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

The objective of this proposal ithe first amendment to gtr n°4 which establisheda
harmonized global technical regulation (gtr) congrihe type-approval procedure for heavy-
duty engine exhaust emissions. The basishe test procedure developed by the WHDC
informal group of GRPE (see the informal documemt M distributed during the forty-sixth
GRPE session).

Regulations governing the exhaust emissions froev\reluty engines have been in existence
for many years but the test cycles and methodsnidssons measurement vary significantly. To
be able to correctly determine the impact of a fiehuty vehicle on the environment in terms of
its exhaust pollutant emissions, a laboratory pestedure, and consequently the gtr, needs to be
adequately representative of real-world vehiclerajpen.

The proposed regulation is based on new reseatohtlie world-wide pattern of real heavy
commercial vehicle use. From the collected data, representative test cycles, a transient test
cycle (WHTC) with both cold and hot start requireitseand a hot start steady state test cycle
(WHSC), have been created covering typical driingditions in the European Union (EU), the
United States of America, Japan and Australia.eriltive emission measurement procedures
have been developed by an expert committee in IS have been published in ISO 16183.
This standard reflects exhaust emissions measutemeehnology with the potential for
accurately measuring the pollutant emissions frataré low emission engines. This work has
been the basis for future Japanese and the EUiemisgislation. In parallel, substantial work
has been undertaken on a different basis in theséagral years in the United States of America
to make major improvements to the emissions measne procedures, testing protocols, and
regulatory structure for both highway heavy-dutyl avon-road heavy-duty engines. This work
is documented in the rulemaking of the United Staié America and was published on 13
July 2005. WithAmendment 1, most of those new testing protocols amv reflected in this

gtr.

Upon request of the Contracting Parties to the 1998greement, this amendment has been
developed to solve the options of gtr n°4 and to kka as much commonality as is possible
between the highway heavy-duty diesel gtr and theom-road diesel gtr currently being
finalized. When this gtr is amended in the futureto include limit values that may be the
appropriate time to reconcile any remaining differances between the worldwide heavy duty
certification procedure (WHDC) gtr and the gtr on non-road mobile machinery (NRMM).

The WHTC and WHSC test procedures reflect worldendd-road heavy-duty engine operation,
as closely as possible, and provide a marked ingonewt in the realism of the test procedure for
measuring the emission performance of existingfande heavy-duty engines. In summary, the
test procedure was developed so that it would be:

(a) representative of world-wide on-road vehigiemtions,

(b) able to provide the highest possible levedftitiency in controlling on-road emissions,

(c) corresponding to state-of-the-art testing, gléamg and measurement technology,
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(d) applicable in practice to existing and fored®#e future exhaust emissions abatement
technologies, and
(e) capable of providing a reliable ranking of axst emission levels from different engine

types.

At this stage, the gtr is being presented withouitlvalues. In this way, the test procedure can
be given a legal status, based on which the CdirtcpParties are required to start the process of
implementing it into their national law. The limit values shall be developed by the
Contracting Parties according to their own rules ofprocedure.

The gtr contains several options, whose adoption it tlefthe discretion of the Contracting
Parties. Those options are related to the hot soak procede between the cold and hot
WHTC, and the weighting factor of cold and hot WHTC However, these aspects have to be
fully harmonized when common limit values are elsshled.

When implementing the test procedure containetisdtr as part of their national legislation or
regulation, Contracting Parties are invited to liset values which represent at least the same
level of severity as their existing regulationsngi@g the development of harmonized limit
values by the Executive Committee (AC.3) under 1998 Agreement administered by the
World Forum for Harmonization of Vehicle Regulat®oiiWP.29). The performance levels
(emissions test results) to be achieved in thevilrtherefore, be discussed on the basis of the
most recently agreed legislation in the ContracEagties, as required by the 1998 Agreement.

2.  ANTICIPATED BENEFITS

Heavy commercial vehicles and their engines aneasingly produced for the world market. It
is economically inefficient for manufacturers tosbao prepare substantially different models in
order to meet different emission regulations andhods of measuring emissions, which, in
principle, aim at achieving the same objective. ehable manufacturers to develop new models
more effectively and within a shorter time, it issttable that a gtr should be developed. These
savings will accrue not only to the manufactureit, inore importantly, to the consumer as well.

However, developing a test procedure just to addifes economic question does not completely
address the mandate given when work on this gtrfinsisstarted. The test procedure shall also
improve the state of testing heavy-duty engines, lagtter reflect how heavy-duty engines are
used today. Compared to the measurement methddsedien existing legislation of the
Contracting Parties to the 1998 Agreement, thangsnethods defined in this gtr are much
more representative of in-use driving behavioucaimercial vehicles world-wide. It should
be noted that the requirements of this gtr shoeld&dmplemented by the requirements relating
to the control of the Off-Cycle Emissions (OCE) @@D systems.

As a consequence, it can be expected that thecapiph of this gtr for emissions legislation
within the Contracting Parties to the 1998 Agreemeill result in a higher control of in-use
emissions due to the improved correlation of tis¢ neethods with in-use driving behaviour.
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3. POTENTIAL COST EFFECTIVENESS

Specific cost effectiveness values for this gtrehaot been calculated. The decision by the
Executive Committee (AC.3) to the 1998 Agreemenntuve forward with this gtr without limit
values is the key reason why this analysis habeen completed. This common agreement has
been made knowing that specific cost effectivenesisies are not immediately available.
However, it is fully expected that this informatienll be developed, generally, in response to
the adoption of this regulation in national reqgomients and also in support of developing
harmonized limit values for the next step in thig'sgydevelopment. For example, each
Contracting Party adopting this gtr into its natibmaw will be expected to determine the
appropriate level of stringency associated witthgithese new test procedures, with these new
values being at least as stringent as comparaidérexrequirements. Also, experience will be
gained by the heavy-duty engine industry as tocsfs and cost savings associated with using
this test procedure. The cost and emissions paedioce data can then be analyzed as part of the
next step in this gtr development to determinecibs effectiveness values of the test procedures
being adopted today along with the application afntonized limit values in the future. While
there are no values on calculated costs per tenbéfief of the GRPE experts is that there are
clear benefits associated with this regulation.
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TEXT OF REGULATION

PURPOSE

This regulation aims at providing a world-wide manized method for the
determination of the levels of pollutant emissidngm engines used in heavy
vehicles in a manner which is representative of weald vehicle operation. The
results can be the basis for the regulation ofupatit emissions within regional type-
approval and certification procedures.

SCOPE

This regulation applies to the measurement of ¢meission of gaseous and
particulate pollutants from compression-ignition geres and positive-ignition
engines fuelled with natural gas (NG) or liquefigetroleum gas (LPG), used for
propelling motor vehicles of categories 1-2 and Hjving a design speed
exceeding 25 km/h and having a maximum mass exog&db tonnes.

DEFINITIONS, SYMBOLS AND ABBREVIATIONS

Definitions

For the purpose of this regulation,

"continuous regeneratfonrmeans the regeneration process of an exhaust- afte

treatment system that occurs either permanentht tgast once per WHTC hot start
test. Such a regeneration process will not requspecial test procedure.

"delay timemeans the difference in time between the chahgfeeocomponent to be
measured at the reference point and a system respuiilO per cent of the final
reading (1o) with the sampling probe being defined as theregfee point. For the
gaseous components, this is the transport timbaeofhieasured component from the
sampling probe to the detector.

"deNOx systefnmeans an exhaust after-treatment system desigoereduce
emissions of oxides of nitrogen (NO(e.g. passive and active lean N€atalysts,
NOy adsorbers and selective catalytic reduction (S&&jems).

"diesel engirifeneans an engine which works on the compressioitigg principle.

"drift " means the difference between the zero or span ngsnses of the
measurement instrument after and before an emissi@test.

"engine family means a manufacturers grouping of engines whiafgugh their
design as defined in paragraph 5.2. of this gtvehaimilar exhaust emission
characteristics; all members of the family shalihpdy with the applicable emission
limit values.
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3.1.7

3.1.8.

3.1.9.

3.1.10.

3.1.11.

3.1.12.

3.1.13.

3.1.14.

3.1.15.

3.1.16

3.1.17

3.1.18.

"engine systefh means the engine, the emission control system #rel
communication interface (hardware and messagesyebet the engine system
electronic control unit(s) (ECU) and any other pavan or vehicle control unit.

"engine typk means a category of engines which do not diffeessential engine
characteristics.

"exhaust after-treatment systemeans a catalyst (oxidation or 3-way), particelat
filter, deNOx system, combined deNOx particulatiefi or any other emission-
reducing device that is installed downstream ofdhgine. This definition excludes
exhaust gas recirculation (EGR), which is considene integral part of the engine.

"full flow dilution method means the process of mixing the total exhaust fioth
dilution air prior to separating a fraction of ttiduted exhaust stream for analysis.

"gaseous pollutafitsneans carbon monoxide, hydrocarbons and/or ndhane
hydrocarbons (assuming a ratio of {glfor diesel, CHs,sfor LPG and Chgg for
NG, and an assumed molecule £hls for ethanol fuelled diesel engines), methane
(assuming a ratio of CHfor NG) and oxides of nitrogen (expressed in g&mo
dioxide (NQ) equivalent).

"high speed)" means the highest engine speed where 70 perté¢me declared
maximum power occurs.

"low speednfp)" means the lowest engine speed where 55 per éehe aeclared
maximum power Occurs.

"maximum_power (B)" means the maximum power in KW as specified by the
manufacturer.

"maximum torque spéenheans the engine speed at which the maximum ¢oigju
obtained from the engine, as specified by the naatufer.

"normalized torgue" means engine torque in per cent normalized to the
maximum available torque at an engine speed.

"operator demand means an engine operator's input to control engia output.

The operator may be a person (i.e., manual), or aogernor (i.e., automatic) that
mechanically or electronically signals an input tha demands engine output.
Input may be from an accelerator pedal or signal, ahrottle-control lever or

signal, a fuel lever or signal, a speed lever orgial, or a governor setpoint or
signal.

"parent enginemeans an engine selected from an engine famiguaoh a way that
its emissions characteristics are representativthéa engine family.
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"particulate after-treatment devicemeans an exhaust after-treatment system
designed to reduce emissions of particulate paitst§PM) through a mechanical,
aerodynamic, diffusional or inertial separation.

"partial flow dilution methotl means the process of separating a part fromataé t
exhaust flow, then mixing it with an appropriatecamt of dilution air prior to the
particulate sampling filter.

"particulate matter (PM)means any material collected on a specifiedrfitedium
after diluting exhaust with a clean filterdduent to a temperature between 315 K
(42 °C) and 325 K (52 °C) this is primarily carbon, condensed hydrocarb@rs]
sulphates with associated water.

"periodic regenerationfheans the regeneration process of an exhaustieament
system that occurs periodically in typicallgss than 100 hours of normal engine
operation. During cycles where regeneration ogcemsission standards may be
exceeded.

"ramped steady state test cycieeans a test cycle with a sequence of steadg stat
engine test modes with defined speed and torguerieriat each mode and defined
ramps between these modes (WHSC).

"rated speedmeans the maximum full load speed allowed by goeernor as

specified by the manufacturer in his sales andisenliterature, or, if such a
governor is not present, the speed at which themmar power is obtained from the
engine, as specified by the manufacturer in Hesssand service literature.

"response tinfemeans the difference in time between the charfigheocomponent
to be measured at the reference point and a syssponse of 90 per cent of the
final reading (§o) with the sampling probe being defined as theresfee point,
whereby the change of the measured componenteastt60 per cent full scale (FS)
and takes place in less than 0.1 second. Thensystsponse time consists of the
delay time to the system and of the rise time efdyistem.

"rise tim& means the difference in time between the 10 pet and 90 per cent
response of the final readingg(—tyo).

"span_responsemeans the mean response to a span gas during a8dime
interval.

"specific emissiorfsmeans the mass emissions expressed in g/kwWh.

est cyclé means a sequence of test points each with aatepeed and torque to
be followed by the engine under steady statdéHEC) or transient operating
conditions (WHTC).
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3.1.30. "transformation tim& means the difference in time between the chanigehe
component to be measured at the reference poinaaystem response of 50 per
cent of the final readindsp) with the sampling probe being defined as theresiee
point. The transformation time is used for thenaigalignment of different
measurement instruments.

3.1.31. "transient test cyclemeans a test cycle with a sequence of normalspesed and
torque values that vary relatively quickly with 8nffWHTC).

3.1.32.  "useful lif¢' means the relevant period of distance and/or tiover which
compliance with the relevant gaseous and partieu&@hission limits has to be
assured.

3.1.33. "zero _responsé means the mean response to a zero gas during a 8Qime
interval.

step input 3
d
L response time N

transformation time

Response

delay time ' rise time g Time

Figure
Definitions of system response

3.2. General symbols

Symbol Unit Term
AlFs - Stoichiometric air to fuel ratio
c ppm/Vol per centConcentration
Cq ppm/Vol per centConcentration on dry basis
Cw ppm/Vol per centConcentration on wet basis
Ch ppm/Vol per centBackground concentration

Cq - Discharge coefficient of SSV
d m Diameter

dy m Throat diameter of venturi
Do m/s PDP calibration intercept

D - Dilution factor

4t S Time interval



Symbol
egas

Msed
msep

Mssd

Ma

Unit
g/kWh
g/kWh
g/kWh
a/kWh
per cent
per cent
per cent
per cent
per cent

Hz

g/kg
g/kg

m3kg fuel
m3kg fuel

kg
kg
kg
mg
mg
g
g
kg
kg
kg

kg
Nm
g/mol
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Term

Specific emission of gaseous components
Specific emission of particulates

Specific emission during regeneration

Weighted specific emission

C@quench of NQanalyzer

Ethane efficiency

Water quench of N@nalyzer

Methane efficiency

Efficiency of NQconverter

Data sampling rate

Laboratory atmospheric factor

Stoichiometric factor

Absolute humidity of the intake air
Absolute humidity of the dilution air
Subscript denoting an instantaneous measureragntl( Hz)
Carbon specific factor

Combustion additional volume of dry exhaus
Combustion additional volume of wet exhaus
Humidity correction factor for NOfor Cl engines
Humidity correction factor for NOfor Pl 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 exisagas
Dry to wet correction factor for the raw exhagas
CFV calibration function

Excess air ratio

Mass of the dilution air sample passed thraghparticulate
sampling filters

Total diluted exhaust mass over the cycle

Mass of equivalent diluted exhaust gas ovetdbecycle
Total exhaust mass over the cycle

Particulate sample mass collected

Particulate sample mass of the dilution ailectéd
Mass of gaseous emissions over the test cycle
Mass of particulate emissions over the test cycle
Exhaust sample mass over the test cycle

Mass of diluted exhaust gas passing the dilutionel
Mass of diluted exhaust gas passing the paatiewollection
filters

Mass of secondary dilution air
Torque

Molar mass of the intake air
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Symbol
Me
M gas
n
Ny
n
Nhi
Nio
npref
Np
Pa
Po
Pd
Po
Pr
Ps
P
Qmad
qmaw
erCe
e
Omcp
qmdew
qmdw
Omedt
Qmew
qmex
Ot
Omp
Ovcvs
qVS
Owt
Fd
)
I

Im

49 P T

Unit
g/mol
g/mol

min’
min’
min’
min’
r/s
kPa
kPa
kPa
kPa
kPa
kPa
kW
kg/s
kg/s
kg/s
kg/s
kg/s
kg/s
kg/s
kg/s
kg/s
kg/s
kg/s
kg/s
m3/s
dm3/min
cm3/min

[ = I o)

Term
Molar mass of the exhaust
Molar mass of gaseous components
Number of measurements
Number of measurements during regeneration
Engine rotational speed
High engine speed
Low engine speed
Preferred engine speed
PDP pump speed
Saturation vapour pressure of engine intake air
Total atmospheric pressure
Saturation vapour pressure of the dilution air
Absolute pressure
Water vapour pressure after cooling bath
Dry atmospheric pressure
Power
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 mass flow rate in the partial flow tida system
Diluted exhaust gas mass flow rate on wetsbasi
Dilution air mass flow rate on wet basis
Equivalent diluted exhaust gas mass flow oatevet basis
Exhaust gas mass flow rate on wet basis
Sample mass flow rate extracted from dilutiomel
Fuel mass flow rate
Sample flow of exhaust gas into partial flodtibn system
CVS volume rate
System flow rate of exhaust analyzer system
Tracer gas flow rate
Dilution ratio
Diameter ratio of SSV
Hydrocarbon response factor of the FID
Methanol response factor of the FID
Pressure ratio of SSV
Average sample ratio
Density
Exhaust gas density
Standard deviation
Absolute temperature
Absolute temperature of the intake air



3.3.

3.4.

Symbol

tio
tso
too
u
Vo
Vs
Wact
Wref
Xo

Unit

n n n n

me/r
dms
kwh
kWh
me/r
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Term
Time
Time between step input and 10 per cent of fieadliing
Time between step input and 50 per cent of fieadling
Time between step input and 90 per cent of fieadling
Ratio between densities of gas component andusxkigas
PDP gas volume pumped per revolution
System volume of exhaust analyzer bench
Actual cycle work of the test cycle
Reference cycle work of the test cycle
PDP calibration function

Symbols and abbreviations for the fuel contpmsi

WAaLF

WBET

Weam
WhEL

WEps
a

y
o

&

hydrogen content of fuel, 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 sulphur ratio (S/C)

molar nitrogen ratio (N/C)

molar oxygen ratio (O/C)

referring to a fuel CHONSS,

Symbols and abbreviations for the chemicalmpmments

C1
CHa
CoHs
CsHs
CO
CO,
DOP
HC
H.O
NMHC
NOx
NO
NO>
PM

Carbon 1 equivalent hydrocarbon
Methane

Ethane

Propane

Carbon monoxide

Carbon dioxide
Di-octylphtalate
Hydrocarbons

Water

Non-methane hydrocarbons
Oxides of nitrogen

Nitric oxide

Nitrogen dioxide

Particulate matter
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3.5. Abbreviations
CRFV Critical Flow Venturi
CLD Chemiluminescent Detector
CVS Constant Volume Sampling
deNQ, NOy after-treatment system
EGR Exhaust gas recirculation
FID Flame lonization Detector
GC Gas Chromatograph
HCLD Heated Chemiluminescent Detector
HFID Heated Flame lonization Detector
LPG Liquefied Petroleum Gas
NDIR Non-Dispersive Infrared (Analyzer)
NG Natural Gas
NMC Non-Methane Cutter
PDP Positive Displacement Pump
Per cent FS Per cent of full scale
PFS Partial Flow System
SSV Subsonic Venturi
VGT Variable Geometry Turbine
4. GENERAL REQUIREMENTS
The engine system shall be so designed, constriacteé assembled as to enable the
engine in normal use to comply with the provisiafighis gtr during its useful life,
as defined by the Contracting Party, including whnestalled in the vehicle.
5. PERFORMANCE REQUIREMENTS
When implementing the test procedure containetthisigtr as part of their national
legislation, Contracting Parties to the 1998 Agreetrare encouraged to use limit
values which represent at least the same levehrity as their existing regulations;
pending the development of harmonized limit valu®ssthe Executive Committee
(AC.3) of the 1998 Agreement, for inclusion in tite at a later date.
5.1. Emission of gaseous and particulate pollutants

The emissions of gaseous and particulate pollsitdoyt the engine shall be
determined on the WHTC and WHSC test cycles, aeritbesi in paragraph 7. The
measurement systems shall meet the linearity reopgnts in paragraph 9.2. and the
specifications in paragraph 9.3. (gaseous emisseasurement), paragraph 9.4.
(particulate measurement) and in Annex 3.

Other systems or analyzers may be approved byyfie approval or certification
authority, if it is found that they yield equivatemesults in accordance with
paragraph 5.1.1.
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Equivalency

The determination of system equivalency shall &gedd on a seven-sample pair (or
larger) correlation study between the system ummbrsideration and one of the
systems of this gtr.

"Results" refer to the specific cycle weighted ssions value. The correlation
testing is to be performed at the same laboratest, cell, and on the same engine,
and is preferred to be run concurrently. The eajaivcy of the sample pair averages
shall be determined by-test andt-test statistics as described in Annex 4
paragraph A.4.3.,obtained under the laboratory test cell and thenengonditions
described above. Outliers shall be determinedccomance with 1SO 5725 and
excluded from the database. The systems to befosewrrelation testing shall be
subject to the approval by the type approval dtifceation authority.

Engine family

General

An engine family is characterized by design partanse These shall be common to
all engines within the family. The engine manufiaet may decide which engines
belong to an engine family, as long as the memhiersiiteria listed in
paragraph 5.2.3. are respected. The engine fashéyl be approved by the type
approval or certification authority. The manufaetushall provide to the type
approval or certification authority the appropriatgormation relating to the
emission levels of the members of the engine family

Special cases

In some cases there may be interaction betweemmgders. This shall be taken into
consideration to ensure that only engines with laimiexhaust emission
characteristics are included within the same endemeily. These cases shall be
identified by the manufacturer and notified to type approval or certification
authority. It shall then be taken into accounaasiterion for creating a new engine
family.

In case of devices or features, which are noeédigh paragraph 5.2.3. and which
have a strong influence on the level of emissitms, equipment shall be identified
by the manufacturer on the basis of good engingeactice, and shall be notified
to the type approval or certification authority.shall then be taken into account as a
criterion for creating a new engine family.

In addition to the parameters listed in paragra@h3., the manufacturer may
introduce additional criteria allowing the defioiti of families of more restricted

size. These parameters are not necessarily paesrbat have an influence on the
level of emissions.



ECE/TRANS/WP.29/GRPE/2009/10

page 14
5.2.3.

5.2.3.1.

5.2.3.2.

5.2.3.2.1.

5.2.3.2.2.

5.2.3.3.

5.2.3.4.

5.2.3.4.1.

5.2.3.4.2.

5.2.3.4.3.

Parameters defining the engine family

Combustion cycle
(@) 2-stroke cycle
(b) 4-stroke cycle
(c) Rotary engine
(d) Others

Configuration of the cylinders

Position of the cylinders in the block

@ V
(b) Inline
(c) Radial

(d) Others (F, W, etc.)
Relative position of the cylinders

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

Main cooling medium

(@ air
(b) water
(c) oll

Individual cylinder displacement
Engine with a unit cylinder displacemen®.75 dm3

In order for engines with a unit cylinder displaent of > 0.75dm?3 to be
considered to belong to the same engine family, sheead of their individual
cylinder displacements shall not exceed 15 per aktite largest individual cylinder
displacement within the family.

Engine with a unit cylinder displacemet75 dm3

In order for engines with a unit cylinder displaent of <0.75dm3 to be
considered to belong to the same engine family, gpeead of their individual
cylinder displacements shall not exceed 30 per aktiie largest individual cylinder
displacement within the family.

Engine with other unit cylinder displamaat limits
Engines with an individual cylinder displacememattexceeds the limits defined in

paragraphs 5.2.3.4.1. and 5.2.3.4.2. may be carside belong to the same family
with the approval of the type approval or certifioa authority. The approval shall
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be based on technical elements (calculations, simounl, experimental results etc.)
showing that exceeding the limits does not havegaifcant influence on the
exhaust emissions.

5.2.3.5. Method of air aspiration
(&) naturally aspirated
(b) pressure charged
(c) pressure charged with charge cooler

5.2.3.6. Fuel type
(@) Diesel
(b) Natural gas (NG)
(c) Ligquefied petroleum gas (LPG)
(d) Ethanol

5.2.3.7.  Combustion chamber type
(@ Open chamber
(b) Divided chamber
(c) Other types

5.2.3.8. Ignition Type
(@) Positive ignition
(b) Compression ignition

5.2.3.9.  Valves and porting
(@) Configuration
(b) Number of valves per cylinder

5.2.3.10. Fuel supply type

(a) Liquid fuel supply type
(i) Pump and (high pressure) line and injector
(ii) In-line or distributor pump
(iif) Unit pump or unit injector
(iv) Common rail
(v) Carburettor(s)
(vi) Others

(b) Gas fuel supply type
(i) Gaseous
(i) Liquid
(iif) Mixing units
(iv) Others

(c) Other types

5.2.3.11. Miscellaneous devices
(@) Exhaust gas recirculation (EGR)
(b) Water injection
(c) Airinjection
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5.2.3.12.

5.2.3.13.

(d) Others
Electronic control strategy

The presence or absence of an electronic contidgl (&ECU) on the engine is
regarded as a basic parameter of the family.

In the case of electronically controlled engint® manufacturer shall present the
technical elements explaining the grouping of thexssgines in the same family, i.e.
the reasons why these engines can be expectedtigby sthe same emission
requirements.

These elements can be calculations, simulati@tsnations, description of injection
parameters, experimental results, etc.

Examples of controlled features are:
(@ Timing

(b) Injection pressure

(c) Multiple injections

(d) Boost pressure

(e) VGT

(H EGR

Exhaust after-treatment systems

The function and combination of the following d=as are regarded as membership
criteria for an engine family:

(@) Oxidation catalyst

(b) Three-way catalyst

(c) DeNOx system with selective reduction of N@ddition of reducing agent)

(d) Other DeNOx systems

(e) Particulate trap with passive regeneration

() Particulate trap with active regeneration

(g) Other particulate traps

(h) Other devices

When an engine has been certified without afeatinent system, whether as parent
engine or as member of the family, then this engiwben equipped with an
oxidation catalyst, may be included in the samarentamily, if it does not require
different fuel characteristics.

If it requires specific fuel characteristics (eparticulate traps requiring special
additives in the fuel to ensure the regeneratiatgss), the decision to include it in
the same family shall be based on technical elesnamtvided by the manufacturer.
These elements shall indicate that the expectedsamni level of the equipped engine
complies with the same limit value as the non-egpgipengine.

When an engine has been certified with aftersneat system, whether as parent
engine or as member of a family, whose parent engirequipped with the same
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after-treatment system, then this engine, when ppga without after-treatment
system, shall not be added to the same engineyfamil

Choice of the parent engine
Compression ignition engines

Once the engine family has been agreed by the &gmoval or certification
authority, the parent engine of the family shalskbéected using the primary criterion
of the highest fuel delivery per stroke at the desdl maximum torque speed. In the
event that two or more engines share this primetgron, the parent engine shall be
selected using the secondary criterion of highast tlelivery per stroke at rated
speed.

Positive ignition engines

Once the engine family has been agreed by the &mwmoval or certification
authority, the parent engine of the family shalskéected using the primary criterion
of the largest displacement. In the event thatawmore engines share this primary
criterion, the parent engine shall be selectedgusite secondary criterion in the
following order of priority:

(@) the highest fuel delivery per stroke at theespof declared rated power;

(b) the most advanced spark timing;

(c) the lowest EGR rate.

Remarks on the choice of the parent engine

The type approval or certification authority magnclude that the worst-case
emission of the family can best be characterizetebyng additional engines. In this
case, the engine manufacturer shall submit theogpipte information to determine
the engines within the family likely to have thglimest emissions level.

If engines within the family incorporate other tig@s which may be considered to
affect exhaust emissions, these features shall laésadentified and taken into
account in the selection of the parent engine.

If engines within the family meet the same emissialues over different useful life
periods, this shall be taken into account in tHecs®n of the parent engine.

TEST CONDITIONS

Laboratory test conditions

The absolute temperatur€,) of the engine intake air expressed in Kelvin, #mal
dry atmospheric pressurgs), expressed in kPa shall be measured and the pteam
f, shall be determined according to the following ismns. In multi-cylinder
engines having distinct groups of intake manifoldach as in a "Vee" engine
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6.2.

configuration, the average temperature of the ratistgroups shall be taken. The
parameterf, shall be reported with the test results. Fordvetepeatability and
reproducibility of the test results, it is recomrded that the parametéy be such
that: 0.93< f; < 1.07. Contracting Parties can make the pararfgtempulsory.

(@) Compression-ignition engines:

Naturally aspirated and mechanically superchaayegines:

0.7
- 22, Ta
AR @
Turbocharged engines with or without cooling af thtake air:
0.7 15
|22 «[Ta
fa { pj [298J 2)
(b) Positive ignition engines:
12 0.6
= @ X h
fa _{ pj [298J (3)

Engines with charge air-cooling

The charge air temperature shall be recorded laaidi Ise, at the rated speed and full
load, withint5 K of the maximum charge air temperature spetifley the
manufacturer. The temperature of the cooling mmadghall be at least 293 K
(20 °C).

If a test laboratory system or external blowenssd, thecoolant flow rate shall be
set to achieve a charge air temperaturgvithin £ 5 K of the maximum charge air
temperature specified by the manufacturer at ttedrapeed and full load. Coolant
temperature and coolant flow rate of the chargea@oter at the above set point shall
not be changed for the whole test cycle, unless thsults in unrepresentative
overcooling of the charge air. The charge air eoeblume shall be based upon
good engineering practice and shall be represeatafi the production engine's in-
use installation. The laboratory system shall be designed to minimize
accumulation of condensate. Any accumulated condeate shall be drained and
all drains shall be completely closed before emigsi testing.

If the engine manufacturer specifies pressure-drofimits across the charge-air
cooling system, it shall be ensured that the pressidrop across the charge-air
cooling system at engine conditions specified by@hmanufacturer is within the

manufacturer's specified limit(s). The pressure dop shall be measured at the
manufacturer's specified locations.



6.3.

6.3.1.

6.3.2.

6.3.3.

6.3.4.

6.3.5.

ECE/TRANS/WP.29/GRPE/2009/10
page 19

Engine power

The basis of specific emissions measurement is ergpower and cycle work as
determined in accordance with paragraphs 6.3.1. t6.3.5.

General engine installation
The engine shall be tested with the auxiliaries/@gpment listed in Annex 7.

If auxiliaries/equipment are not installed as reqired, their power shall be taken
into account in accordance with paragraphs 6.3.20t6.3.5.

Auxiliaries/equipment to be fitted for the enissions test

If it is inappropriate to install the auxiliaries/equipment required according to
Annex 7 on the test bench, the power absorbed bydm shall be determined and
subtracted from the measured engine power (refereecand actual) over the
whole engine speed range of the WHTC and over thedt speeds of the WHSC.

Auxiliaries/equipment to be removed for théest

Where the auxiliaries/equipment not required accoding to Annex 7 cannot be
removed, the power absorbed by them may be determaa and added to the
measured engine power (reference and actual) ovehd whole engine speed
range of the WHTC and over the test speeds of the M6C. If this value is

greater than 3 per cent of the maximum power at theaest speed it shall be
demonstrated to the type approval or certificationauthority.

Determination of auxiliary power

The power absorbed by the auxiliaries/equipment regds only be determined, if:

(@) auxiliaries/equipment required according to Amex 7, are not fitted to the
engine; and/or

(b) auxiliaries/equipment not required according © Annex 7, are fitted to the
engine.

The values of auxiliary power and the measuremertalculation method for
determining auxiliary power shall be submitted by he engine manufacturer for
the whole operating area of the test cycles, and pgved by the certification or
type approval authority.

Engine cycle work
The calculation of reference and actual cycle work(see paragraphs 7.4.8.

and 7.8.6.) shall be based upon engine power accorg to paragraph 6.3.1. In
this case P, and Py, of equation 4 are zero, and® equalsPy,.
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6.4.

6.5.

6.6.

If auxiliaries/equipment are installed according b paragraphs 6.3.2.
and/or 6.3.3., the power absorbed by them shall beised to correct each
instantaneous cycle power valu®,;, as follows:

R=R, —F;*h,; (4)
where:

Pm,i is the measured engine power, kW
P.i Is the power absorbed by auxiliaries/equipment tbe fitted, kW
Ppi is the power absorbed by auxiliaries/equipment tbe removed, kW

Engine air intake system

An engine air intake system or a test laboratgstesn shall be used presenting an
air intake restriction withit 300 Pa of the maximum value specified by the
manufacturer for a clean air cleaner at the ramzbd and full load. The static
differential pressure of the restriction shall be neasured at the location specified
by the manufacturer.

Engine exhaust system

An engine exhaust system or a test laboratoryesysthall be used presenting an
exhaust backpressure witt80 to 100 per cent of the maximum value specified/b
the manufacturer at the rated speed and full load.If the maximum restriction

is 5 kPa or less, the set point shall be no lessath1.0 kPa from the maximum.
The exhaust system shall conform to the requiresnmtexhaust gas sampling, as
set out in paragrapt®3.10. and 9.3.11

Engine with exhaust after-treatment system

If the engine is equipped with an exhaust afteattnent system, the exhaust pipe
shall have the same diameter as found in-os@s specified by the manufacturer,
for at least four pipe diameters upstreamof the expansion section containing the
after-treatment device. The distance from the weghamanifold flange or
turbocharger outlet to the exhaust after-treatnsgstem shall be the same as in the
vehicle configuration or within the distance speeifions of the manufacturer. The
exhaust backpressure or restriction shall folloes $hhme criteria as above, and may
be set with a valve. For variable-restriction aftertreatment devices, the
maximum exhaust restriction is defined at the afteireatment condition
(degreening/aging and regeneration/loading level) pscified by the
manufacturer. If the maximum restriction is 5 kPaor less, the set point shall be
no less than 1.0 kPa from the maximum. The after-treatment container may be
removed during dummy tests and during engine mappamd replaced with an
equivalent container having an inactive catalyppsut.
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The emissions measured on the test cycle shabfresentative of the emissions in
the field. In the case of an engine equipped &ithxhaust after-treatment system
that requires the consumption of a reagent, thgergaused for all tests shall be
declared by the manufacturer.

For engines equipped with exhaust after-treatragstiems that are regenerated on a
periodic basis, as described in paragraph 6.618sséon results shall be adjusted to
account for regeneration events. In this caseatleage emission depends on the
frequency of the regeneration event in terms oftiva of tests during which the
regeneration occurs.

After-treatment systems with continuous regenenaticcording to paragraph 6.6.1.
do not require a special test procedure.

Continuous regeneration

For an exhaust after-treatment system based ontaaous regeneration process the
emissions shall be measured on an after-treatnysters that has been stabilized so
as to result in repeatable emissions behaviour.

The regeneration process shall occur at least dndag the WHTChot start test
and the manufacturer shall declare the normal ¢i@mdi under which regeneration
occurs (soot load, temperature, exhaust back-pessic.).

In order to demonstrate that the regenerationga®ds continuous, at least three
WHTC hot start tests shall be conductdebr the purpose of this demonstration,
the engine shall be warmed up in accordance with pagraph 7.4.1., the engine
be soaked according to paragraph 7.6.3. and the §it WHTC hot start test be
run. The subsequent hot start tests shall be statl after soaking according to
paragraph 7.6.3. During the tests, exhaust temperatures and pessirall be
recorded (temperature before and after the afatittent system, exhaust back
pressure, etc.).

The after-treatment system is considered to lhheotontinuous regeneration type
if the conditions declared by the manufacturer ocduring the test during a
sufficient time and the emission results do nottecdy more tharx 25 per cent
or 0.005 g/kWh, whichever is greater

If the exhaust after-treatment system has a sgcomdde that shifts to a periodic
regeneration mode, it shall be checked accordingamgraph 6.6.2. For that
specific case, the applicable emission limits mayexceeded and would not be
weighted.

Periodic regeneration

For an exhaust after-treatment based on a periogljeneration process, the
emissions shall be measured on at least three WhbEGtart tests, one with and
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two without a regeneration event on a stabilized &ér-treatment system, and the
results be weighted in accordance with equation 5.

The regeneration process shall occur at least dadag the WHTChot start test.
The engine may be equipped with a switch capablgr@fenting or permitting the
regeneration process provided this operation haeffext on the original engine
calibration.

The manufacturer shall declare the normal paranmgaditions under which the
regeneration process occurs (soot load, temperaxhaust back-pressure, etc.) and
its duration. The manufacturer shall also provide the frequency of the
regeneration event in terms of number of tests dunig which the regeneration
occurs compared to number of tests without regenet@n. The exact procedure

to determine this frequency shall be based upon inuse data using good
engineering judgement, and shalbe agreed by the type approval or certification
authority.

The manufacturer shall provide an after-treatnsystem that has been loaded in
order to achieve regeneration during a WHTC telkegeneration shall not occur
during this engine-conditioning phase.

For the purpose of this testing, the engine shalldowarmed up in accordance
with paragraph 7.4.1., the engine be soaked accordj to paragraph 7.6.3. and
the WHTC hot start test be started.

Averagebrake specificemissions between regeneration phases shall beviiesel
from the arithmetic mean of several approximatejyigistant WHTC hot statest
results (g/kWh). As a minimum, at least one WHTI@t start tes as close as
possible prior to a regeneration test and one WH®Cstart testimmediately after

a regeneration test shall be conducted. As amnalige, the manufacturer may
provide data to show that the emissions remain taahs(x 25 per cent

or 0.005 g/kWh, whichever is greaterbetween regeneration phases. In this case,
the emissions of only one WHTIt start test may be used.

During the regeneration test, all the data neededetect regeneration shall be
recorded (CO or NQemissions, temperature before and after the afatment
system, exhaust back pressure, etc.).

During the regeneratiaest, the applicable emission limits may be exceeded.

The test procedureis schematically shown in figure 2.
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Emissions [g/kWh]

ey=(xe ,tnxe)/(n+n)

Emissions during

regeneration e

r Mean emissions during
sampling e;_,

\

k,=e, /€

Wei

ighted emissions of samplin:

and regeneration e,

Figure 2

Number of cycles

Scheme of periodic regeneration

The WHTC hot start emissions shall be weighted dsllows:

_nxe+n xe
n+n,

where:

n is the number of WHTC hot start tests without regeneration,
n. is the number of WHTC hot start tests with regeneation (minimum one

test),

ol

is the average specific emission without regeneran, g/kWh,
is the average specific emission with regeneratipg/kWh.

For the determination of Er, the following provisions apply:

(@) If regeneration takes more than one hot statWHTC, consecutive full hot
start WHTC tests shall be conducted and emissionsontinued to be
measured without soaking and without shutting the egine off, until
regeneration is completed, and the average of thetstart WHTC tests be

calculated.

(5)

(b) If regeneration is completed during any hot sairt WHTC, the test shall be
continued over its entire length.

In agreement with the type approval or certificaton authority, the regeneration
adjustment factors may be applied either multiplicdive (a) or additive (b) based
upon good engineering analysis.
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6.7.

6.8.

6.9.

(@) The multiplicative adjustment factor shall becalculated as follows:

k, =u )
[S]

(b) The additive adjustment factors shall be caldated as follows:
kru = ey - e (upward) (7)
kra =€y - & (downward) (8)

With reference to brake specific emission calculans, the appropriate

regeneration factors:

(@) shall be applied tomy, in equations 70a or 70b for calculating the
weighted WHTC test result of paragraph 8.6.3.,

(b) may be applied to the WHSC and cold WHTC, if aregeneration occurs
during the cycle,

(c) may be extended to other members of the samegene family,

(d) may be extended to other engine families usinipe same aftertreatment
system with the prior approval of the type approval or certification
authority based on technical evidence to be supptieby the manufacturer,
that the emissions are similar.

Cooling system

An engine cooling system with sufficient capaditymaintain the engine at normal
operating temperatures prescribed by the manufacsiall be used.

Lubricating oil

The lubricating oil shall be specified by the miawturer and be representative of
lubricating oil available on the market; the spieeifions of the lubricating oil used
for the test shall be recorded and presented Withidsults of the test.

Specification of the reference fuel

[Annex 2 specifies the ranges of parameters of thibesel reference fuel that shall
be met for testing. Within the specified ranges, @ntracting Parties may
require tighter specifications for engines to be tye approved or certified in
their territory. Since fuel characteristics influence the engine exhaust gas
emission, the characteristics of the fuel used fahe test shall be determined,
recorded and declared with the results of the tedt.

[The final decision will be taken at the 58 GRPE meeting.]
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No ethanol (for Cl engines), CNG and LPG referencéuels are listed due to the
significant differences in local fuel qualities.

The fuel temperature shall be in accordance with e manufacturer's
recommendations.

Crankcase emissions

No crankcase emissions shall be discharged directlinto the ambient
atmosphere, with the following exception: engines ceipped with
turbochargers, pumps, blowers, or superchargers forair induction may
discharge crankcase emissions to the ambient atmdsre if the emissions are
added to the exhaust emissions (either physically smmathematically) during all
emission testing. Manufacturers taking advantagefdhis exception shall install
the engines so that all crankcase emission can beuted into the emissions
sampling system.

For the purpose of this paragraph, crankcase emigms that are routed into the
exhaust upstream of exhaust aftertreatment during kh operation are not
considered to be discharged directly into the ambig atmosphere.

Open crankcase emissions shall be routed into tlexhaust system for emission

measurement, as follows:

(8) The tubing materials shall be smooth-walled,lectrically conductive, and
not reactive with crankcase emissions. Tube lengthshall be minimized as
far as possible.

(b) The number of bends in the laboratory crankcas tubing shall be
minimized, and the radius of any unavoidable bendrall be maximized.

(c) The laboratory crankcase exhaust tubing shalbe heated, thin-walled or
insulated and shall meet the engine manufacturer'specifications for
crankcase back pressure.

(b) The crankcase exhaust tubing shall connect iot the raw exhaust
downstream of any aftertreatment system, downstreanof any installed
exhaust restriction, and sufficiently upstream of ay sample probes to
ensure complete mixing with the engine's exhaust fee sampling. The
crankcase exhaust tube shall extend into the freeream of exhaust to
avoid boundary-layer effects and to promote mixing. The crankcase
exhaust tube's outlet may orient in any direction elative to the raw
exhaust flow.

TEST PROCEDURES

Principles of emissions measurement

To measure the brake-specific emissions, the engisall be operated over the
test cycles defined in paragraphs 7.2.1. and 7.2.ZThe measurement of brake-
specific emissions requires the determination of #amass of components in the
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7.1.1.

7.1.2.

7.1.3.

7.2.

7.2.1.

exhaust and the corresponding engine cycle work. HE components are
determined by the sampling methods described in pagraphs 7.1.1. and 7.1.2.

Continuous sampling

In continuous sampling, the component's concentran is measured
continuously from raw or dilute exhaust. This conentration is multiplied by

the continuous (raw or dilute) exhaust flow rate atthe emission sampling
location to determine the component's mass flow rat The component's
emission is continuously summed over the test cycléhis sum is the total mass
of the emitted component.

Batch sampling

In batch sampling, a sample of raw or dilute exhast is continuously extracted
and stored for later measurement. The extracted saple shall be proportional
to the raw or dilute exhaust flow rate. Examples b batch sampling are
collecting diluted gaseous components in a bag awedllecting particulate matter
(PM) on a filter. The batch sampled concentrationsare multiplied by the total
exhaust mass or mass flow (raw or dilute) from whic it was extracted during
the test cycle. This product is the total mass omass flow of the emitted
component. To calculate the PM concentration, th®M deposited onto a filter
from proportionally extracted exhaust shall be divied by the amount of filtered
exhaust.

Measurement procedures

This gtr applies two measurement procedures thatra functionally equivalent.

Both proceduresmay be used for both the WHTC and the WHSC tedecy

(@) the gaseous components sampled continuouslyin the raw exhaust gas, and
the particulates are determined using a partial fldution system,

(b) the gaseous components and the particulatededermined using a full flow
dilution system (CVS system).

Any combination of the two principles (e.g. raw gasememasurement and full flow
particulate measurement) is permitted.

Test cycles

Transient test cycle WHTC

The transient test cycle WHTC is listed in Anneasla second-by-second sequence
of normalized speed andrque values. In orderto perform the test on an engine
test cell, the normalized values shall be convettedhe actual values for the
individual engine under test based on the engingping curve. The conversion is
referred to as denormalization, and the test cyaldeveloped as the reference cycle
of the engine to be tested. With those referepeed and torque values, the cycle
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shall be run on the test cell, and the actual speegue and power values shall be
recorded. In order to validate the test run, aeggjon analysis between reference
and actual speed, torque and power values shalbbducted upon completion of
the test.

For calculation of the brake specific emissiort® fctual cycle work shall be
calculated by integrating actual engine power dkiercycle. For cycle validation,
the actual cycle worlshall be within prescribed limits of the referencecycle
work.

For the gaseous pollutants, continuous sampling (vaor dilute exhaust gas) or
batch sampling (dilute exhaust gas) may be used.h& particulate sample shall
be diluted with a conditioned diluent (such as amlaint air), and collected on a
single suitable filter. The WHTC is shown schewwity in figure 3.

100%
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| | "

an (l MW I i

1 M\ | | b

0%

i

Normalized Speed/Torque

-20%
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Time [s]
Figure 3
WHTC test cycle

Ramped steady state test cycle WHSC

The ramped steady state test cycle WHSC condistmomber of normalized speed
and load modesvhich shall be converted to the reference values rfathe
individual engine under test based on the engine-rpaing curve. The engine
shall be operated for the prescribed time in eaodenwhereby engine speed and
load shall be changed linearly witH20@ + 1 seconds In order to validate the test
run, a regression analysis between reference atudlaspeed, torque and power
values shall be conducted upon completion of the te

The concentration of each gaseous pollutant, exhauow and power output
shall be determined over the test cycle The gaseous pollutants may be recorded
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continuously or sampled into a sampling bag. Tdawiqulate sample shall be diluted
with a conditioned diluent (such as ambient air) One sample over the complete
test procedure shall be taken, and collected amgéessuitable filter.

For calculation of the brake specific emissiort® tactual cycle work shall be
calculated by integrating actual engine power tlrercycle.

The WHSC is shown in table Except for mode 1, the start of each mode is
defined as the beginning of the ramp from the prewius mode

Normalized | Normalized
Speed Torque Mode length (s)
Mode| (per cent) | (per cent) incl. 20 s ramp
1 0 0 210
2 55 100 50
3 55 25 250
4 55 70 75
5 35 100 50
6 25 25 200
7 45 70 75
8 45 25 150
9 55 50 125
10 75 100 50
11 35 50 200
12 35 25 250
13 0 0 210
Sum | | | 1895
Table 1

WHSC test cycle

General test sequence

The following flow chart outlines the general gaide that should be followed
during testing. The details of each step are dmesdrin the relevant paragraphs.
Deviations from the guidance are permitted wherpr@miate, but the specific
requirements of the relevant paragraphs are marndato

For the WHTC, the test procedure consists of d start test following either natural
or forced cool-down of the engine, a hot soak kand a hot start test. Selection of
the hot soak period and the weighting factor betwamd start test and hot start test
shall be decided by the Contracting Parties.

For the WHSC, the test procedure consists of astaitt test following engine
preconditioning at WHSC mode 9.
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Engine preparation, pre-test measurements, perfarenehecks and calibrations

v

Generate engine map (maximum torque curve)

Generate reference test cycle

paragraph 7.4.3.
paragraph 7.4.6

v

Run one or more practice cycles as necessary tk @mgine/test cell/emissions

systems

l WHTC

Natural or forced engine cool-down
paragraph 7.6.1.

v

Ready all systems for sampling ang
data collection

paragraph 7.5.2.

WHSC

v

Preconditioning of engine and particulate
system including dilution tunnel

paragraph 7.7.1.

v

v

Cold start exhaust emissions test

paragraph 7.6.2.

v

Hot soak period
paragraph 7.6.3.

v

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

paragraph 7.7.1.

Ready all systems for sampling and data
collection

paragraph 7.5.2.

v

Hot start exhaust emissions test

paragraph 7.6.4.

|

Exhaust emissions test within 5 minutes &
engine shut down

paragraph 7.7.3.

!

Test cycle validation
Data collection and evaluation
Emissions calculation

paragraph 7.8.6./7.
paragraph 7.7.4
paragraph 8.




ECE/TRANS/WP.29/GRPE/2009/10
page 30

7.4, Engine mapping and reference cycle

Pre-test engine measurements, pre-test engine peminance checks and pre-test
system calibrations shall be made prior to the enge mapping procedure in line
with the general test sequence shown in paragraph3.

As basis for WHTC and WHSC reference cycle generin, the engine shall be
mapped under full load operation for determining the speed vs. maximum
torque and speed vs. maximum power curves. The mpjmg curve shall be used
for denormalizing engine speed (paragraph 7.4.6.) nd engine torque
(paragraph 7.4.7.).

7.4.1. Engine warm-up

The engine shall be warmed up between 75 per ceahd 100 per cent of its
maximum power or according to the recommendation othe manufacturer and
good engineering judgment. Towards the end of thevarm up it shall be
operated in order to stabilize the engine coolantrad lube oil temperatures to
within £ 2 per cent of its mean values for at least 2 mines or until the engine
thermostat controls engine temperature.

7.4.2. Determination of the mapping speed range
The minimum and maximum mapping speeds are defisddllows:

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

7.4.3. Engine mapping curve

When the engine is stabilized according to paragrdp7.4.1, the engine mapping

shall be performed according to the following piaes.

(@) The engine shall be unloaded and operatetieaspeed.

(b) The engine shall be operateth maximum operator demand at minimum
mapping speed.

(c) The engine speed shall be increased at arageeamte of 8 + 1 mitis from
minimum to maximum mappingpeed, or at a constant rate such that it
takes 4 to 6 min to sweep from minimum to maximum m@pping speed
Engine speed and torque points shall be recordedsaimple rate of at least
one point per second.

When selecting option (b) in paragraph 7.4.7. fordetermining negative
reference torque, the mapping curve may directly catinue with minimum
operator demand from maximum to minimum mapping sped.
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Alternate mapping

If a manufacturer believes that the above mappchniques are unsafe or
unrepresentative for any given engine, alternatppimg techniques may be used.
These alternate techniques shall satisfy the inteitthe specified mapping
procedures to determine the maximum available ®@ajuall engine speeds achieved
during the test cycles. Deviations from the magpiechniques specified in this
paragraph for reasons of safety or representatbgesball be approved by the type
approval or certification authority along with thestification for their use. In no
case, however, the torque curve shall be run byeteing engine speeds for
governed or turbocharged engines.

Replicate tests

An engine need not be mapped before each and &&rgycle. An engine shall be

remapped prior to a test cycle if:

(&) an unreasonable amount of time has transp#iede the last map, as
determined by engineering judgement, or

(b) physical changes or recalibrations have beexdemto the engine which
potentially affect engine performance.

Denormalization of engine speed

For generating the reference cycles, the normalizespeeds of Annex 1 (WHTC)
and table 1 (WHSC) shall be denormalized using thimllowing equation:

For determination of nper, the integral of the maximum torque shall be
calculated from nijge to ngsy from the engine mapping curve, as determined in
accordance with paragraph 7.4.3.

The engine speeds in figures 4 and 5 are defineas follows:

N, is the lowest speed where the power is 55 per caritmaximum power

Noref IS the engine speed where the integral of maximummapped torque
is 51 per cent of the whole integral betweemge and ngsp,

nhi is the highest speed where the power is 70 per ¢terf maximum power

Nige IS the idle speed

Ngsh IS the highest speed where the power is 95 per ¢terf maximum power

For engines (mainly positive ignition engines) wit a steep governor droop
curve, where fuel cut off does not permit to opera the engine up tann; Or Ngsp,
the following provisions apply:

Nhi  in equation 9 is replaced withnpmaxx 1.02

Ngsh IS replaced withnpmaxx 1.02
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7.4.7. Denormalization of engine torque

The torque values in the engine dynamometer schelduof Annex 1 (WHTC)
and in table 1 (WHSC) are normalized to the maximuntorque at the respective
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speed. For generating the reference cycles, thedqoe values for each individual
reference speed value as determined in paragraph476. shall be denormalized,
using the mapping curve determined according to pagraph 7.4.3., as follows:

M normj
X M maxj
10C

M ref,i + M - M b, (10)

a,

where:

Mnormi IS the normalized torque, per cent

Mmaxi IS the maximum torque from the mapping curve, Nm

Mai is the torque absorbed by auxiliaries/equipment tde fitted, Nm
Mp,i is the torque absorbed by auxiliaries/equipment tde removed, Nm

If auxiliaries/equipment are fitted in accordance with paragraph 6.3.1. and
Annex 7,M, and My, are zero.

The negative torque values of the motoring pointém in Annex 1) shall take on,

for purposes of reference cycle generation, referer values determined in either

of the following ways:

(&) negative 40 per cent of the positive torque aitable at the associated speed
point,

(b) mapping of the negative torque required to mair the engine from
maximum to minimum mapping speed,

(c) determination of the negative torque requiredo motor the engine at idle
and at n,; and linear interpolation between these two points.

Calculation of reference cycle work

Reference cycle work shall be determined over thiest cycle by synchronously
calculating instantaneous values for engine powerdm reference speed and
reference torque, as determined in paragraphs 7.4.&nd 7.4.7. Instantaneous
engine power values shall be integrated over the gt cycle to calculate the
reference cycle workW,es (KWh). If auxiliaries are not fitted in accordance with

paragraph 6.3.1., the instantaneous power values ah be corrected using
equation (4) in paragraph 6.3.5.

The same methodology shall be used for integrdtaty reference and actual engine
power. If values are to be determined betweencadjareference or adjacent
measured values, linear interpolation shall be .uskedintegrating the actual cycle
work, any negative torque values shall be set eqoatero and included. If
integration is performed at a frequency of lessithddz, and if, during a given time
segment, the torque value changes from positiveetiative or negative to positive,
the negative portion shall be computed and setléquzero. The positive portion
shall be included in the integrated value.
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7.5. Pre-test procedures
7.5.1. Installation of the measurement equipment
The instrumentation and sample probes shall be italled as required. The
tailpipe shall be connected to the full flow diluton system, if used.
7.5.2. Preparation of measurement equipment for saphing
The following steps shall be taken before emissi@ampling begins:
(@) Leak checks shall be performed within 8 hourgrior to emission sampling
according to paragraph 9.3.4.
(b) For batch sampling, clean storage media shalbe connected, such as
evacuated bags.
(c) All measurement instruments shall be started@ording to the instrument
manufacturer's instructions and good engineering jdgment.
(d) Dilution systems, sample pumps, cooling fansand the data-collection
system shall be started.
(e) The sample flow rates shall be adjusted to desd levels, using bypass
flow, if desired.
(H Heat exchangers in the sampling system shalklpre-heated or pre-cooled
to within their operating temperature ranges for atest.
() Heated or cooled components such as samplee filters, coolers, and
pumps shall be allowed to stabilize at their operatg temperatures.
(h) Exhaust dilution system flow shall be switchedbn at least 10 minutes
before a test sequence.
(i)  Any electronic integrating devices shall be zeed or re-zeroed, before the
start of any test interval.
7.5.3 Checking the gas analyzers
Gas analyzer ranges shall be selected. Emissionadyzers with automatic or
manual range switching are permitted. During the ést cycle, the range of the
emission analyzers shall not be switched. At theame time the gains of an
analyzer's analogue operational amplifier(s) may niobe switched during the test
cycle.
Zero and span response shall be determined for allanalyzers using
internationally-traceable gases that meet the spdaiations of paragraph 9.3.3.
FID analyzers shall be spanned on a carbon numberasis of one (C1).
7.5.4. Preparation of the particulate sampling filer

At least one hour before the test, the filter kbhal placed in a petri dish, which is
protected against dust contamination and allowseathange, and placed in a
weighing chamber for stabilization. At the endtloé stabilization period, the filter
shall be weighed and the tare weight shall be dmxbr The filter shall then be stored
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in a closed petri dish or sealed filter holder unéeded for testing. The filter shall
be used within eight hours of its removal from weighing chamber.

Adjustment of the dilution system

The total diluted exhaust gas flow of a full flowdilution system or the diluted
exhaust gas flow through a partial flow dilution sytem shall be set to eliminate
water condensation in the system, and to obtain ailter face temperature
between 315 K (42 °C) and 325 K (52 °C).

Starting the particulate sampling system

The particulate sampling system shall be startedl @perated on by-pass. The
particulate background level of the dilution airyri@e determined by sampling the
dilution air prior to the entrance of the exhauas gnto the dilution tunnel. The

measurement may be done prior to or after the téshe measurement is done both
at the beginning and at the end of the cycle, thees may be averaged. If a
different sampling system is used for backgroundisneement, the measurement
shall be done in parallel to the test run.

WHTC cycle run

Engine cool-down

A natural or forced cool-down procedure may be apjed. For forced cool-
down, good engineering judgment shall be used totag systems to send cooling
air across the engine, to send cool oil through thengine lubrication system, to
remove heat from the coolant through the engine ctiog system, and to remove
heat from an exhaust after-treatment system. In tb case of a forced after-
treatment system cool down, cooling air shall not é applied until the after-
treatment system has cooled below its catalytic daeation temperature. Any
cooling procedure that results in unrepresentativeemissions is not permitted.

Cold start test

The cold-start test shall be started when the ésaipres of the engine's lubricant,
coolant, and after-treatment systems are all bet®88 and 303 K (20 and 30 °C).
The engine shall be started using one of the fofigunethods:

(@) the engine shall be started as recommenddtieirowners manual using a
production starter motor and adequately chargetkityabr a suitable power
supply; or

(b) the engine shall be started by using the dymaeter. The engine shall be
motored within £ 25 per cent of its typical in-use cranking speétranking
shall be stopped within 1 secoafter the engine is running If the engine
does not start after 15 seconds of cranking, crankhall be stopped and the
reason for the failure to start determined, uniégss owners manual or the
service-repair manual describes the longer cranting as normal.
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7.6.3.

7.6.4.

7.6.5.

7.6.6.

Hot soak period

Immediately upon completion of the cold start téisé engine shall be conditioned
for the hot start test by using one of the follogvmptions:

(@) 5= 1minutes hot soak period

(b) 20% 1 minutes hot soak period

The option shall be selected by the Contractingjéza
Hot start test

The engine shall be started at the end of the dwatk period as defined in
paragraply.6.3.using the starting methods given in paragragh2.

Test sequence

The test sequence of both cold start and hot statest shall commence at the
start of the engine. After the engine is runninggycle control shall be initiated
so that engine operation matches the first set pdif the cycle.

The WHTC shall be performed according to the mfee cycle as set out in
paragraply.4. Engine speed and torque command set points Ishadlsued at 5 Hz
(10 Hz recommended) or greater. The set pointdl $lea calculated by linear
interpolation between the 1 Hz set points of tHerence cycle. Actual engine speed
and torque shall be recorded at least once evennsgeduring the test cycle (1 Hz),
and the signals may be electronically filtered.

Collection of emission relevant data

At the start of the test sequence, the measurimpgipment shall be started,

simultaneously:

(a) start collecting or analyzing dilution airaiffull flow dilution system is used;

(b) start collecting or analyzing raw or dilutedhaust gas, depending on the
method used,;

(c) start measuring the amount of diluted exhagas and the required
temperatures and pressures;

(d) start recording the exhaust gas mass flow, thrw exhaust gas analysis is
used;

(e) start recording the feedback data of speed@nde of the dynamometer.

If raw exhaust measurement is used, the emissinoentrations ((NM)HC, CO and
NOy) and the exhaust gas mass flow rate shall be mesontinuously and stored
with at least 2 Hz on a computer system. All otdata may be recorded with a
sample rate of at least 1 Hz. For analogue anaythe response shall be recorded,
and the calibration data may be applied onlineftine during the data evaluation.
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If a full flow dilution system is used, HC and N€hall be measured continuously in
the dilution tunnel with a frequency of at leasti2. The average concentrations
shall be determined by integrating the analyzenagy over the test cycle. The
system response time shall be no greater than @ shall be coordinated with
CVS flow fluctuations and sampling time/test cyolésets, if necessary. CO, GO
and NMHC may be determined by integration of camiins measurement signals or
by analyzing the concentrations in the sample lsafiected over the cycle. The
concentrations of the gaseous pollutantthe diluent shall be determined prior to
the point where the exhaust enters into the dilutio tunnel by integration or by
collecting into the background bag. All other parameters that need to be measured
shall be recorded with a minimum of one measurempensecond (1 Hz).

Particulate sampling

At the start of the test sequence, the particidatepling system shall be switched
from by-pass to collecting particulates.

If a partial flow dilution system is used, the sggenpump(s) shall be controlled, so
that the flow rate through the particulate samptibp or transfer tube is maintained
proportional to the exhaust mass flow rate as detexd in accordance with
paragraph 9.4.6.1.

If a full flow dilution system is used, the samplemp(s) shall be adjusted so that the
flow rate through the particulate sample proberandfer tube is maintained at a
value within £2.5 per cent of the set flow ratelf flow compensation (i.e.,
proportional control of sample flow) is used, ilbe demonstrated that the ratio of
main tunnel flow to particulate sample flow doe¢ daange by more than + 2.5 per
cent of its set value (except for the first 10 seto of sampling). The average
temperature and pressure at the gas meter(s) wrifistrumentation inlet shall be
recorded. If the set flow rate cannot be maintimer the complete cycle
within = 2.5 per cent because of high particulatgding on the filter, the test shall be
voided. The test shall be rerun using a lower sarf@w rate.

Engine stalling and equipment malfunction

If the engine stalls anywhere duritige cold start test, the test shall be voided.
The engine shall be preconditioned and restarted aording to the requirements
of paragraph 7.6.2, and the test repeated.

If the engine stalls anywhere duritige hot start test, the hot start test shall be
voided. The engine shall be soaked according to na@raph 7.6.3.,and the hot
start test repeated. In this case, the cold &atriheed not be repeated.

If a malfunction occurs in any of the required teqtiipment during the test cycle,
the test shall be voided and repeated in line thilabove provisions.
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7.7.

7.7.1.

7.7.2.

7.7.3.

7.7.4.

WHSC cycle run

Preconditioning the dilution system and thengine

The dilution system and the engine shall be stade and warmed up in

accordance with paragraph 7.4.1. After warm-up, tlie engine and sampling
system shall be preconditioned by operating the enge at mode 9 (see
paragraph 7.2.2., table 1) for a minimum of 10 mintes while simultaneously
operating the dilution system. Dummy particulate enissions samples may be
collected. Those sample filters need not be stakzgd or weighed, and may be
discarded. Flow rates shall be set at the approxiate flow rates selected for
testing. The engine shall be shut off after precatitioning.

Engine starting

5+ 1 minutes after completion of preconditioning at nede 9 as described in
paragraph 7.7.1., the engine shall be started acating to the manufacturer's

recommended starting procedure in the owner's manda using either a
production starter motor or the dynamometer in accedance with

paragraph 7.6.2.

Test sequence

The test sequence shall commence after the engiiserunning and within one
minute after engine operation is controlled to math the first mode of the cycle
(idle).

The WHSC shall be performed according to the orderof test modes listed in
table 1 of paragraph 7.2.2.

Collection of emission relevant data

At the start of the test sequence, the measuringpegnt shall be started,

simultaneously:

(a) start collecting or analyzing dilution airaiffull flow dilution system is used;

(b) start collecting or analyzing raw or dilutedhaust gas, depending on the
method used,;

(c) start measuring the amount of diluted exhagas and the required
temperatures and pressures;

(d) start recording the exhaust gas mass flow, ra@w exhaust gas analysis is
used;

(e) start recording the feedback data of speed@mde of the dynamometer.

If raw exhaust measurement is used, the emissinoentrations ((NM)HC, CO and
NOy) and the exhaust gas mass flow rate shall be mesontinuously and stored
with at least 2 Hz on a computer system. All otdata may be recorded with a
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sample rate of at least 1 Hz. For analogue anaythe response shall be recorded,
and the calibration data may be applied onlinefine during the data evaluation.

If a full flow dilution system is used, HC and N€hall be measured continuously in
the dilution tunnel with a frequency of at leasti2. The average concentrations
shall be determined by integrating the analyzenagy over the test cycle. The
system response time shall be no greater than a@dsshall be coordinated with
CVS flow fluctuations and sampling time/test cyolésets, if necessary. CO, GO
and NMHC may be determined by integration of camiins measurement signals or
by analyzing the concentrations in the sample loatiected over the cycle. The
concentrations of the gaseous pollutants in thatidit air shall be determined by
integration or by collecting into the backgroundyball other parameters that need
to be measured shall be recorded with a minimuranagf measurement per second
(1 H2).

Particulate sampling

At the start of the test sequence, the particuidataepling system shall be switched
from by-pass to @lecting particulates. If a partial flow dilution system is used,

the sample pump(s) shall be controlled, so thafltwe rate through the particulate
sample probe or transfer tube is maintained propwt to the exhaust mass flow
rate as determined in accordance with parag@a!6.1.

If a full flow dilution system is used, the samplemp(s) shall be adjusted so that the
flow rate through the particulate sample proberandfer tube is maintained at a
value within £2.5 per cent of the set flow ratelf flow compensation (i.e.,
proportional control of sample flow) is used, ilbe demonstrated that the ratio of
main tunnel flow to particulate sample flow doe¢ daange by more than + 2.5 per
cent of its set value (except for the first 10 s®ts0of sampling). The average
temperature and pressure at the gas meter(s) wrifistrumentation inlet shall be
recorded. If the set flow rate cannot be maintimer the complete cycle
within = 2.5 per cent because of high particulatding on the filter, the test shall be
voided. The test shall be rerun using a lower sarfpw rate.

Engine stalling and equipment malfunction
If the engine stalls anywhere during thele, the test shall be voided. The engine
shall be preconditioned according to paragraph 7.7. and restarted according

to paragraph 7.7.2., and the test repeated.

If a malfunction occurs in any of the requiredt teguipment during the test cycle,
the test shall be voided and repeated in line thilabove provisions
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7.8.

7.8.1.

7.8.2.

7.8.3.

7.8.4.

Post-test procedures

Operations after test

At the completion of the test, the measuremenih@fexhaust gas mass flow rate, the
diluted exhaust gas volume, the gas flow into thiéecting bags and the particulate

sample pump shall be stopped. For an integrativayaer system, sampling shall

continue until system response times have elapsed.

Verification of proportional sampling

For any proportional batch sample, such as a bagasmple or PM sample, it shall
be verified that proportional sampling was maintaired according to
paragraphs 7.6.7. and 7.7.5. Any sample that doemt fulfil the requirements
shall be voided.

PM conditioning and weighing

The particulate filter shall be placed into coverd or sealed containers or the
filter holders shall be closed, in order to protectthe sample filters against
ambient contamination. Thus protected, the filtershall be returned to the
weighing chamber. The filter shall be conditionedor at least one hour, and
then weighed according to paragraph 9.4.5. The gss weight of the filter shall
be recorded.

Drift verification

As soon as practical but no later than 30 minuteafter the test cycle is complete

or during the soak period, the zero and span respaes of the gaseous analyzer

ranges used shall be determined. For the purposé this paragraph, test cycle is

defined as follows:

(@) for the WHTC: the complete sequence cold - ska- hot,

(b) for the WHTC hot start test (paragraph 6.6.):the sequence soak — hot,

(c) for the multiple regeneration WHTC hot start test (paragraph 6.6.): the
total number of hot start tests,

(d) for the WHSC: the test cycle.

The following provisions apply for analyzer drift:

(@) The pre-test zero and span and post-test zeemd span responses may be
directly applied to the drift calculation provisions of paragraph 8.6.1.
without determining drift;

(b) If the difference between the pre-test and podest results is less than 1 per
cent of full scale, the measured concentrations madye used uncorrected or
may be corrected for drift according to paragraph 86.1.;

(c) If the difference between the pre-test and pogest results is equal to or
greater than 1 per cent of full scale, the test shlabe voided or the
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measured concentrations shall be corrected for drif according to
paragraph 8.6.1.

Analysis of gaseous bag sampling

As soon as practical, the following shall be perfmed:

(@) Gaseous bag samples shall be analyzed no latean 30 minutes after the
hot start test is complete or during the soak perig for the cold start test.

(b) Background samples shall be analyzed no latéhan 60 minutes after the
hot start test is complete.

Validation of cycle work

Before calculating actual cycle work, any pointsecorded during engine starting
shall be omitted. Actual cycle work shall be detenined over the test cycle by
synchronously using actual speed and actual torquevalues to calculate
instantaneous values for engine power. Instantanas engine power values shall
be integrated over the test cycle to calculate thactual cycle work Wt (kWh).
If auxiliaries/equipment are not fitted in accordarce with paragraph 6.3.1., the
instantaneous power values shall be corrected usingequation (4) in
paragraph 6.3.5.

The same methodology as described in paragraph 784 shall be used for
integrating actual engine power.

The actual cycle workW, is used for comparison to the reference cycle work
W,et and for calculating the brake specific emissionsée paragraph 8.6.3.).

Wt shall be between 85 per cent and 105 per cent\df.
Validation statistics of the test cycle

Linear regressions of the actual values on the refence values shall be
performed for speed, torque and power for both theVHTC and the WHSC.

To minimize the biasing effect of the time lag b&teen the actual and reference
cycle values, the entire engine speed and torquetaal signal sequence may be
advanced or delayed in time with respect to the refence speed and torque
sequence. If the actual signals are shifted, botepeed and torque shall be
shifted the same amount in the same direction.

The method of least squares shall be used, withdlbest-fit equation having the
form:

y = aXx+& (11)
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where:
y = actual value of speed (min), torque (Nm), or power (kW)
a = slope of the regression line
X = reference value of speed (mif), torque (Nm), or power (kW)
a = y intercept of the regression line

The standard error of estimate (SEE) of y on x andthe coefficient of
determination (r?) shall be calculated for each regession line.

It is recommended that this analysis be performedt 1 Hz. For a test to be
considered valid, the criteria of table 2 (WHTC) ortable 3 (WHSC) shall be
met.

Speed Torque Power
Standard error of |maximum 5 per |maximum 10 per maximum 10 per
estimate (SEE) of y cent of maximum | cent of maximum cent of maximum

on X test speed engine torque engine power
Slope of the 0.95t0 1.03 0.83-1.03 0.89-1.03
regression line, a

Coefficient of minimum 0.970 | minimum 0.850 minimum 0.910

determination, r2
y intercept of the | maximum 10 per [+ 20 Nm or+ 2 per |+4 kW or + 2 per
regression line, @ |cent of idle speed| cent of maximum cent of maximum
torque whichever is | power whichever is
greater greater

Table 2
Regression line tolerances for the WHTC

Speed Torque Power

Standard error of [ maximum 1 per |maximum 2 per cent| maximum 2 per cent
estimate (SEE) of yf cent of maximum | of maximum engine |of maximum engine

on X test speed torque power

Slope of the 0.99t01.01 0.98 - 1.02 0.98-1.02
regression line, a

Coefficient of minimum 0.990 | minimum 0.950 minimum 0.950

determination, r2

y intercept of the |maximum 1 per [+20Nmor+2per |4 kW or+2 per
regression line, @ |cent of maximum | cent of maximum cent of maximum

test speed torque whichever is | power whichever is
greater greater
Table 3

Regression line tolerances for the WHSC



ECE/TRANS/WP.29/GRPE/2009/10

page 43

For regression purposes only, point omissions argermitted where noted in

table 4 before doing the regression calculation. ¢Wwever, those points shall not
be omitted for the calculation of cycle work and enssions. Point omission may
be applied to the whole or to any part of the cycle

Event

Conditions

Permitted point
omissions

Minimum operator
demand (idle point)

Nret = 0 per cent

and

M = O per cent

and

|vlact > (M ref = 0.02M max. mapped torqug
and

Mact < (M ref + 0.02M max. mapped torqué

speed and power

Minimum operator
demand (motoring
point)

M < O per cent

power and torque

Minimum operator
demand

Nact < 1-02nref and |vlact > Mref

and

Nact > Nref and Mact < I\/lref'

and

Nact > 1-02nref and Mref < MactS (M ref T
O-OZMmaX. mapped torque)

power and either
torque or speed

Maximum operator
demand

Nact < Nref and Mact > Mref

and

Nact 2 0-98nref and Mact < Mref

and

Nact < O-98nref and Mref > Math (M ref =
O-OZMmaX. mapped torque)

power and either
torque or speed

Table 4

Permitted point omissions from regression analysis

EMISSION CALCULATION

The final test result shall be rounded in one $tefne number of places to the right
of the decimal point indicated by the applicableission standard plus one
additional significant figure, in accordance witlisAM E 29-06B No rounding of
intermediate values leading to the final break-geemission result is permitted.

Examples of the calculation procedures are givemiAnnex 6.

Emissions calculation on a molar basis in accordae with Annex 7 of gtr
No. [xx] (NRMM), is permitted with the prior agreement of the type approval or
certification authority.
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8.1. Dry/wet correction
If the emissions are measured on a dry basismis@sured concentration shall be
converted to a wet basis according to the followgggation:
c, =k, [ cg (12)
where:
Cq isthe dry concentration in ppm or per cent volume
ky is the dry/wet correction factor
8.1.1. Raw exhaust gas
1.2442xH,_ +111.1% W, . x it
Kwa= |1- Greai 151 008 (13)
773.4+1.2442¢H +Mxkf x1,000
mad,i
or
1.2442xH_ +111.1% W, . X O
kwa= [1- . e (l—p'j (14)
773.4+1.2442¢H  + ™ xk x1,000 P
mad,i
or
1
K. = -k, [*1.008 (15)
® {1+ ax0.005% (Ceo, + Coo)
with
kv =0.055594 x wir + 0.0080021 X Wi + 0.0070046 X \bs (16)
and
1.608x H
— a 17
Kt = 500+ (1.608<H.,) 17
where:
Ha is the intake air humidity, g water per kg dry air
WALF is the hydrogen content of the fuel, per cent mass
Omf, is the instantaneous fuel mass flow rate, kg/s

Omad, IS the instantaneous dry intake air mass flow itaifs



ECE/TRANS/WP.29/GRPE/2009/10

page 45
pr is the water vapour pressure after cooling ba®a, k
Po is the total atmospheric pressure, kPa

WpeL IS the nitrogen content of the fuel, per cent mass
Weps IS the oxygen content of the fuel, per cent mass

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

Equations 13) and (4) are principally identical with the factor 1.008 i
equations 13) and (5) being an approximation for the more accurate denator in
equation {4).

8.1.2. Diluted exhaust gas

k,, =||1- 9% Ccom | _ 1x1.008 (18)

' 200
or
K, = (k) 1144 008 (19)

’ + a X Ceoag

200
with
1.608 x {Hd X (1—;) + H, X([l)ﬂ
Kz = . . (20)
1,000+ {1.608>< [Hd X (1— ) + H, x (ﬂ}
D D

where
a is the molar hydrogen ratio of the fuel

Ccoaw IS the wet CQconcentration, per cent
Ccozd IS the dry CQconcentration, per cent

Hg is the dilution air humidity, g water per kg dry a
Ha is the intake air humidity, g water per kg dry air
D is the dilution factor (see paragrapb.2.3.2)
8.1.3. Dilution air
Kuo = (L~ K)x1.008 (21)

with
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K, = 1.608xH, 22)
1,000+ (1.608x H,)
where:
Hqg is the dilution air humidity, g water per kg dry ai
8.2. NOx correction for humidity
As the NOx emission depends on ambient air condifidhe NOx concentration
shall be corrected for humidity with the factoryem in paragraph 8.2.1. or 8.2.2.
The intake air humidity Ha may be derived from tiea humidity measurement,
dew point measurement, vapour pressure measuremdng/wet bulb measurement
using generally acceptedjuations.
8.2.1. Compression-ignition engines
- 15698xH, | g3; 23)
‘ 1,000
where:
Ha is the intake air humidity, g water per kg dry air
8.2.2. Positive ignition engines
kne =0.6272 + 44.03910%x Hy— 0.862 10° x Hz2 (24)
where:
Ha s the intake air humidity, g water per kg dry air
8.3. Particulate filter buoyancy correction

The sampling filter mass shall be corrected for & buoyancy in air. The
buoyancy correction depends on sampling filter denty, air density and the
density of the balance calibration weight, and doessot account for the buoyancy
of the PM itself. The buoyancy correction shall beapplied to both tare filter
mass and gross filter mass.

If the density of the filter material is not known, the following densities shall be
used:

(@) teflon coated glass fiber filter: 2,300 kg/th

(b) teflon membrane filter: 2,144 kg/ni

(c) teflon membrane filter with polymethylpentenesupport ring: 920 kg/m®

For stainless steel calibration weights, a densityf 8,000 kg/ni shall be used. If
the material of the calibration weight is different, its density shall be known.
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The following equation shall be used:
1-Pa
My = My X| —2 (25)
1. Pa
j2
with
_ p,x28836
P Bttt 26
Pa 8.3144xT, (26)
where:
Muyncor is the uncorrected particulate filter mass, mg
Pa is the density of the air, kg/m
Pw is the density of balance calibration weight, kg/fh
pi is the density of the particulate sampling filter kg/m*
Po is the total atmospheric pressure, kPa
Ta is the air temperature in the balance environmentK

28.836 is the molar mass of the air at referencaumidity (282.5 K), g/mol
8.3144 is the molar gas constant

The particulate sample mass mused in paragraphs 8.4.3. and 8.5.3. shall be
calculated as follows:

m, =M —Mm (27)
where:

Ms G is the buoyancy corrected gross particulate filtemass, mg

ms T is the buoyancy corrected tare particulate filtermass, mg

Partial flow dilution (PFS) and raw gaseous meas@nt

The instantaneous concentration signals of theaesscomponents are used for the
calculation of the mass emissions by multiplicatwith the instantaneous exhaust
mass flow rate. The exhaust mass flow rate mapéasured directly, or calculated
using the methods of intake air and fuel flow measient, tracer method or intake
air and air/fuel ratio measurement. Special attenshall be paid to the response
times of the different instruments. These diffeesishall be accounted for by time
aligning the signals. For particulates, the exhausss flow rate signals are used for
controlling the partial flow dilution system to ®ka sample proportional to the
exhaust mass flow rate. The quality of proportitypahall be checked by applying
a regression analysis between sample and exhaowst ifh accordance with
paragrapl9.4.6.1 The complete test set up is schematically shioviigure 6.
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Figure 6
Scheme of raw/partial flow measurement system
8.4.1. Determination of exhaust gas mass flow

8.4.1.1. Introduction

For calculation of the emissions in the raw exhgas and for controlling of a partial
flow dilution system, it is necessary to know thxdaust gas mass flow rate. For the
determination of the exhaust mass flow rate, eithfethe methods described in
paragraph$8.4.1.3 to 8.4.1.Thay be used.

8.4.1.2. Response time

For the purpose of emissions calculation, the aesp time of either method
described in paragrapBs4.1.3. to 8.4.1.7shall be equal to or less thtre analyzer
response time ok 10 s, as required in paragraph 9.3.5.

For the purpose of controlling of a partial flowution system, a faster response is
required. For partial flow dilution systems withlime control, the response time
shall be< 0.3 s. For partial flow dilution systems witltoloahead control based on

a pre-recorded test run, the response time of thaust flow measurement system
shall be< 5 s with a rise time of 1s. The system response time shall be specified
by the instrument manufacturer. The combined nespdime requirements for the
exhaust gas flow and partial flow dilution systera imdicated in paragragh4.6.1
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Direct measurement method

Direct measurement of the instantaneous exhamstshall be done by systems, such
as:

(a) pressure differential devices, like flow n@&z4ldetails see ISO 5167)
(b) ultrasonic flowmeter
(c) vortex flowmeter

Precautions shall be taken to avoid measurememntsewhich will impact emission
value errors. Such precautions include the caiegibllation of the device in the
engine exhaust system according to the instrumemufacturers' recommendations
and to good engineering practice. Especially, magierformance and emissions
shall not be affected by the installation of theide.

The flowmeters shall meet the linearity requiretaeat paragraph 9.2.
Air and fuel measurement method

This involves measurement of the airflow and tha flow with suitable flowmeters.
The calculation of the instantaneous exhaust gasshall be as follows:

Omew,i = Omaw,i + Qi (28)

where:

Omewi is the instantaneous exhaust mass flow rate, kg/s
Omawi is the instantaneous intake air mass flow rates kg/
O, is the instantaneous fuel mass flow rate, kg/s

The flowmeters shall meet the linearity requiretaesf paragraph 9.2., but shall be
accurate enough to also meet the linearity requaresifor the exhaust gas flow.

Tracer measurement method
This involves measurement of the concentratioa wécer gas in the exhaust.

A known amount of an inert gas (e.g. pure helisimgll be injected into the exhaust

gas flow as a tracer. The gas is mixed and dilbtethe exhaust gas, but shall not

react in the exhaust pipe. The concentration @fgés shall then be measured in the
exhaust gas sample.

In order to ensure complete mixing of the traas, ghe exhaust gas sampling probe
shall be located at least 1 m or 30 times the dianad the exhaust pipe, whichever
is larger, downstream of the tracer gas injectiomtp The sampling probe may be
located closer to the injection point if completé&imyg is verified by comparing the
tracer gas concentration with the reference comagott when the tracer gas is
injected upstream of the engine.
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8.4.1.6.

The tracer gas flow rate shall be set so thatreer gas concentration at engine idle
speed after mixing becomes lower than the fullesoélkhe trace gas analyzer.

The calculation of the exhaust gas flow shall ®é#ows:

= B XPe 29
Crew 60x(c.., -, (29)
where:
Omewi s the instantaneous exhaust mass flow rate, kg/s
Ot is tracer gas flow rate, cm3/min
Cix,i is the instantaneous concentration of the traasragter mixing, ppm
e is the density of the exhaust gas, kg/m3 (cf. tdble
Ch is the background concentration of the tracerigdise intake air, ppm

The background concentration of the tracer ggsnfay be determined by averaging
the background concentration measured immediatfiyré the test run and after the
test run.

When the background concentration is less thagr T@nt of the concentration of the
tracer gas after mixing cgix;) at maximum exhaust flow, the background
concentration may be neglected.

The total system shall meet the linearity requeata for the exhaust gas flow of
paragraph 9.2.

Airflow and air to fuel ratio measurement method

This involves exhaust mass calculation from diireflow and the air to fuel ratio.
The calculation of the instantaneous exhaust gas fi@w is as follows:

1
Orewj = qmaw,i X 1+—J (30)
! [ AIF, %A

with

138.0¢|1+% - % 4,
4 2

AlF, =

= 31
*12.011+1.00794x o +15.9994x & +14.0067% § + 32.065¢ y D)
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1- 2X €y X107

Copy X107 _ a 3.5x¢ ) _
(lOO-COdZ—CHCWX1041+ Zxc—x]i:(())i?_a_i ><(Ccozd"'ccod x10 4)
1+ CO
1= 3.5% Cooaq (32)
| 4.764x[ 1+ % =L + 5 |x(Ceomg * Coog X107 + Gy, x107*)
. Z E Y Cco2d * Ccou Cricw
where:

Omaw,i is the instantaneous intake air mass flow rates kg/
AlFg s the stoichiometric air to fuel ratio, kg/kg

Ai is the instantaneous excess air ratio

Ccozd IS the dry CQconcentration, per cent

Ccod IS the dry CO concentration, ppm

Chcw IS the wet HC concentration, ppm

Airflowmeter and analyzers shall meet the lingaréquirements of paragraph 9.2.,
and the total system shall meet the linearity negments for the exhaust gas flow of
paragraph 9.2.

If an air to fuel ratio measurement equipment sagla zirconia type sensor is used
for the measurement of the excess air ratio, itl sin@et the specifications of
paragraph 9.3.2.7.

8.4.1.7.  Carbon balance method
This involves exhaust mass calculation from the &i flow and the gaseous

exhaust components that include carbon. The calation of the instantaneous
exhaust gas mass flow is as follows:

2
Urvew,i = O X Weer X 14 (1"' a j"'l (33)
T (1.0828x Wy, + Ky x K )xk T 1000
with
— _ Ccod Chicw
K. = (Coony ~Coonas 05442+ 18522 17.35€ (34)
and
k,, =—0.055594xw, . +0.008002% w,, +0.0070046 W, (35)
where:
Omf, is the instantaneous fuel mass flow rate, kg/s
Ha is the intake air humidity, g water per kg dry air

wger IS the carbon content of the fuel, per cent mass
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8.4.2.

8.4.2.1.

8.4.2.2.

8.4.2.3.

war IS the hydrogen content of the fuel, per cent mass
WpeL IS the nitrogen content of the fuel, per cent mass
Weps IS the oxygen content of the fuel, per cent mass

Ccozd IS the dry CO, concentration, per cent

Ccozda IS the dry CO, concentration of the intake air, per cent
Cco is the dry CO concentration, ppm

CHecw is the wet HC concentration, ppm

Determination of the gaseous components
Introduction

The gaseous components in the raw exhaust gatedrbif the engine submitted for
testing shall be measured with the measuremensamgpling systems described in
paragraph 9.3. and Annex 3. The data evaluatidessribed in paragrafh4.2.2

Two calculation procedures are described in papmp8.4.2.3. and 8.4.2.4which
are equivalent for the referenteel of Annex 2. The procedure in paragraph.2.3

is more straightforward, since it uses tabulatedalues for the ratio between
component and exhaust gas density. The proceduparagrap8.4.2.4 is more
accurate for fuel qualities that deviate from theedfications inAnnex 2, but
requires elementary analysis of the fuel compasitio

Data evaluation

For the evaluation of the gaseous emissions, dleeamission concentrations (HC,
CO and NQ) and the exhaust gas mass flow rate shall bededaand stored with at
least 2 Hz on a computer system. All other datdl &ie recorded with a sample rate
of at least 1 Hz. For analogue analyzers, theoresp shall be recorded, and the
calibration data may be applied online or offlingidg the data evaluation.

For calculation of the mass emission of the gasexmmponents, the traces of the
recorded concentrations and the trace of the exlgmssmass flow rate shall be time
aligned by the transformation time as defined inapeaph3.1.30 Therefore, the
response time of each gaseous emissions analydesfahe exhaust gas mass flow
system shall be determined according to paragréapghs.2 and 9.3.5., respectively,
and recorded.

Calculation of mass emission based on tabulatkesa

The mass of the pollutants (g/test) shall be deteed by calculating the
instantaneous mass emissions from the raw contienszof the pollutants and the
exhaust gas mass flow, aligned for the transfomatime as determined in
accordance with paragrapt¥.2.2, integrating the instantaneous values over the
cycle, and multiplying the integrated values witlte u values from tables. If
measured on a dry basis, the dry/wet correctioordang to paragraph 8.1. shall be
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applied to the instantaneous concentration valwésré any further calculation is
done.

For the calculation of NQthe mass emission shall be multipliadhere applicable,
with the humidity correction factok,p, or kngs as determined according to
paragraph 8.2.

The following equation shall be applied:

i=n 1 .
Myas = ugas xzcgasl X Qe XT (In g/teSt) (36)
i=1
where:
Ugas is the ratio between density of exhaust compoaaudt density of exhaust
gas
Cgas;, IS the instantaneous concentration of the compdneahe exhaust gas, ppm
Omew,i IS the instantaneous exhaust mass flow, kg/s
f is the data sampling rate, Hz
n is the number of measurements
Gas
NO, | €O | HC | ¢ | O | CH,
Fuel X Daas[kg/m’]
2.053 | 1.250 | 4 | 1.9636 | 1.4277 | 0.716
Ugas
Diesel 1.2943] 0.00158F 0.000966  0.000479  0.001517001003 | 0.000553

Ethanol 1.2757| 0.001609 0.000980 0.000805  0.0015589001119| 0.000561
CNG? 1.2661| 0.001621 0.000987 0.000%58 0.001551| 0.001128  0.000565
Propane 1.2805 0.0016Q3 0.000976 0.000512  0.00156®01115| 0.000559
Butane 1.2832] 0.001600 0.0009¢4 0.0005p5 0.00153M01013 | 0.000558

LPGY 1.2811 | 0.001602 0.000976  0.00051{0 0.001533 0.00111%:000559
a) depending on fuel
b) atA =2, dry air, 273 K, 101.3 kPa
c) u accurate within 0.2 % for mass composition of: 66= 76 %; H=22-25%; N=0-12 %
d) NMHC on the basis of CH; (for total HC theug,s coefficient of CH shall be used)
e) u accurate within 0.2 % for mass composition of:=CA) - 90 %; C4 = 10 - 30 %
Table5:

Raw exhaust gasvalues and component densities
Calculation of mass emission based on exact emsati

The mass of the pollutants (g/test) shall be dateed by calculating the
instantaneous mass emissions from the raw contemsaof the pollutants, the
values and the exhaust gas mass flow, aligned Her ttansformation time as
determined in accordance with paragrap#h.2.2.and integrating the instantaneous
values over the cycle. If measured on a dry b#sésdry/wet correction according to
paragraph 8.1. shall be applied to the instanta;eouncentration values before any
further calculation is done.
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For the calculation of NQ the mass emission shall be multiplied with thenlality
correction factoks p, orks g, as determined according to paragraph 8.2.

The following equation shall be applied:

1=n
rn;]as = Zugas,ixcgas,ixqmew,i X% (In g/teSt) (37)
i
where:
Ugasi IS the instantaneous density ratio of exhaust asrapt and exhaust gas
Cgasi IS the instantaneous concentration of the compdnehe exhaust gas, ppm
Omew,i IS the instantaneous exhaust mass flow, kg/s
f is the data sampling rate, Hz
n is the number of measurements

The instantaneousvalues shall be calculated as follows:

Ugasi = Mgas/ (Mg x 1,000) (38)
or

UQaS’ingasl (pe’| X 1,000) (39)
with

Pgas= Mgas/ 22.414 (40)
where:

Mgas IS the molar mass of the gas component, g/mo/A@hex 6)

Me.i is the instantaneous molar mass of the exhausggas)

Pyas is the density of the gas component, kij/m

Lo, is the instantaneous density of the exhaust ags’k

The molar mass of the exhaust;, shall be derived for a general fuel composition
CH4ON S, under the assumption of complete combustion, &sWel

14 i (41)
M. = qmawi
g £ & H,x107 L1

LT 27575 , 2x100794+159994 M,

Opews 12011+1.00794x @ +15.9994x £ +14.0067x J + 32.065% 1+H,x10°
where:
Omew,i  is the instantaneous intake air mass flow rate enbasis, kg/s
e, is the instantaneous fuel mass flow rate, kg/s

Ha is the intake air humidity, g water per kg dry air
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Ma is the molar mass of the dry intake air = 28.966aj
The exhaust densifg shall be derived, as follows:

1,000+ H,, +1,000% (01 i/Oaq; )

pe,i = (42)
773.4+1.2434x H, +K;, x1,000% (0 ;/Oragi )

where:

Omadi  is the instantaneous intake air mass flow ratergrbdsis, kg/s

O is the instantaneous fuel mass flow rate, kg/s

Ha is the intake air humidity, g water per kg dry air

Kew is the fuel specific factasf wet exhaust(equationl6) in paragraph 8.1.1.
8.4.3. Particulate determination

8.4.3.1. Data evaluation

The particulate mass shall be calculated according toequation 27 of
paragraph 8.3. For the evaluation of the particulate concentrgtibe total sample
mass ey through the filter over the test cycle shall bearded.

With the prior approval of the type approval ortiéieation authority, the particulate
mass may be corrected for the particulate levehefdilution air, as determined in
paragrapty.5.6, in line with good engineering practice and theecsfic design
features of the particulate measurement system used

8.4.3.2. Calculation of mass emission
Depending on system design, the mass of partesl@y/test) shall be calculated by
either of the methods in paragraf$4.3.2.1. or 8.4.3.2.2zfter buoyancy correction

of the particulate sampféter according to paragraph 8.3

8.4.3.2.1. Calculation based on sample ratio

Mpm = Mg / (rsx 1,000) (43)
where:

mp is the particulate mass sampled over the cycle, mg

rs is the average sample ratio over the test cycle

with

re = M, Mep (44)

Mgy Mseq
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8.4.3.2.2.

8.5.

where:

Mse is the sample mass over the cycle, kg

Mew is the total exhaust mass flow over the cycle, kg

Msep is the mass of diluted exhaust gas passing thplate collection filters,
kg

Msed is the mass of diluted exhaust gas passing theadiltunnel, kg
In case of the total sampling type systemy,andmsegare identical

Calculation based on dilution ratio

m, LY (45)
m.__ 1,000

'sep

Mpm =

where:

My is the particulate mass sampled over the cycle, mg

Msep IS the mass of diluted exhaust gas passing thepiate collection filters, kg
Megr IS the mass of equivalent diluted exhaust gas thvecycle, kg

The total mass of equivalent diluted exhaust gassmover the cycle shall be
determined as follows:

i=n l

Medt = D Opears ar (46)
i=1

Omedfl = Omew,iX I'd,i (47)

rd,i - qmdew,,i (48)
(qmdew,i - qn‘dw,,i)

where:

Omedr; IS the instantaneous equivalent diluted exhaussrfiaw rate, kg/s
Omew,i IS the instantaneous exhaust mass flow rate, kg/s

Fd.i is the instantaneous dilution ratio

Omdew,i IS the instantaneous diluted exhaust mass flow kate

Omaw,i IS the instantaneous dilution air mass flow rkgs

f is the data sampling rate, Hz

n is the number of measurements

Full flow dilution measurement (CVS)

The concentration signals, either by integrativerdahe cycle or by bag sampling, of
the gaseous components shall be used for the attmulof the mass emissions by
multiplication with the diluted exhaust mass floate. The exhaust mass flow rate
shall be measured with a constant volume sampih{S) system, which may use a
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positive displacement pump (PDP), a critical floenturi (CFV) or a subsonic
venturi (SSV) with or without flow compensation.

For bag sampling and particulate sampling, a ptapwal sample shall be taken from
the diluted exhaust gas of the CVS system. Fgstem without flow compensation,
the ratio of sample flow to CVS flow shall not vdyy more than * 2.5 per cent from
the set point of the test. For a system with fllmnpensation, each individual flow
rate shall be constant within + 2.5 per cent ofetspective target flow rate.

The complete test set up is schematically showigire 7.
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Figure 7:
Scheme of full flow measurement system

8.5.1. Determination of the diluted exhaust gas flow
8.5.1.1. Introduction

For calculation of the emissions in the dilutedhaxst gas, it is necessary to know
the diluted exhaust gas mass flow rate. The ttitated exhaust gas flow over the
cycle (kg/test) shall be calculated from the meaisiemt values over the cycle and
the corresponding calibration data of the flow noea@sent device\{, for PDP,Ky

for CFV, C4 for SSV) by either of the methods described inageaphs8.5.1.2

t0 8.5.1.4 If the total sample flow of particulatesig,) exceeds 0.5 per cent of the
total CVS flow (neg), the CVS flow shall be corrected fame, or the particulate
sample flow shall be returned to the CVS prior® flow measuring device.
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8.5.1.2.

8.5.1.3.

PDP-CVS system

The calculation of the mass flow over the cyclassfollows, if the temperature of
the diluted exhaust is kept within + 6 K over tlyele by using a heat exchanger:

Mea = 1.293x Vox Npx Ppx 273 / (101.% T) (49)

where:

Vo is the volume of gas pumped per revolution unést ¢onditions, m3/rev
np s the total revolutions of pump per test

Pp Is the absolute pressure at pump inlet, kPa

T s the average temperature of the diluted exhgasat pump inlet, K

If a system with flow compensation is used (i.dathaut heat exchanger), the
instantaneous mass emissions shall be calculadngagrated over the cycle. In

this case, the instantaneous mass of the dilutbdust gas shall be calculated as
follows:

Meaj =  1.293x Vox Np,x Pp x 273 / (101.X T) (50)

where:
np;i Is the total revolutions of pump per time interval

CFV-CVS system

The calculation of the mass flow over the cyclassfollows, if the temperature of
the diluted exhaust is kept within + 11 K over tyele by using a heat exchanger:

Mea =  1.293xtxK,xp, /T (51)
where:
t is the cycle time, s

Ky is the calibration coefficient of the critical floventuri for standard conditions,
Pp Is the absolute pressure at venturi inlet, kPa
T is the absolute temperature at venturi inlet, K

If a system with flow compensation is used (i.dathaut heat exchanger), the
instantaneous mass emissions shall be calculatdnéegrated over the cycle. In
this case, the instantaneous mass of the dilutbdust gas shall be calculated as
follows:

Meaj =  1.293x At x Ky x pp / T%° (52)

where:
At is the time interval, s
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SSV-CVS system

The calculation of the mass flow over the cyclallsbe as follows, if the temperature
of the diluted exhaust is kept within £ 11 K ovie ttycle by using a heat exchanger:

Med = 1'293XQSSV (53)
with
1( 1 _ 1
Qsey = A, °C, D, _(rpl4286_rp17143) 1 (54)
T 1-15r
where:
A, is 0.006111 in Sl units ¢fm” KZ( 1 j
min )| kPa [ mm?

dv is the diameter of the SSV throat, m

Cq is the discharge coefficient of the SSV

pp is the absolute pressure at venturi inlet, kPa
T  is the temperature at the venturi inlet, K

ro is the ratio of the SSV throat to inlet absolusdis pressurel—ﬁ

a

ro is the ratio of the SSV throat diameterto the inlet pipe inner diametBr

If a system with flow compensation is used (i.athaut heat exchanger), the
instantaneous mass emissions shall be calculatdnéagrated over the cycle. In
this case, the instantaneous mass of the dilutbdust gas shall be calculated as
follows:

Mg = 1.293x Qgsvx At (55)

where:
At;  is the time interval, s

The real time calculation shall be initialized hwvigither a reasonable value 1G4,
such as 0.98, or a reasonable valu®gf If the calculation is initialized witkssy,
the initial value 0fQss, shall be used to evaluate the Reynolds number.

During all emissions tests, the Reynolds numbehatSSV throat shall be in the
range of Reynolds numbers used to derive the eaidr curve developed in
paragraph 9.5.4.
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8.5.2.

8.5.2.1.

8.5.2.2.

8.5.2.3.

8.5.2.3.1.

Determination of the gaseous components
Introduction

The gaseous components in the diluted exhaustmé#ted by the engine submitted
for testing shall be measured by the methods desttiin Annex 3. Dilution of the

exhaust shall be done with filtered ambient aintlsgtic air or nitrogen. The flow

capacity of the full flow system shall be large eglo to completely eliminate water
condensation in the dilution and sampling systemata evaluation and calculation
procedures are described in paragrepbs2.2. and 8.5.2.3

Data evaluation

For continuous sampling, the emission concenmati¢giC, CO and N@ shall be
recorded and stored with at least 1 Hz on a commystem, for bag sampling one
mean value per test is required. The diluted esthgas mass flow rate and all other
data shall be recorded with a sample rate of at le&lz. For analogue analyzers the
response will be recorded, and the calibration dzdag be applied online or offline
during the data evaluation.

Calculation of mass emission
Systems with constant mass flow

For systems with heat exchanger, the mass ofdheatgnts shall be determined from
the following equation:

Myas = UgasX CgasX Med (in g/test) (56)

where:

Ugas IS the ratio between density of exhaust compoaadtdensity of air

Cgas IS the average background corrected concentrafittee component, ppm
Meg IS the total diluted exhaust mass over the cyde,

If measured on a dry basis, the dry/wet correctiocording to paragraph 8.1. shall
be applied.

For the calculation of NQthe mass emission shall be multiplidcapplicable, with
the humidity correction factds, p, orks g, as determined according to paragraph 8.2.

Theu values are given in tabe For calculating theigas values, the density of the
diluted exhaust gas has been assumed to be eqa@ldensity. Therefore, thgas
values are identical for single gas componentsdifigrent for HC.
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Gas
NO, | CO | HC | CQ | O, | CH,
p as
Fuel pde [kg?m3]
2.053 | 1.250 | 2 | 1.9636 | 1.4277 | 0.716
Ugasb)
Diesel 1.293 | 0.001588 0.000967 0.000480 0.001519001004 | 0.000553
Ethanol 1.293| 0.001588 0.000967 0.000795 0.001519001004 | 0.000553
CNG? 1.293 | 0.00158§ 0.000967 0.000%84 0.001519| 0.001104 0.000558
Propane 1.293| 0.001588 0.000967 0.000507 0.001519010D04| 0.000553
Butane 1.293| 0.001588 0.000967 0.000501 0.00151901004| 0.000553
LPGY 1.293 | 0.001588 0.000967 0.000505 0.001519 0.0011@000553
a) depending on fuel
b) atA =2, dry air, 273 K, 101.3 kPa
c) u accurate within 0.2 % for mass composition of: 66= 76 %; H=22-25%; N=0-12 %
d) NMHC on the basis of CH; (for total HC theug,s coefficient of CH shall be used)
e) u accurate within 0.2 % for mass composition of:=CA) - 90 %; C4 =10 - 30 %

Table6:
Diluted exhaust gas values and component densities

Alternatively, the u values may be calculated using the exact calculati method
generally described in paragraph 8.4.2.4., as folles:

M

gas
ZEITES
D D

where:
Mygas is the molar mass of the gas component, g/mol (&nnex 6)

u =

gas

(57)

Me is the molar mass of the exhaust gas, g/mol
Mg is the molar mass of the dilution air = 28.965 g/nio
D s the dilution factor (see paragraph 8.5.2.3.2.)

Determination of the background corrected conegioins

The average background concentration of the gaspollutants in the dilution air
shall be subtracted frothe measured concentrations to get the net concenigatf
the pollutants. The average values of the backgtoooncentrations can be
determined by the sample bag method or by contsiumeasurement with
integration. The following equation shall be used:
Cgas,e~ Cd X (1 - (1D))

Cgas = (58)

where:

Cgas,e IS the concentration of the component measureleiiiuted exhaust gas, ppm
Cq isthe concentration of the component measurédeimilution air, ppm

D s the dilution factor
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The dilution factor shall be calculated as follows
a) for diesel and LPG fuelled gas engines

Fs

D = - (59)
CCOZe + (CHC,e + CCO,e)xlo !
b) for NG fuelled gas engines
D - Fs _ (60)
Ccoze T (CNMHC,e + Cco,e)xlO
where;:

Ccoze IS the wet concentration of G@ the diluted exhaust gas, per cent vol
Cuce IS the wet concentration of HC in the diluted exd$tagas, ppm C1
Cnvrce IS the wet concentration of NMHC in the dilutechaxst gas, ppm C1
Ccoe Isthe wet concentration of CO in the diluted atagas, ppm

Fs is the stoichiometric factor

The stoichiometric factor shall be calculateda®ivs:

1
1+9 4 3.76><(1+aj
2 4

Fs = 100 (61)

where:
a is the molar hydrogen ratio of the fuel (H/C)

Alternatively, if the fuel composition is not knawthe following stoichiometric
factors may be used:

Fs (diesel) = 13.4
Fs(LPG) = 11.6
Fs(NG) = 9.5

8.5.2.3.3. Systems with flow compensation

For systems without heat exchanger, the mass efptillutants (g/test) shall be
determined by calculating the instantaneous masssens and integrating the
instantaneous values over the cycle. Also, thekdraand correction shall be
applied directly to the instantaneous concentratialue. The following equation
shall be applied:

rngas = [(med,i X Cgas,e X ugas )] - [(med X Cd X (1_ :I'/D)X ugas )] (62)

n
i=1
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where:

Cgas.e IS the concentration of the component measurdiaeimiluted exhaust gas, ppm
Cs is the concentration of the component measurddeidilution air, ppm

Meg,i IS the instantaneous mass of the diluted exhasstky

Meg IS the total mass of diluted exhaust gas ovecyiote, kg

Ugas IS the tabulated value frotable 6

D s the dilution factor

Particulate determination
Calculation of mass emission

The particulate mass (g/test) shall be calculaier buoyancy correction of the
particulate samplélter according to paragragh3, as follows:

m
Mo = P X& 63
M m_ 1,000 (63)

sep

where:

mp is the particulate mass sampled over the cycle, mg

Msep IS the mass of diluted exhaust gas passing tieylate collection filters, kg
Meg IS the mass of diluted exhaust gas over the ckgle

with
Msep = Meet - Mssd (64)

where:
Mset IS the mass of double diluted exhaust gas thrgagticulate filter, kg
Mssg IS the mass of secondary dilution air, kg

If the particulate background level of the dilutiair is determined in accordance
with paragraplv.5.6.,the particulate mass may be background correctedthis
case, the particulate mass (g/test) shall be akxilas follows:

L L SN P e Y
Tew {msep (msd (1 Dm 1,000 (63)

where:

Msep IS the mass of diluted exhaust gas passing thiepiate collection filters, kg
Meg IS the mass of diluted exhaust gas over the ckgle,

Msq IS the mass of dilution air sampled by backgropadiculate sampler, kg
m, is the mass of the collected background partieslaf the dilution air, mg

D s the dilution factor as determined in paragr@@2.3.2.
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8.6.

8.6.1.

8.6.2.

General calculations

Drift correction

With respect to drift verification in paragraph 7.8.4., the corrected
concentration value shall be calculated as follows:

208~ (Coer +Coons) J (66)

pre,s + Cpost,s) - (Cprez + Cpostz )

Ccor = Cref,z + (Cref,s - Cref,z { (C

where:

Cref .z is the reference concentration of the zero gas (ually zero), ppm
Cref s is the reference concentration of the span gas, pp

Corez IS the pre-test analyzer concentration of the zergas, ppm

Cores IS the pre-test analyzer concentration of the spagas, ppm
Cpostz IS the post-test analyzer concentration of the zergas, ppm
Cposts IS the post-test analyzer concentration of the spagas, ppm

Cgas is the sample gas concentration, ppm

Two sets of brake-specific emission results shalbe calculated for each
component in accordance with paragraphs 8.3. and/oB.4., after any other
corrections have been applied. One set shall belcalated using uncorrected
concentrations and another set shall be calculatedsing the concentrations
corrected for drift according to equation 59.

Depending on the measurement system and calculatiomethod used, the
uncorrected emissions results shall be calculateditiw equations 30, 31 50, 51
or 55, respectively. For calculation of the corrded emissions, Cgas IN

equations 30, 31 50, 51 or 55, respectively, shdle replaced with ccor Of

equation 59. If instantaneous concentration valuesgs; are used in the
respective equation, the corrected value shall aldoe applied as instantaneous
value cori. In equation 51, the correction shall be appliedo both the measured
and the background concentration.

The comparison shall be made as a percentage okthincorrected results. The
difference between the uncorrected and the correatebrake-specific emission
values shall be within + 4 per cent of the uncorrded brake-specific emission
values or within £ 4 per cent of the respective lifh value, whichever is greater.
If the drift is greater than 4 per cent, the test ball be voided.

If drift correction is applied, only the drift-cor rected emission results shall be
used when reporting emissions.

Calculation of NMHC and ClHwith the non-methane cutter

The concentration of NMHC and Gldhall be calculated as follows:
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w/o B Wi x{1-E
S = CHC (wioNMC) CHC_( INMC) ( M) (67)
Ee- Ewm
Wi B w/o x{1-
Cona = CHC(WINMC) CHC(_/ NMC) ( EE) (68)
E: - Em
where:

Cicwinme) IS the HC concentration with sample gas flowingtlyh the NMC, ppm
CHcwionmc) IS the HC concentration with sample gas bypass$iagNtMC, ppm

Em is the methane efficiency as determined per papg®.3.8.1.

Ee is the ethane efficiency as determined per papdgga3.8.2.

Calculation of the specific emissions

The specific emissiongyas or erm (9/kWh) shall be calculated for each individual
component in the following ways depending on theetgftest cycle.

For the WHSC, hot WHTC, or cold WHTC, the followingrfoula shall be applied:

e= (69)

W,

act

where:
m is the mass emission of the component, g/test
W, is the actual cycle work as determined accordingaragraptr.8.6, kwh

For the WHTC, the final test result shall be agi#ed average from cold start test
and hot start test by using either of the followomions:

— (0_14>< mcold) + (O.86>< mhot) (70a)
(0'14xWact;:oId ) + (0'86xWacthot
(01xm,,,)+(09xm,,,) (70b)

e=
(0LXW, )+ (09X W,y )

The option shall be selected by thentracting Parties.

EQUIPMENT SPECIFICATION AND VERIFICATION

This gtr does not contain details of flow, pressuand temperature measuring

equipment or systems. Instead, only the lineaetuirements of such equipment or
systems necessary for conducting an emissionaresfiven in paragraph 9.2.
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9.1.

9.2.

Dynamometer specification

An engine dynamometer with adequate charactesigtiperform the appropriate test
cycle described in paragraph2.1. and 7.2.2shall be used.

The instrumentation for torque and speed measureshall allow the measurement
accuracy of the shaft power as needed to comply thi¢é cycle validation criteria.
Additional calculations may be necessary. The maguof the measuring equipment
shall be such that the linearity requirements giveparagraph 9.2table 7 are not
exceeded.

Linearity requirements

The calibration of all measuring instruments anydteams shall be traceable to
national (international) standards. The measunmggruments and systems shall
comply with the linearity requirements giventeable 7. The linearity verification
according to paragraph 9.2.1. shall be performedtlie gas analyzers at least
every 3 months or whenever a system repair or cghamgiade that could influence
calibration. For the other instruments and systeheslinearity verification shall be
done as required by internal audit procedureshbyiristrument manufacturer or in
accordance with ISO 9000 requirements.

Measurement Slope Standard Coefficient. of
system |Xmin Eﬂa1 —1)+ a, | a error deternglnatmn
SEE r
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
Fuel flow < 1 % max 0.98 - 1.02({< 2 % max > 0.990
Airflow < 1 % max 0.98 -1.02({< 2 % max > 0.990
Exhaust gas flow |< 1 % max 0.98 - 1.02({< 2 % max > 0.990
Dilution air flow [< 1 % max 0.98 -1.02|< 2 % max > 0.990
Diluted exhaust |< 1 % max 0.98 -1.02(< 2 % max > 0.990
gas flow
Sample flow < 1 % max 0.98 - 1.02({< 2 % max > 0.990
Gas analyzers < 0.5 % max 0.99-1.01|< 1 % max > 0.998
Gas dividers < 0.5 % 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 balance < 1 % max 0.99-1.01{< 1 % max > 0.998
Table 7

Linearity requirements of instruments and measurgrsystems
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Linearity verification
Introduction

A linearity verification shall be performed for dameasurement system listed in
table 7. At least 10 reference valyew as specified otherwiseshall be introduced
to the measurement system, and the measured vshatlsbe compared to the
reference values by using a least squares linggegsionin accordance with
equation 11 The maximum limits in table 6 refer to the maximvalues expected
during testing.

General requirements

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

Procedure

The linearity verification shall be run for eacormally used operating range with

the following steps.

(@) The instrument shall be set at zero by intcotty a zero signal. For gas
analyzers, purified synthetic air (or nitrogen)lsba introduced directly to the
analyzer port.

(b) The instrument shall be spanned by introducingpan signal. For gas
analyzers, an appropriate span gas shall be inteatidirectly to the analyzer
port.

(c) The zero procedure of (a) shall be repeated.

(d) The verification shall be established by idtroing at least 10 reference values
(including zero) that are within the range from a@é¢o the highest values
expected during emission testing. For gas anadyk@own gas concentrations
shall be introduced directly to the analyzer port.

(e) At a recording frequency of at least 1 Hz, tleéerence values shall be
measured and the measured values recorded for 30 s.

() The arithmetic mean values over the 30 s jgesioall be used to calculate the
least squares linear regression parameters acgortiinequation 11 in
paragraph 7.8.7.

(@) The linear regression parameters shall meetefuirements of paragraph 9.2.,
table 7.

(h) The zero setting shall be rechecked and thi§oagion procedure repeated, if
necessary.

Gaseous emissions measurement and samplim@gsys

Analyzer specifications

General
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9.3.1.2.

9.3.1.3.

9.3.1.4.

9.3.15.

9.3.1.6.

9.3.1.7.

9.3.1.8.

The analyzers shall have a measuring range ampdnss time appropriate for the
accuracy required to measure the concentrationthefexhaust gas components
under transient and steady state conditions.

The electromagnetic compatibility (EMC) of the gument shall be on a level as to
minimize additional errors.

Accuracy

The accuracy, definedas the deviation of the analyzer reading fromreference
value, shallnot exceed + 2 per cent of the reading or £ 0.3qaert of full scale
whichever is larger.

Precision

The precision, defined as 2.5 times the standawhton of 10 repetitive responses
to a given calibration or span gas, shall be natgrethan 1 per cent of full scale
concentration for each range used above 155 pprmpirC) or 2 per cent of each
range used below 155 ppm (or ppm C).

Noise

The analyzer peak-to-peak response to zero aimatidn or span gases over any 10
seconds period shall not exceed 2 per cent oféalle on all ranges used.

Zero drift

The drift of the zero response shall be specified yb the instrument
manufacturer.

Span drift

The drift of the span response shall be specified yb the instrument
manufacturer.

Rise time

The rise time of the analyzer installed in the sueament system shall not
exceed 2.5s.

Gas drying
Exhaust gases may be measured wet or dry. Anmyasgddevice, if used, shall have

a minimal effect on the composition of the measuases. Chemical dryers are not
an acceptable method of removing water from thepsam
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Gas analyzers
Introduction

Paragraphs 9.3.2.2 to 9.2.3.7 describe the measuteprinciples to be used. A
detailed description of the measurement systergs/en in Annex 3. The gases to
be measured shall be analyzed with the followingtriments. For non-linear
analyzers, the use of linearizing circuits is péteol.

Carbon monoxide (CO) analysis

The carbon monoxide analyzer shall be of the niepedsive infrared (NDIR)
absorption type.

Carbon dioxide (Canalysis

The carbon dioxide analyzer shall be of the napelisive infrared (NDIR)
absorption type.

Hydrocarbon (HC) analysis

The hydrocarbon analyzer shall be of the heataahdl ionization detector (HFID)
type with detector, valves, pipework, etc. heate@s to maintain a gas temperature
of 463 K+ 10K (190 + 10 °C). Optionally, for N@elled and Pl engines, the
hydrocarbon analyzer may be of the non-heated fi@meation detector (FID) type
depending upon the method used (see Annex 3, pantadr.3.1.3.).

Non-methane hydrocarbon (NMHC) analysis

The determination of the non-methane hydrocarbactibn shall be performed with
a heated non-methane cutter (NMC) operated inwite an FID as per Annex 3,
paragraph A.3.1.4. by subtraction of the methamenfithe hydrocarbons.For
determination of NMHC and CHy, the FID may be calibrated and spanned with
CHy, calibration gas.

Oxides of nitrogen (NPanalysis

Two measurement instruments are specified for NOmeasurement and either
instrument may be used provided it meets the critea specified in
paragraph 9.3.2.6.1. or 9.3.2.6.2., respectivelfror the determination of system
equivalency of an alternate measurement procedureni accordance with
paragraph 5.1.1., only the CLD is permitted.

Chemiluminescent detector (CLD)

If measured on a dry basis, the oxides of nitrogemalyzer shall be of the
chemiluminescent detector (CLD) or heated chemih@®éent detector (HCLD) type
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9.3.2.6.2.

9.3.2.7.

9.3.3.

9.3.3.1.

with a NOQ/NO converter. If measured on a wet basis, a HGliflh converter
maintained above 328 K (55 °C) shall be used, pexlithe water quench check (see
paragraph 9.3.9.2.2.) is satisfied. For both Clod BCLD, the sampling path shall
be maintained at a wall temperature of 328 K to K735 °C to 200 °C) up to the
converter for dry measurement, and up to the aaalgx wet measurement.

Non-dispersive ultraviolet detector (NDW)

A non-dispersive ultraviolet (NDUV) analyzer shallbe used to measure N
concentration. If the NDUV analyzer measures onl\NO, a NO,/NO converter
shall be placed upstream of the NDUV analyzer. ThBIDUV temperature shall
be maintained to prevent aqueous condensation, urde a sample dryer is
installed upstream of the NQ/NO converter, if used, or upstream of the
analyzer.

Air to fuel measurement

The air to fuel measurement equipment used toréte the exhaust gas flow as
specified in paragraph 8.3.1.6. shall be a widgeaair to fuel ratio sensor or lambda
sensor of Zirconia type. The sensor shall be mealidirectly on the exhaust pipe
where the exhaust gas temperature is high enouglimioate water condensation.

The accuracy of the sensor with incorporated mdaats shall be within:

+ 3 per cent of reading for A<2
+ 5 per cent of reading for 2A<5
+ 10 per cent of reading for S\

To fulfill the accuracy specified above, the serswall be calibrated as specified by
the instrument manufacturer.

Gases
The shelf life of all gases shall be respected.
Pure gases

The required purity of the gases is defined byabtetamination limits given below.
The following gases shall be available for operatio

a) Forraw exhaust gas

Purified nitrogen
(Contaminatiors 1 ppm C1,< 1 ppm CO,< 400 ppm CQ@ < 0.1 ppm NO)

Purified oxygen
(Purity> 99.5 per cent vol
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Hydrogen-helium mixturéFID burner fuel)
(40 = 1per cent hydrogen, balance helium)
(Contaminatiors 1 ppm C1< 400 ppm CQ)
Purified synthetic air
(Contaminatiors 1 ppm C1< 1 ppm CO< 400 ppm CQ, < 0.1 ppm NO)
(Oxygen content between 18-21 per cent vol.)
b)  For dilute exhaust gas (optionally for raw exhast gas)

Purified nitrogen
(Contamination < 0.05 ppm C1,< 1 ppm CO, <10 ppm CGO,, < 0.02 ppm NO)

Purified oxygen
(Purity >99.5 per cent vol Q)

Hydrogen-helium mixture (FID burner fuel)

(40 + 1 per cent hydrogen, balance helium)

(Contamination < 0.05 ppm C1< 10 ppm CQ)

Purified synthetic air

(Contamination < 0.05 ppm C1,< 1 ppm CO, <10 ppm CQ,, < 0.02 ppm NO)
(Oxygen content between 20.5 - 21.5 per cent vol.)

If gas bottles are not available, a gas purifier my be used, if contamination
levels can be demonstrated.

9.3.3.2.  Calibration and span gases
Mixtures of gases having the following chemicampmsitions shall be availablé
applicable. Other gas combinations are allowed providedytses do not react with
one another. The expiration date of the calibration gases statedoy the
manufacturer shall be recorded.
CsHg and purified synthetic air (see paragraph 9.3,3.1.
CO and purified nitrogen;
NO and purified nitrogen;
NO, and purified synthetic air;
CO, and purified nitrogen;

CH, and purified synthetic air;

CoHe and purified synthetic air
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9.3.3.3.

9.3.3.4.

The true concentration of a calibration and spas ghall be within £ 1 per cent of
the nominal value, and shall be traceable to nation international standards. All

concentrations of calibration gas shall be givemaolume basis (volume percent or
volume ppm).

Gas dividers

The gases used for calibration and span may asobained by means of gas
dividers (precision blending devices), diluting lwipurified N or with purified
synthetic air. The accuracy of the gas dividedldfesuch that the concentration of
the blended calibration gases is accurate to withid per cent. This accuracy
implies that primary gases used for blending shallknown to an accuracy of at
leastt 1 per cent, traceable to national or internatiogas standards. The
verification shall be performed at between 15 a@ido8r cent of full scale for each
calibration incorporating a gas divider. An addiad verification may be performed
using another calibration gas, if the first veafion has failed.

Optionally, the blending device may be checkedhait instrument which by nature
is linear, e.g. using NO gas with a CLD. The spalue of the instrument shall be
adjusted with the span gas directly connectedeartstrument. The gas divider shall
be checked at the settings used and the nominak vsthall be compared to the
measured concentration of the instrument. Thieihce shall in each point be
within = 1 per cent of the nominal value.

For conducting the linearity verification accomglino paragraph 9.2.1., the gas
divider shall be accurate to withinl per cent.

Oxygen interference check gases

Oxygen interference check gases are a blend pape oxygen and nitrogen. They
shall contain propane with 350 ppm+C75 ppm C hydrocarbon. The concentration
value shall be determined to calibration gas toleea by chromatographic analysis
of total hydrocarbons plus impurities or by dynanibtending. The oxygen
concentrations required for positive ignition amanpression ignition engine testing
are listed irtable 8 with the remainder being purified nitrogen.

Type of engine @concentration (per cent)
Compression ignition 21 (20 to 22)
Compression and positive ignition 10 (9to 11)
Compression and positive ignition 5 (4 to 6)
Positive ignition 0(0tol)
Table 8

Oxygen interference check gases
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Leak check

A system leak checlshall be performed. The probe shall be discondetten the

exhaust system and the end plugged. The analyrep ghall be switched on. After
an initial stabilization period all flowmeters witead approximately zero in the
absence of a leak. If not, the sampling linesldiethecked and the fault corrected.

The maximum allowable leakage rate on the vacudmshall be 0.5 per cent of the
in-use flow rate for the portion of the system lgesmecked. The analyzer flows and
bypass flows may be used to estimate the in-userttes.

Alternatively, the system may be evacuated toessure of at least 20 kPa vacuum
(80 kPa absolute). After an initial stabilizatiperiod the pressure increagip
(kPa/min) in the system shall not exceed:

Ap =p/ Vs x 0.005x Ghs (71)

where:
Vs is the system volume, |
Ows IS the system flow rate, I/min

Another method is the introduction of a concemrastep change at the beginning of
the sampling line by switching from zero to spas.gdf for a correctly calibrated

analyzer after an adequate period of time the ngai< 99 per cent compared to
the introduced concentration, this points to a dggkproblem that shall be corrected.

Response time check of the analytical system

The system settings for the response time evaluahall be exactly the same as
during measurement of the test run (i.e. presdiow, rates, filter settings on the
analyzers and all other response time influencd@sje response time determination
shall be done with gas switching directly at thietiof the sample probe. The gas
switching shall be done in less than 0.1 s. Treegaised for the test shall cause a
concentration change of at least 60 per cent dalles(FS).

The concentration trace of each single gas commposkall be recorded. The
response time is defined to be the differencenretbetween the gas switching and
the appropriate change of the recorded concentrafidie system response tintg)(
consists of the delay time to the measuring detentd the rise time of the detector.
The delay time is defined as the time from the glkats) until the response is 10 per
cent of the final reading(). The rise time is defined as the time betweempd
cent and 90 per cent response of the final reading t10).

For time alignment of the analyzer and exhaust fignals, the transformation time
is defined as the time from the changg (ntil the response is 50 per cent of the
final reading (s0).
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9.3.6.

9.3.6.1.

9.3.6.2.

9.3.6.3.

The system response time shall<b&0 s with a rise time ok 2.5 s in accordance
with paragraph 9.3.1.7. for all limited componef@®, NQ,, HC or NMHC) and all

ranges used. When using a NMC for the measurememMMHC, the system
response time may exceed 10 s.

Efficiency test of NQconverter

The efficiency of the converter used for the casia of NQ into NO is tested as
given in paragraphs 9.3.6.1 to 9.3.6.8 (see fi§ire

solenoid valve

4T

02
R —
o

AC I I:J I H ‘ [ Ozonator

Variac l
NO/N2 E to analyser
Figure 8
Scheme of N@converter efficiency device
Test setup

Using the test setup as schematically shown urdéi@ and the procedure below, the
efficiency of the converter shall be tested by nseafran ozonator.

Calibration

The CLD and the HCLD shall be calibrated in thestncommon operating range
following the manufacturer's specifications usimgazand span gas (the NO content
of which shall amount to about 80 per cent of tiperating range and the NO
concentration of the gas mixture to less than 5geett of the NO concentration).
The NQ, analyzer shall be in the NO mode so that the gppardoes not pass through
the converter. The indicated concentration hdsetoecorded.

Calculation

The per cent efficiency of the converter shalthiulated as follows:

a-b
c—-d

Evox = (1 + jx 100 (72)
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where:

a is the NQ concentration according to paragraph 9.3.6.6.
b is the NQ concentration according to paragraph 9.3.6.7.
C is the NO concentration according to paragrapt633

d is the NO concentration according to paragrapt6%3

Adding of oxygen
Via a T-fitting, oxygen or zero air shall be addmmhtinuously to the gas flow until
the concentration indicated is about 20 per cesd than the indicated calibration

concentration given in paragraph 9.3.6.2. (theyarealis in the NO mode).

The indicated concentration)(shall be recorded. The ozonator is kept dedetiva
throughout the process.

Activation of the ozonator
The ozonator shall be activated to generate encaggne to bring the NO
concentration down to about 20 per cent (minimump&0 cent) of the calibration

concentration given in paragraph 9.3.6.2. Thecaigid concentratiord) shall be
recorded (the analyzer is in the NO mode).

NQ mode
The NO analyzer shall be switched to the ,N@ode so that the gas mixture
(consisting of NO, N@ O, and N) now passes through the converter. The indicated
concentrationd) shall be recorded (the analyzer is in the,M@de).

Deactivation of the ozonator
The ozonator is now deactivated. The mixture aisey described in
paragraph 9.3.6.6. passes through the convertertime detector. The indicated
concentrationlf) shall be recorded (the analyzer is in the,M@de).

NO mode

Switched to NO mode with the ozonator deactivatieel flow of oxygen or synthetic
air shall be shut off. The NQeading of the analyzer shall not deviate by more
than + 5 per cent from the value measured accortingaragraph 9.3.6.2. (the
analyzer is in the NO mode).

Test interval

The efficiency of the converter shall be testekast once per month.
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9.3.6.10.

9.3.7.

9.3.7.1.

9.3.7.2.

Efficiency requirement
The efficiency of the converté&iyox shall not be less than 95 per cent.

If, with the analyzer in the most common range, daonator cannot give a reduction
from 80 per cent to 20 per cent according to paEiy®.3.6.5., the highest range
which will give the reduction shall be used.

Adjustment of the FID
Optimization of the detector response

The FID shall be adjusted as specified by theunsént manufacturer. A propane in
air span gas shall be used to optimize the respomgbe most common operating
range.

With the fuel and airflow rates set at the manufeer's recommendations,
a 350 = 75 ppm C span gas shall be introduceddaoattalyzer. The response at a
given fuel flow shall be determined from the difece between the span gas
response and the zero gas response. The fuelstia be incrementally adjusted
above and below the manufacturer's specificatidhe span and zero response at
these fuel flows shall be recorded. The differebedween the span and zero
response shall be plotted and the fuel flow adgustehe rich side of the curve. This
is the initial flow rate setting which may needthar optimization depending on the
results of the hydrocarbon response factors andothaen interference check
according to paragraphs 9.3.7.2. and 9.3.7.3. hdf dxygen interference or the
hydrocarbon response factors do not meet the follpwpecifications, the airflow
shall be incrementally adjusted above and belownth@ufacturer's specifications,
repeating paragraphs 9.3.7.2. and 9.3.7.3. for Bawh

The optimization may optionally be conducted udimg procedures outlined in SAE
paper No. 770141.

Hydrocarbon response factors

A linearity verification of the analyzer shall pperformed using propane in air and
purified synthetic air according to paragraph 92.1

Response factors shall be determined when intinguan analyzer into service and
after major service intervals. The response fag@igrfor a particular hydrocarbon
species is the ratio of the FID C1 reading to the goncentration in the cylinder
expressed by ppm C1.

The concentration of the test gas shall be at\&lléo give a response of
approximately 80 per cent of full scale. The cariion shall be known to an
accuracy of + 2 per cent in reference to a gravimetandard expressed in volume.
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In addition, the gas cylinder shall be precondiidrior 24 hours at a temperature
of 2908 K+ 5K (25 °C £ 5 °C).

The test gases to be used and the relative respacter ranges are as follows:

(&) methane and purified synthetic air 100 <1.15
(b) propylene and purified synthetic air 098,<11
(c) toluene and purified synthetic air 090,<1.1

These values are relative toyaf 1 for propane and purified synthetic air.
Oxygen interference check

For raw exhaust gas analyzers only, the oxygeerfgrence check shall be
performed when introducing an analyzer into servared after major service
intervals.

A measuring range shall be chosen where the oxygerference check gases will
fall in the upper 50 per cent. The test shall beducted with the oven temperature
set as required. Oxygen interference check gasifgagions are found in
paragraph 9.3.3.4.

(@) the analyzer shall be set at zero,

(b) the analyzer shall be spanned with the O pat oxygen blend for positive
ignition engines. Compression ignition engine rinstents shall be spanned
with the 21 per cent oxygen blend.

(c) the zero response shall be rechecked. Iast¢hanged by more than 0.5 per
cent of full scale, steps (a) and (b) of this peap shall be repeated.

(d) the 5 per cent and 10 per cent oxygen intenieg check gases shall be
introduced.

(e) the zero response shall be rechecked. Hstdhanged by more thanl per
cent of full scale, the test shall be repeated.

(H the oxygen interferencEy; shall be calculated for each mixture in step @) a
follows:

Eo2 = (Cref,d - C) x 100 /Cref,d (73)

with the analyzer response being

C XC C
refb FSh x m,d (74)

Cm,b CFS,d

where:

Cretp IS the reference HC concentration in step (b), @pm
Cret 4 IS the reference HC concentration in step (d), @pm
Crs,piS the full scale HC concentration in step (b)np@
Crs.qis the full scale HC concentration in step (dynp@
Cm,b IS the measured HC concentration in step (b), @pm



ECE/TRANS/WP.29/GRPE/2009/10

page 78

9.3.8.

9.3.8.1.

9.3.8.2.

Cm,d IS the measured HC concentration in step (d), @pm

(g) The oxygen interferendeo, shall be less that 1.5 per cent for all required
oxygen interference check gases prior to testing.

(h) If the oxygen interferendgo; is greater thar 1.5 per cent, corrective action
may be taken by incrementally adjusting the airflabove and below the
manufacturer's specifications, the fuel flow anel sample flow.

(i) The oxygen interference shall be repeatecémh new setting.

Efficiency of the non-methane cutter (NMC)

The NMC is used for the removal of the non-methiaydrocarbons from the sample
gas by oxidizing all hydrocarbons except metharideally, the conversion for

methane is O per cent, and for the other hydrocerbmepresented by ethane
is 100 per cent. For the accurate measurementMHi@®l the two efficiencies shall

be determined and used for the calculation of tMHE emission mass flow rate

(see paragrap8.5.2).

Methane Efficiency

Methane calibration gas shall be flown through Ete with and without bypassing
the NMC and the two concentrations recorded. Theiency shall be determined as
follows:

CHC(W/NMC)
Em=1-— " (75)
CHCw/oNMC)

where:
CHCW/NMC) is the HC concentration with GHowing through the NMC, ppm C
CHcwionmc) IS the HC concentration with GHbypassing the NMC, ppm C

Ethane Efficiency

Ethane calibration gas shall be flown throughRH2 with and without bypassing the
NMC and the two concentrations recorded. The iefficy shall be determined as
follows:

CHC(W/NMC)
Eg=1- (76)
CHC(w/oNMC)

where:
Cucwinme) IS the HC concentration with,8g flowing through the NMC, ppm C
CHcwio nvc) IS the HC concentration with,8e¢ bypassing the NMC, ppm C
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Interference effects

Other gases than the one being analyzed candargeviith the reading in several
ways. Positive interference occurs in NDIR instratsewhere the interfering gas
gives the same effect as the gas being measurédo laulesser degree. Negative
interference occurs in NDIR instruments by the riieieng gas broadening the
absorption band of the measured gas, and in CLuments by the interfering gas
guenching the reaction. The interference checksanmagraphs 9.3.9.1. a®d3.9.3.
shall be performed prior to an analyzer's initis¢ @nd after major service intervals.

CO analyzer interference check

Water and C@can interfere with the CO analyzer performancéer&fore, a C®
span gas having a concentration of 80 to 100 par afefull scale of the maximum
operating range used during testing shall be bublileough water at room
temperature and the analyzer response recorded.affdyzer response shall not be
morethan 2 per cent of the mean CO concentration exptsd during testing.

Interference procedures for CQ and H,O may also be run separately. If the
CO; and H,0O levels used are higher than the maximum levels pected during
testing, each observed interference value shall sxaled down by multiplying
the observed interference by the ratio of the maximmm expected concentration
value to the actual value used during this procedw. Separate interference
procedures concentrations of HO that are lower than the maximum levels
expected during testing may be run, but the obsergdeH-0 interference shall be
scaled up by multiplying the observed interferencdy the ratio of the maximum
expected HO concentration value to the actual value used dumg this
procedure. The sum of the two scaled interferencealues shall meet the
tolerance specified in this paragraph.

NQ analyzer quench checksr CLD analyzer

The two gases of concern for CLD (and HCLD) anatgzare C@and water vapour.
Quench responses to these gases are proportiontieio concentrations, and
therefore require test techniques to determinedirench at the highest expected
concentrations experienced during testingf. the CLD analyzer uses quench
compensation algorithms that utilize HO and/or CO, measurement
instruments, quench shall be evaluated with thesenstruments active and with
the compensation algorithms applied.
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9.3.9.2.1.

9.3.9.2.2.

CQ@quench check

A CO; span gas having a concentration of 80 to 100 pet of full scale of the
maximum operating range shall be passed througiNDIR analyzer and the GO
value recorded aA. It shall then be diluted approximately 50 pemtogith NO span
gas and passed through the NDIR and CLD, with B¢ &d NO values recorded as
B andC, respectively. The C{Oshall then be shut off and only the NO span gas be
passed through the (H)CLD and the NO value recoas&x

The per cent quench shall be calculated as follows

=1 () o) 1 G

where:

A is the undiluted C@concentration measured with NDIR, per cent
B is the diluted C@concentration measured with NDIR, per cent
C s the diluted NO concentration measured with (EDCppm

D s the undiluted NO concentration measured witfC{tD, ppm

Alternative methods of diluting and quantifying@©, and NO span gas values such
as dynamic mixing/blending are permitted with tippraval of the type approval or
certification authority.

Water quench check

This check applies to wet gas concentration measents only. Calculation of
water quench shall consider dilution of the NO spms with water vapour and
scaling of water vapour concentration of the migtter that expected during testing.

A NO span gas having a concentration of 80 pet wefh00 per cent of full scale of
the normal operating range shall be passed thrthgltiH) CLD and the NO value
recorded adD. The NO span gas shall then be bubbled througterwat room
temperature and passed through the (H) CLD aniN@evalue recorded &. The
water temperature shall be determined and recaad®d The mixture's saturation
vapour pressure that corresponds to the bubbleerwtamperature H) shall be
determined and recorded @s

The water vapour concentration (in per cent) @f thixture shall be calculated as
follows:

H = 100 (G / py) (78)

and recorded a#d. The expected diluted NO span gas (in water vgpou
concentration shall be calculated as follows:

De=Dx (1-H/100) (79)
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and recorded aP. For diesel exhaust, the maximum exhaust watg@owa
concentration (in per cent) expected during tesshgll be estimated, under the
assumption of a fuel H/C ratio of 1.8/1, from thexamum CQ concentration in the
exhaust gas as follows:

Hm=0.9x A (80)
and recorded asn,

The per cent water quench shall be calculated|kss:

Enzo=100x ((De-C) /De) x (Hm/H) (81)

where:

De is the expected diluted NO concentration, ppm

C s the measured diluted NO concentration, ppm

Hmn is the maximum water vapour concentration, pet cen
H is the actual water vapour concentration, per cent

Maximum allowable quench
The combined CQ and water quench shall not exceed 2 per cent oflfiscale.
NQ analyzer quench check for NDUV analyzer

Hydrocarbons and H,O can positively interfere with a NDUV analyzer by
causing a response similar to NQ If the NDUV analyzer uses compensation
algorithms that utilize measurements of other gaseto meet this interference
verification, simultaneously such measurements sHabe conducted to test the
algorithms during the analyzer interference verifiation.

Procedure

The NDUV analyzer shall be started, operated, zeea, and spanned according
to the instrument manufacturer's instructions. It is recommended to extract
engine exhaust to perform this verification. A CLDshall be used to quantify
NOy in the exhaust. The CLD response shall be used #w reference value.
Also HC shall be measured in the exhaust with a FlDCanalyzer. The FID
response shall be used as the reference hydrocarbealue.

Upstream of any sample dryer, if used during testig, the engine exhaust shall
be introduced into the NDUV analyzer. Time shall b allowed for the analyzer
response to stabilize. Stabilization time may inade time to purge the transfer
line and to account for analyzer response. Whilellaanalyzers measure the
sample's concentration, 30 s of sampled data shable recorded, and the
arithmetic means for the three analyzers calculated
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The CLD mean value shall be subtracted from the NDV mean value. This
difference shall be multiplied by the ratio of the expected mean HC
concentration to the HC concentration measured durig the verification, as

follows:
C'HC e
EHC/HZO - (CNOX,CLD - CNOx,NDUV )X (82)
CH(:,m
where

Cnoxclp IS the measured N concentration with CLD, ppm
Cnoxnpuv IS the measured NQ concentration with NDUV, ppm
CHC.e is the expected max. HC concentration, ppm

CHce is the measured HC concentration, ppm

9.3.9.3.2. Maximum allowable quench

The combined HC and water quench shall not exceedl per cent of the NQ
concentration expected during testing.

9.3.9.4. Sample dryer

A sample dryer removes water, which can otherwisénterfere with a NOy
measurement.

9.3.9.4.1. Sample dryer efficiency

For dry CLD analyzers, it shall be demonstrateat tbr the highest expected water
vapour concentratiomd,, (see paragraph 9.3.9.2.2.), tcample dryer maintains
CLD humidity at< 5 g water/kg dry air (or about 0.008 per cenOW which

is 100 per cent relative humidity at 3.9 °C and .30kPa. This humidity
specification is also equivalent to about 25 pentaelative humidity at 25 °C
and 101.3 kPa. This may be demonstrated by measiine temperature at the outlet
of a thermal dehumidifier, or by measuring humiditya point just upstream of the
CLD. Humidity of the CLD exhaust might also be m@ed as long as the only flow
into the CLD is the flow from the dehumidifier.

9.3.9.4.2. Sample dryer N@penetration

Ligquid water remaining in an improperly designed sample dryer can remove
NO, from the sample. If a sample dryer is used in cobination with an NDUV
analyzer without an NG,/NO converter upstream, it could therefore remove
NO, from the sample prior NO, measurement.

The sample dryer shall allow for measuring at leas95 per cent of the total NQ
at the maximum expected concentration of N@
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Sampling for raw gaseous emissions, if ajgable

The gaseous emissions sampling probes shall bedfit at least 0.5 m or 3 times
the diameter of the exhaust pipe - whichever is thiarger - upstream of the exit
of the exhaust gas system but sufficiently close the engine as to ensure an
exhaust gas temperature of at least 343 K (70 °C) tne probe.

In the case of a multi-cylinder engine with a branhed exhaust manifold, the
inlet of the probe shall be located sufficiently fa downstream so as to ensure
that the sample is representative of the average leaust emissions from all
cylinders. In multi-cylinder engines having distirct groups of manifolds, such
as in a "Vee" engine configuration, it is recommendd to combine the manifolds
upstream of the sampling probe. If this is not pratical, it is permissible to
acquire a sample from the group with the highest C@emission. For exhaust
emission calculation the total exhaust mass flow ah be used.

If the engine is equipped with an exhaust after-gatment system, the exhaust
sample shall be taken downstream of the exhaust afttreatment system.

Sampling for dilute gaseous emissions, fiicable

The exhaust pipe between the engine and the fulloiv dilution system shall
conform to the requirements laid down in Annex 3. The gaseous emissions
sample probe(s) shall be installed in the dilutiortunnel at a point where the
dilution air and exhaust gas are well mixed, and inclose proximity to the
particulates sampling probe.

Sampling can generally be done in two ways:

(a) the emissions are sampled into a sampling bagver the cycle and
measured after completion of the test; for HC, thesample bag shall be
heated to 464+ 11 K (191 11°C), for NG, the sample bag temperature
shall be above the dew point temperature;

(b) the emissions are sampled continuously and egrated over the cycle.

The background concentrations shall be sampled upgam of the dilution
tunnel into a sampling bag, and shall be subtractedrom the emissions
concentration according to paragraph 8.5.2.3.2.

Particulate measurement and sampling system

General specifications

To determine the mass of the particulates, a qudatie dilution and sampling
system, gparticulate sampling filter, a microgram balanced @ temperature and
humidity controlled weighing chamber, are required.he particulate sampling
system shall be designed to ensure a representsdingle of the particulates
proportional to the exhaust flow.
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9.4.2.

9.4.3.

9.4.3.1.

General requirements of the dilution system

The determination of the particulates requires diltion of the sample with
filtered ambient air, synthetic air or nitrogen (the diluent). The dilution system
shall be set as follows:

(@) completely eliminate water condensation in thedilution and sampling
systems,

(b) maintain the temperature of the diluted exhaus gas between 315 K
(42 °C) and 325 K (52 °C) within 20 cm upstream odownstream of the
filter holder(s),

(c) the diluent temperature shall be between 293 KEnd 325 K (20 °C to 42 °C)
in close proximity to the entrance into the dilution tunnel; [within the
specified range, Contracting Parties may require tihter specifications for
engines to be type approved or certified in theirdrritory],

(d) the minimum dilution ratio shall be within the range of 5:1 to 7:1 and at
least 2:1 for the primary dilution stage based onhe maximum engine
exhaust flow rate,

(e) for a partial flow dilution system, the residace time in the system from
the point of diluent introduction to the filter hol der(s) shall be between 0.5
and 5 seconds,

() for a full flow dilution system, the overall residence time in the system
from the point of diluent introduction to the filter holder(s) shall be
between 1 and 5 seconds, and the residence timethie secondary dilution
system, if used, from the point of secondary dilugnintroduction to the
filter holder(s) shall be at least 0.5 seconds.

Dehumidifying the diluent before entering the dildion system is permitted, and
especially useful if diluent humidity is high.

Particulate sampling
Partial flow dilution system

The particulate sampling probe shall be installedin close proximity to the
gaseous emissions sampling probe, but sufficientlgistant as to not cause
interference. Therefore, the installation provisims of paragraph 9.3.10. also
apply to particulate sampling. The sampling line kall conform to the
requirements laid down in Annex 3.

In the case of a multi-cylinder engine with a branhed exhaust manifold, the
inlet of the probe shall be located sufficiently fa downstream so as to ensure
that the sample is representative of the average lexust emissions from all
cylinders. In multi-cylinder engines having distirct groups of manifolds, such
as in a "Vee" engine configuration, it is recommendd to combine the manifolds
upstream of the sampling probe. If this is not pratical, it is permissible to
acquire a sample from the group with the highest pdiculate emission. For
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exhaust emission calculation the total exhaust mafisw of the manifold shall be
used.

9.4.3.2. Full flow dilution system

The particulate sampling probe shall be installedin close proximity to the
gaseous emissions sampling probe, but sufficientlgistant as to not cause
interference, in the dilution tunnel. Therefore, te installation provisions of
paragraph 9.3.11. also apply to particulate samplig. The sampling line shall
conform to the requirements laid down in Annex 3.

9.4.4. Particulate sampling filters

The diluted exhaust shall be sampled by a filteat tmeets the requirements of
paragraph®.4.4.1. to 9.4.4.3. during the test sequence.

9.4.4.1. Filter specification

All filter types shall have a 0.3 um DOP (di-ogtythalate) collection efficiency of
at least 99 per cent. The filter material shalkliker:

(@) fluorocarbon (PTFE) coated glass fiber, or

(b) fluorocarbon (PTFE) membrane.

9.4.4.2. Filter size

The filter shall be circular with a nominal diamete of 47 mm (tolerance
of 46.50+ 0.6 mm) and an exposed diameter (filter stain diaster) of at
least 38 mm.

9.4.4.3. Filter face velocity

The face velocity through the filter shéké between 0.90 and 1.00 m/s with less
than 5 per cent of the recorded flow values exceedj this range. If the total PM
mass on the filter exceeds 400 pg, the filter faceelocity may be reduced
to 0.50 m/s. The face velocity shall be calculatexs the volumetric flow rate of
the sample at the pressure upstream of the filterrad temperature of the filter
face, divided by the filter's exposed area.

9.4.5. Weighing chamber and analytical balance specifinat
The chamber (or room) environment shall be free ohny ambient contaminants
(such as dust, aerosol, or semi-volatile materialfhat could contaminate the
particulate filters. The weighing room shall meethe required specifications for
at least 60 min before weighing filters.

9.4.5.1. Weighing chamber conditions
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9.4.5.2.

9.4.5.3.

The temperature of the chamber (or room) in whilsd particulate filters are
conditioned and weighed shall be maintained toiwi#®5 K + 1 K (22 °C = 1 °C)
during all filter conditioning and weighing. Theihidity shall be maintained to a
dew point 02825 K+1K (9.5°C £ 1 °C)

If the stabilization and weighing environments areseparate, the temperature of
the stabilization environment shall be maintained ta tolerance of 295 K £ 3 K
(22 °C = 3°C), but the dew point requirement remais at 282.5K +1K
(9.5°C+1°C).

Humidity and ambient temperature shall be recorded
Reference filter weighing

At least two unused reference filters shall beghed within 12 hours of, but
preferably at the same time as the sample filtaghweg. They shall be theame

material as the sample filters. Buoyancy correctio shall be applied to the

weighings.

If the weight of any ofthe reference filters changes between sample Vilkeghings
by more than 10 ug, all sample filters shall becatided and the emissions test
repeated.

The reference filters shall be periodically replaed based on good engineering
judgement, but at least once per year.

Analytical balance

The analytical balance used to determine ther filkeight shall meet the linearity
verification criterion of paragraph 9.2able 7. This implies a precision (standard
deviation) of at least 2 ug and a resolution déast 1 pg (1 digit = 1 pg).

In order to ensure accurate filter weighing, it isrecommended that the balance

be installed as follows:

(@) installed on a vibration-isolation platform to isolate it from external noise
and vibration,

(b) shielded from convective airflow with a statiedissipating draft shield that
is electrically grounded.
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Elimination of static electricity effects

The filter shall be neutralized prior to weighirggg. by a Polonium neutralizer or a
device ofsimilar effect. If a PTFE membrane filter is usedthe static electricity
shall be measured and is recommended to be with#2.0 V of neutral.

Static electric charge shall be minimized in the &lance environment. Possible

methods are as follows:

(a) the balance shall be electrically grounded,

(b) stainless steel tweezers shall be used if Phgples are handled manually,

(c) tweezers shall be grounded with a grounding 1stp, or a grounding strap
shall be provided for the operator such that the gounding strap shares a
common ground with the balance. Grounding straps r&all have an
appropriate resistor to protect operators from accdental shock.

Additional specifications

All parts of the dilution system and the samplingsystem from the exhaust pipe
up to the filter holder, which are in contact with raw and diluted exhaust gas,
shall be designed to minimize deposition or altera&n of the particulates. All

parts shall be made of electrically conductive mat@ls that do not react with

exhaust gas components, and shall be electricallyroginded to prevent

electrostatic effects.

Calibration of the flow measurement instrmentation

Each flowmeter used in a particulate sampling angbartial flow dilution system
shall be subjected to the linearity verification, & described in paragraph 9.2.1.,
as often as necessary to fulfil the accuracy requements of this gtr. For the flow
reference values, an accurate flowmeter traceableotinternational and/or
national standards shall be used. For differentiaflow measurement calibration
see paragraph 9.4.6.2.

Special requirements for the partial flow dution system

The partial flow dilution system has to be desigrkto extract a proportional
raw exhaust sample from the engine exhaust streanthus responding to
excursions in the exhaust stream flow rate. For b it is essential that the
dilution ratio or the sampling ratio rq4 or rs be determined such that the accuracy
requirements of paragraph 9.4.6.2. are fulfilled.

System response time

For the control of a partial flow dilution system, a fast system response is
required. The transformation time for the system kall be determined by the
procedure in paragraph 9.4.6.6. If the combined @nsformation time of the
exhaust flow measurement (see paragraph 8.3.1.2ndthe partial flow system
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9.4.6.2.

is < 0.3 s, online control shall be used. If the trasformation time exceeds 0.3 s,
look ahead control based on a pre-recorded test rushall be used. In this case,
the combined rise time shall be< 1 s and the combined delay times 10 s.

The total system response shall be designed asttsure a representative sample

of the particulates, gmp,, proportional to the exhaust mass flow. To deterine

the proportionality, a regression analysis ofjm,,i versusgmew, shall be conducted

on a minimum 5 Hz data acquisition rate, and the flbowing criteria shall be

met:

(a) the coefficient of determinationr? of the linear regression betweertmp,
and Qmew,i Shall not be less than 0.95,

(b) the standard error of estimate ofgmpi 0N gmew,i Shall not exceed 5 per cent
of gmp Maximum,

(c) amp intercept of the regression line shall not exceesl 2 per cent of gmp
maximum.

Look-ahead control is required if the combined transformation times of the
particulate system,tsop and of the exhaust mass flow signatsorare > 0.3 s. In
this case, a pre-test shall be run, and the exhaustass flow signal of the pre-test
be used for controlling the sample flow into the pdiculate system. A correct
control of the partial dilution system is obtained,if the time trace of Omew,pre Of
the pre-test, which controlsgmy, is shifted by a "look-ahead" time oftsg p + tso .

For establishing the correlation betweergmy; and gmew,i the data taken during
the actual test shall be used, witltjyew,i time aligned by &or relative to gmp,i (No
contribution from tsop to the time alignment). That is, the time shift ktween
Omew and gmp is the difference in their transformation times tha were
determined in paragraph 9.4.6.6.

Specifications for differential flow measurement

For partial flow dilution systems, the accuracytleé sample flowgy, is of special
concern, if not measured directly, but determingdifferential flow measurement:

Omp = Jmdew — Omdw (83)

In this case, the maximum error of the differesball be such that the accuracy of
gmp is Within£5 per cent when the dilution ratio is less than #t5can be calculated
by taking root-mean-square of the errors of eastrument.

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

(@) The absolute accuraciestafiew andgmaw arex 0.2 per cent which guarantees
an accuracy ofj,, of < 5 per cent at a dilution ratio of 15. Howeveraer
errors will occur at higher dilution ratios.

(b) Calibration ofgmgw relative togmgew is carried out such that the same accuracies
for gmp @s in (a) are obtained. For details see paragiaph.2.
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(c) The accuracy oy, is determined indirectly from the accuracy of thieition
ratio as determined by a tracer gas, e.gz. C&ccuracies equivalent to method
(a) for gy are required.

(d) The absolute accuracy @fgew andgmaw IS Within+ 2 per cent of full scale, the
maximum error of the difference betwe@kiew andgmaw is within 0.2 per cent,
and the linearity error is withiee 0.2 per cent of the highegfgew Observed
during the test.

Calibration of differential flow measuremat

The flowmeter or the flow measurement instrumeéoashall be calibrated in one of
the following procedures, such that the probe ftpwinto the tunnel shall fulfil the
accuracy requirements of paragré&pi.6.2:

(&) The flowmeter fogmw Shall be connected in series to the flowmeteigfggw,
the difference between the two flowmeters shalt&iébrated for at least 5 set
points with flow values equally spaced between ltweest g value used
during the test and the value Gfsew used during the test. The dilution tunnel
may be bypassed.

(b) A calibrated flow device shall be connectedénies to the flowmeter f@fgew
and the accuracy shall be checked for the valuel dise the test. The
calibrated flow device shall be connected in setgethe flowmeter folmaw,
and the accuracy shall be checked for at leastttihg®e corresponding to
dilution ratio between 3 and 50, relativegi@ew used during the test.

(c) The transfer tube (TT) shall be disconnectedthfthe exhaust, and a calibrated
flow-measuring device with a suitable range to meag:, shall be connected
to the transfer tube gngew Shall be set to the value used during the test, an
Omaw Shall be sequentially set to at least 5 valuesesponding to dilution
ratios between 3 and 50. Alternatively, a specddibration flow path may be
provided, in which the tunnel is bypassed, butttital and dilution airflow
through the corresponding meters as in the actsal t

(d) A tracer gas shall be fed into the exhaustsfiexr tube TT. This tracer gas may
be a component of the exhaust gas, like, @ONQ,. After dilution in the
tunnel the tracer gas component shall be measufréds shall be carried out
for 5 dilution ratios between 3 and 50. The accyraf the sample flow shall
be determined from the dilution ratig

Omp = Omdew Irq (84)

The accuracies of the gas analyzers shall be takemccount to guarantee the
accuracy Ofjrp.

Carbon flow check

A carbon flow check using actual exhaust is sttpmgcommended for detecting
measurement and control problems and verifyingptioger operation of the partial
flow system. The carbon flow check should be ruleast each time a new engine is
installed, or something significant is changedhia test cell configuration.
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The engine shall be operated at peak torque Inddspeed or any other steady state
mode that produces 5 per cent or more ob.C@he partial flow sampling system
shall be operated with a dilution factor of abobittd 1.

If a carbon flow check is conducted, the procedjven in Annex 5 shall be applied.
The carbon flow rates shall be calculated accorthreguations 80 to 82 in Annex 5.
All carbon flow rates should agree to within 3 pent.

Pre-test check

A pre-test check shall be performed within 2 hobefore the test run in the
following way.

The accuracy of the flowmeters shall be checkedhieysame method as used for
calibration (see paragraph 9.4.6.2.) for at least points, including flow values of
Omaw that correspond to dilution ratios between 5 aBdfdr the gngew Value used
during the test.

If it can be demonstrated by records of the catibn procedure under
paragraph 9.4.6.2. that the flowmeter calibratisrstable over a longer period of
time, the pre-test check may be omitted.

Determination of the transformation time

The system settings for the transformation timalwation shall be exactly the same
as during measurement of the test run. The tramsifiion time shall be determined
by the following method.

An independent reference flowmeter with a measargmange appropriate for the
probe flow shall be put in series with and closebupled to the probe. This
flowmeter shall have a transformation time of lgem 100 ms for the flow step size
used in the response time measurement, with fl@tricion sufficiently low as to
not affect the dynamic performance of the parti@wf dilution system, and
consistent with good engineering practice.

A step change shall be introduced to the exhdowst for airflow if exhaust flow is
calculated) input of the partial flow dilution sgst, from a low flow to at least 90
per cent ofmaximum exhaust flow The trigger for the step change shall be the
same one used to start the look-ahead controltirabtesting. The exhaust flow step
stimulus and the flowmeter response shall be rexbrdt a sample rate of at
least10 Hz.

From this data, the transformation time shall eednined for the partial flow
dilution system, which is the time from the initcat of the step stimulus to the 50
per cent point of the flowmeter response. In ailammanner, the transformation
times of thegy, signal of the partial flow dilution system andtb& gmew,i Signal of
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the exhaust flowmeter shall be determined. Thepels are used in the regression
checks performed after each test (see para@@pb.1)

The calculation shall be repeated for at leass® and fall stimuli, and the results
shall be averaged. The internal transformatioretif® 100 ms) of the reference
flowmeter shall be subtracted from this value. sTikithe "look-ahead" value of the
partial flow dilution system, which shall be appliein accordance with

paragrapt9.4.6.1.

Calibration of the CVS system

General

The CVS system shall be calibrated by using anrate flowmeter and a restricting
device. The flow through the system shall be messwat different restriction
settings, and the control parameters of the systeali be measured and related to
the flow.

Various types of flowmeters may be used, e.gbcatied venturi, calibrated laminar
flowmeter, calibrated turbine meter.

Calibration of the positive displacement puiDP)

All the parameters related to the pump shall beukaneously measured along with
the parameters related to a calibration venturictvlis connected in series with the
pump. The calculated flow rate (in®® at pump inlet, absolute pressure and
temperature) shall be plotted versus a correldiimetion which is the value of a
specific combination of pump parameters. The lineguation which relates the
pump flow and the correlation function shall beedetined. If a CVS has a multiple
speed drive, the calibration shall be performedetrh range used.

Temperature stability shall be maintained duriatijpcation.

Leaks in all the connections and ducting betwéercalibration venturi and the CVS
pump shall be maintained lower than 0.3 per centheflowest flow point (highest
restriction and lowest PDP speed point).

Data analysis

The airflow rate @,cvs) at each restriction setting (minimum 6 settingball be
calculated in standard ¥s from the flowmeter data using the manufacturer's
prescribed method. The airflow rate shall thercbrverted to pump flowMp) in
m®/rev at absolute pump inlet temperature and presssifollows:

v, = Qovs T 1013
n 273 p,

(85)
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where:

Ovevs is the airflow rate at standard conditions (1KRP3, 273 K), s
T  is the temperature at pump inlet, K

Pp Is the absolute pressure at pump inlet, kPa

n is the pump speed, rev/s

To account for the interaction of pressure vasiatiat the pump and the pump slip
rate, the correlation functiorXg) between pump speed, pressure differential from
pump inlet to pump outlet and absolute pump oydtessure shall be calculated as

follows:
A
X,=1x [ (86)
n P,
where:

A4py is the pressure differential from pump inlet torguoutlet, kPa
Pp  Is the absolute outlet pressure at pump outlet, kP

A linear least-square fit shall be performed toagate the calibration equation as
follows:

V, =D, -mx X, (87)
Do andm are the intercept and slope, respectively, desgyithe regression lines.

For a CVS system with multiple speeds, the cdlibnacurves generated for the
different pump flow ranges shall be approximatedygtlel, and the intercept values
(Do) shall increase as the pump flow range decreases.

The calculated values from the equation shall bininv+ 0.5 per cent of the
measured value &fy. Values ofm will vary from one pump to another. Particulate
influx over time will cause the pump slip to de@eaas reflected by lower values
form. Therefore, calibration shall be performeddpamp start-up, after major
maintenance, and if the total system verificatimficates a change of the slip rate.

Calibration of the critical flow venturi (&

Calibration of the CFV is based upon the flow dmumfor a critical venturi. Gas
flow is a function of venturi inlet pressure andhfeerature.

To determine the range of critical flok, shall be plotted as a function of venturi
inlet pressure. For critical (choked) flok, will have a relatively constant value.
As pressure decreases (vacuum increases), theriveettomes unchoked ari€,
decreases, which indicates that the CFV is opexaiézide the permissible range.
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Data analysis

The airflow rate g,cvs) at each restriction setting (minimum 8 settingball be
calculated in standard ¥s from the flowmeter data using the manufacturer's
prescribed method. The calibration coefficient lish@e calculated from the
calibration data for each setting as follows:

y - quVS X ﬁ (88)

Py

K

where:

Owevs Is the airflow rate at standard conditions (1KP3, 273 K), m's
T is the temperature at the venturi inlet, K

Pp is the absolute pressure at venturi inlet, kPa

The averageKy and the standard deviation shall be calculateche $tandard
deviation shall not exceed + 0.3 per cent of therageKy .

Calibration of the subsonic venturi (SSV)

Calibration of the SSV is based upon the flow éguafor a subsonic venturi. Gas
flow is a function of inlet pressure and tempemtyressure drop between the SSV
inlet and throat, as shown in equation 43 (seegpaph8.5.1.4).

Data analysis

The airflow rate Qssy) at each restriction setting (minimum 16 settingisall be
calculated in standard ¥s from the flowmeter data using the manufacturer's
prescribed method. The discharge coefficient shwedl calculated from the
calibration data for each setting as follows:

Qs

2 1 1.4286 17143 1
dv X pp X [Tx(rp _rp )x[l— rD4 ><rp1.4286 J:l

where:

stv is the airflow rate at standard conditions (10dP3, 273 K), s
is the temperature at the venturi inlet, K

dV is the diameter of the SSV throat, m

(89)

rp  is the ratio of the SSV throat to inlet absolutdis pressure :1—%

p
ro is the ratio of the SSV throat diametgy, to the inlet pipe inner diameter
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To determine the range of subsonic flo@ shall be plotted as a function of
Reynolds numbeRe, at the SSV throat. Th&e at the SSV throat shall be
calculated with the following equation:

Re= A x_Qssv_ (90)
dy x u
with
15
_ bxT (91)
S+T
where:
A, is 25.55152 in Sl units oELlj[min J[mmJ
m® )\ s m
Qssv  is the airflow rate at standard conditions (1&KP3, 273 K), m's
dv is the diameter of the SSV throat, m
U is the absolute or dynamic viscosity of the gagims
b is 1.458 x 19(empirical constant), kg/ms°R
S is 110.4 (empirical constant), K

Because&)ssy is an input to thé&e equation, the calculations shall be started with a
initial guess forQssy or C4 of the calibration venturi, and repeated u@dsy
converges. The convergence method shall be aectodd.1 per cent of point or
better.

For a minimum of sixteen points in the region whsonic flow, the calculated values
of Cq4 from the resulting calibration curve fit equatishall be within + 0.5 per cent
of the measure@, for each calibration point.

Total system verification

The total accuracy of the CVS sampling system andlytical system shall be
determined by introducing a known mass of a patiugas into the system while it
is being operated in the normal manner. The pliuts analyzed, and the mass
calculated according to paragrad!b.2.4 except in the case of propane whene a
factor of 0.000472 is used in place of 0.000480H@r. Either of the following two
techniques shall be used.

Metering with a critical flow orifice

A known quantity of pure gas (carbon monoxide mpane) shall be fed into the
CVS system through a calibrated critical orifidéthe inlet pressure is high enough,
the flow rate, which is adjusted by means of thtcat flow orifice, is independent
of the orifice outlet pressure (critical flow). &ICVS system shall be operated as in
a normal exhaust emission test for about 5 to 1@utes. A gas sample shall be
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analyzed with the usual equipment (sampling baghtegrating method), and the
mass of the gas calculated.

The mass so determined shall be within £ 3 pet oethe known mass of the gas
injected.

Metering by means of a gravimetric techaiq

The mass of a small cylinder filled with carbon mogide or propane shall be
determined with a precision of £ 0.01 g. For al®t 10 minutes, the CVS system
shall be operated as in a normal exhaust emissisty While carbon monoxide or
propane is injected into the system. The quamtitpure gas discharged shall be
determined by means of differential weighing. A gample shall be analyzed with
the usual equipment (sampling bag or integratingho®, and the mass of the gas
calculated.

The mass so determined shall be within £ 3 pet oethe known mass of the gas
injected.
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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 per cent  per cent s  percent per cent
1 0.0 0.0 47 0.0 0.0 93 32.8 32.7
2 0.0 0.0 48 0.0 0.0 94 33.7 32.5
3 0.0 0.0 49 0.0 0.0 95 34.4 29.5
4 0.0 0.0 50 0.0 13.1 96 34.3 26.5
5 0.0 0.0 51 13.1 30.1 97 34.4 24.7
6 0.0 0.0 52 26.3 25.5 98 35.0 24.9
7 1.5 8.9 53 35.0 32.2 99 35.6 25.2
8 15.8 30.9 54 41.7 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 31.5 43.5 110 35.4 9.9
19 40.8 0.0 65 36.6 78.2 111 35.5 4.3
20 33.0 16.3 66 40.8 67.6 112 35.2 6.6
21 42.5 27.4 67 447 59.1 113 34.9 10.0
22 49.3 26.7 68 48.3 52.0 114 347 25.1
23 54.0 18.0 69 51.9 63.8 115 34.4 29.3
24 57.1 12.9 70 54.7 27.9 116 345 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 4.9 73 54.8 11.1 119 35.6 20.3
28 57.9 m 74 54.7 11.5 120 35.3 22.5
29 55.7 m 75 54.8 17.5 121 35.3 23.4
30 52.1 m 76 55.6 18.0 122 34.7 11.9
31 46.4 m 77 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 32.1 39.2 128 40.5 m
37 18.8 38.4 83 32.7 39.3 129 27.0 m
38 20.7 32.9 84 32.4 17.3 130 13.5 m
39 21.0 0.0 85 31.6 11.4 131 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 31.1 19.5 133 0.0 0.0
42 2.2 0.0 88 31.4 22.5 134 0.0 0.0
43 0.0 0.0 89 31.6 22.9 135 0.0 0.0
44 0.0 0.0 920 31.6 24.3 136 0.0 0.0
45 0.0 0.0 91 31.9 26.9 137 0.0 0.0

46 0.0 0.0 92 324 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 per cent
139 0.0 0.0 189 0.0 5.9 239 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 0.0 4.9 192 0.0 0.0 242 0.0 0.0
143 0.0 7.3 193 0.0 0.0 243 0.0 0.0
144 4.4 28.7 194 0.0 0.0 244 0.0 0.0
145 11.1 26.4 195 0.0 0.0 245 0.0 0.0
146 15.0 9.4 196 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 8.4 0.0 202 0.0 0.0 252 0.0 0.0
153 5.4 0.0 203 0.0 0.0 253 0.0 31.6
154 4.3 5.6 204 0.0 0.0 254 9.4 13.6
155 5.8 24.4 205 0.0 0.0 255 22.2 16.9
156 9.7 20.7 206 0.0 0.0 256 33.0 53.5
157 13.6 21.1 207 0.0 0.0 257 43.7 22.1
158 15.6 21.5 208 0.0 0.0 258 39.8 0.0
159 16.5 21.9 209 0.0 0.0 259 36.0 45.7
160 18.0 22.3 210 0.0 0.0 260 47.6 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 27.5 5.0 215 0.0 0.0 265 68.5 m
166 23.1 3.0 216 0.0 0.0 266 61.0 m
167 16.9 1.9 217 0.0 0.0 267 56.0 m
168 12.2 2.6 218 0.0 0.0 268 54.0 m
169 9.9 3.2 219 0.0 0.0 269 53.0 m
170 9.1 4.0 220 0.0 0.0 270 50.8 m
171 8.8 3.8 221 0.0 0.0 271  46.8 m
172 8.5 12.2 222 0.0 0.0 272 41.7 m
173 8.2 29.4 223 0.0 0.0 273 35.9 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 24.5 8.7 226 0.0 0.0 276 10.1 m
177 394 3.3 227 0.0 0.0 277 0.0 m
178 39.0 2.9 228 0.0 0.0 278 0.0 0.0
179 38.5 5.9 229 0.0 0.0 279 0.0 0.0
180 42.4 8.0 230 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 3.8 232 0.0 0.0 282 0.0 0.0
183 44.6 5.4 233 0.0 0.0 283 0.0 0.0
184 38.8 8.2 234 0.0 0.0 284 0.0 0.0
185 37.5 8.9 235 0.0 0.0 285 0.0 0.0
186 35.4 7.3 236 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 per cent  per cent s  percent per cent
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 35.5 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 22.4 40.4 407 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 54.5 40.9 414 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 47.5 416 48.4 m
317 0.0 0.0 367 445 84.4 417 45.9 m
318 0.0 0.0 368 51.7 32.4 418 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 37.4 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 45 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 51.4 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 386 28.4 m 436 51.0 18.6
337 0.0 0.0 387 25.5 m 437 56.9 38.9
338 0.0 0.0 388 24.6 11.0 438 67.2 45.0
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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 per cent

439 78.6 21.5 489 455 m 539 56.7 m

440 65.5 0.0 490 40.4 m 540 46.9 m

441 52.4 31.3 491 49.7 0.0 541 37.5 m

442 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 4.2 495 335 m 545 41.2 62.3
446 30.9 8.4 496 30.0 m 546 36.0 0.0
447 30.5 4.3 497 29.1 12.0 547 30.8 32.3
448 44.6 0.0 498 29.3 40.4 548 33.9 60.3
449 58.8 m 499 30.4 29.3 549 34.6 38.4
450 55.1 m 500 32.2 15.4 550 37.0 16.6
451 50.6 m 501 33.9 15.8 551 42.7 62.3
452 45.3 m 502 35.3 14.9 552 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 32.5 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 44.1 0.0 508 47.3 20.6 558 39.4 52.9
459 457 m 509 48.8 22.1 559 42.8 47.8
460 32.5 m 510 50.1 22.1 560 46.8 42.7
461 20.7 m 511 51.4 42.4 561 50.7 27.5
462 10.0 m 512 52.5 31.9 562 53.4 20.7
463 0.0 0.0 513 53.7 21.6 563 54.2 13.1
464 0.0 1.5 514 55.1 11.6 564 54.2 0.4
465 0.9 41.1 515 56.8 5.7 565 53.4 0.0
466 7.0 46.3 516 42.4 0.0 566 51.4 m

467 12.8 48.5 517 27.9 8.2 567 48.7 m

468 17.0 50.7 518 29.0 15.9 568 45.6 m

469 20.9 52.9 519 30.4 25.1 569 424 m

470 26.7 55.0 520 32.6 60.5 570 40.4 m

471 35.5 57.2 521 35.4 72.7 571 39.8 5.8
472 46.9 23.8 522 38.4 88.2 572 40.7 39.7
473 445 0.0 523 41.0 65.1 573 43.8 37.1
474 42.1 45.7 524 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 44.9 2.9 576 54.7 13.2
477 81.7 47.9 527 45.1 m 577 56.4 13.2
478 71.2 0.0 528 44.8 m 578 57.5 6.6
479 60.7 38.3 529 43.9 m 579 42.6 0.0
480 68.8 72.7 530 42.4 m 580 27.7 10.9
481 75.0 m 531 40.2 m 581 28.5 21.3
482 61.3 m 532 37.1 m 582 29.2 23.9
483 53.5 m 533 47.0 0.0 583 29.5 15.2
484 45.9 58.0 534 57.0 m 584 29.7 8.8
485 48.1 80.0 535 45.1 m 585 30.4 20.8
486 49.4 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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S per cent per cent s per cent  per cent s  percent per cent
589 40.1 27.5 639 39.8 m 689 46.6 0.0
590 42.3 25.4 640 36.0 m 690 32.3 34.6
591 43.5 32.0 641 29.7 m 691 32.7 68.6
592 43.8 6.0 642 21.5 m 692 32.6 67.0
593 43.5 m 643 14.1 m 693 31.3 m
594 42.8 m 644 0.0 0.0 694 28.1 m
595 41.7 m 645 0.0 0.0 695 43.0 0.0
596 40.4 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 12.9 648 0.0 0.0 698 49.4 m
599 39.0 18.4 649 0.0 0.0 699 41.5 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 43.7 54.5 652 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 1.4 22.0 707 0.0 0.0
608 50.9 m 658 10.1 45.3 708 0.0 0.0
609 49.4 m 659 21.5 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 42.3 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 47.9 719 0.0 0.0
620 30.9 m 670 53.4 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 75.5 725 0.0 0.0
626 36.4 38.4 676 76.2 73.6 726 0.0 0.0
627 43.3 17.1 677 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 49.9 732 0.0 0.0
633 27.9 32.6 683 56.7 46.4 733 0.0 0.0
634 31.5 59.6 684 57.6 76.3 734 0.0 0.0
635 34.4 65.2 685 58.4 92.7 735 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 688 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 42.7
741 0.0 0.0 791 18.4 25.0 841 37.5 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  42.3 m
745 0.0 0.0 795 28.7 26.5 845 42.0 m
746 0.0 0.0 796 41.5 40.9 846  40.8 m
747 0.0 0.0 797 53.7 17.5 847 38.6 m
748 0.0 0.0 798 42.4 0.0 848 35.5 m
749 0.0 0.0 799 31.2 27.3 849 32.1 m
750 0.0 0.0 800 32.3 53.2 850 29.6 m
751 0.0 0.0 801 34.5 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 42.5 0.0 856 425 74.8
757 0.0 0.0 807 32.6 30.5 857 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 37.1 96.8 860 58.7 36.3
761 0.0 0.0 811 39.6 80.8 861 45.2 0.0
762 0.0 0.0 812 43.4 78.3 862 31.8 37.2
763 0.0 0.0 813 47.2 73.4 863 33.8 71.2
764 0.0 0.0 814 49.6 66.9 864 35.5 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 37.5 869 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 35.4 m
772 45 25.8 822 27.6 29.1 872 34.7 m
773 15.5 42.8 823 28.4 57.0 873 34.1 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 33.3 876 33.1 m
777 39.5 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 45.0 0.0
780 40.0 13.6 830 43.0 0.0 880 58.5 m
781 42.2 m 831 57.1 m 881 53.7 m
782 42.1 m 832 57.7 m 882 47.5 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 45.3 0.0
786 48.8 33.4 836 48.1 m 886 56.4 m
787 41.7 m 837 44.5 m 887 51.0 m
788 27.7 m 838 40.9 m 888 44.5 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 941 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 44.1 0.0
894 0.0 0.0 944 42.3 61.9 994 59.1 m
895 0.0 0.0 945 44.1 65.3 995 56.8 m
896 0.0 0.0 946 45.3 63.2 996 53.5 m
897 0.0 0.0 947 46.5 30.6 997 47.8 m
898 0.0 0.0 948 46.7 11.1 998 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 45.9 24.2 1001 52.6 m
902 2.5 27.9 952 46.5 24.7 1002 43.4 m
903 12.4 29.0 953 46.7 24.7 1003 50.6 0.0
904 19.4 30.1 954 46.8 28.2 1004 57.8 m
905 29.3 31.2 955 47.2 31.2 1005 51.6 m
906 37.1 10.4 956 47.6 29.6 1006 44.8 m
907 40.6 4.9 957 48.2 31.2 1007 48.6 0.0
908 35.8 0.0 958 48.6 33.5 1008 52.4 m
909 30.9 7.6 959 48.8 m 1009 45.4 m
910 35.4 13.8 960 47.6 m 1010 37.2 m
911 36.5 11.1 961 46.3 m 1011 26.3 m
912 40.8 48.5 962 45.2 m 1012 17.9 m
913 49.8 3.7 963 435 m 1013 16.2 1.9
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 52.1 966 394 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 37.4 5.4
919 34.5 46.6 969 35.3 5.8 1019 434 9.7
920 39.7 84.4 970 35.4 30.2 1020 46.9 15.7
921 44.7 83.2 971 36.6 55.6 1021 52.5 13.1
922 49.5 78.9 972 38.6 48.5 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 31.8 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 32.4 1026 47.7 475
927 46.4 55.2 977 43.2 26.4 1027 54.5 22.0
928 46.5 53.6 978 435 m 1028 41.3 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 36.4 24.0
933 49.3 57.1 983 39.5 m 1033 36.7 m
934 52.6 58.1 984 38.3 m 1034 35.5 m
935 56.3 56.0 985 36.9 m 1035 33.8 m
936 59.9 27.2 986 35.4 m 1036 33.7 19.8
937 45.8 0.0 987 34.5 m 1037 35.3 35.1
938 31.8 28.8 988 33.9 m 1038 38.0 33.9
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1039 401 34.5 1,089 46.3 24.0 1139 51.7 0.0
1040 42.2 40.4 1,090 47.8 20.6 1140 59.2 m
1041  45.2 44.0 1,091 47.2 3.8 1141 47.2 m
1042  48.3 35.9 1,092 456 4.4 1142 35.1 0.0
1043 50.1 29.6 1,093 44.6 4.1 1143 23.1 m
1044 52.3 38.5 1,094 441 m 1144 13.1 m
1045 55.3 57.7 1,095 429 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 429 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 43.3 1150 0.0 0.0
1051 311 52.6 1,101 38.7 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 43.3 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 12.9 1,107 56.3 39.3 1157 0.0 0.0
1058 341 15.5 1108 57.4 25.5 1158 0.0 0.0
1059 335 m 1109 57.2 25.4 1159 0.0 0.0
1060 31.8 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 31.5 26.5 1115 58.0 12.4 1165 0.0 0.0
1066  31.7 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 40.5 1169 0.0 0.0
1070 30.0 m 1120 32.5 12.4 1170 0.0 0.0
1071 294 m 1121 324 12.2 1171 0.0 0.0
1072 44.3 0.0 1122 32.1 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 571 m 1125 30.4 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 31.5 30.8 1177 0.0 0.0
1078 515 m 1128 31.5 26.9 1178 0.0 0.0
1079  49.7 m 1129 31.7 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 32.1 m 1181 0.0 0.0
1082 455 m 1132 31.4 m 1182 0.0 0.0
1083 45.2 m 1133 30.3 m 1183 0.0 0.0
1084 44.3 m 1134 29.8 m 1184 0.0 0.0
1085 43.6 m 1135 443 0.0 1185 0.0 0.0
1086 43.1 m 1136 58.9 m 1186 0.0 0.0
1087 425 25.6 1137 52.1 m 1187 0.0 0.0
1088 43.3 25.7 1138 44.1 m 1188 0.0 0.0
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Time

1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238

Norm.
Speed
per cent
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
12.6
27.3
40.4
46.1
44.6
42.7
42.9
36.1
29.3
43.8
54.9
44.9
34.9
42.7
52.0
61.8
71.3
58.1
44.9
46.3
46.8
48.1
50.5
53.6
56.9
60.2
63.7
67.2
70.7
74.1
77.5
80.8
84.1
87.4
90.5
93.5
96.8
100.0
96.0
81.9
68.1
58.1

Norm.
Torque
per cent
0.0
0.0
0.0
0.0
0.0
0.0
0.0
20.4
41.2
20.4
7.6

Time

1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288

Norm.
Speed
per cent
58.5
59.5
61.0
62.6
64.1
65.4
66.7
68.1
55.2
42.3
43.0
435
43.8
43.9
43.9
43.8
43.6
43.3
42.8
42.3
41.4
40.2
38.7
37.1
35.6
34.2
32.9
31.8
30.7
29.6
40.4
51.2
49.6
48.0
46.4
45.0
43.6
42.3
41.0
39.6
38.3
37.1
35.9
34.6
33.0
31.1
29.2
43.3
57.4
59.9

Norm.
Torque
per cent
85.4
85.6
86.6
86.8
87.6
87.5
87.8
43.5
0.0
37.2
73.6
65.1
53.1
54.6
41.2
34.8
30.3
21.9
19.9

g 3333333333333333 g 33333333333

32.8
65.4

Time

1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338

Norm. Norm.
Speed Torque

per cent per cent
61.9 76.1
65.6 73.7
69.9 79.3
74.1 81.3
78.3 83.2
82.6 86.0
87.0 89.5
91.2 90.8
95.3 45.9
81.0 0.0
66.6 38.2
67.9 75.5
68.4 80.5
69.0 85.5
70.0 85.2
71.6 85.9
73.3 86.2
74.8 86.5
76.3 42.9
63.3 0.0
50.4 21.2
50.6 42.3
50.6 53.7
50.4 90.1
50.5 97.1
51.0 100.0
51.9 100.0
52.6 100.0
52.8 32.4
47.7 0.0
42.6 27.4
42.1 53.5
41.8 44.5
41.4 41.1
41.0 21.0
40.3 0.0
39.3 1.0
38.3 15.2
37.6 57.8
37.3 73.2
37.3 59.8
37.4 52.2
37.4 16.9
371 34.3
36.7 51.9
36.2 25.3
35.6 m
34.6 m
33.2 m
31.6 m
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1339 30.1 m 1389 50.4 50.2 1439 36.3 98.8
1340 28.8 m 1390 53.0 26.1 1440 37.7 100.0
1341 28.0 29.5 1391 59.5 0.0 1441 39.2 100.0
1342 28.6 100.0 1392 66.2 38.4 1442 40.9 100.0
1343 28.8 97.3 1393 66.4 76.7 1443 42.4 99.5
1344 28.8 73.4 1394 67.6 100.0 1444 43.8 98.7
1345 29.6 56.9 1395 68.4 76.6 1445 45.4 97.3
1346  30.3 91.7 1396 68.2 47.2 1446 47.0 96.6
1347 31.0 90.5 1397 69.0 81.4 1447 47.8 96.2
1348 31.8 81.7 1398 69.7 40.6 1448 48.8 96.3
1349 326 79.5 1399 54.7 0.0 1449 50.5 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 52.0 94.3
1352 35.6 78.7 1402 36.7 59.4 1452 52.6 94.6
1353 36.4 50.5 1403 36.6 77.5 1453 53.0 65.5
1354 37.0 57.0 1404 36.8 94.3 1454 53.2 0.0

1355 37.3 69.1 1405 36.8 100.0 1455 53.2 m

1356 37.6 49.5 1406 36.4 100.0 1456 52.6 m

1357 37.8 44.4 1407 36.3 79.7 1457 52.1 m

1358 37.8 43.4 1408 36.7 49.5 1458 51.8 m

1359 37.8 34.8 1409 36.6 39.3 1459 51.3 m

1360 37.6 24.0 1410 37.3 62.8 1460 50.7 m

1361 37.2 m 1411 38.1 73.4 1461 50.7 m

1362 36.3 m 1412 39.0 72.9 1462 49.8 m

1363 35.1 m 1413  40.2 72.0 1463 49.4 m

1364 33.7 m 1414 415 71.2 1464 49.3 m

1365 324 m 1415 429 77.3 1465 49.1 m

1366 31.1 m 1416 444 76.6 1466 49.1 m

1367 29.9 m 1417 454 43.1 1467 49.1 8.3

1368 28.7 m 1418 45.3 53.9 1468 48.9 16.8
1369 29.0 58.6 1419 45.1 64.8 1469 48.8 21.3
1370 29.7 88.5 1420 46.5 74.2 1470 49.1 22.1
1371  31.0 86.3 1421  47.7 75.2 1471 49.4 26.3
1372 31.8 43.4 1422  48.1 75.5 1472 49.8 39.2
1373  31.7 m 1423  48.6 75.8 1473 50.4 83.4
1374 29.9 m 1424  48.9 76.3 1474 51.4 90.6
1375 40.2 0.0 1425  49.9 75.5 1475 52.3 93.8
1376 50.4 m 1426 50.4 75.2 1476 53.3 94.0
1377 479 m 1427 51.1 74.6 1477 54.2 94.1
1378 45.0 m 1428 51.9 75.0 1478 54.9 94.3
1379 43.0 m 1429 52.7 37.2 1479 55.7 94.6
1380 40.6 m 1430 41.6 0.0 1480 56.1 94.9
1381 555 0.0 1431 30.4 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 749 41.7 1435 31.5 90.4 1485 56.5 23.6
1386 60.0 0.0 1436 32.7 88.5 1486 56.3 18.6
1387 451 41.6 1437 33.7 97.2 1487 55.7 16.2

1388  47.7 84.2 1438  35.2 99.7 1488 56.0 15.9
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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
55.7
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
52.4
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
51.4
52.3
53.3
54.6
55.4
56.7
57.2
57.3

Norm.
Torque
per cent
21.8
20.9
18.4
25.1
27.7
22.4
20.0
17.4
20.9
22.9
21.1
19.2
24.2
25.6
24.7
24.0
23.5
30.9
42.5
25.8
1.3

33333333333333S3

o
o

23.0
67.9
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
58.5
47.2
38.5
32.8
30.2
27.0
26.2
26.2
26.6
27.8
29.7
32.1
34.9
34.9
35.8
36.6
37.6
38.2
37.9
375
36.7
34.8
35.8
36.2
36.7
37.8
37.8
36.6
36.1
36.8
35.9
35.0
36.0
36.5
38.0
39.9
42.1
47.0
48.0
49.1
48.9
48.2
48.3
47.9
46.8
46.2
44.4

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. Norm.
Speed Torque

per cent per cent
56.8 42.9
56.5 42.8
56.7 43.2
56.5 42.8
56.9 42.2
56.5 43.1
56.5 42.9
56.7 42.7
56.6 41.5
56.9 41.8
56.6 41.9
56.7 42.6
56.7 42.6
56.7 41.5
56.7 42.2
56.5 42.2
56.8 41.9
56.5 42.0
56.7 42.1
56.4 41.9
56.7 42.9
56.7 41.8
56.7 41.9
56.8 42.0
56.7 41.5
56.6 41.9
56.8 41.6
56.6 41.6
56.9 42.0
56.7 40.7
56.7 39.3
56.5 41.4
56.4 44.9
56.8 45.2
56.6 43.6
56.8 42.2
56.5 42.3
56.5 44.4
56.9 45.1
56.4 45.0
56.7 46.3
56.7 45.5
56.8 45.0
56.7 44.9
56.6 45.2
56.8 46.0
56.5 46.6
56.6 48.3
56.4 48.6
56.6 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 per cent
1639 56.3 51.9 1689 57.6 8.9 1739 56.1 46.8
1640 56.5 54.1 1690 57.5 8.0 1740 56.1 45.8
1641 56.3 54.9 1691 57.5 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 5.5 1743 56.3 45.9
1644 56.2 58.6 1694 57.3 45 1744 56.2 44.6
1645 56.2 590.1 1695 57.2 3.2 1745 56.2 46.0
1646 56.2 62.5 1696 57.2 3.1 1746 56.4 46.2
1647 56.4 62.8 1697 57.3 4.9 1747 55.8 m
1648 56.0 64.7 1698 57.3 4.2 1748 55.5 m
1649 56.4 65.6 1699 56.9 5.5 1749 55.0 m
1650 56.2 67.7 1700 57.1 5.1 1750 54.1 m
1651 55.9 68.9 1701 57.0 5.2 1751 54.0 m
1652 56.1 68.9 1702 56.9 5.5 1752 53.3 m
1653 55.8 69.5 1703 56.6 5.4 1753 52.6 m
1654 56.0 69.8 1704 57.1 6.1 1754 51.8 m
1655 56.2 69.3 1705 56.7 5.7 1755 50.7 m
1656 56.2 69.8 1706 56.8 5.8 1756 49.9 m
1657 56.4 69.2 1707 57.0 6.1 1757 49.1 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 45.7 m
1661 56.2 70.0 1711 56.7 6.7 1761 44.8 m
1662 56.4 69.7 1712 56.9 6.9 1762 43.9 m
1663 56.2 70.2 1713 56.8 5.6 1763 42.9 m
1664 56.4 70.5 1714 56.6 5.1 1764 41.5 m
1665 56.1 70.5 1715 56.6 6.5 1765 39.5 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 33.8 m
1668 56.5 70.9 1718 56.5 14.5 1768 31.0 m
1669 56.4 70.8 1719 56.6 16.3 1769 40.0 0.0
1670 56.3 71.1 1720 56.3 18.1 1770 49.1 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 43.1 m
1673 56.8 68.6 1723 56.3 25.8 1773 39.9 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 33.6 m
1676 56.9 60.9 1726 56.1 32.6 1776 30.5 m
1677 571 57.4 1727 55.9 34.9 1777 42.8 0.0
1678 57.1 54.3 1728 55.9 36.4 1778 55.2 m
1679 57.0 48.6 1729 56.0 39.2 1779 49.9 m
1680 57.4 44.1 1730 55.9 41.4 1780 44.0 m
1681 57.4 40.2 1731 55.5 44.2 1781 37.6 m
1682 57.6 36.9 1732 55.9 46.4 1782 47.2 0.0
1683 57.5 34.2 1733 55.8 48.3 1783 56.8 m
1684 57.4 31.1 1734 55.6 49.1 1784 47.5 m
1685 575 25.9 1735 55.8 49.3 1785 42.9 m
1686 57.5 20.7 1736 55.9 47.7 1786 31.6 m
1687 57.6 16.4 1737 55.9 47.4 1787 25.8 m
1688 57.6 12.4 1738 55.8 46.9 1788 19.9 m
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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 per cent
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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Annex 2

[DIESEL REFERENCE FUEL]

Limits 1/
Parameter Unit  M\inimum | Maximum Test method 3
Cetene number 45 55 ISO 5165
Density at 15 °C kg/m® 835 845 ISO 3675
Distillation:
- 50 per cent vol. °C 245 295 ISO 3405
- final boiling point °C 321 366
Flash point °C 55 ISO 2719
Kinematic viscosity at 40 °C mm?/s 2.0 4.0 ISO 3104
Polycylic aromatic per cent 2.0 6.0 EN 12916
hydrocarbons m/m
Water content per cent 0.02 EN-ISO 12937
m/m
Sulphur content mg/kg 15 EN-ISO 14596
Total aromatics per cent 10 25 EN 12916
m/m
Lubricity (HFRR at 60 °C) pm 400 CEC F-06-A-96
Oxidation stability @ 110°C 23/ h 20 EN 14112
FAME 4/ per cent 4.5 5.5 EN 14078
viv

v The values quoted in the specification are "wakies". In establishment of their limit valueg tlerms of
ISO 4259 "Petroleum products - Determination argliegtion of precision data in relation to methaddest.' have
been applied and in fixing a minimum value, a mimimdifference of 2R above zero has been takenaotount;
in fixing a maximum and minimum value, the minimulifference is 4R (R = reproducibility).

Notwithstanding this measure, which is necessarysfatistical reasons, the manufacturer of fubsuki
nevertheless aim at a zero value where the stgailataximum value is 2R and at the mean value ircise of
quotations of maximum and minimum limits. Shouldé necessary to clarify the question as to whedhiiel
meets the requirements of the specifications,dfag of ISO 4259 should be applied.

2/ Even though oxidation stability is controlled, itis likely that shelf life will be limited. Advice shall be
sought from the supplier as to storage conditionsral life.

3/ Oxidation stability can be demonstrated by EN-1S0O12205 or by EN 14112. This requirement shall
be revised based on CEN/TC19 evaluations of oxida# stability performance and test limits.

4/ FAME quality according EN 14214 (ASTM D 6751).

5/ The latest version of the respective test methapplies.
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MEASUREMENT EQUIPMENT
A.3.1. This annex contains the basic requirementsnd the general descriptions of the

sampling and analyzing systems for gaseous and peulate emissions measurement. Since
various configurations can produce equivalent rests, exact conformance with the figures
of this annex is not required. Components such dastruments, valves, solenoids, pumps,
flow devices and switches may be used to provide @itlonal information and coordinate
the functions of the component systems. Other compents, which are not needed to
maintain the accuracy on some systems, may be exdéd if their exclusion is based upon
good engineering judgement.

A.3.1.1.  Analytical system
A.3.1.2. Description of the analytical system

Analytical system for the determination of the gmss emissions in the raw exhaust
gas (figure 9) or in the diluted exhaust gas (fgli®) are described based on the use
of:

(@) HFID or FID analyzer for the measurement alrogarbons;

(b) NDIR analyzers for the measurement of carbonaride and carbon dioxide;

(c) HCLD or CLD analyzer for the measurement &f ¢cixides of nitrogen.

The sample for all components should be taken witle sampling probe and

internally split to the different analyzers. Opmiadly, two sampling probes located in
close proximity may be used. Care shall be takathrio unintended condensation of
exhaust components (including water and sulphuwid)abccurs at any point of the

analytical system.

0, p———=>:

SL

0 b——>:

HF1 HF2 HP

o1 JrT’\_\l___I'_/T\_LJ/\\___J_[:‘_;]_I__H_SE_ " .

T
[%]
—
N
lve)
a

a=vent b=zero, spangas c=exhaustpipe d = optional

Figure 9
Schematic flow diagram of raw exhaust gas anakygsem for CO, C&Q NO,, HC
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a=vent b = zero, span gas c¢ = dilution tunnel d = optional

—————

Figure 10
Schematic flow diagram of diluted exhaust gas aislyystem for CO, CONGOy, HC

A.3.1.3. Components of figures 9 and 10
EP Exhaust pipe
SP Raw exhaust gas sampling probe (figure 9 only)

A stainless steel straight closed end multi-hotgbp is recommended. The inside
diameter shall not be greater than the inside dianw# the sampling line. The wall

thickness of the probe shall not be greater thammi There shall be a minimum

of 3 holes in 3 different radial planes sized tmpke approximately the same flow.

The probe shall extend across at least 80 perodehée diameter of the exhaust pipe.
One or two sampling probes may be used.

SP2 Dilute exhaust gas HC sampling probe (figlrerdly)

The probe shall:

(@) be defined as the first 254 mm to 762 mm eftteated sampling line HSL1

(b) have a 5 mm minimum inside diameter

(c) be installed in the dilution tunnel DT (figut®) at a point where the dilution
air and exhaust gas are well mixed (i.e. approxigaltO tunnel diameters
downstream of the point where the exhaust enterdithtion tunnel)

(d) Dbe sufficiently distant (radially) from othprobes and the tunnel wall so as to
be free from the influence of any wakes or eddies
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(e) be heated so as to increase the gas streameratore to 463 K 10 K
(190 °C+ 10 °C) at the exit of the probe, or to 385KO0 K (112 °C+ 10 °C)
for positive ignition engines

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

SP3 Dilute exhaust gas CO, £@O, sampling probe (figure 10 only)

The probe shall:

(@) beinthe same plane as SP2

(b) Dbe sufficiently distant (radially) from othprobes and the tunnel wall so as to
be free from the influence of any wakes or eddies

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

HF1 Heated pre-filter (optional)
The temperature shall be the same as HSL1.
HF2 Heated filter

The filter shall extract any solid particles fraghe gas sample prior to the analyzer.
The temperature shall be the same as HSL1. Tiee $ihall be changed as needed.

HSL1 Heated sampling line

The sampling line provides a gas sample from glsiprobe to the split point(s) and
the HC analyzer.

The sampling line shall:

(@) have a4 mm minimum and a 13.5 mm maximunadédiameter

(b) be made of stainless steel or PTFE

(c) maintain a wall temperature of 463 K £ 10 R@L°C + 10 °C) as measured at
every separately controlled heated section, itéhngperature of the exhaust gas
at the sampling probe is equal to or below 463 30(1C)

(d) maintain a wall temperature greater than 45380 °C), if the temperature of
the exhaust gas at the sampling probe is abové&4&30 °C)

(e) maintain a gas temperature of 463 K + 10 KO(I® + 10 °C) immediately
before the heated filter HF2 and the HFID

HSL2 Heated NQsampling line

The sampling line shall:

(@) maintain a wall temperature of 328 K to 47336 °C to 200 °C), up to the
converter for dry measurement, and up to the aaafgr wet measurement

(b) be made of stainless steel or PTFE
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HP Heated sampling pump
The pump shall be heated to the temperature of HSL
SL Sampling line for CO and GO
The line shall be made of PTFE or stainless steglay be heated or unheated.
HC HFID analyzer
Heated flame ionization detector (HFID) or flanomization detector (FID) for the
determination of the hydrocarbons. The temperatir¢he HFID shall be kept
at 453 K to 473 K (180 °C to 200 °C).
CO, CQ NDIR analyzer

NDIR analyzers for the determination of carbon mode and carbon dioxide
(optional for the determination of the dilutionicator PT measurement).

NOy CLD analyzeror NDUV analyzer

CLD, HCLD or NDUV analyzer for the determination of the oxides ofagien. If

a HCLD is used it shall be kept at a temperature328 K to 473 K (55°C
to 200 °C).

B Sample dryer (optional for NO measurement)

To cool and condense water from the exhaust sanipis optional if the analyzer is
free from water vapour interference as determineggaragraph 9.3.9.2.2. If water is
removed by condensation, the sample gas temperaturdew point shall be
monitored either within the water trap or downstneaThe sample gas temperature
or dew point shall not exceed 280 K (7 °C). Chehiiryers are not allowed for
removing water from the sample.

BK Background bag (optional; figure 10 only)

For the measurement of the background concentsatio

BG Sample bag (optional; figure 10 only)

For the measurement of the sample concentrations.

Non-methane cutter method (NMC)

The cutter oxidizes all hydrocarbons except,®HCG, and HO, so that by passing
the sample through the NMC only ¢lk$ detected by the HFID. In addition to the
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A.3.1.5.

usual HC sampling train (see figures 9 and 10gaisd HC sampling train shall be
installed equipped with a cutter as laid out irufeg 11. This allows simultaneous
measurement of total HCH, and NMHC.

The cutter shall be characterized at or abovelks(827°C) prior to test work with
respect to its catalytic effect on ¢kind GHg at HO values representative of
exhaust stream conditions. The dew point andlé®el of the sampled exhaust
stream shall be known. The relative response efAilD to CH and GHe shall be

determined in accordance with paragraph 9.3.8.
—>Vent

Vi

Zero, span gas
(=

NMC HC [—T=Veni

Sample
[ iy HC [—>Venl

—i>Vent
Figure 11
Schematic flow diagram of methane analysis withNIMC
Components of figure 11
NMC Non-methane cutter
To oxidize all hydrocarbons except methane

HC

Heated flame ionization detector (HFID) or flamenization detector (FID) to
measure the HC and Gldoncentrations. The temperature of the HFID shelkept

at 453 K to 473 K (180 °C to 200 °C).
V1 Selector valve

To select zero and span gas

R Pressure regulator

To control the pressure in the sampling line dredftow to the HFID
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Dilution and particulate sampling system
Description of partial flow system

A dilution system is described based upon thetidituof a part of the exhaust
stream. Splitting of the exhaust stream and thiviahg dilution process may be
done by different dilution system types. For sugjsmt collection of the
particulates, the entire dilute exhaust gas or aryprtion of the dilute exhaust gas is
passed to the particulate sampling system. Tlisé fivethod is referred to as total
sampling type, the second method as fractional Bagifype. The calculation of the
dilution ratio depends upon the type of system used

With the total sampling system as shown in figli?e raw exhaust gas is transferred
from the exhaust pipe (EP) to the dilution tunri@T) through the sampling probe
(SP) and the transfer tube (TT). The total flowotlgh the tunnel is adjusted with
the flow controller FC2 and the sampling pump (P)tlee particulate sampling
system (see figure 16). The dilution airflow is\tolled by the flow controller FC1,
which may usegmew Or gmaw and g,y @s command signals, for the desired exhaust
split. The sample flow into DT is the differencktbe total flow and the dilution
airflow. The dilution airflow rate is measured lvithe flow measurement device
FM1, the total flow rate with the flow measuremeetvice FM3 of the particulate
sampling system (see figure 16). The dilutionoréicalculated from these two flow
rates.

DAF FM1 T B

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

Figure 12
Scheme of partial flow dilution system (total samgltype)
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With the fractional sampling system as shown murfé 13, raw exhaust gas is
transferred from the exhaust pipe EP to the ditutimnel DT through the sampling
probe SP and the transfer tube TT. The total tlawwugh the tunnel is adjusted with
the flow controller FC1 connected either to theutiiin airflow or to the suction
blower for the total tunnel flow. The flow contiel FC1 may uS€mew Or Qmaw and
Omr @S command signals for the desired exhaust spiie sample flow into DT is the
difference of the total flow and the dilution aif¥. The dilution airflow rate is
measured with the flow measurement device FM1tdated flow rate with the flow
measurement device FM2. The dilution ratio is ulated from these two flow rates.
From DT, a particulate sample is taken with thetipalate sampling system (see
figure 16).

FC1

[>100d

|
(]

od
-3

SB

PTT FH2

~—
—
—~—

] ol

EP

f

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

Figure 13
Scheme of partial flow dilution system (fractiosaimpling type)

Components of figures 12 and 13

EP Exhaust pipe

The exhaust pipe may be insulated. To reducéhirenal inertia of the exhaust pipe

a thickness to diameter ratio of 0.015 or lese®@mmended. The use of flexible

sections shall be limited to a length to diamegiorof 12 or less. Bends shall be
minimized to reduce inertial deposition. If thes®m includes a test bed silencer the
silencer may also be insulated. It is recommertddthve a straight pipe of 6 pipe

diameters upstream and 3 pipe diameters downsté#me tip of the probe.
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SP Sampling probe

The type of probe shall be either of the following

(@) open tube facing upstream on the exhaustqapeeline

(b) open tube facing downstream on the exhaust @eptreline

(c) multiple hole probe as described under SRanagraph A.3.1.3.

(d) hatted probe facing upstream on the exhayst gentreline as shown in
figure 14

The minimum inside diameter of the probe tip shal 4 mm. The minimum
diameter ratio between exhaust pipe and probe saall

When using probe type (a), an inertial pre-cla@ssi{cyclone or impactor) with
at 50 per cent cut point between 2.5 and 10 puml dfelinstalled immediately
upstream of the filter holder.

N /j;:‘-\ , Crowsecton
3 ’ e
/ ! ‘\ \:J. 7%

E

\/—R
CL
%

-
e EEEEAN
AV

Figure 14
Scheme of hatted probe

TT Exhaust transfer tube

The transfer tube shall be as short as possibleub

(@ not more than 0.26 m in length, if insulateddr 80 per cent of the total
length, as measured between the end of the probedathe dilution stage;

or

(b) not more than 1 m in length, if heated above5D °C for 90 per cent of the
total length, as measured between the end of the givse and the dilution
stage.

It shall be equal to or greater than the probe dimeter, but not more
than 25 mm in diameter, and exiting on the centrefie of the dilution tunnel and
pointing downstream.

With respect to (a), insulation shall be done withmaterial with a maximum
thermal conductivity of 0.05W/mK with a radial insulation thickness
corresponding to the diameter of the probe.
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FC1 Flow controller

A flow controller shall be used to control theutibn airflow through the pressure
blower PB and/or the suction blower SB. It maycbanected to the exhaust flow
sensor signals specified in paragrepi.1. The flow controller may be installed
upstream or downstream of the respective blowerhemusing a pressurized air
supply, FC1 directly controls the airflow.

FM1 Flow measurement device

Gas meter or other flow instrumentation to measheedilution airflow. FM1 is
optional if the pressure blower PB is calibratedneasure the flow.

DAF Diluent filter

The diluent (ambient air, synthetic air, or nitrogen) shall be filtered with a high-
efficiency (HEPA) filter that has an initial minimum collection efficiency
of 99.97 per cent according to EN 1822-1 (filter abs H14 or better), ASTM
F 1471-93 or equivalent standard.

FM2 Flow measurement device (fractional samplypgt figure 13 only)

Gas meter or other flow instrumentation to measheediluted exhaust gas flow.
FM2 is optional if the suction blower SB is calited to measure the flow.

PB Pressure blower (fractional sampling type,riégli3 only)

To control the dilution airflow rate, PB may benoected to the flow controllers FC1
or FC2. PB is not required when using a buttevfyve. PB may be used to
measure the dilution airflow, if calibrated.

SB Suction blower (fractional sampling type, figur3 only)
SB may be used to measure the diluted exhaustoygsf calibrated.
DT Dilution tunnel(partial flow)

The dilution tunnel:

(@) shall be of a sufficient length to cause catglmixing of the exhaust and
dilution air under turbulent flow condition®eynolds number, Re, greater
than 4000, whereRe is based on the inside diameter of the dilution tunel)
for a fractional sampling system, i.e. completeimgxs not required for a total
sampling system;

(b) shall be constructed of stainless steel;

(c) may be heated to no greater than 325 K (52 °Cl)tesaiperature;

(d) may be insulated.



A.3.2.3.

ECE/TRANS/WP.29/GRPE/2009/10
page 119
Annex 3

PSP Particulate sampling probe (fractional sarggpe, figure 13 only)

The particulate sampling probe is the leadingiseatf the particulate transfer tube

PTT (see paragraph3.2.6) and:

(@) shall be installed facing upstream at a paim¢re the dilution air and exhaust
gas are well mixed, i.e. on the dilution tunnel Dgtentreline
approximately 10 tunnel diameters downstream ofpibiat where the exhaust
enters the dilution tunnel;

(b) shall beB mm in minimum inside diameter;

(c) may be heated to no greater than 325 K (52w@l) temperature by direct
heating or by dilution air pre-heating, providec tHilution air temperature
does not exceed 325 K (52 °C) prior to the intraauncof the exhaust into the
dilution tunnel;

(d) may be insulated.

Description of full flow dilution system

A dilution system is described based upon thetidituof the total amount of raw
exhaust gas in the dilution tunnel DT using the C¢8nstant volume sampling)
concept, and is shown in figure 15.

The diluted exhaust gas flow rate shall be measweiher with a positive
displacement pump (PDP), with a critical flow vemt(CFV) or with a subsonic
venturi (SSV). A heat exchanger (HE) or electrdifoev compensation (EFC) may
be used for proportional particulate sampling aod ffow determination. Since
particulate mass determination is based on théddtdaed exhaust gas flow, it is not
necessary to calculate the dilution ratio.

For subsequent collection of the particulatesarape of the dilute exhaust gas shall
be passed to the double dilution particulate samgplkystem (see figure 17).
Although partly a dilution system, the double diut system is described as a
modification of a particulate sampling system, siitcshares most of the parts with a
typical particulate sampling system.
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A3.2.4

!a_ ................................... _|
I LN _H; ______________ ]
SP2
DAF SPB'_' HEg

H PSP
VY
DT
PTT

AN

AN
/FCZ PDP ‘E] E]
o

N
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)

Components of figure 15
EP Exhaust pipe

The exhaust pipe length from the exit of the eagihaust manifold, turbocharger
outlet or after-treatment device to the dilutionrtal shall be not more than 10 m. If
the system exceeds 4 m in length, then all tubingxicess of 4 m shall be insulated,
except for an in-line smoke meter, if used. Thdialathickness of the insulation

shall be at least 25 mm. The thermal conductigitythe insulating material shall

have a value no greater than 0.1 W/mK measured&aK6 To reduce the thermal

inertia of the exhaust pipe a thickness-to-diametdio of 0.015 or less is

recommended. The use of flexible sections shallrbiged to a length-to-diameter

ratio of 12 or less.

PDP Positive displacement pump

The PDP meters total diluted exhaust flow fromnienber of the pump revolutions
and the pump displacement. The exhaust systemplesdure shall not be
artificially lowered by the PDP or dilution air &tl system. Static exhaust
backpressure measured with the PDP system opesdtalgremain withirt 1.5 kPa

of the static pressure measured without connecdbotne PDP at identical engine
speed and load. The gas mixture temperature inatedgiahead of the PDP shall be
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within = 6 K of the average operating temperature obsedueitig the test, when no
flow compensation (EFC) is used. Flow compensattomnly permitted, if the
temperature at the inlet to the PDP does not ex82adK (50 °C).

CFV Critical flow venturi

CFV measures total diluted exhaust flow by maintey the flow at chocked
conditions (critical flow). Static exhaust backggsare measured with the CFV
system operating shall remain within 1.5 kPa of the static pressure measured
without connection to the CFV at identical engipeed and load. The gas mixture
temperature immediately ahead of the CFV shall @hinvt 11 K of the average
operating temperature observed during the testnwlbelow compensation (EFC) is
used.

SYY Subsonic venturi

SSV measures total diluted exhaust flow by usimggas flow function of a subsonic
venturi in dependence of inlet pressure and tenyperand pressure drop between
venturi inlet and throat. Static exhaust backpressneasured with the SSV system
operating shall remain withie 1.5 kPa of the static pressure measured without
connection to the SSV at identical engine speed lmad. The gas mixture
temperature immediately ahead of the SSV shall ieimt 11 K of the average
operating temperature observed during the testnwbeflow compensation (EFC) is
used.

HE Heat exchanger (optional)

The heat exchanger shall be of sufficient capdoityaintain the temperature within
the limits required above. If EFC is used, thetles@hanger is not required.

EFC Electronic flow compensation (optional)

If the temperature at the inlet to the PDP, CF\&8V is not kept within the limits
stated above, a flow compensation system is redjfinecontinuous measurement of
the flow rate and control of the proportional saimgplinto the double dilution
system. For that purpose, the continuously medsilog rate signals are used to
maintain the proportionality of the sample flowerdlirough the particulate filters of
the double dilution system (see figure 17) withi@.5 per cent.

DT Dilution tunnel(full flow)

The dilution tunnel

(@) shall be small enough in diameter to caudeutant flow (Reynolds number,
Re, greater than 4000, whereRe is based on the inside diameter of the
dilution tunnel) and of sufficient length to cause complete mixwigthe
exhaust and dilution air;
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A.3.2.5.

(b) may be insulated
(c) may be heated up to a wall temperature sufficienta eliminate aqueous
condensation.

The engine exhaust shall be directed downstreamegpoint where it is introduced
into the dilution tunnel, and thoroughly mixed.n#xing orifice may be used.

For the double dilution system, a sample fromdihgtion tunnel is transferred to the
secondary dilution tunnel where it is further déldt and then passed through the
sampling filters(figure 17). The secondarydilution system shall provide sufficient
secondary dilution air to maintain the doubly déldiexhaust stream at a temperature
between 315 K (42 °C) and 325 K (52 °C) immediatejore the particulate filter.

DAF Diluent filter

The diluent (ambient air, synthetic air, or nitrogen) shall be filtered with a high-
efficiency (HEPA) filter that has an initial minimum collection efficiency
of 99.97 per cent according to EN 1822-1 (filter abs H14 or better), ASTM
F 1471-93 or equivalent standard.

PSP Particulate sampling probe

The probe is the leading section of PTT and

(@) shall be installed facing upstream at a paimére the dilution air and exhaust
gases are well mixed, i.e. on the dilution tunné&l &ntreline of the dilution
systems, approximately 10 tunnel diameters dowastref the point where the
exhaust enters the dilution tunnel;

(b) shall be 0B mm minimum inside diameter;

(c) may be heated to no greater than 325 K (52W8&l) temperature by direct
heating or by dilution air pre-heating, providee thir temperature does not
exceed 325 K (52 °C) prior to the introduction bé texhaust in the dilution
tunnel;

(d) may be insulated.

Description of particulate sampling system

The particulate sampling system is required fdiecting the particulates on the
particulate filter and is shown in figures 16 ari@d 1in the case of total sampling
partial flow dilution, which consists of passingetlentire diluted exhaust sample
through the filters, the dilution and sampling sys$ usually form an integral unit
(see figure 12). In the case of fractional sangppartial flow dilution or full flow
dilution, which consists of passing through théef$ only a portion of the diluted
exhaust, the dilution and sampling systems ustiatty different units.

For a partial flow dilution system, a sample of tiluted exhaust gas is taken from
the dilution tunnel DT through the particulate séingpprobe PSP and the particulate
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transfer tube PTT by means of the sampling pumasPshown in figure 16. The
sample is passed through the filter holder(s) Fd tdontain the particulate sampling
filters. The sample flow rate is controlled by fteav controller FC3.

For of full flow dilution system, a double dilutigparticulate sampling system shall
be used, as shown in figure 17. A sample of thetedi exhaust gas is transferred
from the dilution tunnel DT through the particulagempling probe PSP and the
particulate transfer tube PTT to the secondarytidiutunnel SDT, where it is
diluted once more. The sample is then passed ghrthe filter holder(s) FH that
contain the particulate sampling filters. The tidn airflow rate is usually constant
whereas the sample flow rate is controlled by tbe fcontroller FC3. If electronic
flow compensation EFC (see figure 15) is used et diluted exhaust gas flow is
used as command signal for FC3.

a

#

PTT

BV

FM3

a = from dilution tunnel

Figure 16
Scheme of particulate sampling system

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

Figure 17
Scheme of double dilution particulate sampling eyst
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A.3.2.6 Components of figures 16 (partial flow systemydiand 17 (full flow system only)
PTT Particulate transfer tube

The transfer tube:

(@) shall be inert with respect to PM;

(b) may be heated to no greater than 325 K (52 °“@all temperature;
(c) may be insulated;

SDT Secondary dilution tunnel (figure 17 only)

The secondary dilution tunnel:

(@ shall be of sufficient length and diameter sas to comply with the
residence time requirements of paragraph 9.4.2.(f);

(b) may be heated to no greater than 325 K (52 °@all temperature;

(c) may be insulated.

FH Filter holder

The filter holder:

(@) shall have a 12.5° (from center) divergent cenangle to transition from the
transfer line diameter to the exposed diameter othe filter face;

(b) may be heated to no greater than 325 K (52 °“@all temperature;

(c) may be insulated.

Multiple filter changers (auto changers) are accefable, as long as there is no
interaction between sampling filters.

PTFE membrane filters shall be placed in a specdicassette within the filter
holder.

An inertial pre-classifier with a 50 per cent qdint between 2.5 um and 10 pm
shall be installed immediately upstream of theefilholder, if an open tube sampling
probe facing upstream is used.

P Sampling pump

FC2 Flow controller

A flow controller shall be used for controllingetiparticulate sample flow rate.

FM3 Flow measurement device

Gas meter or flow instrumentation to determine gheiculate sample flow through

the particulate filter. It may be installed upatre or downstream of the sampling
pump P.
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FM4 Flow measurement device

Gas meter or flow instrumentation to determine seeondary dilution airflow
through the particulate filter.

BV Ball valve (optional)

The ball valve shall have an inside diameter ass$ Ithan the inside diameter of the
particulate transfer tube PTT, and a switching tohkess than 0.5 s.
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STATISTICS
A4.1l. Mean value and standard deviation

The arithmetic mean value shall be calculated asflows:

A.4.2. Regression analysis

The slope of the regression shall be calculated fdlows:

n

;(yi -y -)

a = n

> -

i=1

The y intercept of the regression shall be calcuied as follows:

a, =y~ (a,x%)

The standard error of estimate (SEE) shall be caldated as follows:

\/i[yi—ao—(aixx)]z
SEE= n-2

The coefficient of determination shall be calculad as follows:

(92)

(93)

(94)

(95)

(96)
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2[% -ao-(aixxi)]z

r2=1-1 (97)

n

Y (v -vf

i=1
Determination of system equivalency

The determination of system equivalency accordmgaragraph 5.1.1. shall be

based on a 7 sample pair (or larger) correlatiodysbetween the candidate system
and one of the accepted reference systems of thisising the appropriate test

cycle(s). The equivalency criteria to be applibdlisbe the F-test and the two-sided
Student t-test.

This statistical method examines the hypothess tite sample standard deviation
and sample mean value for an emission measuredthéticandidate system do not

differ from the sample standard deviation and sanmpéan value for that emission

measured with the reference system. The hypotkbais be tested on the basis of a
10 per cent significance level of the F and t valu&he critical F and t values for 7

to 10 sample pairs are giventable 9. If the F and t values calculated according to
the equation below are greater than the criticahé t values, the candidate system is
not equivalent.

The following procedure shall be followed. Thebstripts R and C refer to the

reference and candidate system, respectively:

(@) Conduct at least 7 tests with the candidatkereference systems operated in
parallel. The number of tests is referred tog@andnc.

(b) Calculate the mean valug andZ and the standard deviatiogsandsc.
(c) Calculate thé& value, as follows:

SZ

P (98)

minor

(the greater of the two standard deviatiggnier sc shall be in the numerator)

(d) Calculate the¢ value, as follows:

- xe = ) J(Z) ©9)
Ve ~1)xs2 + (o D)< e + e

(e) Compare the calculated and t values with the criticalF and t values
corresponding to the respective number of testeated intable 9. If larger
sample sizes are selected, consult statisticaggaiol 10 per cent significance
(90 per cent confidence) level.
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(f)

(9)

Determine the degrees of freedadf),(as follows:
for theF-test: df =ng-1/nc-1 (200)
for thet-test: df =nc +ng -2 (201)

Determine the equivalency, as follows:
() if F <Fqi andt < tgy, then the candidate system is equivalent to the

reference system of this gtr
(i) if F=Fgi ort =t , then the candidate system is different from the

reference system of this gtr

Sample Size F-test t-test
df I:crit df tcrit
7 6/6 3.055 12 1.782
8 717 2.785 14 1.761
9 8/8 2.589 16 1.746
10 9/9 2.440 18 1.734
Table 9

t andF values for selected sample sizes

[t-test for unpaired samples will be added for 58 GRPE]
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Annex 5
CARBON FLOW CHECK
Introduction

All but a tiny part of the carbon in the exhaustmes from the fuel, and all but a
minimal part of this is manifest in the exhaust gasCQ. This is the basis for a
system verification check based on @easurements.

The flow of carbon into the exhaust measuremestesys is determined from the
fuel flow rate. The flow of carbon at various sdimg points in the emissions and
particulate sampling systems is determined from @@ concentrations and gas
flow rates at those points.

In this sense, the engine provides a known sooircarbon flow, and observing the
same carbon flow in the exhaust pipe and at théetoof the partial flow PM
sampling system verifies leak integrity and flowaserement accuracy. This check
has the advantage that the components are operatidgr actual engine test
conditions of temperature and flow.

Figure 18 shows the sampling points at which thdbaen flows shall be checked.
The specific equations for the carbon flows at eafcthe sample points are given
below.

@ @

Air  Fuel
CO, rawW

v

ENGINE

Partial Flow System

Figure 18
Measuring points for carbon flow check
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A.5.2.

A.5.3.

A.5.4.

Carbon flow rate into the engine (locatign 1
The carbon mass flow rate into the engine foreh @H,O; is given by:

126
128 +a +16¢

it (102)

Qe

where:
Ont IS the fuel mass flow rate, kg/s

Carbon flow rate in the raw exhaust (locat®)

The carbon mass flow rate in the exhaust pipéd®engine shall be determined from
the raw CQ concentration and the exhaust gas mass flow rate:

- Ccozr ~ Ceoza % ><12'011

Ornce (—100 j Gmew X =1 - (103)
where:

Ccoz,r is the wet CQconcentration in the raw exhaust gas, per cent

Ccoz,a is the wet CQconcentration in the ambient air, per cent

Omew is the exhaust gas mass flow rate on wet basis, kg

Me is the molar mass of exhaust gas, g/mol

If CO, is measured on a dry basis it shall be convededwet basis according to
paragraph 8.1.

Carbon flow rate in the dilution system @tion 3)
For the partial flow dilution system, the splitfimatio also needs to be taken into

account. The carbon flow rate shall be determiriemn the dilute CQ
concentration, the exhaust gas mass flow ratetendample flow rate:

_ Ccozd ~ Ceoza xg 9 12.011xq_m,\, (104)

qup

where:

Cco2d IS the wet CQconcentration in the dilute exhaust gas at thiebat the
dilution tunnel, per cent

Ccoza IS the wet CQconcentration in the ambient air, per cent

Omew is the exhaust gas mass flow rate on wet basis, kg

Omp is the sample flow of exhaust gas into partiahfitilution system, kg/s

Me is the molar mass of exhaust gas, g/mol
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If CO; is measured on a dry basis, it shall be convexdedet basis according to
paragraph 8.1.

Calculation of the molar mass of the exhaast

The molar mass of the exhaust gas shall be cédcliccording tequation 41(see
paragraplt8.4.2.4)

Alternatively, the following exhaust gas molar s@&s may be used:
M (diesel) = 28.9 g/mol
Me (LPG) 28.6 g/mol
Me (NG) 28.3 g/mol
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EXAMPLE OF CALCULATION PROCEDURE
A.6.1. Speed and torque denormalization procedure
As an example, the following test point shall beethormalized:
per cent speed = 43 per cent
per cent torque = 82 per cent
Given the following values:
Nio = 1,015 mint'
N = 2,200 mirt
Npret = 1,300 mirt
Nidle = 600 min*
results in:
_43x (0.45>< 1,015+ 0.45x1,300+ 0.1x 2,200— 600)>< 2.0327
actual speed +600
10C
= 1,178 mirt
With the maximum torque of 700 Nm observed from tle mapping curve
at 1,178 min*
actual torque = 82x 700 = 574 Nm
10C
A.6.2. Basic data for stoichiometric calculations
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/mol
Molar mass of oxygen 31.9988 g/mol
Molar mass of nitrogen 28.011 g/mol
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
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Molar mass of dry air 28.965 g/mol

Assuming no compressibility effects, all gases olmgd in the engine

intake/combustion/exhaust process can be consideree ideal and any volumetric
calculations shall therefore be based on a mollmve of 22.414 I/mol according to
Avogadro's hypothesis.

Gaseous emissions (diesel fuel)

The measurement data of an individual point of tdst cycle (data sampling rate
of 1 Hz) for the calculation of the instantaneoussmemission are shown below. In
this example, CO and NQire measured on a dry basis, HC on a wet basis. HC
concentration is given in propane equivalent (Q8) has to be multiplied by 3 to
result in the C1 equivalent. The calculation pthoe is identical for the other points
of the cycle.

The calculation example shows the rounded interaedesults of the different steps
for better illustration. It should be noted that factual calculation, rounding of
intermediate results is not permitted (see pardg&)p

Taii Ha, Wact Omew,i Omaw,i O, CHe,i Cco,i CNOX,i
(K) | (g/kg) | kWh | (kals) | (kals) | (kgls) | (ppm)| (ppm) | (Ppm)
295 8.0 40 0.155 0.150 0.005 14 40 500

The following fuel composition is considered:

Component Molar ratio per cent mass
H a=1.8529 Warr = 13.45
C ,B: 1.0000 WgeT = 86.50
S V= 0.0002 WeaMm = 0.050
N 0=0.0000 wpeL = 0.000
) £=0.0000 Weps= 0.000

Step 1: Dry/wet correction (paragraph 8.1.):

Equation 16): ki = 0.055584 13.45 - 0.0001088 86.5 - 0.000156% 0.05 = 0.7382

1.2434x8+111.12x13.45% 0005

Equation £3): K= | 1- 5508 0.148  141.008= 09331
773.4+1.24348+ 0 0.7382¢1,000

40x 0.9331 = 37.3 ppm
500x 0.9331 = 466.6 ppm

Equation {2):  Cco,i (wet)
Cnox,i (wet)
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A.6.4

Step 2: NQ correction for temperature and humidity (paragr@ghl.):

_15.698x 800

Equation 23): K, , = 000" 0.832 = 0.9576

Step 3: Calculation of the instantaneous emissibeach individual point of the
cycle (paragraph 8.4.2.4):

Equation 86):  myc; = 10x3x0.155 =4.650
Mco,i = 37.3x0.155 =5.782
MNox,| = 466.6x 0.9576x 0.155 =69.26

Step 4: Calculation of the mass emission over dhele by integration of the
instantaneous emission values anduhealues frontable 5 (paragraph 8.4.2.4:

The following calculation is assumed for the WHE@&le (1,800 s) and the same
emission in each point of the cycle.

1800

Equation 86): mMyc = 0.00047% ) 4.650 = 4.01 g/test

i=1
1800

Mo = 0.000966) 5.782  =10.05 g/test
i=1
1800

Myox = 0.001586:) 69.26 ~ =197.72 gltest
i=1

Step 5: Calculation of the specific emissions §geaph8.6.3):

Equation 69): eyc = 4.01/40 = 0.10 g/kWh
€co = 10.05/40 = 0.25 g/kWh
Enox = 197.72/40 = 4.94 g/kWh

Particulate Emission (diesel fuel)

pb Wact qmew,i qu,i qmdw,i qmdew,i Muncor msep
(kPa)| (kWh) | (ka/s) | (kgls) | (kgls) | (kgls) | (mg) (kg)

99 40 0.155] 0.003 0.00150.0020 | 1.7000 1.515

Step 1: Calculation afeqr (paragrapt8.4.3.5.2):

. 0.002
Equation 48):  ry; = =4
q @ Ty (0.002-0.0015
Equation 47):  Qmeari = 0.155x4 = 0.620 kg/s
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1800

Equation 46): mesr = ».0.620 = 1,116 kg/test
i=1

Step 2: Buoyancy correction of the particulate sri@sragrapid.3)

. 99 28.836
Equation 26): = oo = 1.164 kg/m
. £0):  pa 8.314x 20E g

17000x (1-1.164'8,000)
' (1-1.164/2,300)

[Equation (25): m =1.7006 mg]

Step 3: Calculation of the particulate mass emis§paragrapid.4.3.5.2):

) 1.7006 1,116
Equation 45): = T x2 = 1.253 g/test
g 8 mou 1.515 1,000 g

Step 4: Calculation of the specific emission (geaph8.6.3):

Equation69: eu = 1.253/40 = 0.031 g/kWh
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INSTALLATION OF AUXILIARIES AND EQUIPMENT FOR EMISS IONS TEST

Number | Auxiliaries Fitted for emission test
1 Inlet system
Inlet manifold Yes
Crankcase emission control system Yes
Control devices for dual induction inlet manifold Yes
system
Air flow meter Yes
Air inlet duct work Yes, or test cell equipment
Air filter Yes, or test cell equipment
Inlet silencer Yes, or test cell equipment
Speed-limiting device Yes
2 Induction-heating device of inlet manifold Yes,fipossible to be set in
the most favourable
condition
3 Exhaust system
Exhaust manifold Yes
Connecting pipes Yes
Silencer Yes
Tail pipe Yes
Exhaust brake No, or fully open
Pressure charging device Yes
4 Fuel supply pump Yes
5 Equipment for gas engines
Electronic control system, air flow meter, etc. Ye
Pressure reducer Yes
Evaporator Yes
Mixer Yes
6 Fuel injection equipment
Prefilter Yes
Filter Yes
Pump Yes
High-pressure pipe Yes
Injector Yes
Air inlet valve Yes
Electronic control system, sensors, etc. Yes
Governor/control system Yes
Automatic full-load stop for the control rack Yes
depending on atmospheric conditions
7 Liguid-cooling equipment
Radiator No
Fan No
Fan cowl No
Water pump Yes
Thermostat Yes, may be fixed fully open
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Number | Auxiliaries Fitted for emission test
8 Air cooling
Cowl No
Fan or Blower No
Temperature-regulating device No
9 Electrical equipment
Generator No
Coil or coils Yes
Wiring Yes
Electronic control system Yes
10 Intake air charging equipment
Compressor driven either directly by the engine Yes
and/or by the exhaust gases
Charge air cooler Yes, or test cell system
Coolant pump or fan (engine-driven) No
Coolant flow control device Yes
11 Anti-pollution device (exhaust after-treatment gstem) | Yes
12 Starting equipment Yes, or test cell system
13 Lubricating oil pump Yes




