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Diesel Smoke Measurement Procedure

1. Scope—This|SAE Recommended Practice applies to the dynamometer test procedure which can be used to
assess the snjoke emission characteristics of vehicular diesel engines. In particular, this\pr¢cedure describes
the smoke test cycle, equipment and instrumentation, instrument checks, chart reading, and calculation for
evaluation of an engine's transient smoke emission characteristic. In addition, this\procedur¢ offers guidelines
to be used in pstablishing correlation between full flow in-line and end-of-line opacimeters.

Since the typg of test described here is transient in nature, a fast responding full flow opacimeter is required for
the smoke mg¢asurements. Slow responding or sampling, or both, type ‘instruments must pot be used since
they typically have excessive and variable response delays and do/niot provide an accurat¢ measurement of
an engine's transient smoke characteristics.

NOTE— It i recommended that whenever this procedure is ‘cited, any additional or modified test conditions
must be clearly reported.

1.1 Purpose—THis document provides a procedure .for, the assessment of transient smokg¢ emissions from
vehicular diegel engines using an engine dynamometer cycle which simulates on-hlghway operating
conditions. While intended for engine development and evaluation, it is similar to the progedure which has
been used for regulatory approval by the United States Government. In many |areas, additional
recommendatjons to improve test precisionyare offered.

2. References

2.1 Applicable Publications—The_following publications form a part of this specification to thp extent specified
herein. The latest issue of SAE publications shall apply.

2.1.1 SAE PusLIdATIONS—Available from SAE, 400 Commonwealth Drive, Warrendale, PA 150p6-0001.
SAE J253-—-Diesel Engine Smoke Measurement

SAE 690492<=Steady-State Carrelation of Diesel Smokemeters—An SAF Task Forte Report. A.W.
Carey, Jr., Cummins Engine Co., Inc.

SAE Technical Standards Board Rules provide that: “This report is published by SAE to advance the state of technical and engineering sciences. The use of this report is entirely
voluntary, and its applicability and suitability for any particular use, including any patent infringement arising therefrom, is the sole responsibility of the user.”

SAE reviews each technical report at least every five years at which time it may be reaffirmed, revised, or cancelled. SAE invites your written comments and suggestions.

Copyright ©2002 Society of Automotive Engineers, Inc.
All rights reserved. No part of this publication may be reproduced, stored in a retrieval system or transmitted, in any form or by any means, electronic, mechanical, photocopying,
recording, or otherwise, without the prior written permission of SAE.
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2.1.2

2.1.3

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

ASTM P uBLICATIONS—AVailable from ASTM, 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959.

ASTM D 86—Method for Distillation of Petroleum Products

ASTM D 93—Test Methods for Flash Point by Pensky-Martens Closed Tester

ASTM D 120—Specification for Rubber Insulating Gloves

ASTMD287—Test Method for APl Gravity of Crude Petroleum and Petroleum Products (Hydrometer
Method)

ASTMD445—Test Method for Kinematic Viscosity of Transparent and Opaque Liquids (and the
Calculation of Dynamic Viscosity)

ASTM D 613—Test Method for Ignition Quality of Diesel Fuels by the Cetane Method

ASTM D 2622—Test Method for Sulfur in Petroleum Products (X-Ray Spectrographic Method)

FEDERAL Py
Washington

Code of H
Definitions

Vehicular Dig

, DC 20402.

nonrail, mobil¢ equipment.

ederal Regulations, Title 40, Part 86

sel Engine—Any compression ignition internal combustioh engine used

BLICATION—AVvailable from the Superintendent of Documents, U.S. Governmegnt Printing Office,

o propel onland,

Diesel Smoke¢—Particles, including aerosols, suspended in the engine's gaseous exhalst stream which

obscure, refle

Rated Brake
speed.

Rated Speed

Peak Torque
manufacturer.

Intermediate

speed. If the
speed. If the
speed.

on the predo

Curb Idle Spq

Ct or refract, or both, visible light.

Power—The maximum brake power output of an engine in kilowatts as measured at rated

—The speed at which the manufacturer specifies the rated brake power of an ¢ngine.
Speed—The speed at which” the engine develops maximum torque as measured by the
Speed—The peak(torque speed, provided that speed occurs between 60 and 75% of rated

peak torque speed is less than 60% of rated speed, intermediate speed megans 60% of rated
peak torque speed is greater than 75% of rated speed, intermediate speed means 75% of rated

ed—The engine's low idle speed as specified by the manufacturer (with tolerpnces) depending
inanttransmission application.

a. Manual Transmission—The manufacturer's recommended speed with transmission in neutral or clutch
disengaged.
b. Automatic Transmission—The manufacturer's recommended speed with transmission in gear.

High Idle Speed—The engine's governed maximum speed that occurs during wide-open throttle and no-load

conditions.

Full Load Power—The power produced, at the speed being considered, when the throttle control is placed in

the maximum fuel position.

Opacity—That fraction of light transmitted from a source which is prevented from reaching the observer or
instrument receiver expressed in percent [opacity = 100% (1 - transmittance)].
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3.11

3.12

5.

Smoke Opacimeter—An optical instrument designed to measure opacity of diesel exhaust gases. The full
flow of exhaust gases passes through the optical path. Opacimeters, including in-line and end-of-line types,
are described in SAE J255.

(The term opacimeter will be used throughout this document in reference to smoke opacity measurement
devices. Similarly, EOL and IL will be used to denote end-of-line and in-line types of opacimeters.)

Transmittance—That fraction of light transmitted from a source, through a smoke-obscured path, which
reaches the observer or instrument receiver.

Abbreviations Used

bhp - brake horsepower
dB - decihels

°C - degrdes Celsius

cS - centigtokes

EOL - end of line

°F - degrdes Fahrenheit
Hg - Mercury

Hz - Hert3
I.D. - inside diameter
IL - in-line
in - inch
LSR - leagt squares regression
m - meter
min - minjmum, minute

mm - millimeter

N - percemt opacity

NA - natufally aspirated

NIST - Ngtional Institute of Standards and-Technology
Pa - paschl, kPa - kilopascals

rpm - revqlutions per minute

s - secondl
T - transnjittance

TC - turbdgcharged

W - Wattd, kW - kilowatts
% - percent

Sections—THe document is divided into the following sections:

Section 2] References

Section 3, Definitions

Section 4, Abbreviations Used

Section 6, Fuel Specification

Section 7, Smoke Emission Test

Section 8, Smoke Test Cycle

Section 9, Information to be Recorded

Section 10, Equipment and Smoke Measurement Instrumentation
Section 11, Instrument Checks

Section 12, Data Analysis

Section 13, Correlation Procedure for Full-Flow Opacimeters
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6.1

6.2

7.1

7.2

Fuel Specification

The diesel fuels employed shall be clean and bright, with pour and cloud point adequate for operability. The
fuels may contain nonmetal additives as follows: Cetane improver, metal de-activator, anti-oxidant, dehazer,
anti-rust, pour depressant, dye, and dispersant.

Since fuel properties can affect diesel smoke emissions, it is recommended for good comparability with other
tests that fuel specifications comply with those in the current Code of Federal Regulations, Title 40, Part 86.
Those specifications at the publishing date of this procedure are listed in Table 1. Any deviations of the test
fuel properties from these specifications should be reported along with the test results.

TABLE 1—TEST FUEL SPECIFICATIONS

Item ASTM No. Range No. 1 Range No.|2

Cetane D-613 48-54 40-48
Distillatipn D-86

IBP C(F) 166-199 (330-390) 171-204 (3404400)

10% 188-221 (370=430) 204-238 (400-4460)

50% 210-249 (410<480) 243-282 (470-4540)

90% 238-271\(460-520) 293-332 (560-630)

EP 260-293(500-560) 321-366 (610-4690)
Sulfur, % D-120, D-2622 0.03-0.05 0.03-0.05
Gravity, |API D-287 40-44 32-37
Hydrocgrbon composition

Aromatics, % 8 min 27 min

Saturafes, Olefins Remainder Remainde
Flash Pgint C(F) D+93 49 (120) min 54 (130) min
Viscosity, ¢S D-445 1.6-2.0 2.0-3.2

Smoke Emisgion Test—Perform.the following sequence of operations during engine dynamometer testing for
smoke emissipns:

Control the temperaturesof\(a) the air supplied to the engine to 25 °C £ 5 °C and (b) the [fuel pump inlet to
38 °C £ 5 °C.| It is recammended to test only when the observed barometric pressure is between 725 (96.7)
and 785 (104.7) mm=of Hg (kPa) in the test area. Note that smoke emissions are affected by the dry
barometric pre¢ssuretaf the combustion air.

For TC engines atoperating temperature, and at rated speed and futtfoad-power conditions, adjust the intake
air restriction to within 25 mm of water of the maximum recommended by the manufacturer and the exhaust
system back pressure to within 5 mm of Hg of the maximum recommended by the manufacturer. The
measurement locations for intake and exhaust pressures should be as defined by the manufacturer. Measure
and record observed power, fuel rate, engine speed, intake air temperature, fuel pump inlet temperature, inlet
air restriction, and exhaust back pressure.

For NA engines, the intake adjustment and measurement should be made at high idle conditions.

Optional—In addition to 7.1, operate the engine at the intermediate speed. Measure and record maximum
observed torque, fuel rate, engine speed, intake air temperature, fuel pump inlet temperature, intake air
restriction, and exhaust back pressure. Determine by experiment, if not previously determined, the preset
loads required by the smoke test cycle (Section 8).
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7.3

7.4

7.5

7.6

7.7

7.8

7.9

8.1

Switch on the opacimeter. Allow for the meter circuit to stabilize per the manufacturer's instructions. Set the
zero and span of the meter per 11.2 and 11.3.

The opacimeter should be mounted in accordance with 10.2 so that the natural flow of the exhaust gas stream
is not disturbed by the meter, the mounting fixture, or any ventilation system.

Pass the exhaust flow through the opacimeter so that the opacity of the exhaust plume may be measured.

Operate the engine at rated brake power for 10 min or until the engine coolant, oil pressures, and temperatures

are stabilized.

Discontinue passing the exhaust gas stream through the meter. Check and reset the meter zero and span per

11.2 and 11.3

Operate the ¢
opacity and e
at least 25 mr
and lugging m
least at 0.1 H3

Repeat the pr
times. If the g
then the tests
conditioning d

Within 1 min
either zero or

Smoke Test

Section 7. F
(Figure 1) for
mode and apy

Note that if a
is acceptable

Check the linearity of the meter per 11.4.

ngine in a manner required by the smoke test cycle (Section 8). Cantinuou

ngine speed on a strip chart recorder or other appropriate instrumept:JThe ch

n/min (1 in/min) during the idle mode and at least 200 mm/min (8 in/min) durin
odes. If readings are taken by an automatic data acquisition system, reading
at idle and 10 Hz during other modes.

ocedures as contained in 8.1 through 8.4 until the entire cycle has been run
cceleration and lugging modes have been performedwithin the tolerances spe
may be terminated at this time. If not, then the test procedure, beginning wi
escribed in 7.5, should be rerun until data has been obtained within the specifi

sly record smoke
art speed shall be
g the acceleration
5 shall be taken at

three consecutive
cified in Section 8,
h the 10-min pre-
ed limits.

bfter completion of 7.8, recheck the zero.and span of the smoke meter as described in 7.6. If

span drift is in excess of 2% opacity, the,test results should be considered inva

Cycle—Conduct each smoke emlission test in accordance with the proce
bllow the engine operating seguence per 8.1 through 8.4. Refer to the “S
locating real time events thatindicate the beginning or ending, or both, of the
ear as letters A through J.

motoring-absorbing(dynamometer is used, motoring assist to overcome the dy
but motoring inlexcess of -13.6 N-m (- 10 Ib-ft) (negative net torque) for n

achieve speed targets is not-pefrmitted.

Idle Mode—Idlle the ‘engine for 5 to 5.5 min at the manufacturer's recommended

Dynamomete
other adjustm

load{may be applied to simulate an automatic transmission to achieve curh
ents’that cause idle speed to be altered for the purpose of simulating ac

allowed.

lid.

dure specified in
moke Test Cycle”
elements of each

hamometer inertia
ore than 0.5 s to

curb idle speed.
idle speed. Any
cessories are not

Idle mode begins following the preconditioning mode (7.5), or the lugging mode (8.4) designated J in Figure 1
and ends at point A, the beginning of the acceleration mode. Idle speed should be held within specifications
during the last 4 min.
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(?MOKE TEST CYCLE
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8.2 Acceleration

FIGURE 1-<SMOKE TEST CYC

between the decond and third acceleration.

By partially jopening'the throttle, increase the speed to 200 rpm + 50 rpm above observe
measured gt point B. The speed between points A and B should not exceed 50 rpm abo

LE

Modes—Consist of three-separate sequences of engine accelerations with

|—Represented by(points A, B, and C in Figure 1. Point A is where the first i
ccurs (typically defined as 5 to 10 rpm above the average observed idle spe¢g
the throttle_begins to open to full position. Point C is where the throttle reg

one deceleration

hcrease over curb
d). Point B is the
ches a fully open

i curb idle speed,
ve that at point B.

Total time measured hetween pnintq A_and C should not exceed 3 s

SECOND AcceEL—Beginning at point C with full throttle, allow the engine to accelerate against inertia or a

dynamometer load such that the engine speed increases to at least 85% of the rated speed. Point C is
defined as 85% of rated speed. The acceleration between points C and D shall be kept linear within
+100rpm, and the total time measured between points C and D shallbe 5s+1.5s.

8.2.1 FIRST AccE

idle speed ¢

event wherg

position and must occurdwithin 1 s of point B.
8.2.2
8.2.3

DECELERATION—Beginning at point E, rapidly move the throttle to, and hold in, the closed position. Point E is

defined as any speed after point D (8.2.2), but is recommended not to exceed 95% of rated speed. Apply the
required load to decelerate the engine to intermediate speed +50 rpm, measured at point F which is the
event where the throttle begins to reopen in preparation for the next accel mode (8.2.4). The fully opened
throttle position is designated as point G. The deceleration time from point D to G shall be 2 s + 1.5 s for

electric dynamometers only.
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8.2.4

8.3

8.4

8.5

9.1

9.1.1

9.1.2

9.1.3

9.1.4

9.1.5

9.1.6

9.1.7

9.1.8

9.2

9.2.1

9.2.2

THIRD AcCEL—Beginning at point G, fully open throttle, the dynamometer load shall be adjusted to control
the acceleration rate so that the engine speed increases to rated speed. The time duration between points G
and H (defined as 95% of rated speed) shall be 10 s+ 2 s.

NOTE— For best repeatability of results, all test-to-test acceleration (8.2.1, 8.2.2, 8.2.4) and deceleration
(8.2.3) time durations should be kept consistent.

Rated Speed Mode—Represented by points H and I. Immediately upon completion of the preceding (8.2.4)
third accel mode at point H, adjust the dynamometer controls to permit the engine to develop rated brake
power. The engine should operate within +5% of rated brake power observed during the preconditioning mode
(7.5) and be within £50 rpm of rated speed during the last 10 s of this mode. Near the end of this mode, it is
necessary to reduce engine speed by increasing the dynamometer load to prepare for the lugging mode as

defined in 8.4.

manufacturer’

Lugging Mog
dynamometer
marked by po
linear within

Engine Unloa
controls shall
60s of point J
reset if neces

invalid and the test should be repeated.

Information {
Record the fo
Date, time @
Barometric

Maximum o

pressure, afd intake air température at rated speed.

Maximum o

Point | defines the end of this mode and occurs when the speed is 50
5 specified rated speed. Total time between points H and | shall be 55 s +'5's.

e—Beginning at point |, with the throttle remaining in the fullyy‘\open pd
controls to gradually slow the engine down to intermediate speed over a pe
nt J, as the end point of the lugging mode. The lug down speed.between poin
100 rpm. Point J is the beginning of the idle mode (8.1) for the next cycle.
L|ding—Within 5 s of completing the preceding lugginggmode (8.4), the engine
be returned to the idle condition described in 8.1. <Fhe engine shall achieve
The zero and span of the opacimeters may be checked during the idle mod
sary. If either the zero or span drift is in excess.'0of 2% opacity, the test resu
0 be Recorded
lowing information in a test log for‘each smoke emissions test conducted:
f day, number of engine houts; test cell number, and observers.

bressure and combustion air humidity.

bserved power, flelrate, engine speed, fuel inlet temperature, intake air restric

pm less than the

sition, adjust the
iod of 35 s +5 s,
ts | and J shall be

and dynamometer
idle speed within
e of each test and
ts are considered

tion, exhaust back

bserved torque, fuel rate, engine speed, intake air restriction, exhaust back pressure, and intake
air temperafure at peak torque speed.

Smoke opa

imeter type and identifying number

Exhaust pip

e diameter at the point of measurement.

Calibrated and observed values of calibration filter(s).

Any other desired information.

Record or identify the following information on the recorder paper or input to the automatic data acquisition

system at the

time of each smoke emission test:

Test number.

Engine model and serial number.
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9.2.3

9.2.4

9.2.5

9.2.6

9.2.7

9.3

10.

10.1

10.2

10.2.1 For EOL O

Engine hours.

Test date and time of day.

Smoke opacimeter type and number.

Zero and span value of the calibration filter(s).

Real time si

a. Smok

gnals of:

e and engine speed

b. Throttle position, fully open and fully closed

Any other infog

Equipment a
engine transig
used for the
additional guig

An engine dy
(Section 8) m

Provide an ex
provide for ad
needed, a co
system.

EOL ¢pacimeter.

a. Tailpi
b. Thel
powe
c. Anex
recon

rmation as necessary to cross-reference the test log and smoke results should

nd Smoke Measurement Instrumentation—Use the following equipment ar]
nt smoke measurements or opacimeter correlation tests. Either EOlror IL op|
transient smoke measurements.
elines.

namometer with adequate characteristics to perform theltest required by the
st be used.

haust system of proper diameter for the enginé<being tested. The exhaust p
ustment of the exhaust back pressure, if specific back pressure levels are des

PACIMETERS
be—A minimum of 60 cm (24-in) of straight uniform diameter pipe must immed

D. of the tailpipe (section of pipe preceding the opacimeter) is determined b
of the engine used-during the test, as indicated in Table 2.

haust system whose-length from the exhaust manifold to the exitis 4.6 m + 1.
mended.

TABLE 2—EXHAUST TAILPIPE SIZE

Rated Brake Power Tailpipe I.D. (last 60 cm)

be noted.

d instruments for
acimeters may be

For opacimeter correlationtests, refer fo Section 12 for

smoke test cycle

ping system must
red. If a muffler is

nventional muffler of a size and type commonly used with the engine may be installed in the

ately precede the
y the rated brake

bm (15 ft £ 5 ft) is

75 kW or less (100 bhp) 51 mm (2 in)
76-14Q IK\A/ (101 200 hihn Z6-mm (2 in)

\ =7 \ U

150-224 kW (201-300 bhp) 107 mm (4 in)
225 kW and above (301 bhp) 127 mm (5 in)

10.2.2 For IL OpAcIMETERS—There should be at least 40 cm (16 in) of straight pipe before and after the
The pipe should be the same I.D. as the opacimeter body with no sudden contractions or
expansions in size near the opacimeter that could cause any changes in the exhaust flow direction or

opacimeter.

velocity.
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10.3 Mount a full-flow light extinction opacimeter in or on the exhaust system according to the provisions of 10.2.
When multiple exhaust systems are utilized, such as dual exhaust systems, place the opacimeter on one of the

available tailpipes.

Should experience or other evidence suggest that the smoke level m

ay not be uniform

among the exhaust outlets, place the opacimeter on the exhaust system expected to produce the highest

smoke levels.

It should be noted that in the case of multiple exhaust outlets, the tailpipe size selection must still be based
upon the full rated power of the engine, as shown in Table 2.

10.3.1 The opacimeter must be installed and operated according to the meter manufacturer's recommendations.
Care should be taken to assure that the purge air supply to the opacimeters is clean and dry.

Avoid instal
in general,
may not be
piping, and

10.4 For EOL opad
measurement|
opacimeter sh
flow of the ex
light beam ax

Avoid smoke
during cold w
condensed fu

In addition, a
includes the p
under windy G

10.4.1 EXHAUST EV

ation of the opacimeter in areas where it may experience temperature extrem
bre designed to handle the high temperatures of the engine exhaust flowing
able to handle the radiation from unanticipated outside sources such las €
pxhaust evacuation systems.

imeters, the optical unit of the meters shall be mounted radially;to the exhau
will be made at right angles to the axis of the exhaust plumé. The optical axia
ould be located 12.7 cm = 2.5 cm (5 in = 1 in) downstreamfrom the end of thg
naust stream shall be centered between the emitter anthdetector apertures an
S.

measurements with EOL opacimeters at low ambient temperatures such as w
inter conditions. Experience has shown that’ opacity measurements can K
b| or water vapor in the exhaust.

oid smoke measurements under any:conditions that may distort the smoke p
pssible plume distortion due to test.area ventilation systems and exhaust evac
onditions, if the measurements.are made outdoors.

ACUATION GUIDELINES—It I8’ important that efforts be made to insure that
the smoke plume in\thé area of the opacimeter. Failure to properly ide
5ystem or wind or femperature, or both, influences on the plume will result i
final results. When doing indoor testing with an EOL meter, the followi
Eystem should-be'made:

ow capacity of the evacuation system must exceed the exhaust flow of the te
he shiape, size, and the amount of exhaust suction available, it is recommende

es. Opacimeters,
through them, but
Xhaust manifolds,

5t pipe so that the
|l centerline of the
b tailpipe. The full
d centered on the

buld occur outside
e confounded by

ume shape. This
lation systems, or

there is minimal
ntify any exhaust
h an undetectable
ng checks of the

st engine. Based
d that the exhaust

ationrsystem be able to ingest at least twice the actual engine exhaust volu

O amf(
tion system.

e flow due to the

g tailpipe and the

Check the exhaust evacuation system capacity with the test engine operating at rated brake power. If

any exhaust misses the evacuation system or is rejected by it, corrective action will be necessary to
keep exhaust clear of the test area.

distortion o
evacuation
error in the
evacuation
a. Thefl
upon
evacu
amou
collec

b

c.

Check for plume distortion with the engine off (or at idle, depending upon the check method used), and

with the evacuation system operating as it will be during the smoke measurement tests (see 10.4.2).

10.4.2

DeTecTioN OF PLumE DisTORTION—There are several methods that can indicate the amount of air currents

around the EOL meter. With the engine off and the evacuation system operating, feeling around the EOL
meter with moist bare hands or a 7 to 8 cm length of ribbon pinned to a pencil eraser can provide course
indications of air movement that may influence smoke plumes, especially at engine idle conditions. A better
indicator of air movements would be an anemometer or air velocity probe. Measurements with a device of
this type should indicate that the air velocities around the opacimeter are below 1.2 m/s (4 ft/s).
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The preferred analytical method to determine plume distortion requires the use of a CO, gas analyzer. With
this method, the opacimeter light beam is replaced with a small diameter, 2 to 3 mm (1/8 in), steel tube with
one small sampling hole near the center of the probe. The tube is connected to the CO, analyzer and used
to sample the plume CO, concentrations. With the evacuation system and test engine operating, the sample
probe is inserted in small increments into the exhaust plume. The CO, concentrations and the position of
the sample hole relative to the opacimeter are noted. Traversing the entire plume will produce an exhaust
CO,, profile. Comparing this profile to another taken with the exhaust evacuation system at reduced flow, or
at a larger gap between the tailpipe and the collection system, produces the means to determine the
magnitude of any plume distortion.

10.5 Smoke opacity and engine speed are to be monitored continuously, using a strip chart recorder with the
capability to meet the requirements of 7.7. Alternatively, an automatic data acquisition system with a minimum

sampling rate

10.6 The various ¢
data collection with the following limits:

10.6.1 The opacim
meter shoul

10.6.2 The engine

rated enging speed. The reading should have a resolution withifV1% of rated engine spee

10.7

not affect the

the opacimetg¢r and the recorder, or any data<acquisition system, to attenuate high-frequ

10.8 A separate lo
signal:

a. Three

b. Insert

c. Selec
d.

Atten;r
If an automatic data colléction system is used, the opacity signal should be filtered to m

response chal

11.

manufacturer’

The use of g¢
back pressure

Instrument G

of 10 Hz and resolution within 1% of full scale may be used.

pmponents, opacimeters, electronic filters, and recorder, should comprise a s
eter is to be linear within +1% opacity when calibrated to read-from 0 to 100
0 have a resolution within 1% of full scale reading.
speed reading is to be linear within £30 rpm/s when calibrated to read from the
neral instrumentation for measuring engine speed, power, fuel rate, inlet air r
, and such pressures and temperatures while.performing the tests as required

fecorded smoke values.

v-pass electronic filter with the following performance characteristics may be

decibels point: 10 Hz

onloss: 0 dB £ 0.5 dB

ivity: 12 dB per octave above 10 Hz
ation: 27 dB downjat 40 Hz min

acteristics.

hecks<The instrument light source and electronics should be warmed

ystem capable of
% full scale. The
low idle speed to
d.

pstriction, exhaust

in this part should

installed between
ency noise in the

atch the recorder

up following the

5 ‘recommendations. In addition, instruments should be thermally stabilized b

y passing exhaust

gas through them while operating the engine over practice test cycles.

For EOL opacimeters, during instrument checks, the meter may be positioned out of the path of the exhaust

plume while the engine is in the idle mode (8.1).

For IL opacimeters, the flow may be

diverted from the

opacimeter or the engine must be stopped after the practice runs to perform the calibration and instrument

checks.

111

Follow good engineering practice in performing periodic opacimeter checks for cleanliness of the optical

lenses, calibration checks of dynamometer speed and torque, and if used, recorder chart speed and linearity or
automatic data acquisition equipment linearity.

11.2

source and adjusting the output signal to indicate 100% opacity.

After the instrument is thermally stable, set the span adjustment first by extinguishing the opacimeter light
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11.3

11.4

12.

12.1

12.11

12.1.2

12.1.3

12.2

12.2.1

12.2.2

12.3

12.3.1

13.

13.1

Adjust the zero control under conditions of no smoke. Check or set the automatic data acquisition equipment
and chart recorder. Repeat span and zero checks until chart or data, or both, acquisition equipment repeat
within 0.25% of correct reading without prior adjustment.

Insert calibrated neutral density filters, perpendicular to the light path and adjacent to the opening containing
the light source. Filters should have a nominal opacity of 10, 20, and 40% and for best correlation, their
calibration should be traceable to NIST. If readings deviate in excess of 1% of the calibrated value of the filter,
corrective action should be taken.

Data Analysis—Use the following procedure to determine the smoke opacimeter values:

Acceleration Smoke Value

Locate the gtart of the first accel mode (point A, 8.2.1) and the end of the second accelmoge (point D, 8.2.2)
as one accgleration segment. Locate the beginning and ending of the third accehmodqg (points G and H,
8.2.4) as thg second acceleration segment. If the smoke and engine speed data have b¢en recorded on a
strip chart r¢corder, it is usually necessary to account for pen offset relationships‘between these two items in
locating thelinterval check points.

Divide both| of the acceleration segments into 1/2 s intervals beginning at the start pf each segment.
Disregard smoke values at the end of the segments for interval times,less than 1/2 s. Detefmine the average
smoke readjng during each 1/2 s interval.

Locate and fecord the 15 highest 1/2 s readings during bothacceleration segments of eagh cycle. Average
the 45 readings from the three cycles. Record and.désignate this value as “A.” (“A” represents the
acceleration smoke characteristic of the engine.)

Lug Smoke Malue
Divide the Iyigging mode (interval between’peints | and J, 8.4) into 1/2 s intervals and detefmine the average
smoke readjngs during each 1/2 s interval.” Disregard smoke values at the end of this mode for any interval
time less than 1/2 s.
Locate and |record the 5 highest'l/2 s smoke readings during the lugging mode. Average the 15 readings
from the three cycles. Record and designate this value as “B.” (“B” represents the lugdown smoke

characterist|c of the engine})

Peak Smoke [Value

Re-examine the 20 average 1/2 s values determined in 12.1.3 and 12 2.2 and from those, locate the 3
highest 1/2 ) ! om the three cycles.
Record and deS|gnate thls value as “C (“C” represents the peak smoke characterlstlc of the engine.)

Correlation Procedure for Full-Flow Opacimeters

Introduction—This section describes a method for correlating full flow opacimeters on the transient smoke
test. This was written specifically with the intention of developing an EOL versus IL opacimeter correlation.
However, it could be used to correlate any two (or more) full flow opacimeters, such as one IL to another IL
opacimeter.

The correlation test method uses the transient smoke test procedure (Section 8) to generate data. The
opacimeters are connected in series on the exhaust pipe. Data from the meters are collected simultaneously
during the transient smoke test.
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13.2

13.2.1 The opacimgters should be installed in the exhaust system in series such that the two opg
same exhayst.

13.2.2

13.2.3

13.3

13.4

13.5

13.6

It has been found experimentally that the Beer-Lambert law can be applied to opacimeters (SAE Paper
690492). A mathematical correlation for converting the value of one opacimeter to the value, which would be
obtained from another opacimeter, is developed from the Beer-Lambert law (13.6). This correlation is intended
for usage with the 1/2 s average values used to calculate the A, B, and C smoke values of the transient smoke

test.

The following sections describe the test set-up, opacimeter calibration, data collection, and data analysis

methods:

General Test Set-Up—The equipment and instrument procedures contained in Section 10 should be followed
for opacimeter correlation tests.

The meters|should be as close as possible to each other in the exhaust stream~This is to

transport ti
such factor
properties

If correlation tests between an IL meter and an EOL meter with several different tailpipe d

run, it is rec
engine with
shapes are
exhaust vel
Calibration—]

Test Cycle—

Data Collecti

one exception.
include the data collected during the.deceleration defined in 8.2.3 in with all the other ag

(8.2.1,8.2.2, 4

Opacimeter (
expressed ma

e between the meters and to assure that the composition of the exhalst does
as particle agglomeration or condensation that could possibly’ influence t
the exhaust. These factors are primarily a function of time fexhaust tempera

bmmended that in addition to changing the tailpipe size, that the engine also b
rated brake power conforming to Table 2. This is.because both EOL and IL 0
affected by the exhaust velocity. Changing engine size with the tailpipes hel
pcities will be within normal ranges.

Instrument checks should be performed as defined in Section 11.

he test cycle used for correlation testing is the same as defined in Section 8.

bn—Data collection and analysis for correlation testing is the same as defined
In order to minimize the difficulty of trying to time-align opacity data pairs, it ig

\ind 8.2.4).

Correlation Theofy—Opacimeters correlate according to the Beer-Lambert
thematically<as:

T= exp(-KL)

cimeters view the

minimize exhaust
not change due to
ne light extinction
ure, and density.

ameters are to be
b replaced with an
bacimeters' plume
DS assure that the

in Section 12 with
recommended to
celeration modes

aw. This can be

(Eq. 1)

since T= (1 —N ©100)

(Eq. 2)

where:

T =Trans

N = 100(1 - exp(-KL))

mittance

N = Percent opacity

exp = Base of natural logarithms

K = Attenuation (or extinction) coefficient
L = Path length through the smoke

(Eq. 3)
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