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INTERNATIONAL STANDARD

1SO 4053/1-1977 (E)

Measurement of gas flow in conduits — Tracer methods —

Part | : General

0 INTRODUCTION

This Intgrnational~Standard is the first of a series of stan-
dards cqvering tracer/methods of gas flow measurement in
conduits

The complete series of standards will be as follows :

— Part | : General.

— Part 1l : Constant rate injection/method using non-
radiogctive tracers.

— Part 11l : Constant rate infection method using radio-
active tracers.

— P3rt 1V : Transit time method using radioactive
tracers.

1 SCOHE AND FIELD OF APPLICATION

This Intgrnational Standard deals with the measurement of
gas flow[in conduits by using tracer methods.

In a steady flow of compressible fluid, the only conserva-
tive pargmeter is the mass rate of flow q.,. Therefore the
whole of this International Standard will refer to mass rate
of flowq,,.

However], for those fluids for which the composition (and
therefore, the mass density) may not be known accurately,
the volume rate of flow g, could be measured, it being
understgod that this volume rate of flow is only valid for
the conditions of temperature and pressure at which it has
been megsured.

This Intprnational Standard applies to flow measurement

— The second is a method of measujement of the

transit time (formerly called Allen velod]
the tracer is injected into the conduit and
by the tracer to travel a specified length

ty method) :
the time taken
between two

cross-sections in each of which it is detectedl, is measured.

The advantages and disadvantages of these tw
considered in clause 4. The distance betweer
measuring sections shall be sufficient to ach
the tracer with the gas flowing in the condu
the methods; the adequate mixing distance i
clause 6.

0 methods are
injection and
eve mixing of
t according to
considered in

radioactive or non-radioactive, mineral or org

nic materials.

A large number of different tracers may t:lused, such as

The choice of tracer depends on the circu
measurement (see clause 5). The uncertainty o
ments may be less than 1 % under good c|
clause 7).

2 VOCABULARY AND SYMBOLS

The vocabulary_and symbols used in this|
Standard are 'defined in
fluid flow-rate in’, Closed conduits — Vd
symbols.

3 UNITS

tances of the
if the measure-
onditions (see

International

ISO 4006, Mepsurement of

cabulary and

The basic units in this International Stahdard rre Sl units.

in conduits inta which a tracer can be injected in such a
way that effective mixing in single phase with the gas
flowing in the pipe can be achieved.

The fluid in the conduit can be a mixture of several gases
provided the thermodynamic state and conditions of flow
of this mixture are well defined.

Two fundamental test procedures are used :

— The first, known as the constant rate injection
method, is based on the dilution principle : a tracer
solution is injected into the conduit and the dilution
(ratio) of this tracer in the gas flowing in the conduit is
determined, this dilution being proportional to the rate
of flow.

4 CHOICE OF METHOD

4.1 Comparison between dilution method
based on transit time measurement.

4.1.1 Advantages of the dilution method

It is not necessary to know the geometrical
of the conduit.

and method

characteristics

It is not necessary that the conditions of the gas flow rate
(p, T) be constant along the measuring length.
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4.1.2 Advantages of method based on transit time
measurement

It is necessary only to determine the concentration-time
distribution at two measuring cross-sections separated by a
known volume of pipe.

It is not necessary to know volumes, masses or rates of flow
of the injected tracer.

The following substances are given as examples :

5.1.1 Non-radioactive tracers
— Helium He
— Sulphur hexafluoride SFg
— Methane CH,4

— Nitrous oxide N,O

4.1.3 Special | recommendation for the method based on
transit time measurement

For this method, it is/Preferable to have a conduit length of
constant crossisection ‘bétween the two measuring points so
that the flow parameters-be approximately constant in the
measuring lendth.

5 CHOICE OF TRACER

5.1 General

A large numbgr of different tracers may be used,-such as
mineral or ordanic, radioactive or non-radioactive, but.it’is
necessary for| any tracer to comply with the following
requirements

a) it should mix easily with the gas in the conduit;

b) it shogld cause only negligible or known modifi-
cations of the rate of flow;

c) it should be measurable with sufficient accuracy at
a concentfation lower than the highest permissible
concentration while taking account of toxicity, cor-
rosion, etc.|

d) it shodld be chemically stable in the conditions of
use;

e) it should only be present in the gas originally flowing
in the conduit at a negligible or constant concentration;

f) it should be cheap.

In addition, for dilution method, it is important that the
tracer :

5.1.2 Radioactive tracers

Tracer Formula (if any) Half{life
Argon 41 110 min
Arsenic 76 76AsH3 26,% h
Bromine 82 CoH582Br or CH382Br 36|h
Krypton 85 10,6 years
Sulphur 35 35SFg 87 days
Xenon 133 5,27 Hays

5.2 Comparison between the different tracers

5.2.1 Advantages of radioactive tracers

With tracers emitting 7y radiation with sufficient epergy, it
is possible to carry out the measurement by means of
probes located outside the conduit.

With”short half-life tracers, the basic substance of jwhich is
chemically inoffensive, any radioactive contafnination
danger disappears quickly and there is no pgrmanent
pollution.

5.2.2 Advantages.ef.non-radioactive tracers

It is not necessary for/the operators to be specially trained
and classified.

Administrative authorizations’ are not necessary [for each
measurement and radioprotective/means are not required.

The substances generally remain stable with timg; delays
between the supply and the use of the” substancé do not
matter.

g) should not react with the gas flowing in the conduit
or with any other substance with which it may come
into contact (in particular, the conduit walls) in such a
way as to affect the measurement.

Furthermore, for transit time methods, it is recommended
that :

h) the tracer concentration in the measuring cross-
section can be determined, if necessary, at any moment;

i) to obtain the greatest precision, the detector signal
be proportional to the tracer concentration (of which it
is not necessary to know the exact value) and that its
response time be negligible.

6 CHOICE OF MEASURING LENGTH AND AD-
EQUATE MIXING DISTANCE

6.1 Introduction

When a tracer is used to measure the flow of gas in a
conduit, there should be sufficient distance between the
region in which the tracer is injected and the region in
which concentration or transit time measurements are
made.

The distance which is required in order to allow the tracer
to mix with the gas in the conduit is known as the mixing
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distance. This distance is defined as the shortest distance at
which the maximum variation (x), over the cross-section,
of fg C,dt for the integration method or the concentration
of tracer for the constant rate injection method is less than
some predetermined value (for example, 0,5 %) where C5 is
the concentration of the tracer in the conduit. Thus, the
mixing distance is not a fixed value, but varies according to
the allowed concentration variations : the smaller the
acceptable variation the greater the mixing distance.

For highest accuracy in flow measurement it is necessary to

I1SO 4053/1-1977 (E)

where

x is the maximum variation, in %, acro

ss the pipe of

concentration C, for the constant rate injection method,

or of f; C,dt for the integration method,
from the point of injection;

D is the diameter of the conduit;

at a distance L

X\ is the coefficient of resistance of the conduit;

Ao s the coefficient of resistance of a perfectly smooth

ensure the-smallest possible values of (x) at the measuring
cross-secftion»However, in practice higher values of (x) may
have to|be .tolerated when sufficiently long lengths of
conduit fire not‘available.

A multipoint sampling or detection arrangement should be
used where possible,” particularly when a systematic vari-
ation in| concentration™ercin fg C,dt may exist at the
samplind cross-section.

Dependipg on the tracer and the.method of detection used,
the mix{ng requirements for the transit time method may
not be s¢ stringent as for dilution methods.

Several [techniques have been developéd ‘to reduce the
mixing distance and these should be used Wwhenever it is
possible ((see 6.3).

6.2 Mixing distance

6.2.1 Theoretical derivation of mixing distance

Attentiop is drawn to the fact that the mixing length found
in practice can vary considerably from the length predicted
theoretidally (see 6.2.2). Sub-clause 6.2.1.1 should not be
used as more than a preliminary guide.

6.2.1.1 [CENTRAL INJECTION

The follpwing equations relating mixing distance (L/D) in
terms of the varying concentration of tracer across the
conduit,| Reynolds number (Re) and pipe friction have been
developed. Equation (1) is derived on the basis of a con-
stant radial diffusion coefficient and uniform flow velocity;
equation| (2) is derived on the basis of a parabolic distri-

conduit.

The above equations presented graphically irLﬁgure 1 show

the increase in mixing distance with decre
Reynolds number of Re = 105 and a smooth

The slight dependence of mixing distance

se of x for a
conduit.

on Reynolds

number (see equation (3) for example) is shdwn in figure 2.
For a change in Re from 105 to 106, at x = | % the mixing

distance increases by only 25 %, approximate

6.2.1.2 RING INJECTION

For uniform injection over a ring with a rad
the conduit radius, the mixing distances a
about one-third of the values derived for a ce

6.2.2 Experimental derivation of mixing disJ:nce

Malues of mixing distance obtained experi
central injection in an unobstructed, str
conduit are about twice the values predicted
The difference is attributed to several causg
larly to the difference between the actual fl
and those assumed in the theoretical analy
therefore be éxercised in the treatment
results.

Details concerning experimental determing
mixing are given in the parts-of the relevant st

The measured change in mixing distance |
central injection and for three othier metho
is shown as an example in figure 3. It should
the flow turbulence level influences these‘resd

ly.

ius of 0,63 of
e reduced to
tral injection.

entally for a
hight, circular
theoretically.
s but particu-
ow conditions
sis. Care shall
of theoretical

tion of good
andard.

vith (x) for a
s of injection
be noted that
Its.

bution of radial diffusion coefficient and uniform flow
velocity; equation (3) assumes a parabolic distribution of
radial diffusion coefficient and a logarithmic velocity

profile.
L—118\/8 294 _ 0% 1)
D A\ 230
L_ (205 '"X> \/ 8 2)
D YT 24 A
L )\ 1/2
E=(20,5—2,85|nx) Rel/10 -XQ ... (3)

6.3 Examples of methods of reducing mixing distance

6.3.1 Multi-orifice infjectors

When the tracer is injected equally through a number of
orifices spaced across the conduit (at least four), a reduc-
tion in mixing distance can be achieved compared with the
mixing distance associated with a central injector.

An example of the reduction in mixing distance that can be
achieved by using four injectors, equally spaced around the
wall of a conduit and a radius of 0,63 for the conduit
radius, is shown in figure 3.
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6.3.2 High velocity jets

If the tracer is injected against the flow with a velocity
which far exceeds the mean velocity of the gas in the
conduit, impact mixing occurs at the termination of the
jet. The reduction in mixing distance depends on the
number and the momentum of the jets and their inclination
to the direction of flow.

Accurate quantitative information on the effect of the
above parameters is not yet available but reductions in
mixing distancg s imately30%¢ at-for-a-singls
central injectof,éan be obtained by using a simple configur-
ation of jets.

6.3.3 Vortex generators

A turbulent wake which stimulates mixing ana reduces the
mixing distande can be obtained by flow deflection plates
built into the donduit close to the injection region.

For example, the mixing distance has’been reduced to one-
third of that With a single central injectof by injecting the
tracer through|three triangular plates set at’an angle of 40°
to the direction of flow.

6.3.4 Fans

A considerable reduction in mixing distance may“be
effected by injecting the tracer upstream of a fan. Inform?
ation on mixpd-flow pumps indicates that this type of
pump reduces the mixing distance by about 100 diameters.

6.3.5 Bends, yalves and other obstructions

Obstructions in the conduit introduce additional turbulence
and thus tend| to reduce the mixing distance. Quantitative
information dn these types of mixing promotors is not
available but measuring sections that include these devices
are to be preferred. In the transit time method, however,
the length of ¢onduit between detectors should be straight
and free of obstruction if the highest accuracy is required.

6.4 Case of |a measuring length less than the mixing
distance

The error duelfto the use of a distance between the injection
cross-section and the sampling cross-section less than the
mixing distange can be reduced if samples are recovered
simultaneously from a number of positions across the

position and the sampling point. This length should be
determined after consideration has been given to 6.2, 6.3
and 6.4 about the mixing of the tracer.

The addition of gas of the same nature as that in the
measuring length does not affect the result, provided that
the mixture remains homogeneous at all points of the
measuring cross-section. The flow measured is the total
flow through the measuring cross-section.

If the measuring length includes losses or sampling points,
e resu ll-'l'-ll "‘ l'l‘

or to verify that the mixture is homogeneous ups

the loss zone. In this case, the flow measured is th¢ flow in

the conduit immediately upstream of the loss zone.

6.5.2 Transit time method

The measuring length for the transit time method| may be
considered to consist of two parts, i.e. :

a) the length of conduit between the point of injection
of the tracer and the first detector position;

b) the length of conduit between the two Hetector
positions.

Part a) should be determined after consideration ILas been
given to 6.2, 6.3 and 6.4 about the mixing of traper. The
mixing requirement for this method may not be so
stringent as for the dilution method, depending| on the
tracer,and method of detection used.

Part b)'should be determined from consideration of the
degree ofCJongitudinal dispersion of the tracer, the mean
velocity expected and the accuracy of measurement of
transit time.

Additions of gas before.the first detector position of the
same nature as the gas’in/the measuring length upsftream of
the detector do not affect-the result, provided .[that the
mixture remains homogeneods at all points of the cross-
section in which the first detectoy-is positioned.

Losses of gas from the conduit before the first detection
position do not affect the result but,if.the tracgr is not
completely mixed at the position of the lossithe amplitude
of the concentration-time distribution at”the_detection
positions may be affected and its value changed by a con-

conduit and are then mixed prior to measurement.

For example, at Re = 105 six sampling points having the
same discharge equally spaced across the conduit at 50
diameters downstream from the point of injection were
found to be equivalent to a single sampling point at the
wall at about 100 diameters from the point of injection.

6.5 Choice of measuring length

6.5.1 Dilution method

For constant rate injection method, the measuring length is
defined as the length of conduit between the injection

4

stant factor for each measurement.

Losses or additions of gas in the length of conduit between
detection positions would cause serious errors in the
measurement of flow. Consequently it is essential that the
conduit between the two detector positions contains no
branch connections and that there is no leakage from it.

For the highest accuracy, the length of conduit between
detector positions should be straight and free from obstruc-
tion (for example valves).

In all cases it is necessary to know the volume of conduit
between the detector positions.
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7 ERRORS

7.1 General

As with any measurement of a physical quantity, the deter-
mination of a flow rate in a conduit by tracer methods is
subject to uncertainties related :

— either to systematic errors due to errors in the
measuring apparatus or in the measuring process used;

ISO 4053/1-1977 (E)

In the case of gaseous fluids it will be necessary to check
the reproducibility of flow, and in particular to decide
a priori on intervals of variation of flow parameters so that
the above mentioned statistical laws may be applicable.

7.3.2 Tolerance under general conditions of use

The tolerance may be assumed to be twice the standard

— or_to a random error obtained by random variations

in the flow system (especially for gaseous fluids with a
comgressibility which may affect flow parameters) or in
the measufing equipment.

7.2 Sygtematic errors

7.2.1 As with any measufing instruments, those used for
flow mepsurement may possess)a number of imperfections,
linked tp their design or to selécted method of use, which
affect the measurements in a knownymanner. These effects
may be pliminated totally or partly; @ither by using appro-
priate nmiethods or by applying correetions to the results
based on a knowledge of some environmental parameters
of the measuring process.

7.2.2 Another type of systematic error can eXist in the
measurement of flow by means of tracers, of whiéh the
directio may be defined but the magnitude cannot/‘be
estimatefd; such errors result from phenomena connected
with the¢ disappearance of certain quantities of tracer by
chemica| reaction with the conduit walls. The systematic
errors which may be caused by these reactions generally
lead to pn overestimation of the flow rate (disappearance
of tracer)) when using dilution methods.

This err¢r can be reduced to insignificance by the selection
of a suitable tracer, and the use of appropriate injection,
detectiop sampling and analysis procedures.

7.3 Random errors

In this | International Standard, error values correspond
to 95 % tonfidence limits.

7.3.1 The possible error on a flow rate measurement
cannot ble determined exactly a priori, but it is possible :

deviation of the measurement of flow rate]|in the case of
Gaussian distribution of errors. If the indiidual errors in
the various measurements are small and indlependent, the
tolerance on flow measurement is then equal|to :

20"“=2l/ 09 1) ® y (28 912\ ?
dv a"(1 dv aX2 gl

where

dg, dq,
ox," 0x,
depends on the manner in which g, is a function of x,,
Xoy ol

, ... are partial derivatives, the yalue of which

Xq,X5,Xa,... aretheindependent quantities measured,;

Ox1, Ox2, Ox3, ... are the standard deyiations of the
measurements of x, x,, x5, ...

If an independent quantity y has been dbtained by N
repeated measurements, which would be the case where,
for’gxample, a dilution ratio has been obtaingd from a large
number of samples, and if the results of these measure-
ments are“denoted by y4, y5, ..., ¥,, the standard deviation
of the mean‘y/5.of these N measurements is d¢fined as :

p—y

Y Wisve)2

_ i=1
%0= NN —1)

If the value of an independent quantity resul
number of measurements N, it is possible
confidence limit to define an interval in-whig

ts from a small
vithin a given
h the standard

deviation of a large number of measure

ments can be

a) to achieve statistical estimation of the tolerance (for
95 % confidence limits), under general conditions of use
of a particular method, by an evaluation of the toler-
ances on individual measurements in the calculation of
rate of flow (this estimation is made possible by an
analysis of a large number of measurements);

b) in the particular case of a measurement repeated
only a small number of times, to determine 95 % confi-
dence limits applicable to the estimate of the result that
would have been obtained if the measurements had been
repeated for a large number of times as obtained from
the mean of the measuring sample alone (use of the
Student variable).

found :

N
____s_\/;_ < standard deviation <
X(n + 100)/2 X(10

where

sVN

0 —n)/2

s is the estimate of the standard deviation calculated

from a small number of measurements;

n is the confidence limit (in %) chosen;

X(n + 100)/2 @9 X(100 — n)/2 are the numerical values
derived from a distribution table of x2 (see table in
annex).
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The value of n is generally taken to be 95.

Example : the 95 % confidence interval of the standard

An extract from this table is given below.

deviation of a quantity, the estimation of which from 19 » o
measurements is s, is :
1 12,706
sv/19 s+/19 2 4,303
——— ——— j.e. 1,65and 0,78s 3 3182
V8,23 /31,6 ,
8.2 4 2,776
where 8,23 and 31,5 are respectively the values read in the 5 25N
distribution table of X2 : 6 2,447
95+ 100 S 2,366
column P=097 = —— 10 2,228
2x 100 . 18=19 1 15 2,131
inev=Tlo= 19— 20 2,086
_ 700 — 95
column P = 0,025 = m’a‘ 25 2,060
30 2,042
. i 40 2,021
7.3.3 Estimatipn of the tolerance~on a particular measure- 80 2,000
ment repeated § small number of times. 120 1,980
oo 1,960
The 95 % confiflence interval of the mean value is :
s
gt |
qy INE7
where
gyands arp the estimates of the mean and of the stan- 7.3.4 The error of the measurement is obtained fjom the
dard deviafion respectively as obtained from the equation given in 7.3.3 and should be compared With the
measuremerts; error estimated from the equation in 7.3.2 in order to
+* is the |numerical value of the Student variable check that the method has been correctly appligd. If a
derived fromh a distribution table; considerable difference in values is obtained, the| results
should<be re-examined in order to determine the squrce of

v is the deg

ree of freedom.

the discfepancy.
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ANNEX

DISTRIBUTION TABLE OF x2
(Pearsons’ Law)

Values of x2 having the probability P to be exceeded with v degrees of freedom

¥ 100  100-n
2500 % 2 x100
Whenv < 30

) P 0,990 0,975 0,950 0,900 0,100 0,050 0,025 0,010 0,001
1 0,0002 0,0010 0,0039 0,0158 2,71 3,84 5,02 6,63 10,83
2 0,02 0,05 0,10 0,21 4,61 5,99 7,38 9,21 13,82
3 0,12 0,22 0,35 0,58 6,25 7.81 9,35 11,34 16,27
4 0,30 0,48 0,71 1,06 7,78 9,49 11,14 13,28 18,47
5 0,55 0,83 1,15 1,61 9,24 11,07 12,83 15,09 20,52
6 0,87 1,24 1,64 2,20 10,64 12,59 14,45 16,81 32,46
7 1,24 1,69 2,17 2,83 12,02 14,07 16,01 18,47 24,32
8 1,65 2,18 2,73 3,49 13,36 15,51 17,53 20,09 26,13
9 2,09 2,70 3,33 4,17 14,68 16,92 19,02 21,67 27,88
10 2,56 3,25 3,94 4,87 15,99 18,31 20,48 23,21 29,59
11 3,05 3,82 4,57 5,68 17,27 19,67 21,92 24,72 31,26
12 3,67 4,40 5,23 6,30 18,55 21,03 23,34 26,22 32,91
13 4,11 5,01 5,89 7,04 19,81 22,36 24,74 27,69 34,53
14 4,66 5,63 6,57 7,79 21,06 23,68 26,12 29,14 36,12
15 5,23 6,20 7,26 8,65 22,31 25,00 27,49 30,58 37,70
16 5,81 6,91 7,96 9,31 23,54 26,30 28,84 32,00 39,25
17 6,41 7,56 8,67 10,08 24,77 27,59 30,19 33,41 40,79
18 7,01 8,23 9,39 10,86 25,99 28,87 31,63 34,80 42,31
19 7,63 8,91 10,12 11,65 27,20 30,14 32,85 36,19 43,82
20 326 9-59- 1685 1244 2841 St41 3417 37,57 45,32
21 8,90 10,28 11,59 13,24 29,61 32,67 35,48 38,93 46,80
22 9,54 10,98 12,34 14,04 30,81 33,92 36,78 40,29 48,27
23 10,20 11,69 13,09 14,85 32,01 35,17 38,08 41,64 49,73
24 10,86 12,40 13,85 15,66 33,20 36,41 39,37 42,98 51,18
25 11,52 13,12 14,61 16,47 34,38 37,65 40,65 44,31 52,62
26 12,20 13,84 15,38 17,29 35,56 38,88 41,92 45,64 54,05
27 12,88 14,57 16,15 18,11 36,74 40,11 43,19 46,96 55,48
28 13,57 15,31 16,93 18,94 37,92 41,34 44,46 48,28 56,89
29 14,26 16,05 17,71 19,77 39,09 42,56 45,72 49,59 58,30
30 14,95 16,79 18,49 20,60 40,26 43,77 46,98 50,89 59,70
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