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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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trade name used in this document is information given for thé convenience of users a
titute an endorsement.

an explanation of the voluntary nature of standards, the meaning of ISO specific
essions related to conformity assessment, as wélloas information about ISO's ad
World Trade Organization (WTO) principles inZthe Technical Barriers to Trade
v.iso.org/iso/foreword.html.
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document was prepared by Technical.\€ommittee ISO/TC 70, Internal combusti
ommittee SC 8, Exhaust gas emission meastrement.

third edition cancels and replacestiSO 8178-9:2012 and ISO 8178-10:2002, which
hically revised.

main changes compared to the previous editions are as follows:
SO 8178-10:2002 has béeefrincorporated in this document;

terms and definitions-have been harmonized within the ISO 8178 series and differences
standards have been described where applicable;

redundant specifications of testing equipment, calibration and verification requirement
Heleted oryéplaced by references to other parts of the ISO 8178 series;

hmbient density smoke correction has been deleted;
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(TBT), see

on engines,

have been

to other ISO

s have been

prder of annexes has been changed;

— Annex A has been added - Overview particulate and soot measurement methods;

— Annex H has been added - Test at steady speeds over full-load curve;

— Annex [ has been added - Reporting smoke tests results.

Alist of all parts in the ISO 8178 series can be found on the ISO website.

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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Introduction

On a global scale, there are currently many smoke measurement procedures in various forms. Some
of these smoke measurement procedures are designed for test bed testing and intended to be used
for certification or type-approval purposes. Others are designed for field-testing and can be used in
inspection and maintenance programs. Different smoke measurement methods exist to meet the needs

of variousr

egulatory agencies and industries.

The two smoke measurement methods typically used are (1) the FSN method, measuring light
absorption based on the change in optlcal reflectance of Vlslble hght from a blackemng f11ter paper

relative to t
transmitta
smoke mete

Figure A.1

rs).

including F§
ISO 8178-4

bN and opacity respectively.

ring

ice based on light extinction caused by absorptlon and scatterlng of light (opac1meter-type

n Annex A shows an overview of the measurement methods specified by an,1SO stanflard

specifies a number of different test cycles to be used to characterize and control gasgous

and particullate emissions from nonroad engines using a variety of steady-state.and transient opergting

conditions.
characteris
appropriate

The test cycles in ISO 8178-4 were developed in recognition, of the differing operating
[ics of various categories of nonroad machines. Likewise, diffefent smoke test cycles cqn be
for different categories of nonroad engines and machines,

Vi
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Scope

document specifies the measurement procedures and test cycles~for the evaluati
sions from compression ignition engines using an opacimeter. The“tests are carrie

of smoke
out under

ly-state and transient operation using tests cycles which are representative of a given application.

smoke testing is conducted using opacimeter-type smoke/ meters which operate an the light

extinction principle. The purpose of this document is to define\the smoke test cycles and the methods

used
use

the {
foun
appl
and

first
engi

For
can
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can

2

The
consg
undai

ISO

pf either full-flow or partial-flow opacimeters and‘Cerrects for differences in rise tiy
wo types of opacimeters. Specifications of the apparatus for the measurement of opsa
d in ISO 11614. The test procedures and measutrement techniques described in this dg
jcable to reciprocating internal combustion{RIC) engines in general. Annex D, Annex

to measure the opacity and for the determination of the'light absorption coefficient. It allows the

ne between
\Icity can be
cument are
E, Annex F

Annex G each contains a test cycle that is_relevant only for those specific applications
subclause of that annex. Where possible, the smoke test cycle described in the annex
he and machine categories developedin1SO 8178-4.

certain categories of non-road(engines “at site” rather than “test bed” smoke test
prove to be necessary. For engines used in machinery covered by additional requirg
pational health and safety-fegulations), additional test conditions and special evaluati

hpply.
Normative reférences
titutes requirements of this document. For dated references, only the edition cited

B178-1:—1), Reciprocating internal combustion engines — Exhaust emission measuremer

Test;

isted in the
utilizes the

procedures
bments (e.g.
bn methods

following ddéuments are referred to in the text in such a way that some or all of their content

hpplies. For

ited references, the latest edition of the referenced document (including any amendments) applies.

it — Part 1:

bed measurement systems of gaseous and particulate emissions

ISO 8178-2, Reciprocating internal combustion engines — Exhaust emission measurement — Part 2:
Measurement of gaseous and particulate exhaust emissions under field conditions

ISO 8178-4:

Steady-state and transient test cycles for different engine applications

—32), Reciprocating internal combustion engines — Exhaust emission measurement — Part 4:

[SO 8178-7, Reciprocating internal combustion engines — Exhaust emission measurement — Part 7: Engine
family determination

1) Under preparation.

2) Under preparation.
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ISO 8178-8, Reciprocating internal combustion engines — Exhaust emission measurement — Part 8:
Engine group determination

ISO 8528-1, Reciprocating internal combustion engine driven alternating current generating sets — Part 1:

Application,

ratings and performance

ISO 11614:1999, Reciprocating internal combustion compression-ignition engines — Apparatus for
measurement of the opacity and for determination of the light absorption coefficient of exhaust gas

3 Terms and definitions

For the pur
[SO and IEC

boses of this document, the following terms and definitions apply.

maintain terminological databases for use in standardization at the following address¢

— ISO Onlline browsing platform: available at https://www.iso.org/obp/

IEC Ele

31

Ctropedia: available at http://www.electropedia.org/

exhaust gals smoke

visible susp

Note 1 to ent
on the comp
referred to 3
resulting fro
the exhaust

3.2

ension of solid and/or liquid particles in gases resulting from cembustion or pyrolysis

ry: The exhaust gas smoke may be black smoke, blue smoke, brown smoke or white smoke deper]
onents present in the exhaust gas after the combustion 9r_pyrolysis process. Black smoke
s “soot”) is mainly due to the presence of carbon parti¢les. Blue smoke is usually due to dro|
In the incomplete combustion of fuel or lubricating oil. Btown smoke is due to the presence of N
ras. White smoke is usually due to condensed water:ahd/or liquid fuel.

transmitt
T

or the instr

ce

21n
fraction of light transmitted from a source through a smoke-obscured path which reaches the obse

lment receiver

Note 1 to enfry: Transmittance is expressed‘as a percentage.

3.3
opacity

N

fraction of
reaching th

ight transmitted-from a source through a smoke-obscured path which is prevented
b observer or-the instrument receiver

Note 1 to enflry: Opacityys expressed as a percentage.

Note 2 to enffry: N =100—-7 .

LS

ding
(also
plets
0, in

rver

‘rom

3.4

effective optical path length

L,

length of the smoke-obscured optical path between the opacimeter (3.8) light source and the receiver

Note 1 to entry: Effective optical path length is expressed in meters and corrected, as necessary, for non-

uniformity d

3.5
standard e

Lys

ue to density gradients and fringe effect.

ffective optical path length

measurement used to ensure meaningful comparisons of quoted opacity (3.3) values

Note 1 to entry: L 45 values are defined in 9.1.4.
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3.6

light absorption coefficient

k

fundamental property quantifying the ability of a smoke plume or smoke-containing gas sample to
obscure light

Note 1 to entry: Light absorption coefficient is expressed in reciprocal meters (m™1).

3.7

Beer-Lambert law
mathematical equation describing the physical relationships between the light absorption coefficient (k)
(3.6}, tramsmittance (t)(3-2)and effective opticat patirtengtit (LA} (34

Note|1 to entry: Because the light absorption coefficient (k) cannot be measured directly, the Beer-Lgmbert law is
used|to calculate k, when opacity (N) (3.3) or transmittance (7) and effective optical path length (L] are known.

<=_—1><1n = (1)
L, |100
<=_—1><1n 1—i (2)
L, 100
3.8

opa¢imeter
instrfument used for continuous measurement of opacity (3.3) and light absorption coefficjent (3.6) of
the ¢xhaust gas

3.9
full{flow opacimeter
instfument which measures all flow of exhaust'gas passing through the smoke measuring chamber

3.10
full{flow end-of-line opacimeter
instfument which measures the opacity (3.3) of the full exhaust plume as it exits at tailpipe

3.11
full{flow in-line opacimeter
instfument which measutes'the opacity (3.3) of the full exhaust plume within the tailpipe

3.12
partial-flow opacimeter
instfument which samples a part of the total exhaust flow and passes the sample through the
meapuring chamber

3.13
opa¢imeter rise time
X
overall rise time of the instrument

Note 1 to entry: The definition of the term “opacimeter rise time” used in this document is equal to the definition
of the term “opacimeter response time” used in ISO 11614.

3.14
opacimeter physical rise time

t
(fifference between the times when the raw k-signal reaches 10 % and 90 % of the full deviation when
the light absorption coefficient (3.6) of the gas being measured is changed in less than 0,01 s

Note 1 to entry: The physical rise time of the partial-flow opacimeter (3.12) is defined with the sampling probe
and transfer tube. Additional information on the physical rise time can be found in ISO 11614.

© IS0 2019 - All rights reserved 3
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Note 2 to entry: The definition of the term “opacimeter physical rise time” used in this document is equal to the

definition of the term “opacimeter physical response time” used in ISO 11614.

3.15

opacimeter electrical rise time

t

e
difference between the times when the instrument recorder output signal or display reaches 10 % and
90 % of full scale when the light source is interrupted or completely extinguished in less than 0,01 s

Note 1 to entry: Additional information on the electrical rise time can be found in ISO 11614.

«

the raw opdcity (3.3) signal

Note 1 to enfry: Additional information can be found in 9.2.

»”

ns of

Note 2 to enfry: The definition of the term “filter rise time” used in this documentis equal to the definition gf the
term “filter rlesponse time” used in ISO 11614.

4 Symbols and abbreviated terms

4.1 Symbols
Symbol Term Unit

B Bessel function constant 1

C Bessel function constant 1

D Bessel function constant 1

E Bessel constant 1

f hata sampling rate Hz

fa Atmospheric factor 1

fe Bessel filter cut-off frequency s1

k llight absorption{coefficient m-!

K Bessel constant 1

Ly Hffective-Optical path length m

Lys Standardeffective optical path length m

N Opaeity %

Ny Opacity at effective optical path length %

Nys Opacity at standard effective optical path length %

Pme Brake mean effective pressure kPa

Ps Dry atmospheric pressure kPa

P Engine power kW

S; Instantaneous smoke value m-~1or %
t, Opacimeter electrical rise time s

tp Filter rise time for Bessel function s

t, Opacimeter physical rise time S

At Time between successive smoke data s
4 © IS0 2019 - All rights reserved
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Symbol Term Unit
T, Engine intake air temperature °C
X overall rise time S
Y; Bessel averaged smoke value mtor %
p Dry ambient density kg/m3
T Transmittance %
[0) Bessel constant 1

4.2 _Abbreviated terms

CL Collimating lens

EC Elemental Carbon

EP Exhaust pipe

FAT Free acceleration time

FM Flow monitoring device

ID Inner diameter

LD Light detector

LS Light source

LSV Lug smoke value

MC Measuring chamber

oD Outer diameter

OPL Optical path length

SPU Sampling pump

PSV Peak smoke value

PSV| Average of peak smoke values
PSVy Peak'smoke value for free acceleration
SP Sampling probe

SSSY Steady-state smoke value

TS Temperature sensor

TT Transfer tube

5 Test conditions

For laboratory testing, the requirements regarding engine test conditions of ISO 8178-4 shall be applied
except ISO 8178-4:—, 5.5.

For in-field testing the requirements for laboratory testing shall be applied with certain restrictions.
Such restrictions shall be agreed in advance by the parties involved. It should be noted that emission
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https://standardsiso.com/api/?name=940a47ddc49cf2287fe512b91d017ef9

ISO 8178-9:2019(E)

tests carried out under different test conditions do not necessarily comply with the limits specified

when using

laboratory conditions.

6 Test fuels

Fuel characteristics influence the engine smoke emissions. Therefore, the characteristics of the fuel
used for the test shall be determined, recorded and presented with the results of the test.

For laboratory testing, the characteristics of the fuel shall fulfil the requirements given in ISO 8178-4:—

, Clause 6.

For in-field|testing, the definitions for the acceptance test described in ISO 8178-4:—, Clause G\$hall
apply. It shpuld be noted that emission tests carried out using commercial fuel do not necessprily
comply with the limits specified when using reference fuels.

7 Measyrement equipment and accuracy

7.1 Gendral

The following equipment shall be used for smoke tests on engines., This document refers tg the
equipment gnd accuracy requirements necessary for conducting a smekeé test.

7.2 Engine and ambient related testing equipment

The following engine and ambient related testing equipmeiit shall comply with the characteriptics
given in ISQ 8178-1:—, Clause 6 and shall meet the calibration and verification requirements givé¢n in
ISO 8178-1:f, Clause 9:

— dynam¢meter specifications;

— speed sensors;

— torque pensors;

— pressufe transducers;

— temperpture sensors;

— dew pojnt sensors.

For in-field|testing, whete applicable, the requirements of the testing equipment shall be applidd as
described i [SO 8178+2.

7.3 Opadimeters

7.3.1 General

The smoke tests conforming with this document shall be conducted using opacimeter-type smoke
meters. Three different types of opacimeters are allowed: in-line and end-of-line full-flow opacimeters
and partial-flow opacimeters. Specifications for the three types of opacimeters can be found in
Clause 10 and in ISO 11614:1999, Clauses 6 and 7.

© ISO 2019 - All rights reserved
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7.3.2 Types of opacimeters

7.3.2.1 Partial-flow opacimeter

With the partial-flow opacimeter, a part of the exhaust is taken from the exhaust pipe and passed
through a transfer line to the measuring chamber. With this type of opacimeter, the effective optical
path length is a function of the opacimeter design.

7.3.2.2 Full-flow opacimeters

With the in-line opacimeter, the opacity of the full exhaust gas within the exhaust pipe i§ measured.
With this type of opacimeter, the effective optical path length is a function of the opddimeter design.

With the end-of-line opacimeter, the opacity of the full exhaust plume is measuregdas it exits|the exhaust
pipel With this type of opacimeter, the effective optical path length is a function of the ekhaust pipe

7.3.3.1 Linearity

The fifference between the value measured by the opacimeter and the reference value of the calibrating
devige shall not exceed +2 % opacity.

7.3.3.2 Zero drift

Zerd drift during a one-hour period shall not exceed +0,5 % opacity.

7.3.3.3 Opacimeter display and range

For dlisplay in both opacity and light absorption coefficient the opacimeter shall have a measuring range
apprijopriate for accurately measuring the smoke of the engine being tested. The resolution shall be at
least 0,1 % of full scale.

The foptical path length selected for the smoke instrument shall be suitable for the smoke |evels being
meapured in order to ntinimize errors in calibrations, measurements and calculations.

7.3.3.4 Instrument rise time

The physical¥ise time of the opacimeter shall not exceed 0,2 s. The electrical rise time of thelopacimeter
shal] not execeed 0,05 s.

7.3.3.5~2 Neutral dnncify filters

Any neutral density filter used for calibrating and checking opacimeters shall be known to an accuracy
of +1 % opacity and the filter’'s nominal value shall be checked for accuracy at least yearly using a
reference traceable to a national or International Standard.

Neutral density filters are precision devices and can easily be damaged during use. Handling should be
minimized and, when required, should be done with care to avoid scratching or soiling of the filter.

7.3.4 Calibration of the opacimeter

7.3.4.1 Calibration procedure

The opacimeter shall be calibrated every 3 months.

© IS0 2019 - All rights reserved 7
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The opacimeter shall be warmed up, stabilized and calibrated in accordance with the manufacturer’s
recommendations. If the opacimeter is equipped with a purge air system to prevent contamination
of the instrument’s optics, this system should also be activated and adjusted in accordance with the
manufacturer’s recommendations.

7.3.4.2 Linearity

With the opacimeter in the opacity readout mode and with no blockage of the opacimeter light beam,
the readout shall be adjusted to 0 % * 0,5 % opacity.

With the opacimeter in the opacity readout mode and all light prevented from reaching the receiver, the
readout shdll be adjusted to 100 % * 0,5 % opacity.

The linearify of the opacimeter shall be checked in the opacity mode periodically in accoydance with
the manufafturer’s recommendations. A neutral density filter between 10 % and 60 % opacity which
meets the equirements of 7.3.3.5 shall be introduced to the opacimeter and the value-récordedThe
instrument|readout shall not differ by more than *2 % opacity from the nominal value of the nefyitral
density filtqr.

8 Testrun execution

8.1 Instdllation of the measuring equipment

8.1.1 General

The opacinjeter and sample probes, if applicable, shall beinstalled after the muffler or any alfter-
treatment flevice, if fitted, according to the installation procedures specified by the instrument
manufactuier.

8.1.2 Exhaust pipe

For full-floy in-line opacimeters the exhaust/pipe diameter shall be a straight pipe (free from elbpws,
bends and Judden change of pipe diameter) of at least 6 pipe diameters upstream and 3 pipe diamgters
downstream of the instrument location. If the diameter of the measuring zone is greater thar] the
diameter of|the exhaust pipe, a pip€ gradually convergent before the measuring zone is required. J¢ints
in the conngcting pipes betweenthe exhaust pipe and the opacimeter shall not allow air to enter from
outside.

For full-floyv end-of-line.@pacimeters the exhaust pipe diameter shall be a straight pipe (free from
elbows, bends and sudden change of pipe diameter) of at least 6 pipe diameters upstream of the
instrument|location

For partial{flow ‘@pacimeters, the exhaust pipe diameter shall be a straight pipe (free from elbpws,
bends and Judden change of pipe diameter) of at least 6 pipe diameters upstream and 3 pipe diamégters
downstrearmofthreprobetocatiomrhrthecase of atargeexhaust pipefegof more-thamrabout 256 mm
diameter), it may be difficult to respect the requirements concerning the length of straight pipe. In
such cases an alternative sampling arrangement may be used provided it has been established that the
alternative ensures a representative sample.

8.1.3 Rain caps

Smoke measurements cannot be performed using a full-flow end-of-line opacimeter when a tailpipe
rain cap is operational. If present, rain caps shall be removed or secured in the fully open position
prior to smoke testing. If the opacimeter is installed without removing the rain cap, the meter shall be
oriented so that the cap does not interfere with the smoke plume or block any portion of the opacimeter
light beam (see Figure 1).

8 © IS0 2019 - All rights reserved
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Dimension in metres

=

<0,05

Key

8.1.4

Card
of e3
the

agern

In n
pers
dire

resuflts shall be considered unreliable (too high) and should be used with caution.

Som
mix

resullts are to be compared to the results of test bed measurements.

Acce
instg
thes

Excd

Som
thefF
of the earth.

——

full-flow opacimeter

failpipe with raincap secured in fully open position; opacimeter oriented so that the lightbeam is ng
by open rain cap

Figure 1 — Rain cap

|  Field testing

machines have horizontal exhaust systems affixed:\to the underside of the chassi
exhaust systems have a curved tailpipe which dirécts the exhaust flow down against|

should be exercised when using a full-flow end-of-line opacimeter with machines havi
haust system. In some cases, exhaust gases’can “rebound” off the earth and recircul
ppacimeter light beam causing erroneously high smoke measurements. This condi
avated if dust becomes entrained in the-fecirculating exhaust flow.

ost cases, little can be done toprevent this condition, however, it is recommended
onnel attempt to observe whetherrecirculation is occurring when testing machines with
rted exhaust systems. If reeirculation appears to be influencing the smoke measurem

e exhaust systems in the field are designed such that ambient air can enter the exhay
with the exhaust\stream. Smoke measurement shall be made before this mixing oc

ssibility torthe exhaust system may be limited in some machines, and it may not be

e instances, smoke results may not be comparable to the test bed measurement results

tinterrupted

s. Typically
the surface

hg this type
hte through
fion can be

that testing
downward
bnt, the test

st pipe and
curs if field

possible to

11 the instrumentation for field measurements in accordance with these recommendations. In

considered

ssiyely windy conditions shall be avoided when measuring in the field. Winds are

excessIve I they disturb the size, shape or location of the smoKe plume in the region where the exhaust
samples are drawn or where the smoke plume is measured. The effect of wind may be eliminated or
reduced by locating the machine in a wind-sheltered area or by using measuring equipment designs
which preclude wind effects on the smoke in the measuring or sampling zones.

No visible humidity (rain, fog or snow) shall be present in the region where exhaust samples are drawn
or the smoke plume is measured. Care shall be taken to ensure that direct sunlight is not hitting the
smoke plume or the receiver. Some equipment designs preclude the effects of these conditions.

8.2

Checking of the opacimeter

Prior to any zero and full-scale checks, the opacimeter shall be warmed up and stabilized in accordance
with the instrument manufacturer’s recommendations. If the opacimeter is equipped with a purge
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air system to prevent contamination of the optics, this system shall also be activated and adjusted in
accordance with the manufacturer’s recommendations.

The zero and full-scale checks shall be made in the opacity readout mode, since the opacity scale offers
two truly definable calibration points, namely 0 % opacity and 100 % opacity.

For test bed measurements with no blockage of the opacimeter light beam, the readout shall be adjusted
to 0 % = 0,5 % opacity. With the light being prevented from reaching the receiver, the readout shall be
adjusted to 100 % * 0,5 % opacity.

For field testing with no blockage of the opacimeter light beam, the readout shall be adjusted to

0% +1%

aonacitr Whth +ha ight | from oo chin o A racalvae tho raadat cho
CIIC T CAaUUUL o114

| be

adjusted to

+h
\Jl_lu\'ll-.yu vV iILIL CIIC lls A2 94w

100 % * 1 % opacity.

TCCTCTVCT;

Before testing, the instrument shall be returned to the k readout mode.

8.3 Test

The engine

cycle

and

shall be run on the applicable test cycle as described in Annex D,/Annex E, Annex F

Annex G. Annnex C provides further considerations to be taken into account.
9 Data ¢valuation and calculation
9.1 Datalevaluation
9.1.1 Ge-[eral requirements — Opacimeters
The measured raw signal shall be converted into :the respective smoke units and corrected for
opacimeter|optical path length differences, as necessary (see 9.1.2, 9.1.3 and 9.1.4). The smoke v3lues
shall be recprded using a minimum frequency of 20:Hz and reported in units of either opacity N or Jight
absorption foefficient k. The smoke data shall theén be processed by means of the Bessel algorithin, as
described ip 9.2. An example of the calculation~procedure is given in Annex B.
The sample|line length shall not affect.the smoke trace. However, even though sample line length does
not affect the shape of the smoke trace) it may introduce a delay between when the smoke is prodjiced
and when if is measured. The analysis of smoke traces shall account for any delay time associated with
the transpofrt of smoke in the exhaust system.
9.1.2 Beg¢r-Lambert relationships
The Beer-Lambert law'defines the relationship between transmittance, light absorption coefficient and
effective opftical path-ength as shown in Formula (3).
T —kXLA
—_—=e 3
100 (3)

From the definitions of transmittance and opacity, the relationship between these parameters is
defined as shown in Formula (4).

N=100

10

-7

(4)
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From Formulae (3) and (4) the following relationships are derived:

9:2019(E)

Ly
Ng\Lg
N,c=100x|1-|1-—= 5
AS ( 100j (5)
N
k=——L xin|1-24 ©)
L, 100
9.1. Data conversion

Conyersion from as-measured smoke values to appropriate reporting units is a two-step pr

the
fron

asic measurement unit of all opacimeters is transmittance, the first step in all cases i
transmittance 7 to opacity at the as-measured effective optical path length-N, using }

pcess. Since
5 to convert

Formula (4).

For most opacimeters this step is done internally and is not apparent to the uger. The second step of the

prog

If th
as-n

NOTE

to Ny

If th

9.1.4

In o1
To u
leng

For f

For |
mea
ma
are

Typi
that

Smo
may
path

TS

ess is to convert from N, to the desired reporting units as follows.

easured effective optical path length N, to opacity at the standard effective optical path

M

In the event that the measured and standard effective optical path lengths are identical
 this secondary conversion step is not required.

e test results are reported in units of light absorption-coefficient, Formula (6) shall be a

| Effective optical path length input values

der to apply Formula (6), it is necessary toapply the as-measured effective optical path
se Formula (5), values shall be appliedyboth for L, and for the standard effective ¢

ull-flow end-of-line opacimeters] L) 'is a function of the engine tailpipe design.

partial-flow opacimeters and\full-flow in-line opacimeters, L, is a fixed function of the
surement cell and purge Jair system design. Specification data supplied by the
facturer shall be used to’determine the appropriate value for L, when these types of g
ed.

are accurate’towithin 2 % opacity.

ke opacity readings depend on the effective optical path length of the instrument. Since
be established in units of percent opacity, they shall be referred to the standard effed
lerigths (pipe diameter) at which the limit values apply. For meaningful smoke data cq

smo

keZopacity results shall be reported at the standard effective optical path lengths (L,

e test results are reported in opacity units, Formula (5) shall be used to convert from opacity at the

length N .

Ny is equal

pplied.

length (L ).
ptical path

instrument
instrument
pacimeters

cally, it is necessary to determine L4 to within #0,002 m in order to achieve corrected smoke results

limit values
tive optical
mparisons,
<) shown in

Table 1.

For the purposes of Table 1 engine power does not need to be measured. Engine power is typically
available either from a label on the engine, from the owner’s manual of the engine, from the information
used to apply for certification or type approval of the engine. In case that the engine power cannot be
determined, it is not possible to evaluate the engine’s compliance with limit values that are expressed
in percent opacity.
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Table 1 — Standard effective optical path lengths

Engine power Standard effective
optical path length
p Lys
kW m
P <37 0,038
37<P<75 0,05
75<P <130 0,075
130 < P <225 0.1
225 <P <450 0,125
P =450 0,15
9.2 Sign4l filter algorithm

9.2.1 General

The Bessel

The algoritl
a low pass §
These coeff
of the unfilt
rise time an

9.2.2 (al

The requiryg
opacimeter

tF:\/;

where

— —

—
D

X

9

—

hlgorithm shall be used to calculate filtered values from the instantaneous smoke read
hm can be applied to either opacity or light absorption coefficient. The algorithm emu
econd order filter, and its use requires iterative calculatigns-to determine the coeffici
icients are a function of the rise time of the opacimeter System and the sampling frequ
ered signal. Therefore, the calculations given in 9.2.2 shall be repeated whenever the sy
d/or sampling frequency changes.

rulation of filter rise time and Bessel constants

pd Bessel filter rise time t; is a function-of the physical and electrical rise times o
system and the overall rise time X andshall be calculated using Formula (7):

2 2 2
~(e5+¢2)

the physical rise time;/expressed in seconds (s);
the electricalaise time, expressed in seconds (s);
the filter.rise time, expressed in seconds (s);

the everall rise time, expressed in seconds (s).

Formula (7

) ‘ean be used to adjust differing opacimeters to a common overall rise time provided

ngs.
ates
ents.
ency
ttem

[ the

(7)

that

both t, and

t, are much smaller than X.

The calculations for estimating the filter cut-off frequency (f_) are based on a step input of 0 to 1 in
<0,01 s (see Annex B). The rise time is defined as the time between when the Bessel output reaches
10 % (t;0) and when it reaches 90 % (tq) of this step function. This shall be obtained by iterating on f
until £g( —t;¢ = tr The firstiteration for f, is calculated using Formula (8).

/3

(10xtp) (®)

fe=
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The Bessel constants E and K shall be calculated using the Formulas (9) and (10).

1
E= 9)
1+02x/3xD + Dx02?
K=2><E><(D><QZ—1)—1 (10)
where
010 N2 A
L/ Cqualo v, 10 UJT,
ne _ 1
1
D = .
[tan(nxAtxfc )]
Usinfg the values of E and K, the Bessel filtered rise of X to a step input S; shall be calculated @s follows
;=Y +EX(S; +2XS;_1 +S;_5 —4XY; 5 )+KX(Y;_1 -Y;_5) (11)
where
bi2=5i-1=0
iz =Yi1=0

The times t;, and tq, shall be intérpolated. The difference in time between tq, and t;, defirles the filter
rise [time tp for that value of fZ{f this rise time is not close enough to the required rise tinpe, iteration
shal] be continued until the @ctual rise time is within 1 % of the required rise as follows:

(£90 —t10)—trp| <002t , (12)

An explanation.ofithe Bessel filter, an example of the design of a Bessel algorithm, and an exgmple of the
calcyilation of the final smoke value are given in Annex B. The constants of the Bessel algprithm only
depg¢nd on the design of the opacimeter and the sampling frequency of the data acquisition pystem. It is
recommended that the opacimeter manufacturer provide the final Bessel filter constants for different
sampling frequencies and that the user applies these constants for designing the Bessel algorithm and
for calculating the smoke values.

9.2.3 Calculation of Bessel filtered smoke

Once the proper Bessel algorithm constants E and K have been calculated in accordance with 9.2.2, the
Bessel algorithm shall then be applied to the instantaneous smoke trace using Formula (11).

The Bessel algorithm is recursive in nature. Thus it needs some initial input values of S;; and S, , and
initial output values Y, ; and Y, , to get the algorithm started. These may be assumed to be 0.

The resultant Bessel filtered smoke values are then used to calculate the appropriate smoke values as
described in the applicable Annex.
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9.3 Alternative signal handling

9.3.1 General

The Bessel filter algorithm described in 9.2 shall be used by default in this document. See Annex B for
more details.

As an alternative to the Bessel filter algorithm, the specifications as given in 9.3.2 may be used for
certain applications, if agreed upon by the parties involved. It should be noted that peak values
determined during emission tests where different signal filter algorithms are applied will not

necessarily

be comparable.

9.3.2 Al

The rise tiy
reach 90 %
be 0,9 s to 1

The dampin]

prnative specifications

ne of the electrical measuring circuit, being the time necessary for the indieating di
of full-scale deflection on insertion of a screen fully obscuring the photoelectric cell,
1s.

g of the electrical measuring circuit shall be such that the initial overswing beyond the

steady readling after any momentary variation in input (e.g. the calibration scre€n) does not exceed
of that readjing in linear scale units.

The rise ti
taken from
not exceed

These prov

In this docu
(physical ri
as describe

e of the opacimeter which is due to physical phenomena.inthe smoke chamber is the
the start of the gas entering the chamber to complete filling of the smoke chamber; it
D,4 s.

ment the overall rise time X is defined to be I's. State of the art opacimeters have a rise
be time ¢, and electrical rise time t,) much-simaller than 1 s and so the Bessel Filter algor
1 in 9.2 is applicable to achieve the overall rise time X of 1 s. For opacimeter designs, wj

sions shall apply solely to opacimeters used to measure opacity under free acceleratior].

hl to
hall

final
4%

time
shall

time
thm
here

the sum of §, and ¢, is more than 1 s, the alternative specifications may be allowed.

10 Opacimeter Design Specifications

10.1 General

10.2 and 1.4 and Figures 1-dnd 6 contain detailed descriptions of the full-flow and partial{flow
opacimeter|systems. Since-various configurations can produce equivalent results, exact conformpnce
with Figurgs 1 and 6 is'mot required. Additional components such as instruments, valves, solenpids,
pumps and|switches may be used to provide additional information and coordinate the functions of
the comporjent systems. Other components which are not needed to maintain the accuracy on Jome

systems md

y be excluded if their exclusion is based upon good engineering judgement.

Full-flow a1

pdpartial-flow opacimeters are based on the same measurement principle (exhaust

gas

opacity method based on light extinction). The decrease of light intensity between the light source and
the receiver is caused by the exhaust gas components. The transmitted light through the specific optical
path length with exhaust gas is measured at the receiver and compared with its original intensity
(i.e. the intensity of the light source without the exhaust gas components).

The smoke measurement depends upon the design of the instrument and may be carried out in the
exhaust pipe (full-flow in-line opacimeter), at the end of the exhaust pipe (full-flow end-of-line
opacimeter) or by taking a sample from the exhaust (partial-flow opacimeter).
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10.2 Full-flow opacimeter

10.2.1 General

With the in-line opacimeter (see Figure 2), the opacity of the full exhaust plume within the exhaust
pipe is measured. With this type of opacimeter, the effective optical path length is a function of the
opacimeter design.

With the end-of-line opacimeter, the opacity of the full exhaust plume is measured as it exits the exhaust
pipe. With this type of opacimeter, the effective optical path length is a function of the exhaust pipe
design and the distance between the end of the exhaust pipe and the opacimeter.

‘,///6
L 1 1 13
!6/ :z/
— Iy g 1

2
Key
1  follimating lens
2 pxhaust pipe
3 light detector
4  light source
5  pptical path length
6  femperature sensor (optional)

Figure 2 — Full-flow opacimeter

10 2<“Compnonantc ofa full flow anacimatar
AT OO PO It OT O T IO VY O PO CIIIIeTeT

10.2.2.1 Light source (LS)

The light source shall be an incandescent lamp with a color temperature in the range of 2 800 K to
3 250 K or a green light emitting diode (LED) with a spectral peak between 550 nm and 570 nm. The
light source shall be protected against contamination by means that do not influence the optical path
length beyond the manufacturer’s specifications.

10.2.2.2 Light detector (LD)
The detector shall be a photocell or a photodiode (with a filter, if necessary). In the case of an

incandescent light source, the receiver shall have a peak spectral response similar to the phototopic
curve of the human eye (maximum response) in the range of 550 nm to 570 nm, to less than 4 % of that
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maximum response below 430 nm and above 680 nm. The light detector shall be protected against
contamination by means that do not influence the optical path length beyond the manufacturer’s

specifications.

10.2.2.3 Collimating lens (CL)

The light output shall be collimated to a beam with a maximum diameter of 30 mm. The rays of the light
beam shall be parallel within a tolerance of 3° of the optical axis.

10.2.2.4 Temperature sensor (TS)

Optional fol

10.2.2.5 O

The length
corrected aj
length shal
contaminat]
accordance
minimum e

10.3 Dete

monitoring the exhaust gas temperature during the test.

ptical path length (OPL)

pof the smoke-obscured optical path between the opacimeter light source’ahd the recq
5 necessary for non-uniformity due to density gradients and fringe effect: The optical
be submitted by the instrument manufacturer taking into account-any measures ag4
jon (e.g. purge air). If the optical path length is not available, it“shall be determing
with ISO 11614:1999, 11.6.5. For the correct determination of the optical path leng
khaust gas velocity of 20 m/s is required.

rmination of effective optical path length (L,)

10.3.1 General

Portions of
the effectiv
outlet (with
the same a
this distang
smoke resu
(The larges
opacity, les
smallest st3

Itis often d
tailpipe out
maximum (
not have an|

For many

the light source to receiver path length whichrare not smoke obscured do not contribu
e optical path length. If the opacimeter’s lightdeam is located sufficiently close to the exh
in 0,07 m), the cross section of the smoke plume as it passes by the opacimeter is essent

e should be determined by direct-measurement of the tailpipe outlet. To achieve corrg
lts which are accurate within +2 % opacity, determination of L, shall be made within #
L error in opacity occurs at an opacity of approximately 60 %. At lower and higher valu
b accurate determination ofif,; can be tolerated if agreed by the parties involved.) Fo

lets on many machines. Therefore, the extension of the exhaust stack pipe from three]
f 30 times the stack pipe diameter should be considered if the engine manufacturer
iy objections{Proper sealing of that joint is necessary to avoid exhaust dilution with air.

ommon tailpipe designs L, can be determined with sufficient accuracy from extgq
tem dimensions which are easier to measure. The remainder of this clause describes t|

exhaust syg

ndard effective optical path length (0,038 m), £6 % equates to an accuracy of +0,002 m|.

iver,
path
ninst
d in
th, a

ke to
aust
ially

the tailpipe outlet along the line of, orientation of the opacimeter light beam. In genleral,

cted
6 %.
es of
" the

fficult, particularly-infield testing, to gain access to and obtain direct measurements of the

to a
does

rnal
hese

cases and t}|1e principles and procedures that shall be considered in determining L .

10.3.2 External versus internal tailpipe dimensions

10.3.2.1 General

Most tailpipes encountered on machines are constructed from metal tubing of various standard
nominal sizes. Nominal tubing sizes are based on the tubing OD whereas it is the internal dimension
of the tailpipe that dictates L. The difference between the external and internal tailpipe dimension is
twice the tubing wall thickness, which is typically small.

Use of the external tailpipe dimension as the as-measured effective optical path length results in
corrected smoke values which are slightly less than the true corrected smoke values (<1 % opacity).
In most cases, this small error is acceptable. However, in cases where extreme accuracy is required or
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re the tailpipe wall thickness is unusually large, the material thickness should be accounted for in

determining L.

10.3.2.2 Straight circular non-bevelled tailpipes

This is the simplest tailpipe design that may be encountered and is illustrated in Figure 3. In this
case, the opacimeter’s light beam shall be oriented such that it is perpendicular to and passes through
the central axis of the smoke plume and is within 0,05 m of the tailpipe exit. If these guidelines are
followed, L, is equal to the tailpipe ID and can usually be adequately approximated by the tailpipe OD

(see

Key

10.3

A bsd
the ¢
opaq
and
the ¢
tailp
usug

10.3.2.1).
Dimensjon in metres
2 1
H
; l | _ *
......... JRN D S 'Dv;
a | ~
]
<0,05
full-flow opacimeter
circular tailpipe
Exhaust flow.

., = Tailpipe inner diameter; L, = Tailpipe outer diameter for wall thickness less than 1,5 mm.

Figure 3 — Straight circular non-bevelled tailpipe

.2.3 Straight circular bevelled tailpipes

velled tailpipe is fonmed when the outlet of the tailpipe is not cut off square (perpendicular) to
1xis of the exhaust flow. When this type of tailpipe is encountered, there is only one regommended
imeter mounting orientation. The axis of the opacimeter’s light beam shall be perpéndicular to
passing through' the central axis of the smoke plume and should be parallel to the mfinor axis of
elliptical shape to the tailpipe exit. The opacimeter’s light beam shall also be within 005 m of the
ipe outlét (see Figure 4). If these guidelines are followed, L, is equal to the tailpipe|ID and can
lly be.adequately approximated by the tailpipe OD (see 10.3.2.1).

Dimensjon in metres

. Lo, | \Q\
2 —E—/'\'\‘FLZ'F

A

-

a) Proper opacimeter orientation b) Improper opacimeter orientation
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1 full-flow opacimeter
a L, =Tailpipe ID; L, = Tailpipe OD for wall thickness less than 1,5 mm.
b Light beam not perpendicular to exhaust flow.

¢ Typically > 0,05 m.

Figure 4 — Straight circular bevelled tailpipe

10.3.2.4 Cuprved-eireulartailpipes

When the c¢ntral axis of the tailpipe is curved at the approach to the exit, the tailpipe is said tobecufved
and the crogs section of the tailpipe outlet is non-circular. To avoid erroneously low readings/when| this
type of tailpipe is encountered, the opacimeter shall be mounted such that the axis of the-Opacimeter’s
light beam is perpendicular to and passing through the central axis of the smoke plume (rot necessprily
the centerline of the pipe) and is parallel to the minor axis of the tailpipe exit. Fhe opacimeter Jight
beam shall plso be within 0,05 m of the tailpipe exit (see Figure 5). If these guidelines are followef, L,
is equal to the tailpipe ID and can usually be adequately approximated by the tailpipe OD (see 10.3]2.1).
Opacimeter] orientations in which the opacimeter’s light beam is not parallel*to the minor axis of the
tailpipe exif may be used, but in these cases it will be necessary to determine L , by direct measurement.

Dimension in metres
<0,05

LAl

LAa

il

Ly

;
ety

:
i

Key
1 full-flow opacimeter

a L, =Minor axis of outlet; If;5 Tailpipe ID; L, = Tailpipe OD for wall thickness less than 1,5 mm.
b L, =Minjor axis of outlét;'¥;, > Tailpipe ID (to be determined by direct measurement).

Figure'5 — Curved circular tailpipe (proper opacimeter orientations)

10.3.2.5 Norn-circutar taitpipe

If the tailpipe cross section is non-circular, the opacimeter shall be mounted such that the opacimeter’s
light beam is perpendicular to and passes through the central axis of the smoke plume and is within
0,05 m of the tailpipe exit.

For these cases, L, shall be determined by direct measurement. If the tailpipe cross section is an oval
or an ellipse, the opacimeter’s light beam has to be aligned with either the major or minor axis of the
tailpipe cross section in order to facilitate the measurement of L, (see Figure 6).
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L g2

?/1
]

=0,05
1

1
&3
u
Re="

a) Proper opacimeter orientation

SN

T
|
T <0,05

b) Improper opacimeter orientation

1  full-flow opacimeter

a L, =Minor axis to be determined by diréct measurement.
b T, = Major axis to be determined by'ditect measurement.
¢ L, =Major or minor axis difficultto measure.

Figure 6 — Non-circular tailpipe

10.4 Partial-flow-opacimeter

10.4.1 General

With the partial-flow opacimeter (see Figure 7), part of the exhaust is taken from the exhaust pipe and
passed’through a transfer line to the measuring chamber. With this type of opacimeter, the effective
optical path length is a function of the opacimeter design. The rise times referred to in 9.2.2 apply to
the minimum flow rate of the opacimeter, as specified by the instrument manufacturer.
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Key
collimatjng lens
exhaust|pipe

flow mopitoring device
light detlector

light soyrce

measuripng chamber
optical gath length
sampling pump (optional)

O© 00 NN O U1 A~ W N -

sampleirobe

Uy
(e}

temperature sensor

[y
[y

transfer|tube
Exhaust

[}

Figure 7 — Partial-flow opacimeter

1042 COl’ nonentcofnartial flow anacimatar
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10.4.2.1 Sampling probe (SP)

The sampling probe shall be placed in the exhaust gas flow to obtain a representative sample of the
exhaust gas.

The sampling probe shall be an open tube facing upstream and placed in the exhaust pipe centerline.
The clearance with the wall of the tailpipe shall be at least 5 mm. The probe diameter shall ensure a
representative sampling and a sufficient flow through the opacimeter.

The sampling probe shall be gastight with no sharp bends or constrictions which might cause avoidable
local resistance to the gas flow.
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10.4.2.2 Transfer tube (TT)

The transfer tube shall be inclined upwards from the sampling point to the opacimeter and shall be
gastight with no sharp bends or constrictions which might cause avoidable local resistance to the gas
flow. In order to provide the required temperature conditions at the chamber inlet, the transfer tube may
be conditioned (heated) but this must not unduly modify the gas characteristics. The transfer tube shall:

— be as short as possible and ensure an exhaust gas temperature of 100 °C + 30 °C (373 K+ 30 K) at
the entrance to the measuring chamber;

— have awall temperature sufficiently above the dew point of the exhaust gas to prevent condensation;

be equal to the diameter of the sampling probe over the entire length;

have a response time which is part of the physical rise time t, of less than 0,05 s 4§t minimum

nstrument flows;

have no significant effect on the smoke peak.

10.4.2.3 Flow monitoring device (FM)

Flow
flow
requ
devi

10.4

The
The
redy

The
mor

atmg¢spheric pressure.

The
and
cond

 monitoring to detect the correct flow into the measuring chamber. The minimum an

rates shall be specified by the instrument manufacturer{and shall be such that tH
irement of the instrument and the optical path length spegifications are met. The flow
ce may be close to the sampling pump (SPU), if used.

.2.4 Measuring chamber (MC)

impingement of stray light on the detectordue to internal reflections of diffusion effé
ced to a minimum.

pressure of the gas in the measuring chamber shall not differ from the atmospheric
e than 0,75 kPa. Where this is ngt possible by design, the opacimeter reading shall be ¢

wall temperature of the measuring chamber shall be set to within 5 °C between 70
100 °C (373 K), but in‘all cases sufficiently above the dew point of the exhaust gag

tem

10.4.2.5 Opticalipath length (OPL)

The [length.of the smoke-obscured optical path between the opacimeter light source and t
corrpctedias necessary for non-uniformity due to density gradients and fringe effect. The
lengfhrshall be submitted by the instrument manufacturer taking into account any measy

ensation. The measuring chamber shall be equipped with appropriate sensors for me
erature.

1 maximum
e rise time
monitoring

measuring chamber shall have a non-reflectivetinternal surface or equivalent optical environment.

cts shall be

bressure by
onverted to

°C (343 K)
to prevent
asuring the

he receiver,
bptical path
res against

contamrnation{e-g-purge-airy

10.4.2.6 Light source (LS)

The light source shall be an incandescent lamp with a color temperature in the range of 2 800 K to
3 250 K or a green light emitting diode (LED) with a spectral peak between 550 nm and 570 nm. The
light source shall be protected against contamination by means that do not influence the optical path
length beyond the manufacturer’s specifications.

10.4.2.7 Light detector (LD)

The detector shall be a photocell or a photodiode (with a filter, if necessary). In the case of an
incandescent light source, the receiver shall have a peak spectral response similar to the phototopic
curve of the human eye (maximum response) in the range of 550 nm to 570 nm, to less than 4 % of that
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maximum response below 430 nm and above 680 nm. The light detector shall be protected against
contamination by means that do not influence the optical path length beyond the manufacturer’s
specifications.

10.4.2.8 Collimating lens (CL)

The light output shall be collimated to a beam with a maximum diameter of 30 mm. The rays of the light
beam shall be parallel within a tolerance of 3° of the optical axis.

10.4.2.9 Temperature sensor (TS)

For monitofing the exhaust gas temperature at the entrance to the measuring chamber.

10.4.2.10 Sampling pump (SPU)

Optionally, f sampling pump downstream of the measuring chamber may be used to transfer the sample
gas through] the measuring chamber.
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Annex A
(informative)

Overview particulate and soot measurement methods

In much of the scientific literature the terms soot, black smoke, black carbon (BC) and elemental carbon
(EC) are used interchangeably, although soot, black smoke, BC and EC commonly have operational and

source-based definitions, respectively, notwithstanding that reliable reference samples,and aerosol
standards do not exist for either one.

ISO [8178-1 describes test bed measurement of gaseous and particulate exhatst‘emisgions which
inclydes the measurement of particulate mass and particle number emissions.

ISO |8178-3 describes test procedures for measurement of exhaust gas 'smoke emigsions from
compression ignition engines using a filter-type smoke meter.

This| document describes test cycles and test procedures for méeasturement of exhaust|gas smoke
emigsions from compression ignition engines using an opacimeter.
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Components

Smoke Types

Measurement Methods

sulfate
associated
water

white smoke

organic
carbon

elemental
carbon (EC)

ash fuel oil

sulfates
[SO 4]

b |
NO,

semi - volatile

non - volatile

blue smoke

blue smoke

black smoke

brown smoke

PM incl. condensables

[SO 8178-1

PM without condensables

ISO 9096

Opacity
ISO 8178-9

) blue smoke

7
volatile &n

white smoke

Key

! Contribution possible.

a2 Contribution can be minimized or even eliminated by use of appropriate fuel and lube oil.

NOTE
refer to ISO 8178-1.

24

Particle number and its measurement methods are not included in the figure. For more information

Figure A.1 — Exhaust components and measurement methods
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Annex B
(informative)

Example of calculation procedure

General

Sinc
dete
exar

The
freq
the 1
for d

B.2

Due
rem
itsel
over

Assy
diffe
isp
the

opad
time
isto

The

e the application of the Bessel algorithm on filtering is an averaging procedurs
rmination, an explanation of the Bessel filter, an example of the design of a Besseljalgor
nple of the calculation of the final smoke value are given in this annex.

b in smoke
thm and an

constants of the Bessel algorithm depend on the design of the opacimeter and on the sampling

iency of the data acquisition system. It is recommended that the opaciniéter manufactui
inal Bessel filter constants for different sampling rates and that the{cuistomer use thes
esigning the Bessel algorithm and for calculating the smoke values:

General remarks on the Bessel filter

to high frequency distortions, the raw opacity signalkusually shows a highly scatter
bve these high frequency distortions a Bessel filter iS\required for the smoke test. The
[ is a recursive, second-order low-pass filter whi¢h guarantees the fastest signal T
shoot.

er provides
e constants

bd trace. To
Bessel filter
ise without

ming a real time raw exhaust plume in the exhaust pipe, each opacimeter shows a delayed and

rently measured opacity trace. The . delay and the magnitude of the measured oy
[imarily dependent on the geometny of the measuring chamber of the opacimete
bxhaust sample lines, and on the time needed for processing the signal in the electr
imeter. The values that characterize these two effects are called the physical and the el
which represent an individual filter for each type of opacimeter. The goal of applying a
guarantee a uniform overallfilter characteristic of the whole opacimeter system, consi

physical rise time of the.Opacimeter (¢,);
plectrical rise time-of the opacimeter (t,);
filter rise tinie-of the applied Bessel filter (¢g).

resulting.overall rise time of the system (X) is given by

K&\ Jtf +t5+t

acity trace
I, including
bnics of the
pctrical rise
Bessel filter
sting of

(B.1)

and shall be equal for all kinds of opacimeters in order to give the same smoke value. Therefore, a
Bessel filter shall be created in such a way, that the filter rise time (t;) together with the physical rise

time (

) and electrical rise time (t,.) of the individual opacimeter shall result in the required

overall rise

t
time ()?). Since t, and ¢ are given values for each individual opacimeter, and X is defined to be 1 s in this
document, ty can be calculated as follows:

tp=y X2t

2
P

2
e

-t

(B.2)

By definition, the filter rise time t is the rise time of a filtered output signal between 10 % and 90 %
on a step input signal. Therefore the cut-off frequency of the Bessel filter shall be iterated in such a way

that

the rise time of the Bessel filter fits into the required rise time.
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In Figure B.1, the traces of a step input signal and Bessel filtered output signal as well as the rise time of
the Bessel filter (t;) are shown.

Y

1,2 -

08 [

0,6 -

04

0,2 |-

te

0 1 1 I 1 I 1 I 1 I 1 I
-0,3 0 0,5 1 1,5 2 25 X

Key
Y  signal 1 step input signal
X  time, expressed in seconds (s) 2 «Bessel filtered output signal

Figure B.1 — Traces of a step input signal and the filtered output signal

B.3 Calculation of the Bessel algorithm

B.3.1 General

Designing the final Bessel (filter algorithm is a multi-step process which requires several itergtion
cycles. The pcheme of the iteration procedure, which is based upon Clause 10, is shown in Figure B.R.

In the folloying example; a Bessel algorithm is designed for the peak smoke value (PSV) in several qteps
according t¢ the iteration procedure shown in Figure B.2. For the PSV, the overall rise time is defin¢d as
1 s. The iterjation\piocedure for LSV is identical.

For the opatimeter and the data acquisition system, the following characteristics are assumed:

Physical rise time ty: 0,15s
Electrical rise time t,;:  0,05s
Overall rise time X: 1 s (by definition for PSV)

Sampling frequency: 150 Hz
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Characteristics . Data acquisition
. Regulation

of opacimeter Eo (5) system sample

tpte(s) Aver frequency (Hz)

! !

Required overall Bessel filter response
, . Step 1
f c f c,new time ¢t v €p
Design of Bessel filter algorithm
fLEK Step 2

LApplication of Bessel filter on step input

— £(10 %), £(90 %) Step 3

Adjustment of
cut-off frequency

f chew = fo x (1+4)

Calculation of iteratedfilter response time

t piter =&(90%) - £(10 %) Step 4

Deviation between t and t Fiter
t Fiter -t F Step 5
tr

Iteration no Check for iteration criteria

|A]<0,01 Step 6

yes

Final Bessel filter constants and algorithm

Step 7
Y= °p

Figure B.2 — Iteration scheme of Bessel filter algorithm

B.3.2 Step 1: Required Bessel filter rise time ¢

tp =4 X? —(tp+t2) (B.3)

tp =12 —(0,15% +0,052 )=0,987 421 s (B.4)

© IS0 2019 - All rights reserved 27


https://standardsiso.com/api/?name=940a47ddc49cf2287fe512b91d017ef9

ISO 8178-9:2019(E)

B.3.3 Step 2: Estimation of cut-off frequency, ., and calculation of Bessel constants E and

K for first iteration
fe=m/(10xtg) (B.5)
fe=m/(10x0,987 421)=0,318161Hz (B.6)
At=1/150 (B.7)
Q=1/fan(nxAtx f,) B.8)
Q=1/fan(nx1/150%0,318161)=150,067 975 [B.9)
E= ! (B.10)
1+ 02x/3xD +Dx Q?
D=0,618034 (B.11)
1 -5
E= 5 =7,08029x10 (B.12)
1+150,067975%,/3x0,618034 +0,618034%x150,067.975
1(:2><1£'><(D><Q2 —1)—1 (8.13)
K =2x7,080 29x107° x(0,618 034x150,067.975 2—1)—1 =0,970781 (B.14)
This gives the Bessel algorithm:
Y; =Y, | +EX(S; +2XS; 4 +S; g +4xY;_5 )+ Kx(Y;_1 =Y;_3) (B.15)
Y; =Y;_{ +7,080 29x 102X (S; +2xS;_1 +5;_5 —4XY;_»)+0,970781x(Y;_; -Y;_5) (B.16)
where
S; representsthe values of the step input signal (either “0” or “1”);
Y represents the filteredszalues of the nnfpnf cigna]

B.3.4 Step 3: Application of Bessel filter on step input

The Bessel filter rise time ¢y is defined as the rise time of the filtered output signal between 10 % and
90 % on a step input signal. For determining the times of 10 % (t;,) and 90 % (tq() of the output signal,
a Bessel filter shall be applied to a step input using the above values of f,, E and K.

The index numbers, the time and the values of a step input signal and the resulting values of the filtered
output signal for the first and the second iteration are shown in Table B.1. The points adjacent to t;, and
tgo are marked in boldface.

28
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Table B.1 — Iteration scheme of Bessel filter algorithm

Index Time Step input signal Filtered output signal
S Si . . i . .
1stiteration | 2nd iteration
-2 -0,013 333 0 0,000 000 0,000 000
-1 -0,006 667 0 0,000 000 0,000 000
0 0,000 000 1 0,000 071 0,000 084
1 0,006 667 1 0,000 352 0,000 416
p/ 0,013333 T 0,000903 0,001 07%
3 0,020 000 1 0,001 731 0,002 046
4 0,026 667 1 0,002 813 0,003,321
5 0,033 333 1 0,004 146 0,004'891
24 0,160 000 1 0,067 884 0,078 788
25 0,166 667 1 0,072 823 0,084 448
26 0,173 333 1 0,077 882 0,090 237
27 0,180 000 1 0,083 056 0,096 149
28 0,186 667 1 0,088 339 0,102 178
29 0,193 333 1 0,093 728 0,108 318
30 0,200 000 1 0,099 218 0,114 564
31 0,206 667 1 0,104 804 0,120 911
32 0,213 333 1 0,110 482 0,127 352
33 0,220 000 1 0,116 248 0,133 884
34 0,226 667 1 0,122 097 0,140 500
35 0,233 333 1 0,128 025 0,147 197
36 0,240 000 1 0,134 029 0,153 969
37 0,246 667 1 0,140 104 0,160 811
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Table B.1 (continued)

In Table B.1
occurs bety
determined

t10 =ty

tgg =t

Where out |, ,

and tj,er 1

Index Time Step input signal Filtered output signal
S Si . . i . .
1stiteration | 2nd iteration
174 1,160 000 1 0,859 856 0,896 087
175 1,166 667 1 0,862 443 0,898 336
176 1,173 333 1 0,864 994 0,900 548
177 1,180 000 1 0,867 510 0,902 723
178 1186667 t 6;869-996 6,964 863
179 1,193 333 1 0,872 436 0,906 967
180 1,200 000 1 0,874 846 0,909 036
181 1,206 667 1 0,877 223 0,911 071
182 1,213 333 1 0,879 565 0,913,072
183 1,220 000 1 0,881 874 0,915038
184 1,226 667 1 0,884 149 0,916 972
185 1,233 333 1 0,886 392 0,918 872
186 1,240 000 1 0,888 601 0,920 740
187 1,246 667 1 0,890\279 0,922 575
188 1,253 333 1 0,892 924 0,924 379
189 1,260 000 1 0,895 037 0,926 151
190 1,266 667 1 0,897 120 0,927 893
191 1,273 333 1 0,899 170 0,929 603
192 1,280 000 1 0,901 191 0,931 284
193 1,286 667 1 0,903 180 0,932 934
194 1,293 333 1 0,905 140 0,934 556

wer

+Atx(0,1-outjgyer )/(out

upper Out|oyyer )

wer +AEX(059=0ut ger ) / (0UL ypper —OULjgwer )

| first iteration, the 10 % value-ocCurs between index number 30 and 31 and the 90 % yalue
veen index numbers 191 and.192. For the calculation of tg ;.. the exact t;y and ¢y, values are
by linear interpolation between the adjacent measuring points, as follows:

(B.17)

(1.18)

or.and outy,..» respectively, are the adjacent points of the Bessel filtered output signal,
b thetime of the adjacent time point, as indicated in Table B.1.

t10=0,200000+0,006 667><(O,1—0,099 218)/(0,104 804-0,099 218) =0,200933s

tgo =1,273333+0,006667x(0,9-0,899170)/(0,901191-0,899170)=1,276 0715

B.3.5 Step 4: Filter rise time of first iteration cycle tg;,.,

Lgiter =

tgo —t10

tpiter =1,276071-0,200933=1,075138s

30

(B.19)

(B.20)

(B.21)

(B.22)
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B.3.6 Step 5: Deviation between required and obtained filter rise time, A, of first
iteration cycle

A= (tF,iter —tg )/tF

A=(1,075138-0,987 421) /(0,987 421)=0,088 834

B.3.

A=

cyclg
follo

This
shal
iterd

B.3.

As s
algo
aftel

7 Step 6: Checking the iteration criteria

(B.23)

(B.24)

e shall be started. For this iteration cycle, a new cut-off frequency is calculated from
Ws:

fc,new =fc X(1+A)
fenew =0,318 161x(1+0,088834)=0,346 425Hz

new cut-off frequency is used in the second iteration cycle)starting again at Step 2. T|
be repeated until the iteration criteria are met. The\resulting values of the first
tion are given in Table B.2.

Table B.2 — Values of the first and second iterations

Parameter Unit 1st iteration 2nd iteration
fe Hz 0,318 161 0,346 425
E 1 7,080 29 x 105 8,383 292 x 10~
K 1 0,970 781 0,968 199
t1o S 0,200933 0,184 259
too S 1,276 071 1,178 348
CEiter S 1,075 138 0,994 090
A 1 0,088 834 0,006 754
Soao Hz 0,346 425 0,348 765

8 Step 7: Einal Bessel algorithm

pon as_the’iteration criteria have been met, the final Bessel filter constants and the
Fithmiare calculated in accordance with Step 2. In this example, the iteration criterion h

aver

0,01 is required. Since 0,088 834 > 0,01, the iteration criteria are not met and a futther iteration

f. and A as

(B.25)

(B.26)

he iteration
and second

final Bessel
hs been met

the'second iteration (A = 0,006 754 < 0,01). The final algorithm is then used for determining the

bhoad cxnaolea valiiac (caa P A0
2=y e

S ITITO vorac o (OCTToET

Y; =Y, +EX(S; +2XS;_1 +S;_5 —4xY;_5 )+ Kx(Y;_1 —Y;_,)

Y; =Y;_q +8,383292x107° x(S; +2xS,;_1 +S;_p —4xY¥;_5)+0,968199x(Y;_ ~Y;_,)

1
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B.4 Calculation of the smoke values

B.4.1 General

In the following example, the general procedure of determining the final smoke value is given for PSV
in accordance with 9.2.3. In this case, the Bessel filter designated in B.3 is used, and is applied to the
light absorption coefficient, k, converted from the raw opacity signal according to Formula (6) of 9.1.2.
If opacity is used for reporting the test results, the same filter algorithm is directly applied to the raw
opacity signal. The procedure for LSV is identical.

Figure B.3 shows the traces of the measured raw opacity signal and of the unfiltered and filtered light

absorption
also indicat]

coefficients, k, of an acceleration. The maximum value Y;

i, max

(peak) of the filtered k txace is

ed. Correspondingly, Tables B.3 and B.4 list the numerical values of index i, time (sarmi}

pling
ants
f the

rate of 150|Hz), raw opacity, unfiltered k and filtered k. Filtering was conducted using th€)const
of the Bess¢l algorithm designated in B.3. Due to the large amount of data, only those segtions o
smoke trac¢ around the beginning and the peak are tabled.
Y1 Y2
30 H 1
25 H
0,8
20 H
i 0,6
15 - 1
i 0,4
10 |
: 2
3 0,2
5 =
O 1 I 1 1 I 1 I 1 I 1 I 1 I 1 I 1 O_»
0 1 2 4 6 7 8 9 10 11 X
Key
Y1 opacity, |V, expressed in per cent (%) 1 raw opacity
Y2 light abdorptign-coefficient, k, expressed in 2 unfiltered absorption coefficient
reciprodalineters (m-1)
X  time, expressedin-seconds{sy 3—filtered-abserption-coefficient
4  peakvalue of the filtered absorption coefficient

Figure B.3 — Traces of measured opacity N and unfiltered/filtered absorption coefficient k

Table B.3 — Values of opacity, N, and of unfiltered and filtered k at beginning of load step

32

Index Time Opacity Unfiltered Unfiltered
i S N k-value k-value
% m1 m1
-2 0,000 000 0,000 000 0,000 000 0,000 000
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Index Time Opacity Unfiltered Unfiltered
i S N k-value k-value
% m-1 m1
-1 0,000 000 0,000 000 0,000 000 0,000 000
0 0,000 000 0,000 000 0,000 000 0,000 000
1 0,006 667 0,020 000 0,000 465 0,000 000
2 0,013 333 0,020 000 0,000 465 0,000 000
3 6,620660 6,620660 6,666465 6,666000
4 0,026 667 0,020 000 0,000 465 0,000 001
5 0,033 333 0,020 000 0,000 465 0,000 002
6 0,040 000 0,020 000 0,000 465 0,0007002
7 0,046 667 0,020 000 0,000 465 0,000 003
8 0,053 333 0,020 000 0,000 465 0,000 004
9 0,060 000 0,020 000 0,000 465 0,000 005
10 0,066 667 0,020 000 0,000 465 0,000 006
11 0,073 333 0,020 000 0,000465 0,000 008
12 0,080 000 0,020 000 0,000 465 0,000 009
13 0,086 667 0,020 000 0,000 465 0,000 011
14 0,093 333 0,020 000 0,000 465 0,000 013
15 0,100 000 0,192,000 0,004 469 0,000 015
16 0,106 667 0,212 000 0,004 935 0,000 018
17 0,113 333 0,212 000 0,004 935 0,000 023
18 0,120 000 0,212 000 0,004 935 0,000 029
19 0,126 667 0,343 000 0,007 990 0,000 037
20 0,1331333 0,566 000 0,013 200 0,000 047
21 0,140°000 0,889 000 0,020 767 0,000 062
22 0,146 667 0,929 000 0,021 706 0,000 083
23 0,153 333 0,929 000 0,021 706 0,000 110
24 0,160 000 1,263 000 0,029 559 0,000 144
25 0,166 667 1,455 000 0,034 086 0,000 187
26 0,173 333 1,697 000 0,039 804 0,000 240
27 0,180 000 2,030 000 0,047 695 0,000 305
28 0,186 667 2,081 000 0,048 906 0,000 383
29 0,193 333 2,081 000 0,048 906 0,000 475
36 8,2686-066 2-424-666 8;057-067 8;666-586
31 0,206 667 2,475 000 0,058 282 0,000 701
32 0,213 333 2,475 000 0,058 282 0,000 837
33 0,220 000 2,808 000 0,066 237 0,000 989
34 0,226 667 3,010 000 0,071 075 0,001 158
35 0,233 333 3,253 000 0,076 909 0,001 345
36 0,240 000 3,606 000 0,085 410 0,001 551
37 0,246 667 3,960 000 0,093 966 0,001 780
38 0,253 333 4,455 000 0,105 983 0,002 032
39 0,260 000 4,818 000 0,114 836 0,002 311
40 0,266 667 5,020 000 0,119 776 0,002 618
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34

Table B.4 — Values of opacity, N, and of unfiltered and filtered k around PSV

Index Time Opacity Unfiltered Filtered
i S N k-value k-value
m1 m-1
259 1,726 667 17,182 000 0,438 429 0,538 748
260 1,733 333 16,949 000 0,431 896 0,539 244
261 1,740 000 16,788 000 0,427 392 0,539 689
262 1,746 667 16,798 000 0,427 671 0,540 082
263 17537333 16,7887000 0,427 392 0,540 426
264 1,760 000 16,798 000 0,427 671 0,540 720
265 1,766 667 16,798 000 0,427 671 0,540 968
266 1,773 333 16,788 000 0,427 392 0,541 170
267 1,780 000 16,788 000 0,427 392 0,541 327%
268 1,786 667 16,798 000 0,427 671 0,541441
269 1,793 333 16,798 000 0,427 671 0,541 514
270 1,800 000 16,793 000 0,427 532 0,541 5452
271 1,806 667 16,788 000 0,427 392 0,541 538
272 1,813 333 16,783 000 0,427 252 0,541 493
273 1,820 000 16,780 000 0,427.168 0,541 411
274 1,826 667 16,798 000 0,427 671 0,541 293
275 1,833 333 16,778 000 0,427 112 0,541 140
276 1,840 000 16,808 000 0,427 951 0,540 954
277 1,846 667 16,768 000 0,426 833 0,540 737
278 1,853 333 16,010-000 0,405 750 0,540 486
279 1,860 000 16,010 000 0,405 750 0,540 199
280 1,866 667 16,000 000 0,405 473 0,539 877
281 1,873 333 16,010 000 0,405 750 0,539 519
282 1,880.000 16,000 000 0,405 473 0,539 128
283 1886667 16,010 000 0,405 750 0,538 704
284 1,893 333 16,394 000 0,416 406 0,538 251
285 1,900 000 16,394 000 0,416 406 0,537 769
286 1,906 667 16,404 000 0,416 685 0,537 262
287 1,913 333 16,394 000 0,416 406 0,536 731
288 1,920 000 16,394 000 0,416 406 0,536 176
289 1,926 667 16,384 000 0,416 128 0,535 598
296 £933-333 16;616-666 6405756 ;534997
291 1,940 000 16,010 000 0,405 750 0,534 373
292 1,946 667 16,000 000 0,405 473 0,533 726
293 1,953 333 16,010 000 0,405 750 0,533 055
294 1,960 000 16,212 000 0,411 349 0,532 364
295 1,966 667 16,394 000 0,416 406 0,531 654
296 1,973 333 16,394 000 0,416 406 0,530927
297 1,980 000 16,192 000 0,410 794 0,530 184
298 1,986 667 16,000 000 0,405 473 0,529 424
299 1,993 333 16,000 000 0,405 473 0,528 648
a Boldface indicates peak value.
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Table B.4 (continued)
Index Time Opacity Unfiltered Filtered
i S N k-value k-value
m-1 m-1
300 2,000 000 16,000 000 0,405 473 0,527 854
a Boldface indicates peak value.

B.4.2 Calculation of the unfiltered k-value (optional)

The [calculation procedure starts with the conversion from the as-measured opacity values to light
absdrption coefficient values. As indicated above, this is only required if the final smokevplues are to
be r¢ported in units of light absorption coefficient. In this example, the conversion isdene fgr index 262
(oparity N = 16,798 %) and an optical path length, L4, of 0,43 m.

N
(=—ix1n 1-—4
L, 100
o 1 “In 1_16,798
0,43

This|value corresponds to S,¢, given in B.4.3.

(B.29)

(B.30)

j: 0,427671m

B.4.3 Calculation of Bessel averaged smoke (filtered k-value)

For ptarting the Bessel algorithm, S;; S, Y;; and Y;, are set to zero. After the start, all individual
smoke values are calculated (filtered) in the same way as described for index i = 262 resylting in the
listing of filtered k-values of Table B.4. The follewing data are an excerpt of Table B.4 for index 262:

K262 =0,427671m ™! (B.31)
K261 =0,427392m ™ (B.32)
K260 =0,431896 m~ (B.33)
561 =0,539689m ™! (B.34)
)66 ~0,539244m ™! (B.35)

In Formula (11), the Bessel constants of B.3 are used. The actual unfiltered k-value corresponds to
S,62 (S)) as calculated above. Sy¢; (S;1) and Sy¢( (S;.2) are the two preceding unfiltered k-values, Y,¢; (Y.
1) and Y, (Y;,) are the two preceding filtered k-values.

Y; =Y, +EX(S; +2XS;_1 +S;_5 —4xY;_5 )+ Kx(Y;_1 Y, ;) (B.36)

Yy62 =0,539689+8,383292x10 7 x(0,427 671+2x0,427 392 +9,431896 - 4x0,539 244)
(B.37)

+0,968199%(0,539689—0,539244)=0,540082m "

The highest filtered k-value of the complete smoke trace corresponds to PSV (PSV or PSV; or PSV, or
PSV, depending on acceleration). In this example, the maximum is 0,541 545 m~! found at index 270.
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LSV is calculated accordingly.

As indicated above, the Bessel algorithm can be directly applied to the opacity N without conversion to
k-value, if the final values are to be reported in units of opacity. Another possibility is the re-conversion
of the k-value, as calculated above, to opacity.
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Annex C
(informative)

Remarks on test cycles

9:2019(E)

The test procedures of this document are specifically intended for measuring exhaust gas smoke
emissions from compression ignition engines operating under transient and steady-state operating

conditions. The described procedures are applicable to test bed measurement, including cer
typd approval of the engine to a regulated limit value, and with limitations and/or breade
for field measurement as well. Deviations between both applications - test bed measur

fiel

meapurement requirement.

The ftest cycles as in Annex D, Annex E, Annex F and Annex G are representative of those en

are

Ann
load

Geng
How
engi
size
in c(

manjufacturer.

How
that
cert

the iIn-use acceleration time to the certification/type-approval smoke value (actual or inte

the
1,0 4
9 s.
appr

measurements - are addressed in this document and need to be incorporated to

sed in applications as described in the distinguished cycles of ISO 8178-4:
Annex D as described in cycle C1;

Annex E as described in cycles D2, G1 and G2;

Annex F as described in cycles E1, E2, E3 and E5;

Annex G as described in cycle F.

bx H describes the test cycle for determining smoke emissions at steady speeds oy
curve.

brally, the application of this document.s limited to engines up to 1 500 kW rated po
ever, the test procedures of this document can likewise be used for measuring smoke ¢
hes with greater output but limitations in following a transient operation with incre
shall be acknowledged. This document does not stipulate requirements for an engin|
njunction with its smoke emission characteristic beyond an approval of the engine or

ever, it is recognizéd)that regulators may want a more discerning field measure
can detect if a particular in-use engine is abnormal compared to smoke values obta
fication/type-approval. Conceptually, this could be done by comparing the in-use sm

same certifieation/type-approval acceleration time; e.g., if the certification/type appj
then smigke test the values determined at FAT plus 3 x FAT, 6 x FAT and 9 x FAT,or 1 s
f theyin-use acceleration time is 4 s, then one could determine an interpolated certifi
ovahsmoke value for 4 s by linearly interpolating between the 3 x FAT and 6 x FAT cg¢

tification or
- tolerances
bments and
the specific

bines which

er the full-

wer output.
missions of
hised engine
e operation
equipment-

nent - one
ned during
ke value at
'polated) at
oval FAT is
3s,6sand
ration/type
rtification/

typs

approval smoke values However, in order to use the certification/type-approval sma

ke values in

this manner, various sources of smoke data variability should be assessed.

There are two types of engine variability to consider; the variability between ratings and the variability
between engines of the same rating. There are typically a number of engine ratings in a family or
group and the smoke signature will vary somewhat from one rating to the next. The results of field
measurements on one particular rating cannot be expected to correspond precisely to tests on another
rating. Secondly, production tolerances lead to a different smoke level from one engine to the next, even
for engines of the same rating. In order to use the results of this document in the in-use inspection
program, a statistically valid sample of test bed measurement results should be obtained. One should
determine the variability both between ratings in a family or group and among different engines of the
same rating in order to judge if an in-use engine is “good” or “bad”. Failure to make such a determination
could jeopardize the credibility of an in-use program. The program should be designed so as not to fail
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an engine that has a smoke level higher than the particular certification test engine but still within
normal production tolerances.

Finally, measurement variability needs also to be considered. It should be noted that the field
measurements in accordance with the provisions of this document are likely to be less precise than
test bed measurements. Therefore, the limit values established for certification/type approval may be
inappropriately low for an in-use program. Additional test data are needed to determine the appropriate
offset, if any, between a test bed smoke limit and an in-use smoke limit.

It should be noted that an acceptable field smoke test may not be possible on certain machines,
specifically those machines for which the free acceleration time of the engine in the machine is greater

than 9 x FA

There are a
may be mig
meet the e
could also ¢
have high s

It is anticip
two and pe
substantial
variability.

Itis envisio
or an engin
the regulatg
emitters” -
substantial

e group (ISO 8178-8) on a test bed, and that the results of the tests would be comparsg

forthe engine tested i accordance with this document.

number of situations which could cause the in-use engine to fail the smoke test. The en

hgine manufacturer’s specifications. Furthermore, infrequent or improper, mainten
use the engine to fail the smoke test. Additionally, the in-use fuel could cause the engii
moke levels.

nted that measuring difficulties will be experienced on engines that-have only a few
rhaps three) cylinders feeding into an exhaust pipe. These few:zcylinder engines will
variation in exhaust pressure and flow rate, leading to reduced accuracy and incre

hed that ISO 8178-9 tests would be run on a “parent engine” of an engine family (ISO 817

ed limit value. The most straightforward way to apply this document is as a check for “g
those engines whose in-use smoke levels exceed.the new-engine regulated limit value
amount.

gine

applied to the machine, with an undersized intake, exhaust or cooling system:that fails to
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Annex D
(normative)

Test cycle for variable-speed non-road engines

D.1_General

The [smoke cycle described in this annex consists of two parts: a free acceleration te5t ahd a loaded
acceleration test. This smoke cycle is applicable to those variable speed engines that@are'incjuded in the
test cycle type C1 of ISO 8178-4. The transient smoke cycle is expected to complerent the Jteady-state
emigsion measurements and the two together provide for control of emissions<inder a wide variety
of operating conditions. Furthermore, the smoke test is intended to offer aimethod of characterizing
engipe emissions when installed in a machine. Moreover, it provides a measure of smoke gmissions at
the manufacturer and in-field.

The ftest cycle type C1 of ISO 8178-4 is for “Compression-ignition engine powered non-road machinery
and |ndustrial equipment”. Typical examples of applications incldded in the scope of this anpex are:

— Industrial drilling rigs, compressors etc.,
— Fonstruction equipment including wheel loaders, bulldozers, crawler tractors, crawler loaders,
— [ruck-type loaders, off-highway trucks, hydraulic:excavators etc.,

— pgricultural equipment, rotary tillers,

— forestry equipment,

— pelf-propelled agricultural vehicles {including tractors),

— material handling equipment;

— fork lift trucks,

— road maintenance equipment (motor graders, road rollers, asphalt finishers),
— pnow plough eguipment,

— pnow tractors, airport support equipment,

— perial lifts, and

— obile cranes.

This list is not exhaustive.

NOTE1 Compression-ignition engines with rated power typically below 19 kW intended for applications
listed under test cycles type G, can be tested according to the test cycles type C.

NOTE 2  Compression-ignition engines that operate within +15 % of the rated speed and spend less than 15 %
of their time at idle speed can be tested according to test cycle D2.

The transient smoke test described in this annex contains acceleration rates that may not be achievable
by all sizes of engines or may not be relevant to certain applications. The scope of this annex has thus
far been confirmed for engines with a rated power output up to 1 500 kW. For engines with higher
power output, this annex may also be applied if the involved parties agree.
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Engines with only one or two cylinders may have special difficulty in running the cycles. Additionally,
smoke measurement from one- or two-cylinder engines may include a pulsation that precludes
reliable measurements unless a damping volume (muffler) is used. Special test procedures for unique
applications may be used if agreed upon by the parties involved.

D.2 Test cycle

D.2.1 General

Acceleration times between the free acceleration time and nine times the free acceleration time are
employed i this test procedure. This will allow the smoke tests to bracket the free acceleration fates
typical of those which occur when the engine undergoes a free acceleration in the machine_and|will
also includég loaded acceleration rates representative of those which occur during machineoperalion.
The use of|a number of acceleration times will provide smoke values under a varietyCef opergting
conditions, which will facilitate the use of the family or group testing concept containéd’in ISO 81[78-7
and [SO 8178-8. Different acceleration times may be more relevant for certain engines‘and applications
and may bejused if agreed upon by the parties involved.

D.2.2 Preconditioning of the engine

The engine 's in

accordance

shall be warmed up at the rated power in order to stabilize the engine paramete
with the recommendations of the manufacturer.

A precondiflioning phase should also protect the actual measurement against the influence of deppsits

in the exhayist system resulting from a former test.

D.2.3 Freje acceleration test

D.2.3.1 General

The free ad
annex. It sH
free acceler

celeration test is the first part of(the test cycle for engine applications covered by
all be performed immediately (following the preconditioning, as described in D.2.2.
ation test is a procedure that dccelerates the engine from low idle speed to high idle s

this
The
beed

sted
low
b for
htrol
gine
and

against its pwn internal inertia and the‘inertia provided by the engine’s flywheel. The engine te
shall be eqliipped with a flywheel ahd other rotating components that provide an inertia on the
end of the fange of inertias available for the rating that is being tested. This will provide a valu
FAT that is fypically of the fastest-acceleration that occurs in practice, thus providing for smoke coj
under the widest range of conditions. The free acceleration test is intended to be run with the en
decoupled ffrom the dynamometer. For in-field testing, where decoupling is not possible, parasitid

external lodds shall beanifiimized. The involved parties shall agree on the setup prior to testing.

brtia
total

It is permigsible to-use a clutch to decouple the engine from the dynamometer as long as the in
of that portfionofithe clutch that continues to rotate with the engine does not exceed 25 % of the
engine inerfig.-It is permissible to leave the engine coupled to the dynamometer if the dynamomet
used to simttate oinertia—Thefree-acceterationtesteanberumrwith-the-dynamometerconnee

agreed upon by the parties involved.

The free acceleration test has the following general sequence. The sequence is shown graphically in
Figure D.1.
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Y
ab———-
h | —
1 -2
(b) Q)
(a)
155 15+5 155 155 15+5 15 £5
C
d e
| |
|
X
Key
X  fime, expressed in seconds (s) A VHigh idle speed.
Y  pngine speed b Rated speed.
1  full throttle ¢ Idle speed.
2 flosed throttle d Practice runs.

e Actual runs.

NOTE (@), (b) and (c) refer to D.2.3.1+d), b), and c).

Figure D.1 — Free acceleration test

a) [Che engine shall bestabilized at the low idle speed for 15s £ 5 s.

b) [[he speed centrol lever shall be moved rapidly to and held in the wide-open positipn until the
engine reaches its governed high idle (no load) speed.

c) [The speed control lever shall be returned to the closed position and the engine allowed fo return to
tslow idle speed.

d 1) 1 1 11 1. o d D 4o iy H A | + 1 i h h t
T dUUVE STYUUTITILT SIIdIT DT TTPTAlTU 4 ULITICS d5 PIdLlitt TUILS 11T UTUTT U LITAIl UUt e exnaus

system.

e) After the 3 practice runs, the above sequence shall be repeated until 3 successive runs meet the
stability criteria as described in D.2.3.2.

D.2.3.2 Test validation criteria — Free acceleration test

The free acceleration test results shall be considered valid only after the following test cycle criteria
have been met.

The arithmetical difference between the highest and lowest maximum 1 s Bessel averaged smoke
values from the three successive free accelerations shall not exceed 5 % opacity.

© IS0 2019 - All rights reserved 41


https://standardsiso.com/api/?name=940a47ddc49cf2287fe512b91d017ef9

ISO 8178-9:2019(E)

Additional test validation criteria are given in Clause 5 and 7.3.3.2.

D.2.3.3 Determination of free acceleration time (FAT)

FAT is the basis for loaded acceleration times (D.2.5.2). The free acceleration time for an individual free
acceleration in D.2.3.1 e) is the time the engine speed goes from 5 % above low idle speed to 95 % of
rated speed. FAT is the average of the three individual free accelerations in D.2.3.1 e).

D.2.4 Reconditioning of the engine

The engine_shall be reconnected to the dynamometer if it has been disconnected. The en

gine

shall be warmed up at the rated power in order to stabilize the engine parameters accordingtg

recommendg

ations of the manufacturer.

the

A reconditipning phase should also protect the actual measurement against the influence(f deposits in

the exhaust

D.2.5 Lo3g

D.2.5.1 G
The loaded

system resulting from a former test.

ded transient test

bneral

transient test is the second part of the test cycle, and has(the sequence as describq

D.2.5.3. It shall immediately follow the reconditioning of the engine<The sequence is shown graphi

in Figure D.

2. For this test, a defined load has to be applied which fequires a dynamometer.

D.2.5.2 Lg¢aded transient test times

The acceler
determined
3 x FAT, 6 x
is 5 % abov
9 x FAT may

ation times of the loaded transient test are~multiples of the free acceleration test

in D.2.3.3. The engine acceleration timeste be used in the loaded transient test are t
FAT and 9 x FAT. Each of these resultanttimes is to be the time from when the engine s
e low idle speed until it reaches 95.% of rated speed. The values of 3 x FAT, 6 x FAT
' be rounded to the nearest second:

d in
rally

time
o be
beed
and

42

© ISO 2019 - All rights reserved


https://standardsiso.com/api/?name=940a47ddc49cf2287fe512b91d017ef9

ISO 8178-9:2019(E)

(3) (3)

(6) (6) (6) (6)
5 5 5 1 5| |2
o — | I
(1) (1) (1) (1)
40 +5 40 £5 40 £5 40 £5
a b < d
[ | | |
| |
X
Key
X  fime, expressed in seconds (s)
Y  pngine speed
1  full throttle
2 flosed throttle
a

.oaded acceleration I (conditioning):
Loaded acceleration II (3 x FAT),

¢ Loaded acceleration III (6 x FATY.

d  Loaded acceleration IV (9 % BAT).

e dle speed.

o

f ntermediate speed.
g  Rated speed.

NOTE (D2, (3), (4), (5) and (6) refer to D.2.5.3 a).

Figure D.2 — loaded acceleration test

D.2.5.3 Conducting a loaded transient test

The loaded transient test begins with a conditioning cycle in order to improve the repeatability of the
results. The conditioning cycle is followed by three loaded acceleration cycles that differ only in the rate
of the loaded acceleration. The loaded acceleration is followed by full load rated speed stabilization and
engine lug down. The linearity specifications in 2) below apply only to electric dynamometers and are
intended to prevent the engine from being operated in an unusual fashion so as to achieve low smoke
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values. Furthermore, no motoring of the engine is allowed. The loaded transient test sequence is as
follows:

a) Conditioning cycle:

1) The engine shall be operated with the speed control lever in the closed position at low idle
speed for40s+5s.

2) From the low idle speed the speed control lever shall be moved rapidly to, and held in, the wide
open position. The engine shall accelerate such that the time from 5 % above low idle speed to

95 % of the rated speed is 3 x FAT seconds. The engine speed versus time between 5 % above
10‘ idle-cheaad-a3knd-OF0 ()/ of ratad ﬁ“nr\r] chall ba linaos 1o ithin 1100 i1 oF—+ J.l: (}/ r\f vated

terre SptTttana 7o OT TatCO SpTTO—oSTrarr OCTTIIICar vV TCIIIrr _J.vu TITITT

spged, whichever is greater.

3) Within 20 s of the engine reaching 95 % of rated speed point, the necessary dynamometer(load
shdll be applied in order to stabilize the engine at rated speed, full load.

4) Rated speed and full load shall be maintained for 60 s + 3 s.

5) Th¢ dynamometer shall be adjusted as necessary to lug the speed(down under full load
corjditions to the intermediate speed. The rate of speed change shallbe linear, and the fime
from the start of the lug down until reaching the intermediate speed point shall be 30 s + 3 s.

6) Within 5 s of the engine reaching the intermediate speed,{the speed control level shall be
retpirned to the closed position and the engine allowed to réturn to its low idle speed.

b) 3 x FAT|loaded acceleration:

Repeat(l) to 6).
c) 6 x FAT|loaded acceleration:

Repeat(l) to 6) with the loaded acceleration tifie in 2) replaced with 6 x FAT seconds.
d) 9 x FAT|loaded acceleration:

Repeat(l) to 6) with the loaded acceleration time in 2) replaced with 9 x FAT seconds.

The above qteps shall be repeated until the engine speed, time and linearity criteria of this clause have
been satisfied except if the acceleration is below 0,5 s.

D.2.5.4 C¢nducting a loaded transient test — Alternative procedure

As an alterpative to the‘single “four-cycle” test described in D.2.5.3, the loaded transient test can be
conducted Iy runningthree “two-cycle” tests. This will allow inertia to be changed between tests, so
that the tesfts can*be run without using a computer-controlled dynamometer. Each test will consist of
the conditigning €ycle 1) to 6) of D.2.5.3 a) being run two times. For the first test, the loaded accelergtion
time for D.4.53 a) 2) will be 3 x FAT. For the second test, the time for D.2.5.3 a) 2) will be 6 x FAT| For
the third test, the time for D.2.5.3 a) 2) will be 9 x FAT. Results from the second cycle of each test shall
be used for official results.

D.3 Analysis of results

D.3.1 General

This clause describes how to analyse the results of the free acceleration test and the loaded transient
test. Many opacimeters used for this test have a smoke output signal that is an X = 0,5 s Bessel average
smoke according to the algorithm described in 9.2. For these opacimeters, further signal conditioning
to produce the “X'= 1 s” smoke results is needed, and the value of (¢, 2 +t,2) used in Formula (7) is 0,25.
Analysis of raw smoke results, those not already processed accordlng to the 0,5 s Bessel algorithm,
should use a (¢, 2 + t,2) value that represents the opacimeter system.
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Values for PSV shall be calculated for the free acceleration test (PSV) and each of the three loaded
accelerations (PSV5, PSV and PSVy). PSVy is the average of the highest 1 s Bessel averaged smoke values
from the three successive free acceleration events. PSV;, PSV, and PSV, are the highest values of the
X =1 s Bessel average smoke that occur during the corresponding accelerations of the loaded transient
test. Care shall be taken to ensure that the smoke data that is analysed corresponds to the time during
which the acceleration event occurs. The free acceleration event is D.2.3.1 b). Loaded accelerations of
time 3 s, 6 sand 9 s are b) 2), c) and d) respectively of D.2.5.3 (or their equivalents in D.2.5.4).

The methodology for calculating Bessel averaged numbers can be found in 9.2. For peak smoke values,

the ¥

D.3.

Valy|
LSV,

corr

NOT
thus

Card
whid

L

equiyvalents in D.2.5.4).

The

the ¥

The

D.4

In ad

Reported results

ralue of X 1n Formula (/) 1s1s.

3 Lug smoke value (LSV)

ks for LSV shall be calculated for each lug mode that occurs during the loaded.transient

D The three lug modes (at the end of the 3 x FAT, 6 x FAT, and 9 x FAT accelerations) are i
are expected to yield similar results.

shall be taken to ensure that the smoke data that is analysed corresponds to the {

h the lugging event occurs. The lugging event is b) 5),«) and d) respectively of D.2.]

methodology for calculating Bessel averaged numbers can be found in 9.2. For lug s

ralue of X in Formula (7) is 1 s.
Jug smoke value that is reported, LSV, is the@average of LSV, LSV, and LSV,

cordance with Annex I, the following smoke values shall be reported: PSV, PSV;, PSV, P§

tests (LSV;,

and LSVy). These values are the highest 1 s Bessel averaged values obtained during the three
bsponding lug modes of the loaded transient test.

dentical, and

ime during
.3 (or their

1oke values,

Vgand LSV.
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Annex E
(normative)

Test cycle for constant-speed non-road engines

E.1 General
Engines within the scope of this annex either cannot or do not operate at varying speeds. Hewfgver,
some constant speed engines can undergo rapid and substantial changes in load, an event that-can|lead
to brief epiJodes of smoke emittance.
The transignt smoke cycle is expected to complement the steady-state emission measurements|and
the two together will provide for control of emissions under a wide variety of dperating conditjons.
Furthermofe, the smoke test is intended to offer a method of characterizing an engine’s emissions when
installed in|a machine and to provide for measurement of smoke emissions\both at the manufacturer
and in the field.
Testing of the engine with the highest fuel flow (the parent enginé in the family according tq the
provisions ¢f ISO 8178-7) is expected to yield the worst case of smoke emission.
This annex|is applicable to the test cycles type D2, G1, and G2"as defined in ISO 8178-4 and has [thus
been confirmed for engines with a rated power output up to-¥500 kW. For engines with higher power
output, thisjannex may also be applied if the involved parties'agree.
Typical applications include, but are not limited to:
a) Testcy¢le type D2:

— gaq compressors;

— irrjgation pumps;

— gerlerating sets with interfmittent load including generating sets on board of ships and tifains

(nat for propulsion);

— welding sets;

— turff care;

— chippers;

— sndw.femoval equipment;

— sweepers.
b) Test cycle type G1:

— pedestrian controlled rotary or cylinder lawn mowers;

— front or rear engine riding lawn mowers;

— rotary tillers;

— edge trimmers;

— lawn sweepers;

— waste disposers;
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— sprayers;
— snow removal equipment;
— golfcarts.

c) Testcycle type G2:
— portable generators, pumps, welding sets and air compressors;

— lawn and garden equipment which operates at engine-rated speed.

E.2| Test cycle

E.2. Engine load step

This| subclause describes how to calculate the load step applied to the engine. The load step that
shalf be applied is a function of the brake mean effective pressure (p,,,) at/the declared ppwer. When
the gonstant speed engine is used in a generator application, the declared power shall b¢ the power
produced by the engine at the prime power rating of the generator, as defined in ISO 8528-1.[For engines
used in applications other than generators, the declared power shall-be the rated power of the engine as
spedified by the manufacturer.

The pngine’s p,,, shall be calculated as follows:

Px2000 .
Pme=—"—"— for four-stroke engines
Vd Xn
Px1000 .
Pme=—""— for two-stroke engines
Vd Xn
whefe

is the brake mean effective pressure, expressed in kilopascals (kPa);
o is the declared power, expressed in kilowatts (kW);
/;,  isthe displaced-volume of the engine, expressed in litres (1);

n is the engine speed, expressed in reciprocal seconds (s™1).

Figulres E.1 and\E.2 specify the amount of load (percent of declared power) that shall be applied to the
engipe, as afiction of the p,,, of the engine. Recognizing that most constant speed applicqtions are in
gengrators;the load step is that specified for generators in ISO 8528-5. Figure E.1 applies to|four-stroke
engipnes and Figure E.2 applies to two-stroke engines. The load given by Figure E.1 or E.2|is that load

whidh-is appllar‘l inkE?213 r‘)

E.2.2 Preconditioning of the engine

The engine shall be warmed up at the rated power in order to stabilize the engine parameters according
to the recommendations of the manufacturer.

A preconditioning phase should also protect the actual measurement against the influence of deposits
in the exhaust system resulting from a former test.

E.2.3 Test procedure

a) Immediately after preconditioning operate the engine for 40 s = 5 s at fuel stop power and record
its smoke emission.
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b)
c)
NOTE
the appl
d)
e) Repeat
E.2.4 Tes

Operate the engine at 10 % of declared power for 40 s £ 5 s.

Apply the step load specified in E.2.1 as rapidly as possible.

The time it takes the engine to accept the step load will vary depending upon the requirements of

ication.

Operate the engine at this load for 40 s + 5 s.

steps b) to d) to complete three cycles.

t Validation Criteria

The test reqults shall be considered valid only after the following test cycle criteria have been.met
arithmetical difference between the highest and lowest maximum 1 s Bessel averaged smoke vz
from the thfee successive steps shall not exceed 5 % opacity.

Additional fest validation criteria are given in Clause 5 and 7.3.3.2.

E.3 Analysis of results

E.3.1 General

This clause

describes how to analyse the results of the smoke test.

Many opacimeters used for this test have a smoke output sighal that is an X = 0,5 s Bessel ave

smoke acco
to produce

Analysis of
should use

E.3.2 Ste

SSSV is the
state smoke

E.3.3 Ped

Determine

he “X =1 s” smoke results is needed, and the value of (tp2 +t,2) used in Formula (7) is 0

raw smoke results, those not already processed according to the 0,5 s Bessel algori
\ (tp2 +t,2) value that represents the opacimeter system.

ndy-state smoke value (SSSV)

highest smoke value recorded during E.2.3 a). No Bessel averaging is required of a ste
value.

k smoke value (PSV)

the highest 1 s Béssel average smoke values (PSV,, PSV,, PSV3) that occur during the t

replicates df E.2.3 c). Care shall be taken to ensure that the smoke data that is analysed corresp

to the time
Bessel aver

during whiclithe load application event occurs. PSV, is the average of the three highes
hged smake'values obtained during the load application tests.

E.4 Rep(|)rted results

The
lues

rage

ding to the algorithm described in 9.2. For these‘@pacimeters further signal conditioning

25.

thm,

ady-

hree
bnds
tls

In accordance with Annex I, the following smoke values shall be reported: PSV, and SSSV.
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Figure E.1 — Load step for four-stroke engines
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Figure E.2 — Load step for two-stroke engines
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Annex F
(normative)

Test cycle for marine propulsion engines

F.1 General

Marine engine operations occurs over a much more limited combination of speed and torqu
compared tp on-road and mobile non-road engines. This is partly due to the fact that manine’eng
are not equipped with a shiftable gearbox and partly due to the physical behaviour ©f -the p
transmissidn from the propeller to the water.

There are tiwo principle torque-to-speed relationships: the propeller law, defined by torque = f
where n is the number of revolutions of the crankshaft in a given period of timé, with a fixed prop
or water jef, and the constant-speed law (comparable to generator applications), which is applig
with a controllable-pitch propeller. These principles correspond with the test cycles type E1, E2, E3
E5 of ISO 8178-4. Therefore, the smoke during the engine load increasefor both cases (with or wit|
speed increpse), is more stable and influenced mainly by the rate of load)increase. This rate is subje
to automatik limitation procedures of various kinds.

One example is the power-increase rate. For marine engines, the power-increase rate is slowg
compared to on-road or mobile non-road engines. This is partly due to the physical behaviour o
power trangmission from the propeller to the water. In all stich cases, the engine will be controlle
its management or control system depending on the kind of the vessel. This “standard case” is als
worst case and is very suitable as the basis for dynamic smoke measurements. Engines with var
managemeijt or control settings can be combined ‘in-engine families or groups, with a worst case 4
tested for tl]Le complete family or group.

On board vissels, safety is always of paramount importance. Therefore, although automatic cot
is the general rule, an exception shall rémain for emergency cases where overriding of the syste
needed to reduce imminent danger. In Stuch an emergency case, there might be an increased smoke
due to greater engine acceleration. Such increased smoke rates are not considered in this annex.

For testing| of variable-speed;~yariable-load auxiliary marine engines see Annex D. For testin
constant-speed auxiliary marine engines see Annex E.
F.2 Applicationof the smoke-test cycle

The smoketest ¢ycle described in this annex is applicable to those engines which are included iy
tests cycles|tgpe E1, E2, E3 and E5 cycles of ISO 8178-4. The factor governing whether to use the
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(n?),
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the

manufacturer, taking into account the engine management or control system. Those marine propulsion
engines that can be used in the application for mobile non-road engines may optionally be tested

according the procedures in Annex D.

The following are typical applications:

— Test cycle type E1: compression ignition engines for propulsion of craft less than 24 m in length

except tug boats and push boats;

— Testcycle type E2: constant-speed heavy duty engines for propulsion of ships of any length inclu
diesel-electric drive and variable-pitch propeller applications;

— Test cycle type E3: propeller-law heavy-duty engines for propulsion of ships of any length;

ding
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— Test cycle type E5: compression ignition engines for propulsion of craft less than 24 m in length
when operated on a propeller law except for tug boats and push boats.

For compression ignition engines in craft less than 24 m in length, test cycle E1 or E5 can be applied
depending on which cycle is closer to the actual operation.

For constant-speed marine propulsion engines cycle E2 applies. For variable pitch propeller sets
cycle E2 or E3 may be used depending on which cycle is closer to the actual operation; usually the
operation is closer to constant speed operation (cycle E2).

This annex has been confirmed for engines with rated power of up to 1 500 kW. For engines with higher

1+ thi Ao ho o lind s febhn s nlugnd okt ne agrnn
powvl \JMLPML, Llllo ullll\al\ lllu)’ ulJU LAY Ml_lt.lll\zu ll CIIC 1I1IIVUIVOCU tJ(—Il CICO usx A=A >y

E.3 | Test cycle

F.3.1 General

Durjng smoke measurement in the test under transient load (described.in“detail in F.3.2 and F.3.3),
the ¢ngine load is increased as rapidly as possible, either on the propeller curve or at congtant speed.
The [load-increase rate, and thus the load-increase time, is controlled by the engine manjagement or
contjrol system.

This|cycle is suitable for use on the test stand as well as for mgasurements with the engine|installed in
the yessel.

When engine smoke is measured on the test stand, the load-increase time can be vari¢d within a
range that covers the service conditions of an enginé‘family or engine group, which shall bg defined in
accordance with ISO 8178-7 and ISO 8178-8.

F.3.2 Preconditioning of the engine

The pngine shall be warmed up at rated power in accordance with the manufacturer’s recommendations
in orjder to stabilize the engine operating parameters.

NOTE This preconditioning phase also insulates the current measurement against the inffluence of a
prevjous test and is considered a5 greating reference conditions.

F.3.3 Conducting a tést under transient load

F.3.3.1 General

The [test under transient load shall be performed immediately following the precondftioning, as
desdribed in\F3.2. Conducting a test under transient load begins with a conditioning cycle|to improve
the repeatability of the results. The conditioning cycle is followed by three load-increase|cycles. The
loadpd transient test sequence is described in F.3.3.4 and F.3.3.5.

F.3.3.2 Variable-speed engines

The test under transient load consists of accelerating the engine from low idle speed to 80 % of rated
speed against the load that is described by the function torque = f(n?). The sequence is shown graphically
in Figure F.1. During acceleration, the engine load is controlled so the engine torque corresponds to the
transient load curve. For variable-speed engines the transient load curve is typically a propeller curve,
defined by f (n3), at the end point of which the rated power is reached at the rated speed.

NOTE The variable n is the number of revolutions of the crankshaft in a given period of time.
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