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INTERNATIONAL STANDARD I1SO 4053/1V-1978 (E)

Measurement of gas flow in conduits — Tracer methods —
Part IV : Transit time method using radioactive tracers

0 INTRODUCTION

This Infternational Standard is the fourth of a series of
standards covering tracer methods of gas flow measurement
in condyits.

The complete series of standards is as follows :
— rt | : General.

— rt 11 : Constant rate injection method using non-
radidactive tracers.

— rt 111 : Constant rate injection method using
radidactive tracers.

— rt IV : Transit time method using radioactive
trac

1 SCOI’E AND FIELD OF APPLICATION

This Ifternational Standard specifies the\-transit time
method| using radioactive tracers for thé,measurement of
gas flow in conduits.

2 REHERENCE

I1ISO 40%3/1, Measurement-of gas flow in conduits — Tracer
methodp — Part | : Gepéral.

3 PRINCIPLE

Flow-raté~measurement by the transit time method (for-
merly catted—the e isba
measuring the transit time of ““labelled’” particles between
two cross-sections of the conduit a known distance apart.
Labelling of the fluid particles is achieved by injecting a
tracer into the flow upstream of the two measurement
cross-sections (i.e. detector positions) and the transit time
is determined from the difference of the mean arrival
times of the tracer at each of the detector positions.

velo V Od D ed O

Under certain conditions (see clause 4), the volume flow-
rate g, (see nomenclature in ISO 4053/1) in the measure-
ment section is given by :

v

q,=—
t

where

V is the volume of the~€onduit betwegn the detector

positions;

t is the transit time-of the labelled ﬂuidJ)articles.

In general, the theoretical condition for th
formula is that“the measuring section be
fusion’’, i@.\ that the ratio of the local

validity of the
‘closed to dif-
elocity to the

longitudinal” dispersion coefficient be equdl at both ends
of thé\measuring section.

Ippractice, this condition is fulfilled when the conduit has
a‘constant cross-section.

The value of t is obtained by measuring tHe difference in
abscissae of characteristic points (in theory, the centre of
gravity, but in practice other characteristic|points may be
found, see 6.7) of recorded distributions, c¢rresponding to
concentration/time distributions or their intggrals, obtained
at each detector position. The signal fronp the detectors
shall be proportional to the tracer concentrlion. The exact
value of the proportionality constant and hefpce the concen-
tration need not, however, be known.

The mass flow-rate is calculated by detgrmining simul-
taneously the volume flow-rate and the gas density.

4 REQUIRED CONDITIONS

4.1 Tracer

ents defined in
ally used, with
en in the same

The tracer shall meet the general require
clause 5 of ISO 4053/I. A list of tracers gene
BT auvd dUt d l. daluvVvd dUt T d ll

clause.

4.2 Mixing of tracer

The tracer shall be sufficiently mixed with the flow at the
first detector position for the recorded concentration/time
distributions at both detectors to be adequately represen-
tative of the mean flow (see 5.1). The selection of the
positions for the injection and the detectors is controlled
by the fluid velocity, tracer dispersion, and the conduit
layout. The conditions for this selection are dealt with in
clause 5. At low Reynolds number, Re < 5 000, the mixing
of tracer is not sufficient and no reliable measurement can
be made.
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4.3 Test procedure

The procedure for the preparation and the injection of the
tracer gas (which in practice should be injected as rapidly
as possible to minimize the longitudinal dispersion of the
tracer) is covered in 6.3 and 6.4. The internal volume of
the measuring section shall be determined with sufficient
accuracy (see 5.7). Other requirements relating to the
tests and the calculation of the transit time from the data
are given in clause 6.

5.2 Length of conduit between detector positions

The length of conduit necessary between the detector
positions depends on the axial velocity of the fluid, the
spatial dispersion of the tracer at the detector positions
and the required accuracy of the measurement of transit
time.

The length of straight conduit, L, between detector pos-
itions, the various ratios, p, of the transit time to the mean
duration for the tracer “pulse”’ to pass each detector

5 CHOICE O MEASURING LENGTH

In the transit fime method, the measuring length consists
of two parts :

— the length of conduit between the injection point
and the position of the first detector;

— the length of conduit between detectors.

5.1 Length of|conduit between injection and first detector

In theory, when the tracer concentration, C,, in the conduit
is measured af only a single point in each measurement
cross-section, the length of conduit between the injection
and first detegtor shall be equal to or greater than the
mixing distancg.

The mixing digtance is defined as the shortest distance at
which the mayimum variation of g C, dt over the cross-
section is less fhan some predetermined value (for example
0,5 %). (See clduse 5 of 1ISO 4053/1.)

There are, hpwever, insufficient experimental, ‘results
available to reljte variations in /5 C, dt at the first detector
position, to thg overall accuracy of transit time as deter-
mined from c@ncentration measurements(at single points
in the measurerhent cross-sections.

If the measurpment of concentration at each detector
position represents the mean concentration in the cross-

section (for e
many points d
the cross-secti

ample by simultaneous measurements at
r by a detector sensitive to tracer across
n), the degree of mixing required at the

first detector p)

osition_is_ not as great as that corresponding

to the mixing djistancel In these circumstances the necessary
distance betwgen~)the injection position and the first

postion ti-e. corresponding 1o the passage of 99,7 % of the
tracer) and the various lengths of conduit, N, between the
injection and first detector positions, are rélated ko each
other by the formula :

L=425p (p++/N)

where L and N are expressed in conduit diameters.

This relationship is shown graphically in figure 1.

If the concentration/time distributions are recordgd on a
single-channel recorder, -t is necessary for the lehgth of
conduit between detectors to be greater than thp mean
spatial dispersian’ of the tracer at the detector ppsitions
so that the recorded distributions do not overlap.| This is
achieved whea'p > 1.

If a mdUlti-channel recorder is used, this distance|can be
reduced, but it is necessary that for accurate measyrement
of>transit time the length of conduit between d¢tectors
is* not less than a half of the mean spatial dispeffsion of
the tracer. For guidance, it is recommended to| use in
practice p = 0,5.

5.3 Measuring section

For the highest accuracy of flow measurement, thg length
of conduit between detector positions shall cons|st of a
straight pipe of uniform cross-section and shall contain no
pipe fittings or sections where dead zones are likely to
affect the concentration/time distribution measyred at
the second detector. Examples of such fittings and ections
are valves, flow regulators, abrupt changes of cross-s¢ctional
area, closed-ended branch pipes or sharp bends.

The overall accuracy of the flow measurement depends
on the accuracy with which the internal volume| of the
measuring section has been determined.

detector position can be considerably Tess than the mixing
distance. For example, when using a 7y-emitting tracer
centrally injected into a conduit and detecting by three
scintillation detectors positioned at each measurement
cross-section, and when the distance between injection
and the first detector is only 12 conduit diameters, no
additional error in flow-rate measurement has been observed
in practice.

The length of conduit between the injection position and
the first detector should preferably contain no pipe fittings
or sections likely to increase significantly the longitudinal
dispersion of tracer at the detector positions. Examples of
such fittings and sections are valves, flow regulators and
flow distribution headers.

2

5.4 Losses and additions

Additions of fluid upstream of the first detector position,
of the same nature as the fluid in the conduit, do not
affect the result provided that this fluid is mixed with the
main flow at the first detector position.

Losses of fluid from the conduit before the first detector
position do not affect the result but, if the tracer is not
completely mixed at the point of loss, the amplitude of
the concentration/time distribution at the detector pos-
itions may be affected and its value changed by a constant
factor.


https://standardsiso.com/api/?name=cf049c84a109822c56a49bdc33c6314a

Losses or additions of fluid in the length of conduit
between the detector positions would cause serious errors
in the measurement of flow-rate. Consequently, it is essen-
tial that the conduit between the two detector positions
contain no branch connections and is free from leaks.

6 PROCEDURE

6.1 Handling of radioisotopes

I1SO 4053/1V-1978 (E)

This expression may also be used to estimate the amount
of tracer to be injected for each flow measurement from
a knowledge of the sensitivity of the measurement detec-
tors. The amount of injected tracer shall be such that the
tracer concentration at the detector position be within
the linear range of the detector.

6.4 Injection of tracer gas

In order to minimize dispersion of the measured concen-

The us¢ of radioisotopes (storing, transportation, handling)
shall cdmply with any existing statutory regulations.

6.2 Lgcation of injection points

The nymber and position of injection points located at
the injpction cross-section depends mainly on the length
of confuit between the injection position and the first
detectdr position and the method of measuring the tracer
concentration at the detector positions (i.e. ‘‘averaging”’
method or single-point sample).

When the available length of conduit between the injection
point and the first detector is less than the theoretical
mixing| distance, it is recommended to proceed as men-
tioned [in clause 6 of 1SO 4053/1. It is advisable to choose
procedtires which enable the injection of all the tracer to
be neailly instantaneous. In particular, a suitable procedure
consist$ in using a single central injection against the
flow of any other device which respects the symmetry of
the conpduit; injection may also be made upstream-of a
fan orl a turbulence-generating device. |f multi-orifice
injectigns are used, the device shall be designed;so as to
allow a|simultaneous injection in every point;

eparation of the injected gas

of trager, Ah¢ estimation of its maximum concentration,
C,,. in| curies per CUbIC metre, in an unobstructed straight
pipe o

of the injection pomt can be obtained from the followmg
expression :

o 3A
m 4 D3\/N

where A is the amount of tracer injected, in curies.

C

It is of interest to note that the maximum concentration
does not depend on the flow-rate in the conduit.

When a turbulence-generating device is positioned in the
measuring length between the injection position and the
first detector, the maximum concentration may be greater
than that derived from the above equation.

tration/timedistributions, the—tracer shat] be injected as
rapidly as possible, with no “‘tailing’’A0f)the injected gas
from the injection tubes within the(condyit. This can be
achieved by any of the following means :

a) by means of injectior)valves at the extremity of
each injection point (fofJexample spr|ng-loaded pop-
valves); these valves shall open simulfaneously, close
rapidly and be leak-free;

b) by ensuring\that the injected traced is flushed into
the conduit by a flow of tracer-free gas;

NOTE & The tracer may be injected in the ponduit by means
of anfadditional pressure of gas according to njethods consistent
with\either of the above requirements.

c) by breaking with a suitable devite an ampoule
containing the gas to be injected in the conduit.

6.5 Detection of tracer

The tracer concentrations can be determined with detectors
situated within the conduit or preferably putside or with
detector flow-cells for sampling the flpw-rate in the
measuring cross-sections.

The difference in the time responses of the detector arrange-
ments at the two cross-sections shall be neglligible compared
to the transit time. It is always desirable td adopt identical
detectors in both measuring cross-sections.

If the mixture quality or the detectors 3re suspect, the
procedure shall be as follows : several deftectors shall be
positioned around the conduit at each measuring cross-
section, and the transit times measured by detectors
situated in the same geometrical configufations shall be
compared.

A rapid response time of the detection arrz ngement can be
A tegrating count
ratemeter to measure the integral of the concentration/time

distribution at each measurement cross-section.

6.6 Number of injections

The number of successive injections required for each
measurement of flow-rate depends on steadiness of the flow
being measured, the random error in determining the
transit time and the required overall limit of uncertainty on
the measurement of flow-rate.

Because in practice an absolutely constant flow-rate is
rarely achieved, it is recommended that at least five success-
ive injections of tracer and associated measurements of

3
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transit time be made at each flow-rate to enable an objec-
tive analysis of the random uncertainties of measurement
to be made (see clause 8).

6.7 Calculation of transit time

The transit time of the tracer between detector positions
may be determined by suitable graphical constructions
or direct computation on concentration/time distributions,
or their integrals, recorded simultaneously with accurate
timing signals frem—a—suitable—device—Fhe—transit—time
may be deterrhined from the difference in times corre-
sponding to the following positions on the recorded distri-
bution from th¢ detectors (see figure 2) :

6.7.1 Centres ¢f gravity [see figure 2 a)]

The centre of gfavity is the correct theoretical characteristic
point in all cases.

6.7.2 Mid-area positions (i.e. half-areas) [see figure 2 b)]

In the case of |a straight conduit, the mid-area position is
also a correct characteristic point.

6.7.3 Part-height positions [see figure 2 c)]

by drawing a lie parallel to the time axis at a level between
1/3 and 2/3 the maximum concentration. The mid-point
where this line|cuts the rise and fall of the pulse from the

The characteriatic points under this sub-clause are defined

detector is thg
The half heigh
two commonly

6.7.4 Other pd

The choice of
tration [see fig

n the characteristic point of that pulse.
and 0,6 x the maximum concentration are
used levels.

ints

bther points, such as the maximum concen-
ire 2 d)], shall only be uséd)when a rapid

approximate determination is required.

Alternatively,
suitable ““trigge

he transit time may\be determined from
Fing”’ of an automatic timing system by the

passage of trader at each defector. The accuracy of this

method depend

s on the method of operating the timing

system and th

accuracyof applied corrections for differ-

ences in the |concentration/time distributions at each

detector positign.

erection and to determine its effective volume. It is
important that this effective volume does not change
owing to erection.

It should be noted that the relative uncertainty on the
determination of volume has equal importance as the
relative uncertainty on the determination of transit time
for the assessment of the overall uncertainty on the volume
flow-rate.

6.9 Measurement of gas density

If the composition of the gas and its deviation| from ideal
gas laws are known, the gas density may be\detdrmined
from measurements of gas pressure and gas tempergture in
the measuring section.

Alternatively, the gas density may.’be measured lsing a
suitable density cell inserted either directly into [the gas
flow or into a flow of sample) gas at the same pressure
and temperature as the.ga$ in the measuring gection.
Corrections should be made for small differencey in the
gas conditions between-the measuring cross-sectipn and
the gas density celk

It should be.noted that the relative uncertainty|in the
determinationyof gas density has equal importancq as the
relative uncertainties in the determination of mdasuring
section(volume and transit time in the assessment| of the
overall Uncertainty on the mass flow-rate of gas.

7 SELECTION OF TRACER

7.1 Characteristics

The general principles for the selection of tracers afe given
in clause 5 of 1SO 4053/I. In the present case, the fojlowing
should also be taken into consideration.

7.1.1 Type and energy of emitted radiations.

Y-emitting tracers are preferred to -emitting tracers lpecause
the measurement of this type of radiation can bp made
through pipe walls and the self-absorption of radiation by
the fluid is decreased. It should however be notpd that
B-emitting isotopes are more easily handled.

7.1.2 Maximum useful specific activity available.

Where the transit—time—is—determined—from—concentrationt
time distributions measured by detector flow-cells, correc-
tions should be made for differences between the transfer
times from the measuring cross-section to the flow-cells.

6.8 Determination of measuring section volume

The internal volume of the measuring section shall be
determined either from direct measurements of the capacity
of the section or from measurements of the mean conduit
diameter and length of conduit between the detectors.

The construction drawings shall not be used for the deter-
mination of volume. It is necessary to choose the pipe
section to be used as the measuring section before its

4

7.1.3 Cost.

7.1.4 Maximum permissible concentration in air.

This is an important factor in the tracer selection. Preference
shall be given to the tracer with the highest ratio of the
maximum permissible concentration to the concentration
consistent with the desired accuracy.

7.1.5 Half-life.

The transit time method makes it possible to use tracers
with much shorter half-lives than those required for di-
lution methods.
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A tracer shall be chosen with the shortest possible half-life
consistent with the above-mentioned conditions and with
the conditions of supply, storage and measurement of the
isotope, in order to minimize any effect of contamination
and radiological problems associated with the handling of
the isotope.

7.2 Example of radioactive tracers used

A list of tracers which can be used is given in 5.1.2 of

1SO 4053/1._Among the mostly used tracers those listed in

ISO 4053/1V-1978 (E)

measured volume to vary. The number of measurements
of the conduit diameter shall be commensurate with
the overall required accuracy of the flow measurement.

8.2 Incomplete mixing of the tracer at the measuring
cross-sections may introduce a systematic uncertainty the
value of which cannot yet be calculated. This error is
considerably less than that obtained by the use of the
constant rate injection method for the same degree of
mixing, particularly when the concentration is measured at

the tabje can be mentioned.

8 ESTIMATION OF THE UNCERTAINTIES IN FLOW-
RATE MEASUREMENT

Referemce shall be made for the error determination to
clause T of ISO 4053/I.

Generally the list of error sources is closely dependent on
the vallious steps of the procedure described in clause 6.

8.1 The determination of the effective volume is carried
out with an uncertainty due to the irregularity of the
conduit between the measuring cross-sections, and to the
accurag¢y and the pitch of the geometrical measurements.
The cHoice of a value results in a systematic error in any
flow-rate values calculated from this value, which can be
associIed with an additional random error if uncontrolled
paramgters, such as temperature and pressure, cause the

several points of the cross-section or whé
detectors are sensitive to flow in a large pn
conduit cross-section.

8.3 The detector defines at' any time in
cross-sections an approximate value of t
concentration. The value*of the transit
from the concentration/time curves at t
both measuring cross‘sections is consequer
a systematic errorwhich can be minimized b
of the detector”(number and position of
in the section).

n the radiation
oportion of the

the measuring
he mean tracer
time calculated
he positions of
tly affected by
y improvement
detector points

8.4, It is possible for the threshold sentitivity of the

detection equipment to affect the accurac
time measurement, particularly when the
both detectors are not equal, insufficient t
into the conduits and when dead spacs

TABLE'= Most commonly used isotopes

y of the transit
sensitivities of
Facer is injected
bs exist in the

Type of radiation emitted
Maxinmhum
Isotope Beta Gamma permissible
P concentration!)
*
Energy Abundance Energy Abundance Ci/m3
MeV % MeV %
Argon 31 1,20 99,1 -7
! ! 2X1D
(Half-I{fe 110 min) 2,48 0,9 1.29 99.1
Bromife 82 0,44 100 0,55 75 1x1p"7
(Half-1{fe 36,0 h) 0,62 42
e.g. CoHs 828« 0,70 28
or CH4 828k 0,78 83
0,83 25
T,04 29
1,32 28
1,48 17
Krypton 85 0,15 04 _6
(Half-life 10,6 years) 0,67 99,6 0.51 04 1x10
Sulphur 35 0,167 100 - - 3x10°8
(Half-life 87 days)
e.g. 358 FG
Xenon 133 0,34 100 0,081 35 1x10-6
(Half-life 5,27 days)

1) Values of maximum permissible concentration in air are given as a guide only, and reference should be made to national regulations.

* 1Ci/m3=3,7x 10'0 Bg/m3 (becquerel per cubic metre)
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measuring section (i.e. when the ratio of the maximum
signal from the detector to its threshold level is inadequate).
This error can be made negligible with a suitably designed
detection system, the use of sufficient tracer and the
absence of dead spaces in the measuring length.

8.5 The accuracy of the transit time value is directly
related to the accuracy of the pulse-emitting timing device
used for the establishment of the recording time scale.
The systematic uncertainty in the measurement of time
caused by an i T i

much as possibje by a suitable choice of device, whilst the
random uncertpinty due to readability of the time scale
can be reduced [by increasing the transit time (i.e. increasing
the distance befween detectors).

8.6 The use different methods of determining charac-
teristic points pf the pulses as described in 6.7 introduces
an additional upcertainty in the determination of the mean
transit time. The systematic uncertainty of this error can
be decreased when the same method of analysis is used
at both sectiofs and when dispersion of tracer is short
relative to the fransit time. The random uncertainty of this
source depends|on the method of analysis and the variation
in transit time| caused by the unsteadiness of flow-rate.

8.7 Uncertainties in the measurement of gas density affect
the overall undertainty in the measurement of mass flow
(see example in|clause 9).

8.8 Because thje measurement of flow-rate by the transit
time method i¢§ not instantaneous and does not apply te
an average stedqdy flow, the fluctuations of the flow-rate
about the mean|value introduce a random error.

8.9 The use the transit time method inyelves various
uncertainties which are difficult to evaluate/before the
measurement. No accuracy estimation-can” therefore be

given before the measurement. However,/it can be stated
that under favjpurable conditions~an~accuracy of 1 % or
better can be achieved.

8.10 In all cades the randomi~uncertainty in transit time,
which includes prrors concerning the degree of mixing and
the detection gystemy,may be evaluated, a posteriori, by
repeating measpyrements of a flow-rate with the same
equipment and| comparing the uncertainty with the esti-

9.1 Degree of mixing at the first measuring cross-section

The first measuring cross-section is 10/0,2 = 50 pipe
diameters downstream of the injection position. With
reference to 6.2 and figure 3 of ISO 4053/1, the variation in
f"c‘,’C2 dt at this position is appraximately 12 %. This degree
of mixing is adequate for achieving an uncertainty of flow-
rate measurement of better than 1 % when a 7y-emitting
tracer is used.

rded
traces

The ratio, p, of transit time to the mean time'for thp tracer
pulse to pass each detector position is such that

10 _ 425 +\/—10
02 PLPTVo2

Therefore p = 1,39.

Because p is greater than. 1, the tracer will have [eft the
first measuring cross$-section before it reaches the|second
measuring cross-séction (with collimated radiation detec-
tors), so that_adsingle-channel recorder may be dised to
record the passage of tracer.

If 100 pCi, of bromine 82 is used for each injectipn, the
maximum concentration at the second measuring cross-
section is given by the formula

3 x 100

m ™ 4 % 0,23 /20/0.2

This calculated value may be used to check whether the
sensitivity of the measurement equipment is adeqyate for
the required accuracy of flow-rate measurement.

c ~ 940 pCi/m3

9.3 Volume of measuring section

The mean internal diameter of the measuring |section
determined from 20 separate measuremefpts is
0,202 = 0,000 5 m (95 % confidence level) and the mpasured
distance between the measuring cross-sectipns s
10,01 £ 0,001 m.

The internal volume V is therefore :

V= 7 X 0,2022 x 10,01

=0,3208 m3
4

mation of random uncertainty, by analysing the components
of the uncertainty which can be expected under normal
conditions of application (see 7.3.3 of 1SO 4053/1).

9 EXAMPLE OF FLOW-RATE CALCULATION

Bromine 82 (C,Hg 82Br) is used to measure the flow of
nitrogen in a pipe of 20 cm diameter. A single radiation
detector is placed 10 m from the injection position and a
second detector is placed 10 m downstream of the first.
Injection of tracer is through a probe located centrally in
the pipe.

6

with an estimated uncertainty of

0,0005 \2 001 \?
£ 100 2 x 20005 A% (0001
0,202 10,01

~+05%

9.4 Transit time

Another important source of uncertainty in the measure-
ment of transit time lies in the determination of the
characteristic points. The value of this uncertainty is
included in the uncertainty derived from the variation in
measured transit times for a given flow-rate (see 9.6).
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The transit time (t;) corresponding to a given flow-rate
is obtained by comparing the distance between the mid-
areas of the concentration/time curves [see figure 2 b)] with
a graphically recorded time scale derived from a crystal-
controlled oscillator with an uncertainty of £ 0,01 %.

9.5 Gas density

The gas density (p) is measured with a density meter
calibrated to an accuracy of * 0,2 % (95 % confidence
level). Fhr f—th i

ISO 4053/1V-1978 (E)

traces and random uncertainties in the time scale is given by

the formula
. /E (mj—m)?2
t‘ —————
nn-1)
where

n is the number of injections;

t* is the Student’s t statistic for n

freedom.

— 1 degrees of

THe rrean

o Y Y
density—of—the—nitregen—is
19,3 kg/m3 £ 0,2 %.

9.6 Mass flow-rate in the pipe

The mpss flow-rate (m;) of nitrogen in the pipe at each
injection is given, in kilograms per second, by the formula
Vp 03208 x 19,3

5 t

m;

The méan mass flow-rate (m) over the total measurement
period pf n injections is

1i:n v /'=n1
Y M YT
n " n t
i=0 i=0

and thg random uncertainty due to the flow variations,
determ|nation of characteristic points of the recorded

In this example the mean mass flow-rate"is
a random uncertainty due to flowfluct]

24,3 kg/s with
bations etc. of

+ 0,4 % (95 % confidence level). \The ovenall uncertainty

in mean mass flow-rate can rbe’ estimated
the component uncertainties\detailed above;

/0,52 + 0,012 + 0,22+ 0,42
~ 0,67 %

This example déscribes the measurement of
able measurement conditions but the unce
measurement can be considerably greater
if other error sources, as listed in clause 8,
objective estimation of the magnitude of th
could be made by comparison against pri
of flow measurement, either directly or

by combining
viz :

flow in favour-
rtainty of flow
than this value
are present. An
se uncertainties
mary standards
indirectly, and

taking account of variations in the measuring conditions

(i.e. measuring section, detector positions et

.).
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