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Road vehicles - Apparatus for measurement of the opacity of exhaust gas from diesel engines 

Vkhicules rou tiers - Dispositif pour te mew-age de l’opacite’ des gaz d%khappement des moteurs diesel 

Technical Report 4011 was drawn up by Technical Committee ISO/TC 22, Road vehicles, and approved by the majority of 
its members. The reasons which led to the publication of this document in the form of a Technical Report are the following : 

This Technical Report was prepared on the basis of present knowledge concerning the design and use of opacimeters intended 
in particular for measuring the opacity of exhaust gas from diesel engines running in free acceleration; this type of 
measurement is in fact a necessity when the legislation requires a control of the opacity of the smoke emitted by the vehicle 
in service; it is then essential that a device and a measurement method be available which allow reproducible and repeatable 
measurements to be made. 

However, during the study, some difficulties arose in establishing with precision certain performance characteristics in 
relation to the response time of the device when the opacimeter is used in transient conditions. 

Consequently, the type of device described below was not considered suitable for definition in an International Standard. 

A study is in progress to fix the whole of the characteristics of the opacimeter. 
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IS0/TR 4011-1976 

1 SCOPE 

(El 

This Technical Report establishes the specifications for devices for measuring the opacity of exhaust gas from diesel engines 
for road vehicles, and for their installation. These instruments are generally known as “opacimeters”. The annex deals with 
the installation and use of opacimeters. 

2 FIELD OF APPLICATION 

This Technical Report concerns opacimeters for use in steady state and free acceleration conditions for diesel engines of road 
vehicles. It does not cover : 

- free-piston engines; 

- stationary engines; 

- marine engines; 

- railway engines; 

- aircraft engines; 

- engines for agricultural tractors and special vehicles for use in civil engineering. 

3 REFERENCE 

IS0 3173, Road vehicles - 
steady state conditions. 

Apparatus for measurement of the opacity of exhaust gas from diesel engines operating under 

4 PRINCIPLE OF OPACIMETERS 

The principle of measurement consists in passing a beam of light through a certain length of the medium to be measured. The 
proportion of the incident light reaching a receiver (for example, a photoelectric cell) is used to assess the opacity of this 
medium. 

The opacimeter may be constructed 
a sample (sampl ing opacimeter). 

to take the full flow of exhaust gas deli vered by the engine (full flow opaci meter) or only 

Qpacimeters are used under two types of test conditions : 

- Steady state conditions : The engine is run at constant speed and under constant load; the opacimeter operates under 
steady state conditions (SS). 

- Trans ient conditions : The engine is run 
under tra nsient conditions (TC). 

under transient conditions of speed and/or load; the opacimeter operates 

Opacimeters may also exist which are suitable for use only under steady state conditions. These are the subject of IS0 3173. 
Apparatus conforming to this Technical Report conforms ipso facto to IS0 3173. 

5 BASIC SPECIFICATIONS FOR OPACIMETERS 

5.1 The gas to be measured is 
equivalent optical environment. 

passed through a chamber the internal surface of which is non-reflecting, or through an 

5.2 The effective path length of the light rays through the gas to be measured is determined taking into account the possible 
influence of devices for protecting the light source and the photoelectric cell. This effective length shall be indicated on the 
apparatus. 4 

5.3 The measuring device shall have the following characteristics : 

5.3.1 The indicator of the opacimeter shall have a measuring scale graduated in units of light absorption coefficient from 0 
to 5 m-’ at least. 
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5.32 The indicator shall allow a light absorption coefficient to be read between 0 and 3 m-’ with a precision of 0,05 m-’ at 
least. 

5.3.3 The measuring device (for transient conditions only) shall allow the maximum opacity to be stored for at least 5 s and 
allow instantaneous cancellation of the value stored. This value shall not decay by more than I % during this time. The peak 
hold device shall be able to be switched out of circuit. 

5.4 The total absolute uncertainty shall be less than : 

0,2 m-l for a light absorption coefficient between 0 and 3 m-‘; 

0,5 m-’ for a light absorption coefficient between 3 and 5 m-l. 

6 CONSTRUCTION SPECIFICATIONS 

6.1 General 

The design shall be such that in steady state conditions the smoke chamber is filled with a uniform smoke and the pipes and 
fittings and devices for bringing the gases into the measuring chamber do not include any sharp bends where soot could 
accumulate. 

The impingement on the receiver of stray I igh t due to internal reflection or the effects of diffusion shal 
mini mum (for exa mple by coating the internal sur faces in matt black and by an aPP ropriate general layout). 

6.2 

6.2.1 

Measuring zone of the smoke chamber 

I be reduced to a 

The measuring zone is that part of the smoke chamber in which the measurement is made. It is bounded : 

- at its two extremities by the devices for protecting the light source and the receiver, defining the effective length of the 
apparatus; 

- parallel to the flow of gas by the lower and upper surfaces of the smoke chamber; 

- if applicable, perpendicular to the flow of gas by two imag inary planes, one of them representing the front of the 
incom ing gas, the other the front of th e outgoing gas flow, w ‘h ich form tangents to the beam of light reaching the receiver. 

6.2.2 The speed of the gases through the measuring zone shall not differ by more than 50 % from the average speed over 
90 % of the length of the measuring zone. 

6.3 Light source 

The light source shall have a colour temperature between 2 800 and 3 250 K within limits specified by the manufacturer for 
the supply voltage of the apparatus. 

6.4 Receiver 

6.4.1 The receiver shall be made up of a photoelectric cell with a spectral response curve similar to the photoptic curve of 
the human eye (maximum response in the band of 550 to 570 nm, less than 4 % of this maximum response being below 
430 nm and above 680 nm). 

6.4.2 The apparatus shall be so designed that : 

- the rays of the light beam are parallel within 3” to the optical axis; 

- 
to 

the receiver does not take into 
the axis of the optical device. 

consideration the direct or reflected light rays with an angle of incidence greater than 3” 

Any system giving equivalent results will be acceptable. 

6.4.3 The design of the electric measuring circuit, including the indicator, shall be such that the display value of the 
indicator is a monotonic function of the light absorption coefficient in the range of normal operating temperatures of the 
apparatus. 
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.5 Measuring scale 

The light absorption coefficient k (m-l) is calculated according to Beer’s law by the formula 

k= 
log, (&l/G) 

1 

fiwhere 

1 is the effective length of the light path through the gas to be measured; 

is the light flux received by the receiver when the measuring zone is filled with clean air; 

$I is the light flux received by the receiver when the measuring zone is filled with smoke. 

6.6 Adjustment and checking of the measuring apparatus 

.6.1 The electrical circuit of the photoelectric cell and of the indicator shall be adjustable so that the indicator can be reset 
at zero when the light flux passes through the measuring zone filled with clean air or through a chamber with identical 
characteristics. 

.6.2 Two neutral optical filters (or equivalent devices) shall provided with each opacimeter so that the accuracy and 
linearity of measurement of the measuring device may be checked. These filters shall have equivalent absorption coefficients 
as defined in 6.5, between I,5 and 2,0 m-’ and between 4,5 and 5,0 m-’ respectively. Their values shall be known to the 
nearest 0,025 m-l. Provision shall be made for them to be placed on the path of the light rays passing through the measuring 
chamber filled with clean air or through a chamber with identical characteristics. Measurement apparatus with automatic 
temperature compensation must simulate 100 “C during the checking tests. 

Response of the opacimeter 

Physical response time of the opacime ter 

This is the time t necessary fo ra given discharge of gas, Q, to fill the volume V of the measuring zone defined in 6.2. 1. 

This time may be estimated with sufficient precision by means of the formula 

t- v/a 

For transient conditions, the opacimeter will be satisfactory if t < 0,075 s*. 

For opacimeters used only for steady state conditions, the manufacturer shall state the response time. 

.7.2 Electrical response time 

This is the time elapsing between the moment when the light source is sealed off in less than 0,Ol s, and the moment when 
the device recording the measuring signal reaches 90 % of the level of its final signal. For transient conditions, this electrical 
response time shall be equal to 0,l + 0,Ol s*. 

For opacimeters used only for steady state conditions, the manufacturer shall state the response time. 

The electrical circuit shall in addition include a filtration of the measuring signal. This is obtained by means of a low-pass 
filter with breaking frequency of IO Hz, possessing a frequency response curve between -I- 0,5 and - 1 dB up to 16,5 Hz and 
vvith a slope equal to 12 + 6 dB/octave for frequencies greater than 16,5 Hz. 

.8 Pressure of the gas to be analysed 

6.8.1 The static pressure of the exhaust gas in the smoke box shall not differ from that of the ambient air by more than 
7,5 mbar. 

.8.2 The 
pressure in 

opacimeter shall be fitted with devices suitab 
the smoke b ox. The readings shal I be take n with 

e for all 
an uncer 

owing th e fitting of apparatus 
tainty of less than 0,l mbar. 

for measuring the static 

* Provisional values. 
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6.9 Temperature of the gas to be analysed 

6.9.1 The opacimeter shall be fitted with the devices necessary for estimating the average temperature of the gas in the 
measuring chamber; the manufacturer shall specify the limits of operation. The uncertainty of measurement shall be taken 
into account when calculating the total measuring uncertainty of the apparatus. 

6.9.2 At all points of the measuring chamber, the temperature of the test gas at the instant of measurement of opacity shall 
be not less than 60 ‘C and the average temperature in the chamber shall be not greater than 400 “C. The range of normal use 
shall be indicated by the manufacturer. 

6.9.3 The opacimeter reading must be corrected to 100 “C by means of the formula 

k corrected =k 

where t is the temperature, in degrees Celsius, of the test gas. 

6.9.4 The thermal time-constant of the device for measuring temperature shall be 

- indicated by the manufacturer; 

- commensurate with the recommended operating time of the instrument for steady state use; 

- less than 5 s for opacimeters used in transient conditions. 

The thermal time-co nstant is the time necessary for the sensor to reach 63 % of the difference in 
initi al state a nd the f inal state in still air. 

temperature between the 

6.10 Details of design 

Any devices which may be situated upstream of the measuring zone shall not affect the opacity properties of the gas entering 
the chamber by more than 0,05 m-’ for a gas with an opacity of I,7 m-‘. 

6.11 Total measurement uncertainty 

The total measurement uncertainty Ak is given by the formula 

Ak= 
J 

C (Aki)2 
i 

where the Ak; are principally the following uncertainties : 

a) error due to the geometry of the apparatus (effective length); 

b) error due to the optical and electrical devices (including soiling of lamp and photoelectric cell) : 

- zero error and sensitivity error of the measuring device; 

- error due to the indicator; 

- error due to measurement and correction for average temperature. 

Ak shall not exceed 0,2 m-‘. 

Errors due to parameters other than those mentioned in this specification shall also be taken into account if it is considered 
that their influence is I i kely to be significant. 

7 INFORMATION AND METHODS OF MEASUREMENT TO BE PROVIDED BY THE MANUFACTURER 

7.1 Handbook for maintenance and use to be provided with each apparatus 

This document shall deal with the following points : 

7.1.1 Technical description of the opacimeter, including a diagram of 
sketches of the measuring chamber and the adjacent areas, with tolerances. 

the optical and electrical devices and dimensional 
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7.1.2 Information on the maintenance of the opacimeter, and in particular, the cleaning interwais and ail the special 
operating precautions peculiar to the given model, including whether the opacimeter is designed to operate continuously or 
intermittently and, in the latter case, the time necessary for passing smoke through the opacimeter before a correct 
measurement can be taken (operating time). 

List of the periodic checks which the apparatus requires. 

7.4.3 Effective length of the smoke column used to calculate the light absorption coefficient. 

7.1.4 Operating limits of the light source, i.e. either : 

a) limits of voltage at the terminals of the light source and instructions on its life, or 

b) limits of reading with a gauging colour filter provided with each opacimeter. 

7Yl.5 Total precision of the apparatus as defined in 6.1 ‘l and the range 
temperatures. 

of corresponding ambient and exhaust gas 

Minimum flow of gas into the smoke chamber corresponding to the time of maximum physical response imposed in 
6.7.1 and the maximum flow of gas into the smoke chamber corresponding to the maximum gas pressures allowed by the 
manufacturer. 

7.1.7 

7.2.1 

Instructions relating to limits on fittings which may be attached to the opacimeter exit, giving equivalent orifices. 

Data to be provided for the conformity check of the type of opaeimetea 

Temperature of the surface of the photoelectric cell above which its response features change significantly. 

7.22 Relationship between 
chamber. 

the temperature indicated by the measuring device and the average temperature in the smoke 

7.23 Nominal supply voltage limits within which the 
each supply point where more than one exists). 

opacimeter will operate satisfactorily (separate limits must be given for 

X2.4 Response time of the electric measuring circuit necessary for reaching 98 % of the level of continuous signal following 
sealing off of the light source in less than 6,Ol s. 

7.2.5 Relationship between the static pressure and the gas flow in the smoke chamber. 

7.3 Methods of measurement used in the conformity check of the type of opacimeter 

The opacimeter must allow the attachment of instruments necessary for measuring the following parameters : 

a) static pressure of the exhaust gas in the smoke box; 

b) temperature at the point specified by the manufacturer for measuring the gas temperature; 

c) voltage of the lamp (unless a particular m.ethod using a colour filter is laid down for checking the colour temperature 

d) output current of the photoelectric cell. 

ERIFICATION OF OPACIMETER TYPES 

) 
. 
B 

This clause gives details of the procedures to be adopted to check that an opacimeter of a given type corresponds to the 
requirements of clauses 5, 6 and 7. It deals with opacimeters in general. When possible, each heading includes a reference to 
the corresponding sub-clause of clauses 5, 6 and 7 to which the test refers The checks cannot, however, cover all the possible 
models of opacimeter. It will rest therefore with the organization approving a given type of opacimeter to check the possible 
influence of the devices which belong ‘to each apparatus. 
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8.2 General considerations 

In order to verify that a particular type of opacimeter corresponds to the specification, it is necessary first to check that 
certain instruments and certain controls required by the specification are properly fitted on the opacimeter and that certain 
operational limits and certain data are properly specified by the manufacturer. The verification test consists then in checking 
that the properties of the instruments are as required by the specification and that, within the limits claimed by the 
manufacturer, the opacimeter actually satisfies the requirements of the specification. For the checking tests, certain 
instruments may be necessary in addition to those which are normally fitted on the opacimeter. 

In fields where well-known experimental techniques already exist (aerodynamic, thermometric, optical and electrical, for 
example), the tests are not described in detail, but in other cases detailed instructions are given. Other methods will, however, 
be accepted if they are of equivalent precision and comply with the response conditions of the method described. If recording 
instruments are used, it is essential to take into account their influence on the response or the sensitivity of the circuit. 

8.3 Definitions 

The following symbols are used : 

k : light absorption coefficient of the gas in units per metre (m-l); 

L : effective length of the smoke column taken into consideration in the measuring chamber; 

Go : incident light flux reaching the receiver in the absence of smoke; 

$I : incident light flux reaching the receiver when the measuring chamber is filled by the gas to be analysed. 

8.4 Information and methods of measurement (7) 

Check that the information and methods 
requirements of clause 7 of this specification. 

of measurement provided by the manufacturer are in accordance with the 

8.5 Basic specifications for opacimeters (5) 

Check that the technical features of the opacimeter are in accordance with the requirements of clause 5 of this specification. 

8.6 Verification of the components and adjustments 

8.6.1 Co/our temperature (6.3) 

Check that in the conditions indicated by the manufacturer (for example voltage at the terminals of the electric bulb or 
reading with a coloured checking filter) the colour temperature of the light source is between 2 800 and 3 250 K. 

8.6.2 Response of the photoelectric cell to different wavelengths and different temperatures (6.4.1) 

Check that the combined characteristic of the photoelectric cell and the filter has a maximum response in the range of 550 to 
570 nm and a response less than 4 % of this maximum below 430 nm and above 680 nm. 

8.6.3 Devices for adjusting zero and checking the measuring circuit (6.6) 

a) Check that the zero of the instru ment can 
bY the ma nufacture r in accordance wi th 7.2.3. 

W Check that the devices provided 

be adjusted satisfactorily over the whole range of supply voltages specified 

opacimeter are in accordance with the 
by the manufacturer for 
requirements of 6.6.2. 

checking the operation of the measuring circuit of the 

8.6.4 Indicator of the opacimeter (5.3) 

Check that the indicator of the opacimeter is in accordance with the requirements of 5.3. 

8.6.5 Static pressure measurement in the smoke chamber (6.8.2) 

Check that the opacimeter is in accordance with the requirements of 6.8.2. 

8.6.6 Optical design (6.4.2) 

Check from the technical description of the apparatus given in 7.1 .I, and from actual tests, that the optical &vice is designated 
so that the opacimeter is in accordance with the requirements of 6.4.2. Check that the optical components of the opacimeter 
submitted for test and their dimensional position comply with the description. 
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8.7 Verification of the flow characteristics with respect to the internal design 

8.7.1 Temperature distribution (6.9) 

8.7.1.1 OBJECT 

In order to determine the opacity of the gas at 100 ‘C, it is necessary to demonstrate that the temperature gauge provided by 
the manufacturer does, in fact, estimate the average temperature of the gas in the measuring chamber. This is shown by 
comparison of the readings on the temperature gauge and the results of measurements of temperature distribution in the 
measuring chamber. 

This test also checks that the minumum and maximum temperatures of the gas are those specified in 6.9.2. 

8.7.1.2 PREPARATION OF THE TEST 

The temperature distribution shall be measured at 11 points distributed equally along the axis of the measuring chamber over 
90 % of its length. All the thermometers must be enclosed in tubes providing good thermal insulation without obstructing the 
flow of gas. A satisfactory method is, for example, the technique which consists in placing in the axis of the smoke chamber a 
thermoelectric couple the wires of which, about 0,l mm in diameter, are connected end to end; with this system, however, it 
may prove necessary to use a dummy bulb and a photoelectric cell with holes in it to allow passage of the wires. 

8.7.1.3 TEST PROCEDURE 

With the opacimeter fed with exhaust gas or hot air, measure the temperature distribution, point by point, along the axis of 
the measuring chamber in the following steady state conditions : 

a) minimum temperature and minimum flow of gas recommended by the manufacturer; 

b) 

cl 

maximum temperature and minimum flow of gas recommended by the manufacturer; 

maximum temperature and maximum flow of gas recommended by the manufacturer, 

8.7.1.4 EVALUATION 

Plot the temperature distribution along the axis of the measuring chamber, then : 

a) 
formula 

Calculate the average absolute temperature c, Tb and K, in kelvins, in the three types of conditions by means of the 

11 T=- 

‘i (l/T) 

Calculate the error Ak,- = 3 [ (T,Jy) - 
manufacturer. This value will be required 

11 where T,,, is the temperature 
the calcu lation of total uncertainty 

i ndicated 
in 8.10. 

on the CWKF provided by the 

b) Check that, in the three types of test conditions, at each of the 11 points of temperature measurement, 

II - T/71 < 0,03 

c) Check that at no point is the measured temperature less than 60 ‘C, and check that T is not greater than 120 “C. 

8.7.2 Velocity distribution of the gas to be analysed (6.2.2) 

8.7.2.1 OBJECT 

It is necessary to ensure that the flow of gas in the measuring chamber is sufficiently uniform in order to avoid the mixing of 
the clean air in there with the puff of smoke entering. This check is carried out by comparing the velocities at different points 
in the flow of gas. 

.7.2.2 PREPARATION OF TEST 

The velocity distribution shall be measured at 11 points uniformly distributed along the axis of the measuring chamber over 
90 % of its length. 
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8.7.2.3 TEST PROCEDURE 

With the opacimeter supplied with exhaust gas or with air slowed down beforehand in an expansion tank, measure the 
velocity distribution, point by point, along the axis of the measuring chamber and the static pressure of the gas in the smoke 
box in the following test conditions : 

a) pressure of the gas in the smoke box as in 7.2.5 corresponding to the minimum flow D, indicated by the manufacturer 
in accordance with 7.1.6; 

b) pressure of the gas in the smoke box as in 7.2.5 corresponding to the maximum flow D, indicated by the 
manufacturer in accordance with 7.1.6; 

c) pressure of the gas in the smoke box as in 7.2.5 corresponding to an average flow of gas D, = (D, -I- D,)/2. 

8.7.2.4 EVALUATION 

Plot the vel ocity distribution along the axis of the measur 
three types of test conditions by me ans of th e formula 

ming ch amber and estimate the average velocity VI, Vb and V, in the 

1 " 
7=-x v 

11 1 

Check that in the three types of test conditions, at each of the 11 points of velocity measurement, 

II -vIVI<O,l 

8.8 Response time of the opacimeter 

8.8.1 Object 

If the measuring chambers are not fi lled uniformly and rapid1 y with exhaust gas 
different types of opacimeter w ill then give different indications for the same test. 

when being used in transient condi tions, 

In additi on , as the time for the smoke to pa ss into the measuring cham ber is very shor 
electrical m easuring circu it has a short en ough re sponse time to follow the Phe nomenon. 

8.8.2 Physical response time (6.7.1) 

Calculate the physical response time tphys of the opacimeter by means of the formula 

T, it is necessary to ensure that the 

Q is the minimum flow of gas through the smoke chamber indicated in 7.1.6; 

V is the volume of the measuring zone defined in 6.2. 

Check that the value calculated is less than or equal to 0,075 s.* 

8.8.3 Electrical response time (6.7.2) 

8.8.3.1 PREPARATION OF TEST 

To measure the receiver’s response time and that of its electrical measuring circuit, it is necessary to fit the receiver on an 
optical bench equipped with adequate devices which work in less than 0,Ol s (photographic shutter or revolving mirror, for 
example) and to connect the electrial measuring circuit as on the opacimeter. 

The signal for measuring the light absorption and the signal for gating the light are recorded simultaneously. 

The time which passes be tween the def let tion of the light and th e rising of the measuring signal to 90 % of its unbroken 
level is th e response time of the electrical measuring circuit. This response time must be measured to the nearest 5 ms. 

signal 

+ Provisional values. 

9 

STANDARDSISO.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IS
O/TR 40

11
:19

76

https://standardsiso.com/api/?name=67661f3eea403d7d4c54d7eecc837a81


ISO/TR 4011-1976 (E) 

8.8.3.2 EVALUATION 

The response time of the electric or electronic circuit will be considered as acceptable if it is between 0,09 and 0,ll s.* 

8.9 Thermal time coefficient 

8.9.1 Object 

In transient conditions, it is difficult to measure exactly the average temperature but it is important to check that the 
temperature probe has a sufficiently short response time to be as close as possible to the real temperature so as to relate the 
measurement to the reference conditions. 

8.9.2 Preparation of test 

Connect the probe to a device recording the temperature of the probe as a function of time. 

8.9.3 Test procedure 

Heat the probe to 100 “C and immerse it suddenly in still air at room temperature the value of which is known. 

8.9.4 Evaluation 

Check that the rate of change of temperature of the probe satisfies the requirements of 6.9.4. 

8.10 Determination of total measurement uncertainty (6.11) 

8. IO. 1 General 

The individual components of the total uncertainty must be determined according to 8.10.2 to 8.10.9, together with any 
other components particular to the type of opacimeter being verified. Where possible, all individual uncertainties Ak,- must be 
related to an opacity of 3 m-‘. 

It must be verified that the total measuring uncertainty 

Ak = dm < O,2 m-’ 

8.10.2 Stability of zero setting 

8.10.2.1 EFFECT OF SUPPLY VOLTAGE (7.2.3) 

Set the zero at the nominal supply vo ltage indi 
spaced voltages between the allowed I im its. Then 

cated by the man ufactu rer and note the “zero reading” (k,) at five evenly 

8.10.2.2 EFFECT OF OPERATING TIME 

Set the zero after an operating period of 8 min, then note the “zero reading” (k,) at five evenly spaced points over 40 min 
with the opacimeter operated according to the manufacturer’s instructions. Then 

Aki 

* Provisional values. 
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8.10.3 

Similar 
3m’I. 

Stability of sensitivity 

measurements shall be made as in 8.10.2 but with a calibrating screen equivalent to a k-value (k,) between I,5 and 
For each test the instrument shall be set to read k, and the reading k, noted at five evenly spaced points. Then 

8.10.4 Accuracy o f op tical-elec trical s ys tern 

Aki 
3 =- 

d 
i (k, -k,)* m-l 

2k, I 

Note the reading of the opacimeter (k,) with five neutral density calibrating screens spaced approximately uniformly between 
equivalent k-values (k,) of 0,25 and 3,0 m-l. Then 

Aki 
1 =-- m-’ 
2 

8.10.5 Accuracy of mean temperature measuring device (6.9.1) 

This is as given in 8.7.1. 

8.10.6 Accuracy of temperature correction (6.9.3) 

When correction for temperature is performed automatically in the instrument, this system must be checked. This check shall 
be made at the zero setting and with a calibrating screen of equivalent opacity between I,5 and 3,0 m-l. 

Set the zer o with the temperature sensor at 100 “C and then note the zero read ing (k,) at five evenly spaced 
the sensor) over the range of smoke temperature specified by the manufacturer. Then 

temperatures (at 

Aki 

Repeat with the calibrating screen of equivalent opacity k,. Then 

Aki =$ fFrnwl 

8.10.7 Effect of temperature on optical electrical system and photoelectric cell output 

Supply the opacimeter with air (simulating smoke) or exhaust gas at controlled temperature and check the ambient air 
temperature. Set the zero with an exhaust gas temperature of 100 “C in the measuring zone and an ambient temperature of 
20 “c. 

Note the zero readi w (k,) at five evenly spaced temperature comb 
temperatures and the highest exhaust and ambient te mperatures. Then 

inations between the lowest exhaust and ambient 

Aki 
1 =- 
2 d 

!$ (k,)* m-’ 
11 

Repeat with a calibrating screen of equivalent opacity k,. Then 

Ak,-= & {-mm1 
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.8 Soiling of/amp andphotoe/ectric cell (7.1.2) 

Set the zero of the opacimeter and note the reading kCi 
between 0,5 and 3,0 m? Pass smoke of about 2 m-’ 

with five neutral density calibrating screens of equivalent opacity 
opacity through the opacimeter under the allowed pressure and flow 

conditions most likely to cause sooting of the lamp and photoelectric cell; continue for the interval between cleanings 
specified by the manufacturer (see 7.1.2), otherwise operating the opacimeter according to the manufacturer’s instructions. 
At the end of this period, note the new readings (k,,) with the calibrating screens. Then 

- 
m1 

.I 0.9 Effective length 

When the manufacturer claims an uncertainty of effective length (AL in k) derived from the dimensions of the opacimeter, 
measure the relevant dimensions on the opacimeter. Then 

AL 
A/5-=3-m-l 

L . 

here the minimum or maximum length may be affected by clean air either in stagnant pockets or air drawn in from the 
atmosphere, it is necessary to check that the length claimed by the manufacturer does in fact only contain smoke. This can be 
done by feeding the opacimeter with air containing a tracer gas (for example, 100 ppm or propane in air) and taking a gas 
sample at the ends of the claimed minimum or maximum length. If the sample is found to contain the full amount of tracer 
gas (at the minimum effective length) or no tracer gas (at the maximum effective length), then the manufacturer’s claim is 
substantiated. If the claim is not substantiated, then alternative methods for assessing the uncertainty of the effective length 
must be used as given in 8.11.3. 

Additional verification tests for opacimeters using scavenge air 

General 

In opacimeters which use scavenge air to protect the light source and photoelectric cell, it is necessary to carry out 
supplementary tests. In order to allow these tests to be made, the manufacturer must state specific limits on scavenge air 
delivery (for example, pressures under certain conditions) and the opacimeter must be fitted with controis and instruments to 
check that these limits are respected. The verification tests then largely concern the effect of these limits on the reading of 
the opacimeter. 

.I “I .2 Temperature distribution 

The object and test procedure are as in 8.7.1 but the evaluation is different because it is necessary to take account of the 
special conditions in the region where the air mixes with the smoke. For calculation of the mean temperature the method of 
annex A of IS0 3179 should be used. The calculation of Aki is then made as in 8.7.1.4. 

.I 1.3 Effective length 

8.ll.3.1 OBJECT 

The effective length, given by the manufacturer, must be checked to verify the absolute calibration of the opacimeter. Where 
scavenge air is used, it is not possible to determine the effective length from considerations of the geometry of the 
opacimeter; it must be obtained either by comparison with an opacimeter for which the effective length is known or by 
comparison of readings taken with the opacimeter operating normally but modified so that the smoke fills a known length. In 
both cases, it is necessary to know the average temperature of the gas in the measuring zone to enable corrections to be made 
for the difference in temperature between the opacimeter operating normally and the reference or modified opacimeter. 

.1%.3.2 COMPARISON WITH A KNOWN OPACIMEBER 

.I ‘I .3.2.1 Preparation of test 

The test opacimeter and known opacimeter shall be connected for simultaneous sampling. The exhaust gas to each 

STANDARDSISO.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IS
O/TR 40

11
:19

76

https://standardsiso.com/api/?name=67661f3eea403d7d4c54d7eecc837a81


lSO/TR 401 l-1976 (E) 

opacimeter shall be controlled to the pressure and temperature conditions for which the effective length is given by the 
manufacturer. Provision shall be made for measuring the mean temperature t in the smoke chamber of the opacimeter under 
test. 

8.11.3.2.2 Test procedure 

Si multaneous readings 
re adings shall be made. 

shall be taken on the two opacimeters with smoke of opacities between 1 and 2 m”. At least ten 

8.11.3.2.3 Evaluation 

Correct all readings to 100 “C unless this is automatically carried out by the opacimeter. Then, if k is the reading of the 
known opacimeter and k’ the reading of the opacimeter under test which has a claimed effective length of L, the true 
effective length L, of the opacimeter under test is given by 

k’L 
Lt =------ 

k 

Ca lculate L, for all test points a nd do this until the average of L, could be calculated at a confidence of 95 %. If n 
nu mber of test poin ts an d Akef the to tal uncertainty of the reference opacimeter, then calculate the uncertainty 

is the total 

Aki=3 \i I(~)2-t--&~(~)21me1 

for use in calculating the total uncertainty of the test opacimeter. 

8.11.3.3 COMPARISON OF 
OPERATION 

RESULTS FROM ONE OPACIMETER WITH AND WITHOUT MODIFICATION OF 

8.11.3.3.1 Preparation of test 

Provision shall be made for rapid modification of the opacimeter from its normal operating condition (geometric effective 
length L) to a condition where the test gas fills a well-defined length L.c. With an opacimeter using scavenge air to contain the 
smoke column, a convenient method of modification is merely to block the scavenge air inlet so that the test gas fills the 
space between the bulb and photoelectric cell. The surfaces defining the length Lc will depend on the design of the 
opacimeter. They may, for example, be glass screens or the surface of the bulb and the surface of the photoelectric cell/filter 
combination. In the latter case the measurement shall be made from the surface of the bulb nearest to the photoelectric cell. 

For the actual test the opacimeter shall be supplied with exhaust gas of constant opacity at the lower limit of temperature 
and sample flow (lowest sample pressure and highest scavenge air pressure) specified by the manufacturer. The output from 
the photoelectric cell shall be connected to a recorder with a response time of less than I,0 s and sensitivity such that 4 mm 
corresponds to not more than 0,05 m-’ for a smoke at I,7 m-l. The relation of recorder deflection to obscuration units shall 
be determined. 

To ensure satisfactory constancy of opacity, exhaust samples shall be passed through a damping chamber of at least 20 times 
the flow through the sample line in 1 s. This sampling system may require a heater to ensure satisfactory sample temperature. 
If not already provided, a by-pass shall be fitted to the opacimeter with the outlet adjusted so that the temperature of the 
sample at the by-pass is not changed by more than 5 “C between the two by-pass positions. 

Provision shall be made for measuring the mean temperature in the measuring zone as described in 8.7.1. Where the 
modification to fill a known length involves any modification of scavenge air flow, a check shall be made to ensure that this 
modification does not affect the bulb performance (i.e. that the modification does not affect the zero reading) or a separate 
power supply to the bulb shall be provided. Where the ratio Lo/L < 1,25, the mean temperature sensor position derived from 
8.7.1 can also be taken as indicating the mean temperature of the smoke in both the modified and unmodified opacimeter 
conditions. But, when Lo/L > 1,25, the temperature indicated by the above sensor must be converted to the true mean 
temperature over the length LO by the use of separately obtained data. Such data can, for example, be obtained by comparing 
the sensor temperature with the temperature indicated by a resistance wire cage spanning the full length LO; it is essential, 
however, that the comparative data be obtained under the same sequence of test conditions as used in the measurement of 
effective length, for example scavenge air blanked for IO to 15 s following a stabilized period of normal operation. 

13 
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8.11.3.3.2 Test procedure 

Calibration lines shall be recorded corresponding to two convenient points. Recordings shall then be made while test gases of 
different opacities are passed through the opacimeter and the opacimeter is switched from working normally to working as 
modified with the effective length LO. For each test the modified conditions shall be held for at least IO s or for a time 
greater than the response time of the mean temperature indicator, whichever is the longer. At the end of each period of 
modification, check the “zero” setting with clean air. 

In order to protect the photoelectric cell surface from excessive temperatures, a shield shall be placed in front of it during the 
initial period of each modification; this shield shall be not more than 1 mm from the surface of the photoelectric cell and 
shall be completely removed during all periods of measurement. If the “zero” recorded between tests increases to more than 
0,4 m-‘, the bulb and photoelectric cell shall be cleaned before further tests are made. Readings shall be made with exhaust 
opacities between 1 and 2 m-’ at least ten readings (each reading comprising a comparison of modified and unmodified 
conditions) made. 

8.11.3.3.3 Evaluation 

For each recording, determine k, t, k, and to. The effective length for each recording is then given by 

Lt = L() x 
t+273 k 
-X- 
to +273 k, 

Determine L, until the mean value of L, could be calculated with a confidence level of 95 %. If L is the length given by the 
manufacturer and n is the total number of tests, calculate the uncertainty 

for use in calculating the total uncertainty. 

8.11.4 Effect of sample and scavenge air pressure 

8.11.4.1 OBJECT 

The effective length of the opacimeter may be changed by changing the sample pressure and scavenge air; the effect of 
operating limits claimed by the manufacturer on measuring uncertainty shall be verified. 

8.11.4.2 PREPARATION OF TEST 

Arrange for simultaneous measurement with two opacimeters one of which can be operated under constant conditions and 
the other on which the exhaust and scavenge air pressure can be changed. 

8.11.4.3 TEST PROCEDURE 

Note the readings on the two opacimeters at five evenly spaced combinations of exhaust smoke and scavenge air pressure over 
the range specified by the manufacturer. 

8.11.4.4 EVALUATION 

Calculate corrected readings k, of the test opacimeter by allowance for changes in the reading of the opacimeter operating 
under constant conditions, and the average reading k,. Then 

3 
Aki =- 

d 
5 (k, 

2 1 
-k,)* me1 

This uncertainty shall be included in the calculation of total uncertainty. 
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8.11.5 Leak tightness of the opacimeter 

8.11.5.1 OBJECT 

In opacimeters using scavenge air, leakage of the air through joints and clearances around controls may alter the effective 
length. The manufacturer specifies a limit for this leakage and it must be verified that this amount of leakage does not alter 
the effective length. 

8.11.5.2 PREPARATION OF TEST 

An opacimeter must be prepared in which all joints and clearances are sealed. An adjustable “leak” must then be provided in 
the casing near the waste outlet of the housing. With the leak valve shut, find the scavenge air system setting SI to give the 
maximum allowable scavenge air flow. Then, find the scavenge air setting S2 and leak valve setting L such that the maximum 
leakage allowed by the manufacturer is obtained with a scavenge air setting corresponding to the maximum scavenge air flow 
allowed by the manufacturer. 

8.11.5.3 TEST PROCEDURE 

Pass smoke of opacity 1 to 2 m-’ at minimum sample pressure through the opacimeter and note the reading with the leakage 
valve shut and scavenge air setting S’, and then with leakage valve setting L and scavenge air setting S2. Repeat at least five 
times to give several pairs of readings. For ease of reading the opacimeter, the sample system shall include a damping chamber 
of at least five times the flow through the sample line in 1 s. 

8.11.5.4 EVALUATION 

From the successive readings without the leak k and with the leak k,, calculate 

This uncertainty shall be included in the calculation of total uncertainty. 

8.11.6 Waste exit conditions 

8.11.6.1 OBJECT 

With opacimeters using scavenge air, it is important that limits on waste exit conditions are respected, for example length of 
pipe(s), pressure drop characteristics of pipes. The effect of these limits must be assessed. 

8.11.6.2 PEPARATION OF TEST 

Arrangements shall be made so that the waste exit conditions can be rapidly varied between the limits specified by the 
manufacturer. 

8.11.6.3 TEST PROCEDURE 

Pass smoke of opacity about I,7 m-’ through the opacimeter and note the readings with the waste exit conditions alternated 
between the limits. For ease of reading the opacimeter, the sample system shall include a damping volume of at least five 
times the flow through the sample line in 1 s. 

8.11.6.4 EVALUATION 

No measurable change of opacimeter reading shall occur between operation with the two exit conditions. 

15 
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ANNEX 

INSTALLATION AND USE OF OPACIMETERS 

A.1 SAMPLE OPACIMETER 

A.l.l Installation for tests in steady state conditions 

A.1.1.1 The ratio of the cross-sectional area of the probe to that of th e exhaust pi pe shall be 
measured in the exhaust pipe at the point where the sample enters shall not exceed 7,35 mbar 

at least 0,05. The back-pressure 

A.1.1.2 The probe is a tube with one end open facing the front in the axis of the exhaust pipe or of the extension which 
may be necessary. It must be in a section where the distribution of the smoke is approximately uniform. To ensure this 
condition, the probe must be placed as far down the exhaust pipe as possible or, if necessary, on an extension pipe, so that 
if D is the diameter of the exhaust pipe at the exit, the extremity of the probe is situated on a rectilinear part with a length of 
at least 6 D above the sample point and 3 D below it. If an extension pipe is used, intakes of air at the join will have to be 
avoided. 

A.1 .I.3 The pressure in the exhau st pipe and the pressure drop cha racteristics in the sample pipe sy 
the probe toll ects a sampl e roughly equivalent to that which could be obtained by isoki netic sampling. 

stem shall be such that 

A.1.1.4 If necessary, an expansion chamber of a compact shape an d a sufficient capacity 
incorporated in the sample pipes as near the probe as possible. A cooler may also be installed. 

to absorb fluctuations may be 

A.1.1.5 The design of the expansion chamber, of the cooler and of the piping for connecting to the opacimeter shall comply 
with the conditions of 6.10. 

A.1.1.6 A butterfly valve or another means of 
distance of at least 3 D downstr ‘earn of th e probe. 

increasing the sample pressure may be placed in the exhaust pipe at a 

If it is not incorporated in the opacimeter, a “by-pass” valve may be fitted upstream of the opacimeter. 

A.12 Installation for tests with free acceleration 

A.l.2.1 The ratio of the surface of the section of the probe to that of the exhaust pipe shall be at least 0,05. The 
counterpressure measured in the exhaust pipe when the sample enters shall not exceed 7,35 mbar. 

A.1.2.2 The sample is a tube with one end open facing the front in the axis of the exhaust pipe or the extension which may 
be necessary. It must be in a section where the distribution of the smoke is approximately uniform. To ensure this condition, 
the probe must be placed as far down the exhaust pipe as possible or, if necessary, on an extension of it, so that if D is the 
diameter of the exhaust pipe at the exit, the end of the probe is situated on a rectilinear part with a length of at least 6 D 
above the probe point and 3 D below it. If an extension pipe is used, intakes of air at the join will have to be avoided. 

A.1.2.3 The sampling system shall be such that at all speeds of the engine the pressure of the sample at the opacimeter is 
within the limits specified in 7.1.6. This may be checked by noting the pressure of the sample when the engine is idling and at 
the maximum speed unloaded. According to the characteristics of the opacimeter, the appropriate pressure at the opacimeter 
may be obtained by a fixed restriction or by a butterfly valve in the exhaust pipe or the connecting pipe. Whichever method 
is used, the back-pressure measured in the exhaust pipe when the sample enters shall not exceed 7,35 mbar. 

A.1.2.4 The design of the expansion chamber, of 
opacimeter shall comply with the condition of 6.10. 

A.l.2.5 A “by-pass” valve 
measurement is being taken. 

may be fitted before the opacimeter to isolate it from the flow of exhaust gases, except when the 

the cooler (if necessary) and of the piping for connecting to the 
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