0 353 0.0 0.0 403 51.6 0.0
304 0.0 0.0 354 0.0 0.5 404 38.7 37.4
305 0.0 0.0 355 0.0 49 405 42.4 70.3
306 0.0 0.0 356 9.2 61.3 406 46.5 89.1
307 0.0 0.0 357 224 404 407 50.6 93.9
308 0.0 0.0 358 36.5 50.1 408 53.8 33.0
309 0.0 0.0 359 47.7 21.0 409 55.5 20.3
310 0.0 0.0 360 38.8 0.0 410 55.8 5.2
311 0.0 0.0 361 30.0 37.0 411 55.4 m
312 0.0 0.0 362 37.0 63.6 412 54.4 m
313 0.0 0.0 363 455 90.8 413 53.1 m
314 0.0 0.0 364 545 409 414 51.8 m
315 0.0 0.0 365 45.9 0.0 415 50.3 m
316 0.0 0.0 366 37.2 475 416 48.4 m
317 0.0 0.0 367 44.5 84.4 417 45.9 m
318 0.0 0.0 368 51.7 324 418 43.1 m
319 0.0 0.0 369 58.1 15.2 419 40.1 m
320 0.0 0.0 370 45.9 0.0 420 374 m
321 0.0 0.0 371 33.6 35.8 421 35.1 m
322 0.0 0.0 372 36.9 67.0 422 32.8 m
323 0.0 0.0 373 40.2 84.7 423 45.3 0.0
324 4.5 41.0 374 43.4 84.3 424 57.8 m
325 17.2 38.9 375 457 84.3 425 50.6 m
326 30.1 36.8 376 46.5 m 426 41.6 m
327 41.0 34.7 377 46.1 m 427 47.9 0.0
328 50.0 32.6 378 43.9 m 428 54.2 m
329 514 0.1 379 39.3 m 429 48.1 m
330 47.8 m 380 47.0 m 430 47.0 31.3
331 40.2 m 381 54.6 m 431 49.0 38.3
332 32.0 m 382 62.0 m 432 52.0 40.1
333 24.4 m 383 52.0 m 433 53.3 14.5
334 16.8 m 384 43.0 m 434 52.6 0.8
335 8.1 m 385 33.9 m 435 49.8 m
336 0.0 m 336 28.4 m 436 51.0 18.6
337 0.0 0.0 387 255 m 437 56.9 38.9

338 0.0 0.0 388 24.6 1

=
o

438 67.2 45.0
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439 78.6 215 489 455 m 539 56.7 m
440 65.5 0.0 490 40.4 m 540 46.9 m
441 52.4 313 491 49.7 0.0 541 375 m
42 56.4 60.1 492 59.0 m 542 30.3 m
443 59.7 29.2 493 48.9 m 543 27.3 32.3
444 45.1 0.0 494 40.0 m 544 30.8 60.3
445 30.6 42 495 335 m 545 412 62.3
446 30.9 84 496 30.0 m 546 36.0 0.0
47 30.5 43 497 29.1 12.0 547 30.8 32.3
448 44.6 0.0 498 29.3 40.4 548 339 60.3
449 58.8 m 499 30.4 29.3 549 34.6 38.4
450 55.1 m 500 32.2 154 550 37.0 16.6
451 50.6 m 501 339 15.8 551 42.7 62.3
452 45.3 m 502 35.3 149 552 50.4 28.1
453 39.3 m 503 36.4 15.1 553 40.1 0.0
454 49.1 0.0 504 38.0 15.3 554 29.9 8.0
455 58.8 m 505 40.3 50.9 555 325 15.0
456 50.7 m 506 43.0 39.7 556 34.6 63.1
457 42.4 m 507 455 20.6 557 36.7 58.0
458 441 0.0 508 47.3 20.6 558 39.4 52.9
459 45.7 m 509 48.8 221 559 42.8 47.8
460 325 m 510 50.1 221 560 46.8 2.7
461 20.7 m 511 51.4 424 561 50.7 275
462 10.0 m 512 525 31.9 562 53.4 20.7
463 0.0 0.0 513 53.7 21.6 563 54.2 131
464 0.0 15 514 55.1 11.6 564 54.2 0.4
465 09 41.1 515 56.8 57 565 534 0.0
466 70 46.3 516 424 0.0 566 51.4 m
467 12.8 485 517 27.9 8.2 567 487 m
468 17.0 50.7 518 29.0 159 568 456 m
469 20.9 52.9 519 30.4 25.1 569 24 m
470 26.7 55.0 520 32.6 60.5 570 404 m
471 35.5 57.2 521 354 72.7 571 39.8 5.8
472 46.9 23.8 522 384 88.2 572 40.7 39.7
473 445 0.0 523 41.0 65.1 573 438 37.1
474 421 457 524 42.9 25.6 574 48.1 39.1
475 55.6 77.4 525 44.2 15.8 575 52.0 22.0
476 68.8 100.0 526 449 29 576 54.7 13.2
a77 817 47.9 527 451 m 577 56.4 13.2
478 71.2 0.0 528 4.8 m 578 575 6.6
479 60.7 38.3 529 43.9 m 579 426 0.0
480 68.8 72.7 530 42.4 m 580 277 10.9
481 75.0 m 531 40.2 m 581 285 21.3
482 61.3 m 532 37.1 m 582 29.2 23.9
483 535 m 533 47.0 0.0 583 295 15.2
484 45.9 58.0 534 57.0 m 584 29.7 8.8
485 48.1 80.0 535 451 m 585 30.4 20.8
486 494 97.9 536 32.6 m 586 31.9 22.9
487 49.7 m 537 46.8 0.0 587 34.3 61.4
488 48.7 m 538 61.5 m 588 37.2 76.6
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589 40.1 275 639 39.8 m 689 46.6 0.0
590 423 25.4 640 36.0 m 690 323 34.6
591 435 32.0 641 29.7 m 691 32.7 68.6
592 438 6.0 642 215 m 692 32.6 67.0
593 435 m 643 14.1 m 693 313 m
594 42.8 m 644 0.0 0.0 694 28.1 m
595 4.7 m 645 0.0 0.0 695 43.0 0.0
596 404 m 646 0.0 0.0 696 58.0 m
597 39.3 m 647 0.0 0.0 697 58.9 m
598 38.9 129 648 0.0 0.0 698 49.4 m
599 39.0 184 649 0.0 0.0 699 415 m
600 39.7 39.2 650 0.0 0.0 700 48.4 0.0
601 41.4 60.0 651 0.0 0.0 701 55.3 m
602 437 545 652 0.0 0.0 702 41.8 m
603 46.2 64.2 653 0.0 0.0 703 31.6 m
604 48.8 73.3 654 0.0 0.0 704 24.6 m
605 51.0 82.3 655 0.0 0.0 705 15.2 m
606 52.1 0.0 656 0.0 3.4 706 7.0 m
607 52.0 m 657 14 220 707 0.0 0.0
608 50.9 m 658 10.1 453 708 0.0 0.0
609 49.4 m 659 215 10.0 709 0.0 0.0
610 47.8 m 660 32.2 0.0 710 0.0 0.0
611 46.6 m 661 423 46.0 711 0.0 0.0
612 47.3 35.3 662 57.1 74.1 712 0.0 0.0
613 49.2 74.1 663 72.1 34.2 713 0.0 0.0
614 51.1 95.2 664 66.9 0.0 714 0.0 0.0
615 51.7 m 665 60.4 41.8 715 0.0 0.0
616 50.8 m 666 69.1 79.0 716 0.0 0.0
617 47.3 m 667 77.1 38.3 717 0.0 0.0
618 41.8 m 668 63.1 0.0 718 0.0 0.0
619 36.4 m 669 49.1 479 719 0.0 0.0
620 30.9 m 670 534 91.3 720 0.0 0.0
621 25.5 37.1 671 57.5 85.7 721 0.0 0.0
622 33.8 38.4 672 61.5 89.2 722 0.0 0.0
623 42.1 m 673 65.5 85.9 723 0.0 0.0
624 34.1 m 674 69.5 89.5 724 0.0 0.0
625 33.0 37.1 675 73.1 755 725 0.0 0.0
626 36.4 384 676 76.2 73.6 726 0.0 0.0
627 433 171 677 79.1 75.6 727 0.0 0.0
628 35.7 0.0 678 81.8 78.2 728 0.0 0.0
629 28.1 11.6 679 84.1 39.0 729 0.0 0.0
630 36.5 19.2 680 69.6 0.0 730 0.0 0.0
631 45.2 8.3 681 55.0 25.2 731 0.0 0.0
632 36.5 0.0 682 55.8 499 732 0.0 0.0
633 27.9 32.6 683 56.7 46.4 733 0.0 0.0
634 315 59.6 684 57.6 76.3 734 0.0 0.0
635 34.4 65.2 685 58.4 927 735 0.0 0.0
636 37.0 59.6 686 59.3 99.9 736 0.0 0.0
637 39.0 49.0 687 60.1 95.0 737 0.0 0.0
638 40.2 m 6838 61.0 46.7 738 0.0 0.0
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739 0.0 0.0 789 17.2 m 839 38.1 m
740 0.0 0.0 790 14.0 37.6 840 37.2 27
741 0.0 0.0 791 184 25.0 841 375 70.8
742 0.0 0.0 792 27.6 17.7 842 39.1 48.6
743 0.0 0.0 793 39.8 6.8 843 41.3 0.1
744 0.0 0.0 794 34.3 0.0 844 423 m
745 0.0 0.0 795 28.7 26.5 845 20 m
746 0.0 0.0 796 415 40.9 846 40.8 m
747 0.0 0.0 797 53.7 175 847 38.6 m
748 0.0 0.0 798 2.4 0.0 848 355 m
749 0.0 0.0 799 31.2 27.3 849 321 m
750 0.0 0.0 800 32.3 53.2 850 29.6 m
751 0.0 0.0 801 345 60.6 851 28.8 39.9
752 0.0 0.0 802 37.6 68.0 852 29.2 52.9
753 0.0 0.0 803 41.2 75.4 853 30.9 76.1
754 0.0 0.0 804 45.8 82.8 854 34.3 76.5
755 0.0 0.0 805 52.3 38.2 855 38.3 75.5
756 0.0 0.0 806 425 0.0 856 25 74.8
s7 0.0 0.0 807 32.6 305 857 46.6 74.2
758 0.0 0.0 808 35.0 57.9 858 50.7 76.2
759 0.0 0.0 809 36.0 77.3 859 54.8 75.1
760 0.0 0.0 810 371 96.8 860 58.7 36.3
761 0.0 0.0 811 39.6 80.8 861 452 0.0
762 0.0 0.0 812 434 78.3 862 31.8 37.2
763 0.0 0.0 813 47.2 734 863 338 71.2
764 0.0 0.0 814 49.6 66.9 864 355 46.4
765 0.0 0.0 815 50.2 62.0 865 36.6 33.6
766 0.0 0.0 816 50.2 57.7 866 37.2 20.0
767 0.0 0.0 817 50.6 62.1 867 37.2 m
768 0.0 0.0 818 52.3 62.9 868 37.0 m
769 0.0 0.0 819 54.8 375 869 36.6 m
770 0.0 0.0 820 57.0 18.3 870 36.0 m
771 0.0 22.0 821 42.3 0.0 871 354 m
772 45 25.8 822 27.6 29.1 872 347 m
773 155 42.8 823 28.4 57.0 873 341 m
774 30.5 46.8 824 29.1 51.8 874 33.6 m
775 455 29.3 825 29.6 35.3 875 33.3 m
776 49.2 13.6 826 29.7 333 876 33.1 m
777 395 0.0 827 29.8 17.7 877 32.7 m
778 29.7 15.1 828 29.5 m 878 31.4 m
779 34.8 26.9 829 28.9 m 879 450 0.0
780 40.0 13.6 830 43.0 0.0 880 585 m
781 42.2 m 831 57.1 m 881 53.7 m
782 42.1 m 832 57.7 m 882 475 m
783 40.8 m 833 56.0 m 883 40.6 m
784 37.7 37.6 834 53.8 m 884 34.1 m
785 47.0 35.0 835 51.2 m 885 453 0.0
786 48.8 334 836 48.1 m 886 56.4 m
787 41.7 m 837 445 m 887 51.0 m
788 27.7 m 838 40.9 m 888 4.5 m
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889 36.4 m 939 32.7 56.5 989 32.6 m
890 26.6 m 940 334 62.8 990 30.9 m
891 20.0 m %41 34.6 68.2 991 29.9 m
892 13.3 m 942 35.8 68.6 992 29.2 m
893 6.7 m 943 38.6 65.0 993 4.1 0.0
894 0.0 0.0 944 42.3 61.9 994 59.1 m
895 0.0 0.0 945 4.1 65.3 995 56.8 m
896 0.0 0.0 946 453 63.2 996 535 m
897 0.0 0.0 947 46.5 30.6 997 47.8 m
898 0.0 0.0 948 46.7 111 998 41.9 m
899 0.0 0.0 949 45.9 16.1 999 35.9 m
900 0.0 0.0 950 45.6 21.8 1000 44.3 0.0
901 0.0 5.8 951 459 24.2 1001 52.6 m
902 25 27.9 952 46.5 24.7 1002 434 m
903 124 29.0 953 46.7 24.7 1003 50.6 0.0
904 194 30.1 954 46.8 28.2 1004 57.8 m
905 29.3 31.2 955 47.2 31.2 1005 516 m
906 37.1 10.4 956 47.6 29.6 1006 44.8 m
907 40.6 4.9 957 48.2 312 1007 48.6 0.0
908 35.8 0.0 958 48.6 335 1008 524 m
909 30.9 7.6 959 48.8 m 1009 454 m
910 354 13.8 960 47.6 m 1010 37.2 m
911 36.5 111 %1 46.3 m 1011 26.3 m
912 40.8 485 962 45.2 m 1012 17.9 m
913 49.8 3.7 963 435 m 1013 16.2 19
914 41.2 0.0 964 41.4 m 1014 17.8 7.5
915 32.7 29.7 965 40.3 m 1015 25.2 18.0
916 39.4 52.1 966 39.4 m 1016  39.7 6.5
917 48.8 22.7 967 38.0 m 1017 38.6 0.0
918 41.6 0.0 968 36.3 m 1018 374 5.4
919 345 46.6 969 35.3 5.8 1019 434 9.7
920 39.7 84.4 970 354 30.2 1020  46.9 15.7
921 47 83.2 971 36.6 55.6 1021 525 13.1
922 495 78.9 972 38.6 485 1022 56.2 6.3
923 52.3 83.8 973 39.9 41.8 1023 44.0 0.0
924 53.4 77.7 974 40.3 38.2 1024 318 20.9
925 52.1 69.6 975 40.8 35.0 1025  38.7 36.3
926 47.9 63.6 976 41.9 324 1026 47.7 475
927 46.4 55.2 977 43.2 26.4 1027 545 22.0
928 46.5 53.6 978 435 m 1028 413 0.0
929 46.4 62.3 979 42.9 m 1029 28.1 26.8
930 46.1 58.2 980 41.5 m 1030 31.6 49.2
931 46.2 61.8 981 40.9 m 1031 34.5 39.5
932 47.3 62.3 982 40.5 m 1032 364 24.0
933 49.3 57.1 983 395 m 1033  36.7 m
934 52.6 58.1 934 38.3 m 1034 355 m
935 56.3 56.0 985 36.9 m 1035 338 m
936 59.9 27.2 986 354 m 1036 337 19.8
937 45.8 0.0 987 345 m 1037 353 35.1
938 31.8 28.8 988 33.9 m 1038 38.0 339
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s per cent per cent s per cent  per cent s  percent percent
1039 40.1 345 1,089 46.3 24.0 1139 517 0.0
1040 42.2 40.4 1,090 47.8 20.6 1140 59.2 m
1041 45.2 44.0 1,001 47.2 3.8 1141 472 m
1042 48.3 359 1,002 45.6 4.4 1142 351 0.0
1043 50.1 29.6 1,093 44.6 41 1143 231 m
1044 52.3 385 1,004 441 m 1144 131 m
1045 55.3 57.7 1,095 42.9 m 1145 5.0 m
1046 57.0 50.7 1,096 40.9 m 1146 0.0 0.0
1047 57.7 25.2 1,097 39.2 m 1147 0.0 0.0
1048 42.9 0.0 1,098 37.0 m 1148 0.0 0.0
1049 28.2 15.7 1,099 35.1 2.0 1149 0.0 0.0
1050 29.2 30.5 1,100 35.6 433 1150 0.0 0.0
1051 311 52.6 1,101 3B.7 47.6 1151 0.0 0.0
1052 334 60.7 1,102 41.3 40.4 1152 0.0 0.0
1053 35.0 61.4 1,103 42,6 457 1153 0.0 0.0
1054 35.3 18.2 1,104 43.9 433 1154 0.0 0.0
1055 35.2 14.9 1,105 46.9 41.2 1155 0.0 0.0
1056 34.9 11.7 1,106 52.4 40.1 1156 0.0 0.0
1057 345 129 1,107 56.3 39.3 1157 0.0 0.0
1058 34.1 155 1108 574 255 1158 0.0 0.0
1059 335 m 1109 57.2 25.4 1159 0.0 0.0
1060 318 m 1110 57.0 25.4 1160 0.0 0.0
1061 30.1 m 1111 56.8 25.3 1161 0.0 0.0
1062 29.6 10.3 1112 56.3 25.3 1162 0.0 0.0
1063 30.0 26.5 1113 55.6 25.2 1163 0.0 0.0
1064 31.0 18.8 1114 56.2 25.2 1164 0.0 0.0
1065 315 26.5 1115 58.0 12.4 1165 0.0 0.0
1066 317 m 1116 434 0.0 1166 0.0 0.0
1067 315 m 1117 28.8 26.2 1167 0.0 0.0
1068 30.6 m 1118 30.9 49.9 1168 0.0 0.0
1069 30.0 m 1119 32.3 405 1169 0.0 0.0
1070 30.0 m 1120 325 124 1170 0.0 0.0
1071 29.4 m 1121 324 12.2 1171 0.0 0.0
1072 44.3 0.0 1122 321 6.4 1172 0.0 0.0
1073 59.2 m 1123 31.0 12.4 1173 0.0 0.0
1074 58.3 m 1124 30.1 18.5 1174 0.0 0.0
1075 57.1 m 1125 304 35.6 1175 0.0 0.0
1076 55.4 m 1126 31.2 30.1 1176 0.0 0.0
1077 535 m 1127 315 30.8 1177 0.0 0.0
1078 515 m 1128 315 26.9 1178 0.0 0.0
1079 49.7 m 1129 317 33.9 1179 0.0 0.0
1080 47.9 m 1130 32.0 29.9 1180 0.0 0.0
1081 46.4 m 1131 321 m 1181 0.0 0.0
1082 455 m 1132 314 m 1182 0.0 0.0
1083 45.2 m 1133 30.3 m 1183 0.0 0.0
1084 443 m 1134 29.8 m 1184 0.0 0.0
1085 43.6 m 1135 43 0.0 1185 0.0 0.0
1086 431 m 1136 58.9 m 1186 0.0 0.0
1087 425 25.6 1137 52.1 m 1187 0.0 0.0
1088 433 25.7 1138 4.1 m 1188 0.0 0.0
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1339 30.1 m 1389 50.4 50.2 1439 363 98.8
1340 28.8 m 1390 53.0 26.1 1440 377 100.0
1341 28.0 295 1391 59.5 0.0 1441  39.2 100.0
1342 28.6 100.0 1392 66.2 38.4 1442 409 100.0
1343 28.8 97.3 1393 66.4 76.7 1443 424 99.5
1344 28.8 73.4 1394 67.6 100.0 1444 438 98.7
1345 29.6 56.9 1395 68.4 76.6 1445 454 97.3
1346 30.3 91.7 1396 68.2 47.2 1446 470 96.6
1347 31.0 90.5 1397 69.0 814 1447 478 96.2
1348 318 81.7 1398 69.7 40.6 1448 488 96.3
1349 32.6 79.5 1399 54.7 0.0 1449 505 95.1
1350 335 86.9 1400 39.8 19.9 1450 51.0 95.9
1351 34.6 100.0 1401 36.3 40.0 1451 520 94.3
1352 35.6 78.7 1402 36.7 59.4 1452 526 94.6
1353 36.4 50.5 1403 36.6 775 1453 530 65.5
1354 37.0 57.0 1404 36.8 94.3 1454 532 0.0
1355 37.3 69.1 1405 36.8 100.0 1455 532 m
1356 37.6 495 1406 36.4 100.0 1456 526 m
1357 37.8 44.4 1407 36.3 79.7 1457 521 m
1358 37.8 43.4 1408 36.7 49.5 1458 518 m
1359 37.8 34.8 1409 36.6 39.3 1459 513 m
1360 37.6 24.0 1410 37.3 62.8 1460 50.7 m
1361 37.2 m 1411 38.1 734 1461  50.7 m
1362 36.3 m 1412 39.0 72.9 1462 498 m
1363 35.1 m 1413 40.2 72.0 1463 494 m
1364 33.7 m 1414 415 71.2 1464 493 m
1365 324 m 1415 42.9 77.3 1465 491 m
1366 311 m 1416 44.4 76.6 1466  49.1 m
1367 29.9 m 1417 45.4 43.1 1467 491 8.3
1368 28.7 m 1418 453 53.9 1468 489 16.8
1369 29.0 58.6 1419 451 64.8 1469 488 21.3
1370 29.7 88.5 1420 46,5 74.2 1470 491 22.1
1371 31.0 86.3 1421 47.7 75.2 1471 494 26.3
1372 31.8 43.4 1422 48.1 75.5 1472 498 39.2
1373 31.7 m 1423 48.6 75.8 1473 504 834
1374 29.9 m 1424 48.9 76.3 1474 514 90.6
1375 40.2 0.0 1425 49.9 75.5 1475 523 93.8
1376 50.4 m 1426 50.4 75.2 1476 533 94.0
1377 47.9 m 1427 51.1 74.6 1477 54.2 94.1
1378 45.0 m 1428 51.9 75.0 1478 549 94.3
1379 43.0 m 1429 52.7 37.2 1479 557 94.6
1380 40.6 m 1430 41.6 0.0 1480 56.1 94.9
1381 55.5 0.0 1431 304 36.6 1481 56.3 86.2
1382 70.4 41.7 1432 30.5 73.2 1482 56.2 64.1
1383 734 83.2 1433 30.3 81.6 1483 56.0 46.1
1384 74.0 83.7 1434 30.4 89.3 1484  56.2 334
1385 74.9 4.7 1435 315 90.4 1485 565 23.6
1386 60.0 0.0 1436 32.7 88.5 1486 56.3 18.6
1387 45.1 41.6 1437 33.7 97.2 1487 557 16.2

1388 47.7 84.2 1438 35.2 99.7 1488  56.0 15.9
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Time

1489
1490
1491
1492
1493
1494
1495
1496
1497
1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530
1531
1532
1533
1534
1535
1536
1537
1538

Norm.
Speed
per cent
55.9
55.8
55.4
B55.7
56.0
55.8
56.1
55.7
55.9
56.0
56.0
55.1
55.6
55.4
55.7
55.9
55.4
55.7
55.4
55.3
55.4
55.0
54.4
54.2
535
524
51.8
50.7
49.9
49.1
47.7
47.3
46.9
46.9
47.2
47.8
48.2
48.8
49.1
49.4
49.8
50.4
514
52.3
53.3
54.6
55.4
56.7
57.2
57.3

Norm
Torque
per cent
21.8
20.9
184
25.1
27.7
224
20.0
174
20.9
22.9
211
19.2
24.2
25.6
24.7
24.0
235
30.9
425
25.8

A®¥S333333333333333°%4
©o O

73.7
75.0
75.8
73.9
72.2
71.2
71.2
68.7
67.0
64.6
61.9

Time

1539
1540
1541
1542
1543
1544
1545
1546
1547
1548
1549
1550
1551
1552
1553
1554
1555
1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574
1575
1576
1577
1578
1579
1580
1581
1582
1583
1584
1585
1586
1587
1588

Norm.
Speed
per cent
57.0
56.7
56.7
56.8
56.8
57.0
57.0
56.8
57.0
56.9
56.7
57.0
56.7
56.7
56.8
56.5
56.6
56.3
56.6
56.2
56.6
56.2
56.6
56.4
56.5
56.5
56.5
56.5
56.7
56.7
56.6
56.8
56.5
56.9
56.7
56.5
56.4
56.5
56.5
56.4
56.5
56.4
56.1
56.4
56.4
56.5
56.5
56.6
56.6
56.5

Norm
Torque
per cent
59.5
57.0
69.8
585
472
385
328
30.2
27.0
26.2
26.2
26.6
27.8
29.7
321
34.9
349
35.8
36.6
376
382
379
375
36.7
348
35.8
36.2
36.7
37.8
37.8
36.6
36.1
36.8
359
35.0
36.0
36.5
38.0
399
421
47.0
48.0
49.1
489
48.2
48.3
479
46.8
46.2
4.4

Time

1589
1590
1591
1592
1593
1594
1595
1596
1597
1598
1599
1600
1601
1602
1603
1604
1605
1606
1607
1608
1609
1610
1611
1612
1613
1614
1615
1616
1617
1618
1619
1620
1621
1622
1623
1624
1625
1626
1627
1628
1629
1630
1631
1632
1633
1634
1635
1636
1637
1638

Norm.
Speed
per cent
56.8
56.5
56.7
56.5
56.9
56.5
56.5
56.7
56.6
56.9
56.6
56.7
56.7
56.7
56.7
56.5
56.8
56.5
56.7
56.4
56.7
56.7
56.7
56.8
56.7
56.6
56.8
56.6
56.9
56.7
56.7
56.5
56.4
56.8
56.6
56.8
56.5
56.5
56.9
56.4
56.7
56.7
56.8
56.7
56.6
56.8
56.5
56.6
56.4
56.6

Norm
Torque
per cent
42.9
42.8
43.2
42.8
42.2
43.1
42.9
42.7
41.5
41.8
419
42.6
42.6
41.5
42.2
42.2
419
42.0
42.1
41.9
42.9
41.8
41.9
42.0
41.5
419
41.6
41.6
42.0
40.7
39.3
41.4
44.9
45.2
43.6
42.2
42.3
44.4
45.1
45.0
46.3
45.5
45.0
44.9
45.2
46.0
46.6
48.3
48.6
50.3
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Time  Norm. Norm. Time Norm. Norm. Time Norm. Norm.
Speed Torque Speed Torque Speed  Torque
s per cent per cent s per cent  per cent s  percent percent
1639 56.3 51.9 1689 57.6 89 1739 56.1 46.8
1640 56.5 54.1 1690 575 8.0 1740 56.1 45.8
1641 56.3 54.9 1691 575 5.8 1741 56.2 46.0
1642 56.4 55.0 1692 57.3 5.8 1742 56.3 45.9
1643 56.4 56.2 1693 57.6 55 1743 56.3 45.9
1644 56.2 58.6 1694 57.3 45 1744  56.2 44.6
1645 56.2 59.1 1695 57.2 32 1745 56.2 46.0
1646 56.2 62.5 1696 57.2 31 1746 56.4 46.2
1647 56.4 62.8 1697 57.3 49 1747 558 m
1648 56.0 64.7 1698 57.3 4.2 1748 555 m
1649 56.4 65.6 1699 56.9 55 1749 550 m
1650 56.2 67.7 1700 57.1 51 1750 541 m
1651 55.9 68.9 1701 57.0 5.2 1751 540 m
1652 56.1 68.9 1702 56.9 55 1752 533 m
1653 55.8 69.5 1703 56.6 54 1753 526 m
1654 56.0 69.8 1704 57.1 6.1 1754 518 m
1655 56.2 69.3 1705 56.7 57 1755 50.7 m
1656 56.2 69.8 1706 56.8 5.8 1756 499 m
1657 56.4 69.2 1707 57.0 6.1 1757 491 m
1658 56.3 68.7 1708 56.7 5.9 1758  47.7 m
1659 56.2 69.4 1709 57.0 6.6 1759 46.8 m
1660 56.2 69.5 1710 56.9 6.4 1760 457 m
1661 56.2 70.0 1711 56.7 6.7 1761 448 m
1662 56.4 69.7 1712 56.9 6.9 1762 439 m
1663 56.2 70.2 1713 56.8 5.6 1763 429 m
1664 56.4 70.5 1714 56.6 51 1764 415 m
1665 56.1 70.5 1715 56.6 6.5 1765 395 m
1666 56.5 69.7 1716 56.5 10.0 1766  36.7 m
1667 56.2 69.3 1717 56.6 12.4 1767 338 m
1668 56.5 70.9 1718 56.5 145 1768 310 m
1669 56.4 70.8 1719 56.6 16.3 1769  40.0 0.0
1670 56.3 711 1720 56.3 18.1 1770 491 m
1671 56.4 71.0 1721 56.6 20.7 1771 46.2 m
1672 56.7 68.6 1722 56.1 22.6 1772 431 m
1673 56.8 68.6 1723 56.3 25.8 1773 399 m
1674 56.6 68.0 1724 56.4 27.7 1774  36.6 m
1675 56.8 65.1 1725 56.0 29.7 1775 336 m
1676 56.9 60.9 1726 56.1 32.6 1776 305 m
1677 57.1 57.4 1727 55.9 34.9 1777 428 0.0
1678 57.1 54.3 1728 55.9 36.4 1778 552 m
1679 57.0 48.6 1729 56.0 39.2 1779 499 m
1680 57.4 44.1 1730 55.9 41.4 1780 440 m
1681 57.4 40.2 1731 55.5 44.2 1781 376 m
1682 57.6 36.9 1732 55.9 46.4 1782 472 0.0
1683 575 34.2 1733 55.8 48.3 1783 56.8 m
1684 574 311 1734 55.6 49.1 1784 475 m
1685 575 25.9 1735 55.8 49.3 1785 429 m
1686 575 20.7 1736 55.9 477 1786 31.6 m
1687 57.6 16.4 1737 55.9 47.4 1787 258 m
1688 57.6 124 1738 55.8 46.9 1788 199 m



ECE/TRANS/WP.29/GRPE/2006/17

page 98
Annex 1
Time  Norm. Norm. Time  Norm. Norm. Time Norm. Norm.
Speed Torque Speed Torque Speed  Torque
s per cent per cent s percent  per cent s percent percent
1789 14.0 m
1790 8.1 m
1791 2.2 m
1792 0.0 0.0
1793 0.0 0.0
1794 0.0 0.0
1795 0.0 0.0
1796 0.0 0.0
1797 0.0 0.0
1798 0.0 0.0
1799 0.0 0.0
1800 0.0 0.0

m = motoring
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A.2.1. EUROPEAN DIESEL REFERENCE FUEL

Limitsl/

Pearameter Unit Minimum | Maximum Test method
Cetene number 2 54 1SO 5165
Density at 15°C kg/m® 83 837 1SO 3675
Didtillation:
- 50 per cent vol. °C 245 1SO 3405
- 95 per cent val °C 45 350
- find bailing point °C 370
Flash point °C % 1SO 2719
Coldfilter plugging point °C -5 EN 116
Kinematic viscosity at 40 °C mm’s 23 33 1SO 3104
Polycylic aromatic hydrocarbons | per cent m/m 20 6.0 EN 12916
Conradson carbon residue (10 per | per cent m/m 0.2 1SO 10370
cent DR)
Ash content per cent m/m 0.01 BN -1SO 6245
Water content per cent m/m 0.02 EN-I1SO 12937
Sulphur content mgkg 10 EN-1SO 14596
Copper corrosion at 50 °C 1 BEN-1SO 2160
Lubricity (HFRR &t 60 °C) pm 400 CECF-06-A-96
Neutraisat ion number mg KOH/g 0.02
Oxidation stahility mg/ml 0.025 EN-1S0 12205
v The vaues quoted in the specification are "true values'. In establishment of their limit values the terms of 1SO 4259

"Petroleum products - Determination and gp plication of precision datain relation to methods of test." have been gpplied and
in fixing aminimum value, aminimum difference of 2R above zero has been taken into account; in fixing amaximum and
minimum value, the minimum differenceis 4R (R = reproducibility).

Notwithstanding this measure, which is necessary for statistical reasons, the manufacturer of fuds should neverthdessaim
a azero vaue where the stipulated maximum vaueis 2R and &t the mean vauein the case of quotations of maximum and
minimum limits. Should it be necessary to clarify the question as to whether a fuel meets the requirements of the
Specifications, the terms of 1SO 4259 should be applied.
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A.22. UNITED STATES OF AMERICA DIESEL REFERENCE FUEL 2-D

Parameter Unit Test method Limits
min. max.
Cetane number 1 ASTM D 613 40 50
Cetane index 1 ASTM D 976 40 50
Density at 15°C kgm? ASTM D 1298 840 865
Didtillation ASTM D 86
Initid boiling point °C 171 204
10 per cent Vol. °C 204 238
50 per cent Val. °C 243 282
90 per cent Vol. °C 293 332
Find bailing point °C 321 366
Flash point °C ASTM D 93 54 -
Kinematic viscosity at 37.9 °C mm’k ASTM D 445 2 32
Mass fraction of sulphur ppm ASTM D 2785 7 15
\Volume fraction of aromatics per cent viv ASTM D 1319 27 -
A.2.3. JAPAN DIESEL REFERENCE FUEL
Property Unit Test method Gradel | Grade?2 Cert. Diesel
min. mMex. min. max. min. mMex.
Cetaneindex 1S0 4264 50 - 45 - 45 -
Didtillation 1SO 3405
90 per cent Val. °C - 360 - 30 - 350
Hash point °C 1SO 3405 50 - 50 - 50 -
Coldfilter plugging point °C ICS75.160.20 - -1 - -5 - -
Pour point °C 1SO 3015 - -25 - -75 - -
Kinematic viscosity at mmt/s 1SO 2909 2.7 - 25 - 25 -
D°C
Mass fraction of sulphur per cent 1SO 4260 - 0.005 - 0.005 - 0.005
Massfraction of carbon mg 1SO 4260 - 0.1 - 0.1 - -
residue
(10 per cent bottom)




A3l

A311Ll

A3.12

ECE/TRANS/WP.29/GRPE/2006/17
page 101
Annex 3

Annex 3
MEASUREMENT EQUIPMENT

Andyticd sysem

Introduction

Thisannex contains generd descriptions of the recommended sampling and andyzing sysems
Sincevarious configurations can produce equiva ent results, exact conformancewith figures9
and 10 is not required. Components such as ingruments, vaves, solenoids, pumps, flow
devices and switches may be used to provide additiona information and coordinate the
functions of the component systems. Other components which are not needed to maintain the
accuracy on some systems, may be excluded if their exclusionisbased upon good engineering

judgement.

Destription of the andyticd system

Andyticd sysem for the determination of the gaseousemissionsin the raw exhaust gas (figure
9) or in the diluted exhaust gas (figure 10) are described based on the use of:

(& HFD or FID andyzer for the measurement of hydrocarbons,
(b) NDIR andyzers for the measurement of carbon monoxide and carbon dioxide;
(0 HCLD or CLD andyzer for the measurement of the oxides of nitrogen.

The samplefor dl components should be taken with one sampling probe and interndly split to
the different andyzers. Optiondly, two sampling probes located in close proximity may be
used. Care mugt be taken that no unintended condensation of exhaust components (including
water and sulphuric acid) occurs at any point of the anaytical sygem.

8

(0, p———:

0 f————

a =vent b = zero, span gas ¢ = exhaust pipe d = optional

Figure 9

Schematic flow diagram of raw exhaust gas andyss system for CO, CO,, NO,, HC
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a=vent b = zero, span gas ¢ = dilution tunnel d = optional

Figure 10
Schematic flow diagram of diluted exhaust gas analysis system for CO, CO,, NO,, HC

A.313.  Components of figures9 and 10
EP Exhaust pipe
SP Raw exhaust gas sampling probe (figure 9 only)

A dainless sted sraight closed end multi- hole probe is recommended. The insde diameter
shdl not be greeter than the inside diameter of the sampling line. The wal thickness of the
probe shdl not be greater than 1. mm. Thereshdl beaminimum of 3 holesin 3 different radia
planes sized to sample gpproximeately the sameflow. The probe shall extend acrossat least 80
per cent of the diameter of the exhaust pipe. One or two sampling probes may be used.

SP2 Dilute exhaust gas HC sampling probe (figure 10 only)
The probe shdl:

(@ bedefined asthe first 254 mmto 762 nmm of the hested sampling line HSL1

(b) have a5mm minimum ingde diameter

(© beingdled in the dilution tunnel DT (figure 15) a a point where the dilution ar and
exhaugt gas are well mixed (i.e. approximately 10 tunnel diameters downstream of the
point where the exhaugt enters the dilution tunnel)
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(d) besufficiently distant (radidly) from other probes and the tunnel wall so asto be free
from the influence of any wakes or eddies

(60 be heated s0 as to increase the gas stream temperature t0463 K + 10K
(190 °C + 10 °C) at the exit of the probe, or to 385 K + 10 K (112 °C + 10 °C) for
positiveignition engines

()  non-hesated in case of FID measurement (cold)

SP3 Dilute exhaust gas CO, CO,, NO, sampling probe (figure 10 only)

The probe shdl:

(@ beinthesame plane as SP2

(b) beaufficiently distant (radidly) from other probes and the tunnd wall so asto be free
from the influence of any wakes or eddies

() be heated and insulated over its entire length to a minimum temperature of 328 K
(55 °C) to prevent water condensation

HF1 Heated pre-filter (optiond)
The temperature shall be the sameas HSL 1.
HF2 Heated filter

The filter shal extract any solid particles from the gas sample prior to the anadlyzer. The
temperaiure shal be the sameasHSL1. Thefilter shal be changed as needed.

HSL1 Heeted sampling line

The sampling line provides a gas sample from a single probe to the split point(s) and the HC
andyzer.

The sampling line shdl:

(@ havead4 mm minimum and a13.5 mm meximum ingde diameter

(b) bemade of stainless sted or PTFE

(¢) maintain awal temperature of 463 K + 10 K (190 °C £ 10 °C) asmeasured at every
separately controlled heated section, if the temperature of the exhaust ges a the
sampling probe is equa to or below 463 K (190 °C)

(d) maintain awall temperature greater than 453 K (180 °C), if the temperature of the
exhaust gas at the sampling probeis above 463 K (190 °C)

(6 maintain agastemperatureof 463K + 10K (190 °C+ 10 °C) immediately beforethe
heated filter HF2 and the HFID
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HS.2 Heated NO, sampling line

The sampling line shdl:

(@ mantanawal temperature of 328 K to 473 K (55 °Ct0200 °C), up to the converter
for dry measurement, and up to the andyzer for wet measurement

(b) bemadeof sainlesssted or PTFE

HP Heated sampling pump

The pump shall be heated to the temperature of HSL.

SL Sampling line for CO and CO,

The line shdl be made of PTFE or stainless stedl. It may be heated or unheated.

HC HFID andyzer

Heated flame ionization detector (HFID) or flame ionization detector (FID) for the

determination of the hydrocarbons. The temperature of the HFID shdl be kept at453 K

to 473 K (180 °C to 200 °C).

CO, CO, NDIR andyzer

NDIR andyzers for the determination of carbon monoxide and carbon dioxide (optiona for
the determination of the dilution ratio for PT measurement).

NO CLD andyzer

X

CLD or HCLD andyzer for the determination of the oxides of nitrogen. If aHCLD isused it
shdl be kept at atemperature of 328 K to 473 K (55 °Cto 200 °C).

B Cooling bath (optiona for NO measurement)

To cool and condensewater from the exhaust sample. Itisoptiond if theandyzer isfreefrom
water vapour interference as determined in paragraph9.3.9.2.2. If weter is removed by
condensation, the sample gas temperature or dew point shal be monitored either within the
water trap or downstream. Thesamplegastemperature or dew point shall not exceed 280 K
(7 °C). Chemicd dryersare not alowed for removing water from the sample.

BK Background bag (optiond; figure 10 only)

For the measurement of the background concentrations.
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BG Sample bag (optiond; figure 10 only)
For the measurement of the sample concentrations.
A.3.1.4.  Non-methane cutter method (NMC)

The cutter oxidizes dl hydrocarbons except CH, to CO, and H,0, so that by passing the
sample through the NMC only CH, is detected by the HFID. In addition to the usual HC
sampling train (see figures 9 and 10), asecond HC sampling train shdl be instaled equipped
with acutter aslaid out in figure 11. This alows smultaneous measurement of total HC and
NMHC.

The cutter shal be characterized at or above 600K (327°C) prior to test work with respect to
itscataytic effect on CH, and C,H; at H,O vauesrepresentative of exhaust stream condiitions.

The dew point and O, level of the sampled exhaust stream must be known. The relative
response of the FID to CH, and C,H, shdl be determined in accordance with paragraph
9.38.

——>Vent

vi

Zero, span gas
= NMC HC [—T>Vent

Sample
> 8 HC [—T>Vent

—>Vent

Figure 11
Schemétic flow diagram of methane andysis with the NMC
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A3.15.

A.3.2

A321

A322

Components of figure 11

NMC Non-methane cutter

To oxidize dl hydrocarbons except methane
HC

Hested flameionization detector (HFID) or flameionization detector (FID) to measurethe HC
and CH, concentrations. The temperature of the HFID shall be kept at453 K to 473 K

(180°C t0 200°C).

Vi Sdector vave
To sdect zero and span gas
R Pressure regulator

To contral the pressure in the sampling line and the flow to the HFID
Dilution and particulate sampling system
Introduction

Thisannex containsgenera descriptionsof the recommended dillution and particulate sampling
systems. Sincevariousconfigurationscan produce equivalent results, exact conformancewith
figures12to 17 isnot required. Additiona componentssuch asinstruments, vaves, solenoids,
pumps, and switches may be used to provide additiona information and coordinate the
functionsof the component systems. Other componentswhich are not needed to maintain the
accuracy on some systems, may be excluded if their exclusion isbased upon good engineering
judgment.

Description of partid flow system

A dilution systemisdescribed based upon the dilution of apart of the exhaust stream. Splitting
of the exhaugt stream and the following dilution process may be done by different dilution
system types. For subsequent collection of the particulates, the entire dilute exhaust gas or
only aportion of the dilute exhaust gas is passed to the particulate sampling sysem. Thefirst
method is referred to as totd sampling type, the second method as fractiond sampling type.
The calculation of the dilution ratio depends upon the type of system used.

With the totd sampling sysem as shown in figure 12, raw exhaust ges is transferred
from the exhaugt pipe (EP) to the dilution tunne (DT) through the sampling probe (SP)
and the trandfer tube (TT). The totd flow through the tunnd is adjusted with the flow
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controller FC2 and the sampling pump (P) of theparticulate sampling system (seefigure 16).

Thedilution airflow is controlled by the flow contraller FC1, which may useqmg, OF Gm,, ad
O & command sgnals, for the desred exhaust split. The sample flow into DT is the

difference of the totd flow and the dilution airflow. Thedilution airflow rate is measured with

theflow measurement device FM 1, thetotd flow ratewith theflow measurement device FM3
of the particulate sampling system (seefigure 16). Thedilution ratio is caculated from these
two flow rates.

AR FM1 I 1

OO

g

| vl | Er.

r

-]
a = exhaust b = optional ¢ = details see Figure 16

Figure 12
Scheme of partid flow dilution system (total sampling type)

With thefractiond sampling system as shownin figure 13, raw exhaugt gasistransferred from
the exhaust pipe EPto thedilution tunne DT through the sampling probe SP and the transfer
tube TT. Thetotd flow through thetunnel is adjusted with the flow controller FC1 connected
ether to the dilution arflow or to the suction blower for the totd tunnd flow. The flow
controller FC1 may Use G, O Oy, 8Nd 0y 8 command signalsfor the desired exhaust split.
Thesampleflow into DT isthedifferenceof thetota flow and thedilution airflow. Thedilution
arflow rate is measured with the flow measurement device FM1, the totd flow rate with the
flow measurement device FM2. The dilution ratio is calculated from these two flow rates.
From DT, a particulate sample is taken with the particulate sampling system (see figure 16).
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A3.23.

FL1

1 =108d

OAF FM1 T

FM2

TT :

i
a = exhaust b =to PB or SB c = details see Figure 16 d = to particulate sampling system e = vent

Figure 13
Scheme of partid flow dilution system (fractiona sampling type)
Components of figures 12 and 13
EP Exhaust pipe

The exhaust pipe may be insulated. To reduce the thermd inertia of the exhaust pipe a
thicknessto diameter ratio of 0.015 or lessisrecommended. Theuse of flexible sectionsshdll
be limited to a length to diameter ratio of 12 or less Bends shdl be minimized to reduce
inertid depostion. If the system includesatest bed silencer the silencer may dso beinsulated.
It isrecommended to have astraight pipe of 6 pipe diameters upstream and 3 pipe diameters
downstream of thetip of the probe.

SP Sampling probe

The type of probe shal be ether of the following

(@  opentube facing upsiream on the exhaust pipe centreline

(b) open tube facing downstream on the exhaust pipe centreline

(9 multiple hole probe as described under SP in paragraph A.3.1.3.

(d) hatted probe facing upstream on the exhaust pipe centreline as shown in figure 14

The minimum indde diameter of the probe tip shdl be 4 mm. The minimum diameter reio
between exhaust pipe and probe shal be 4.
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When using probe type (8), an inertial pre-classfier (cycloneor impactor) with at 50 per cent
cut point between 2.5 and 10 pm shdl be ingaled immediately upstream of thefilter holder.

Figure 14
Scheme of hatted probe

TT Exhaudt transfer tube
The transfer tube shdl be:

(@ asdhort aspossble but not more than 1 min length;
(b) equd to or grester than the probe diameter, but not more than 25 mm in diameter;
() exiting on the centreline of the dilution tunnd and pointing downstream.

Thetube shdl be insulated with materia with amaximum therma conductivity of 0.05 W/mK
with aradiad insulation thickness corresponding to the diameter of the probe, or heated.

FC1 How controller

A flow controller shal be used to control the dilution airflow through the pressure blower PB
and/or the suction blower SB. It may be connected to the exhaust flow sensor signds
specified in paragraph 8.3.1. Theflow controller may beinstaled upsiream or downstream of
the respective blower. When using apressurized air supply, FC1 directly controlstheairflow.

FM1 Flow measurement device

Gasmeter or other flow instrumentation to measurethedilution airflow. FM1isoptiond if the
pressure blower PB is cdibrated to measure the flow.

DAF Dilution ar filter

The dilution ar (ambient air, synthetic ar, or nitrogen) shal be filtered with a high-
efficdency (HEPA) filter that has an initid minimum collection efficiency of 99.97 per
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cent. The dilution air shdl have a temperature of higher than 288 K (15 °C), and may be
dehumidified.

FM2 How measurement device (fractional sampling type, figure 13 only)

Gas meter or other flow instrumentation to measure the diluted exhaust gas flow. FM2 is
optiond if the suction blower SB is calibrated to measure the flow.

PB Pressure blower (fractiond sampling type, figure 13 only)

To control the dilution airflow rate, PB may be connected to the flow controllers FC1 or FC2.
PB is not required when using a butterfly vave. PB may be used to measure the dilution
arflow, if cdibrated.

SB Suction blower (fractiond sampling type, figure 13 only)
SB may be used to measure the diluted exhaust gas flow, if cdlibrated.
DT Dilution tunnd

The dilution tunnd:

(@ shdl be of aaufficient length to cause complete mixing of the exhaust and dilution air
under turbulent flow conditions for afractiond sampling system, i.e. complete mixing is
not required for atotal sampling system;

(b) ghdl be constructed of dainless sted;

(¢ dhdl beat least 75 mm in diameter for the fractiond sampling type;

(d) isrecommended to beat least 25 mm in diameter for the total sampling type;

(& may be heated to no greater than 325 K (52 °C) wall temperature;

(f) may beinsulated.

PSP Particulate sampling probe (fractiona sampling type, figure 13 only)

The particulate sampling probeis the leading section of the particulate transfer tube PTT (see
paragraph A.3.2.7.) and:

(@ shdl beingdled facing upstream at a point where the dilution air and exhaust gas are
well mixed, i.e. on thedilution tunnd DT centreline goproximately 10 tunnd diameters
downgream of the point where the exhaust enters the dilution tunnd;

(b) ghdl be 12 mm in minimum ingde diameter;

(© may be hesated to no greater than 325 K (52 °C) wall temperature by direct hesting or
by dilution air pre-hegting, provided the dilution air temperature does not exceed 325 K
(52 °C) prior to the introduction of the exhaust into the dilution tunndl;

(d) may beinsulated.
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Description of full flow dilution system

A dilution systemisdescribed based upon the dilution of thetota amount of raw exhaust gasin
the dilution tunnel DT using the CV'S (congtant volume sampling) concept, and is shown in
figure 15.

The diluted exhaust gas flow rate shal be measured ether with a positive displacement pump
(PDP), with acritica flow venturi (CFV) or with asubsonic venturi (SSV). A heet exchanger
(HE) or dectronic flow compensation (EFC) may be used for proportiona particulate
sampling and for flow determination. Since particul ate mass determination isbased onthetota

diluted exhaust gasflow, it is not necessary to calculate the dilution ratio.

For subsequent collection of the particulates, asample of the dilute exhaust gas shdl be passed
to the double dilution particulate sampling system (seefigure 17). Although partly adilution
system, the double dilution system is described as a modification of a particulate sampling
system, since it shares mogt of the parts with atypicad particulate sampling system.

_H; S
SP2
HE

S5V

FC2

a = analyzer system b = background air ¢ = exhaust d = details see Figure 17
e = to double dilution system f=if EFC is used i=vent g = optional h = or

Figure 15
Scheme of full flow dilution system (CVS)
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A.3.25.

Components of figure 15
EP Exhaudt pipe

The exhaugt pipe length from the exit of the engine exhaust manifold, turbocharger outlet or
after-trestment deviceto thedilution tunnel shall be not morethan10 m. If the systlem exceeds
4 min length, then dl tubing in excess of 4 m shall be insulated, except for an in-line smoke
meter, if used. The radid thickness of the insulation shdl be at least 25 mm. The thermd

conductivity of theinsulating materiad shal have avaueno grester than 0.1 W/mK messured at
673 K. To reduce the thermd inertia of the exhaust pipe a thickness-to-diameter ratio of

0.015 or lessis recommended. The use of flexible sections shdl be limited to a length-to-

diameter ratio of 12 or less.

PDP Positive displacement pump

The PDP meterstota diluted exhaust flow from the number of the pump revolutions and the
pump displacement. The exhaust system backpressure shdl not be artificialy lowered by the
PDPor dilution air inlet system. Static exhaust backpressure measured with the PDP system
operating shdl remain within + 1.5 kPaof the static pressure measured without connection to
the PDP at identicad engine speed and load. The gas mixture temperature immediately ahead
of the PDP shdll be within + 6 K of the average operating temperature observed during the
test, when no flow compensation (EFC) isused. FHlow compensation isonly permitted, if the
temperature at the inlet to the PDP does not exceed 323 K (50 °C).

CFV Criticd flow venturi

CFV messurestotd diluted exhaust flow by maintaining the flow at chocked conditions(critical

flow). Static exhaust backpressure measured with the CFV system operating shall remain

within + 1.5 kPa of the static pressure measured without connection to the CFV &t identical

engine speed and load. The gas mixture temperature immediately ahead of the CFV shdll be
within + 11 K of the average operating temperature observed during the test, when no flow
compensation (EFC) is used.

SSV Subsonic venturi

SSV messurestotd diluted exhaust flow by using the gasflow function of asubsonic venturi in
dependence of inlet pressure and temperature and pressure drop between venturi inlet and
throat. Static exhaust backpressure measured with the SSV system operating shall remain
within + 1.5 kPa of the static pressure measured without connection to the SSV at identical
engine speed and load. The gas mixture temperature immediately ahead of the SSV shdl be
within + 11 K of the average operating temperature observed during the test, when no flow
compensation (EFC) is used.
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HE Hest exchanger (optiond)

The heat exchanger shdl be of sufficient capacity to maintain the temperature within the limits
required above. If EFC isused, the heat exchanger is not required.

EFC Electronic flow compensation (optiond)

If the temperature at the inlet to the PDP, CFV or SSV is not kept within the limits stated
above, aflow compensation system is required for continuous measurement of the flow rate
and control of the proportiona sampling into the doubledilution system. For that purpose, the
continuoudy measured flow rate signals are used accordingly to correct the sample flow rate
through the particulate filters of the double dilution system (seefigure 17).

DT Dilution tunnd
The dilution tunnd

(@ snal besmal enoughindiameter to causeturbulent flow (Reynolds Number greeter than
4,000) and of sufficient length to cause complete mixing of the exhaust and dilution air;

(b) hdl beatleast 75 mmin diameter;

(c) may beinsulated.

The engine exhaugt shdl be dir ected downstream at the point where it isintroduced into the
dilution tunnel, and thoroughly mixed. A mixing orifice may be used.

When using double dilution, a sample from the dilution tunne! is transferred to the secondary
dilution tunnd where it is further diluted, and then passed through the sampling filters (figure
17). Theflow capacity of the PDP or CFV must be sufficient to maintain the diluted exhaust
stream in the DT at a temperature of less than or equd to 464 K (191 °C) a the sampling
zore. The secondary dilution system shd| provide sufficient secondary dilution ar to maintain
the doubly diluted exhaust stream &t a temperature between 315K (42 °C) and 325K
(52 °C) immediately before the particulate filter.

DAF Dilution air filter

The dilution air (ambient air, synthetic air, or nitrogen) shdl be filtered with a hight efficency
(HEPA) filter thet has an initid minimum collection efficiency of 99.97 per cent. Thedilution
ar shal have atemperature of greater than 288 K (15 °C), and may be dehumidified.

PSP Particulate sampling probe
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A.3.26.

The probe is the leading section of PTT and

(@ ghdl beingdled facing upstream at a point where the dilution air and exhaust gases are
wdl mixed, i.e. onthedilution tunnd DT centreline of thedilution systems, gpproximetely
10tunne diameters downstream of the point where the exhaugt entersthe dilution tunne!;

(b) ghdl beof 12 mm minimum ingde diameter;

(© may be heated to no greater than325 K (52 °C) wall temperature by direct hegting or
by dilution air pre-heating, provided theair temperature does not exceed 325 K (52 °C)
prior to the introduction of the exhaust in the dilution tunnd;

(d may beinsulated.

Description of particulate sampling system

The particulate sampling systemisrequired for collecting the parti culates on the particul atefilter
and isshown in figures 16 and 17. In the case of tota sampling partia flow dilution, which
condgts of passing the entire diluted exhaust sample through the filters, the dilution and
sampling sysemsusudly formanintegra unit (seefigure 12). Inthecaseof fractiond sampling
patid flow dilution or full flow dilution, which conssts of passng through the filters only a
portion of the diluted exhaust, the dilution and sampling sysems usudly form different units

For apartid flow dilution system, asample of the diluted exhaust gasistaken from thedilution
tunnel DT through the parti culate sampling probe PSP and the particul atetransfer tube PTT by
means of the sampling pump P, as shown in figure 16. The sampleis passed through thefilter
holder(s) FH that contain the particul ate sampling filters. Thesampleflow rateiscontrolled by
the flow controller FC3.

For of full flow dilution system, a double dilution particulate sampling system shdl be used, as
showninfigure 17. A sample of the diluted exhaust gasistransferred from the dilution tunnel

DT through the particulate sampling probe PSP and the particulate transfer tube PTT to the
secondary dilution tunne SDT, where it is diluted once more. The sample is then passed

through thefilter holder(s) FH that contain the particulate sampling filters. Thedilution airflow
rateis usudly congtant whereas the sample flow rateis controlled by theflow controller FC3.
If electronic flow compensation EFC (see figure 15) isused, thetotd diluted exhaust gasflow
isused as command signa for FC3.
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FM3

l

a = from dilution tunnel

Figure 16
Scheme of particulate sampling system

a = diluted exhaustfrom DT b = optional ¢ =vent d = secondary dilution air

Figure 17
Scheme of double dilution particulate sampling system

A.3.2.7.  Components of figures 16 (partia flow sysem only) and 17 (full flow system only)
PTT Particulate transfer tube

The particulate transfer tube shal not exceed 1,020 mm in length, and shdl be minimized in
length whenever possible.

The dimensions are vdid for:

(@ thepartid flow dilution fractiond sampling system from the probetip to thefilter holder;

(b) the partid flow dilution tota sampling system from the end of the dilution tunnel to the
filter holder;

(c) thefull flow double dilution system from the probetip to the entrance of the secondary
dilution tunnel.
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Thetransfer tube:

(@ may be heated to no greater than 325 K (52°C) wall temperature;
() may beinsulated.

SDT Secondary dilution tunnd (figure 17 only)

The secondary dilution tunnd should have a minimum diameter of 75 mm, and should be of

aufficient length so as to provide a resdencetime of at least 0.25 s for the doubly diluted

sample. Thefilter holder FH shall be located within 300 mm of the exit of the SDT.

The secondary dilution tunnel:

(@ may be heated to no greater than 325 K (52 °C) wall temperature by direct heating or
by dilution air pre hesting, provided the air temperature does not exceed 325 K (52°C)
prior to the introduction of the exhaugt into the dilution tunndl;

(b) may beinsulated.

FH Filter holder

The filter holder:

(@ may be heated to no greater than 325 K (52 °C) wadl temperature;
(b) may beinsulated.

An inatid pre-classfier with a 50 per cent cut point between 2.5 um and 10 um shal be

inddled immediately upsiream of the filter holder, if an open tube sampling probe facing
upstream is used.

P Sampling pump

FC2 Fow controller

A flow controller shal be used for controlling the particulate sample flow rate.
FM3 How measurement device

Gas meter or flow insrumentation to determine the particulate sample flow through the
particulate filter. It may be ingtaled upstream or downstream of the sampling pump P.

FM4 How measurement device
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Gas meter or flow instrumentation to determine the secondary dilution arflow through the
particulate filter.

BV Bal vave (optiond)

The bdl vave shdl have an insde diameter not lessthan theinside diameter of the particulate
transfer tube PTT, and a switching time of lessthan 0.5 s.
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Annex 4
DETERMINATION OF SYSTEM EQUIVALENCE

The determination of system equivalency according to paragaph 5.1.1. shal be based on a 7 sample pair
(or larger) correlation study between the candidate system and one of the accepted reference systems of
thisgtr using the appropriatetest cycle(s). Theequivaency criteriato beagpplied shall bethe F-test and the
two-sided Student t-test.

This gatistical method examines the hypothesis that the sample standard deviation and sample mean vaue
for an emission measured with the candidate system do not differ from the sample standard deviation and
samplemean valuefor that emission measured with the reference sysem. The hypothesisshall betested on
the basis of a 10 per cent significance level of the F and t values. Thecritical F and t vauesfor 7 to 10
sample pairs are given in table 8. If the F and t vaues cdculated according to the equation below are
greater than the criticd F and t vaues, the candidate system is not equivaent.

The following procedure shall be followed. The subscripts R and C refer to the reference and candidate
system, respectively:

(@ Conduct at least 7 tests with the candidate and reference systems operated in
pardld. The number of testsis referred to as ng and nc..

(b) Cdculatethemeanvaues x, and x. and the standard deviations s and s;.
() CdculatetheF vaue, asfollows:

2

S'Z“ai‘” (82)

minor

S
F =

(the grester of the two standard deviations s; or . must bein the numerator)

(d Cdculatethet vaue, asfollows

t= |7C-X_R| '\/nc’nR,(nC-i-nR_z) (83)

N A e+,

(& Comparethe cdculated F andt vaueswiththecritica F and t vaues corresponding to
the respective number of testsindicated intable 8. If larger sample sizes are selected,
consult setigtica tablesfor 10 per cent Sgnificance (90 per cent confidence) levd.

(H  Determine the degrees of freedom (df), as follows
for the F-test: df =ng-1/ nc.-1 (84)
for the t-test: df =nc + ng -2 (85)
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(9 Determinethe equivdency, asfollows:
(i) IfF <Fg andt <ty thenthe candidate system is equivalent to the reference

system of this gtr
(i) ifF3 Fgort3 t,,thenthe candidate sysem isdifferent from the reference
system of thisgtr
Sample Sze F-test t-test
df Fcrit df tcrit

7 6/6 3.055 12 1.782

8 7 2.785 14 1.761

9 8/8 2.589 16 1.746

10 99 2.440 18 1.734

Table 8
t and F vauesfor sedected sample Szes



ECE/TRANS/WP.29/GRPE/2006/17

page 120
Annex 5

A5.L

Annex 5
CARBON FLOW CHECK
Introduction

All but atiny part of the carbon in the exhaust comesfrom thefud, and dl but aminima part of
this is menifest in the exhaust gas as CO,. Thisis the basis for a system verification check
based on CO, measurements.

The flow of carbon into the exhaust measurement systems is determined from the fud flow
rate. Theflow of carbon at various sampling points in the emissons and particulate sampling
systems is determined from the CO, concentrations and gas flow rates at those points.

In this sense, the engine provides a known source of carbon flow, and observing the same
carbon flow in the exhaust pipe and at the oulet of the partid flow PM sampling system

verifiesleak integrity and flow measurement accuracy. This check hasthe advantage that the
components are operaing under actua engine test conditions of temperature and flow.

Figure 18 showsthe sampling points a which the carbon flows shal be checked. The specific
equations for the carbon flows at each of the sample points are given below.

@ ®

CO2 RAW

ENGINE

—:ﬁ—— 4_@
: CO2 PFS

Partial Flow System

Figure 18
Measuring points for carbon flow check
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Carbon flow rate into the engine (location 1)
The carbon mass flow rate into the engine for afued C,H,O, is given by:

1213

= " 7 86
Qme 12l3+a+16e qu ( )

where:
Ow isthefud massflow rate, kg/s

Carbon flow rate in the raw exhaust (location 2)

The carbon mass flow rate in the exhaust pipe of the engine shdl be determined from theraw
CO, concentration and the exhaust gas mass flow rate:

0 Eu g - 2o &)
100 & M.,

where:

Ceoz.r is the wet CO, concentration in the raw exhaust gas, per cent

Cecoza is the wet CO, concentration in the ambient air, per cent

Omew isthe exhaust gas mass flow rate on wet basis, kg/s

M. isthe molar mass of exhaust gas, g/mal

If CO, ismeasured on adry basisit shdl be converted to awet basis according to
paragraph 8.1.

Carbon flow rate in the dilution system (location 3)

For thepartid flow dilution system, the splitting ratio a so needsto betaken into account. The
carbon flow rate shall be determined from the dilute CO, concentration, the exhaust gas mass
flow rete and the sample flow rate:

o - Cco2a O, . 12011,
qup = g COZleO o : mdew M qmew (88)
(4] e qmp
where:
Ccozq  ISthewet CO, concentration in the dilute exhaust gas a the outlet of the dilution

tunnd, per cent
Ccoza I1Sthewet CO, concentration in the ambient arr, per cent
Oney  ISthe ehaust gas mass flow rate on wet basis, kg/s
Gy isthe sample flow of exhaust gasinto partid flow dilution system, kg/s
M isthe molar mass of exhaust gas, g/mal

e
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If CO, is messured on a dry bass, it shdl be converted to wet basis according to
paragraph8.1.

A55. Cdculation of the molar mass of the exhaust gas

The molar mass of the exhaust gas shal be caculated according to equation 30 (see
paragraph8.3.2.5.)

Alternatively, the following exhaust gas molar masses may be used:
M, (diesd) 28.9 g/mol
M, (LPG) 28.6 g/mol
M, (NG) 28.3 g/mol
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Annex 6

EXAMPLE OF CALCULATION PROCEDURE

Basic data for stoichiometric calculaions

Atomic mass of hydrogen 1.00794 g/atom
Atomic mass of carbon 12.011 g/atom
Atomic mass of sulphur 32.065 g/atom
Atomic mass of nitrogen 14.0067 g/atom
Atomic mass of oxygen 15.9994 g/atom
Atomic mass of argon 39.9 g/atom
Molar mass of water 18.01534 g/mol
Molar mass of carbon dioxide 44.01 g/mol
Molar mass of carbon monoxide 28.011 g/mal
Mola mass of oxygen 31.9988 g/mol
Molar mass of nitrogen 28.011 g/mal
Molar mass of nitric oxide 30.008 g/mol
Molar mass of nitrogen dioxide 46.01 g/mol
Molar mass of sulphur dioxide 64.066 g/mol
Molar mass of dry ar 28.965 g/moal

Assuming no compressibility effects, dl gasesinvolved in the engineintake/combustion/exhaust
process can be considered to be ided and any volumetric calculations shal therefore be based
on amolar volume of 22.414 |/moal according to Avogedro's hypothess.

Gasaous emissions (diesd fud)

The measurement data of an individua point of the test cycle (data sampling rate of 1 Hz) for
the cal culation of theingtantaneous mass emission are shown below. Inthisexample, CO and
NO, are measured on a dry basis, HC on a wet kess. The HC concentration is given in
propane equivaent (C3) and has to be multiplied by 3 to result in the C1 equivdent. The
caculation procedureisidentical for the other points of the cycle.

The ca culation example showsthe rounded intermediaie results of the different sepsfor better
illustration. 1t should be noted that for actud ca culation, rounding of intermediate resultsisnot

permitted (see paragraph 8).

Tai H.; W, Qe Omaw, Oy Gic,i Ceo,i Croxi
(K) | @kg) | kWh | (kg9 | (kg/s) | (kg/s) | (ppm) | (ppm) | (ppm)

295 8.0 40 0.155 0.150 0.005 10 40 500
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Thefollowing fud composition is consdered:

Component Mola réio per cent mass
H a =1.8529 W, ¢ = 1345
C b = 1.0000 Wger = 86.50
S g = 0.0002 Wgay = 0.050
N d = 0.0000 Wy, = 0.000
O e = 0.0000 Weps = 0.000

Step 1: Dry/wet correction (paragraph 8.1.):

Equation (11): k= 0.055584 x 13.45 - 0.0001083 x 86.5 - 0.0001562 x 0.05= 0.7382

& 12434 g+11112 1345 205 0
Equation (8): k,, = CL- S 0148+ 1008 =09331
§ 773.4+12434° 8+——>" 07382 1,000 =
0.148 2
Equation (7): Cco, (Wet) = 40x0.9331 =37.3 ppm
Cnox; (Wet) = 500x0.9331 = 466.6 ppm

Step 2: NO, correction for temperature and humidity (paragraph 8.2.1.):

Equation (18): Knp = 15638 800 +0.832 =0.9576

1,000

Step 3: Cdculation of the ingtantaneous emisson of each individua point of the cyde
(paragraph8.3.2.4.):

Equation (25):  myc; = 10x3x0.155 = 4.650
Meo,; = 37.3x0.155 =5.782
Myox. = 466.6x0.9576 x0.155  =69.26

Step 4: Cdculation of the mass emission over the cycle by integration of the ingtantaneous
emisson vaues and the u values from table 4 (paragraph 8.3.2.4.):

Thefollowing caculation isassumed for the WHTC cycle (1,800 s) and the same emissonin
each point of the cycle.

1800
Equation (25): m, = 0.000479 xg 4.650 =4.01 g/test

i=1

1800
Mco = 0.000966 xg 5.782 =10.05 g/test

i=1
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1800
Mo, = 0001586x4 6026 = 197.72gtest

i=1

Step 5: Calculation of the specific emissions (paragraph 8.5.2.1.):

Equation (56): €, = 4.01/40 =0.10g/kWh
€o = 1005740 =0.25g/kWh
Buox = 197.72/ 40 =4.94g/kWh

Particulate Emission (Diesdl Fue)

po Wad qmew,i qu,i q”‘dw,i qmde/v,i muncor mmp
(kPa) | (kWh) | (kg/s) | (kgfs) | (kgls) | (kgls) (mg) (kg)

9 40 | 0.155 | 0.005 | 0.0015| 0.0020 | 1.7000 | 1.515

Step 1: Cdculation of myy (paragraph 8.3.3.5.2):

Equation (37):  ry; = 0.002 . =4
' £0.002 - 0.00152
Equetion (36):  Omey; = 0.155x4 = 0.620 kg/s
1800
Equation (35): my = g 0.620 = 1,116 kg/test

i=1
Step 2: Buoyancy correction of the particulate mass (paragraph 9.4.3.5.)

99" 28.836

Equation (72): 72, = — = 1.164 kg/n?¥
A (72 8.3144 " 295 v
Equation (71): m = 170007 ((i 1122; gg)) =1.7006 mg

Step 3: Cdculation of the particulate mass emission (paragraph 8.3.3.5.2.):

1.7006 , 1,116

Equation (34): m,, = TEE 1000

= 1.253 gltest

Step 4: Cdculation of the specific emission (paragraph 8.5.2.1.):

Equation (56): e, = 1.253/40 = 0.031 gkWh



