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ABSTRACT 
Flow measurements by the dilution method using radioactive 

tracers were made in a sewer to calibrate a flume at which, 
in an automatic process, water level readings are used to 
calculate flow. Despite some problems with both methods, 
the results imply that the flume calibration is satisfactory. 
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INTRODUCTION 
The Hutt Valley Drainage Board (HVDB) has built a flow 

rate measuring flume where its main sewer from Upper Hutt 
crosses the Hutt River near Silverstream. The structure has 
been designed so that a flow regime known as 'supercritical 
flow' is established in the flume; in this condition the flow 
rate is related to the water level which is monitored contin
uously. The flow rate is calculated from this data and 
recorded on a chart. 

Unfortunately, the flume is designed for rather larger 
flows than those which occur in dry weather, so attempts to 
check the flume calibration were made. To do this the HVDB 
used the dilution method of flow rate measurement^ ^ with a 
fluorescent dye as the tracer but inconsistent results were 
obtained. This led to a request to INS to carry out similar 
work using a radioactive isotope as tracer. 

This report describes the results of the subsequent work. 
Specifically, it was aimed at measuring flow rates accurate 
to within +5% which could be compared with the values measured 
automatically by the flume. 

THEORY 
The dilution method of flow rate measurement is based on 

the principle that the dilution of a tracer is directly 
proportional to the flow to which it is added. The two 
variants used, the total count and continuous injection 
methods, are described in detail by Dincer*- ^. The continuous 
injection method will be described briefly here since it was 
the method used in this work. 

An injection of tracer of known concentration C. is made 
at a known constant flow rate Q. into the stream to be 
measured. At a suitable measuring point, a steady state 
concentration C is attained and the flow rate Q at that point 
is given by 

Q T— 
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For this method to work in practice, three conditions 
must be met. The first two are that there must be negligible 
tracer losses (due to such processes as adsorption on the 
pipe walls), and that complete mixing of tracer must be 
achieved at the measuring point, i.e., the tracer concentration 
at any point across the stream must be the same. These two 
conditions will be discussed in a later section. The third 
condition usually stated is that Q must be constant throughout 
the experiment. Now it was known from the outset that this 
third condition would not be met, as the flow varies during 
the day, so further discussion of this condition is warranted 
at this point. 

The effects of non-constant flow 
The form of the response to a continuous injection can be 

calculated once the response to an instantaneous injection is 
known. 

Consider the situation when the response to an instant
aneous injection of tracer into a constant flow is as shown 
in Fig. la. The interval T. is the time taken for all the 
tracer to pass the measuring point, while T- is the time for 
a fraction f of the tracer to pass. 

Now the response to a continuous injection of tracer is 
equivalent to the summed responses of many instantaneous 
injections provided the time between injections is very much 
smaller than T.. When this summation is carried out, a 
response of the type shown in Fig. lb is obtained, where T. 
is the duration of the injection and T. and lr have the same 
values as in Fig. la. The salient points are that the time 
T. after the first arrival of tracer is required to attain 
the steady state and that at the time T~ after the first 
arrival of tracer (or end of the steady state region), the 
tracer concentration has risen to (or dropped by) C^, where 
Cx is a fraction f of the steady state concentration C, Now 
if Q changes during the experiment by a small amount (so that 
t , T. and T^ are not significantly altered), a similar 
situation results. The time T. is required to establish the 
new steady state and the time T- is required for a fraction f 
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of the change to take place. By analogy with radioactivity 
counting, we may define a time constant T (for a given Q) 
thus 

T « T, where f - 1 - e 
If an instantaneous injection is carried out, T and T, can 

be calculated. This allows assessment of the rates at which 
the flow Q can change and still be measured by the continuous 
injection technique. 

EXPERIMENTAL DETAILS 
The layout of the experimental site is shown in Fig. 2. 
The sewer pipe is concrete with a diameter of 533 mm 

(42 inches). 
Manhole (MH) 98 was selected as the injection point, and 

MH 88, 89 and 90 as measuring points. 
Two tracers were used - 9 9 m T c and 1 3 1 I . 9 9 m T c (half-life 

99 6.02 hr) was eluted from a Mo generator as TcO. ion. It 
was used carrier-free, as no stable Tc isotope exists. In 

131 all cases the generator was eluted in the laboratory. I 
(half-life 8.06 d) was in the form of aqueous iodide and was 
used with carrier. 

For instantaneous injections, the tracer solution was 
taken directly to MH 98 and rinsed into a bucket the 
contents of which were immediately dumped into the sewer. 
For continuous injections, the tracer solution was made up to 
the required volume in the laboratory and taken to the 
injection site where it was transferred to a Mariotte vessel 
(a constant head injection device) set up in MH 98. Samples 
were taken from the outlet of the vessel just after the 
injection started and just before it finished, not only so 
that Q, and C. could be measured but also so that their 
constancy could be checked. These samples were suitably 
diluted and counted in a 10-I container in the laboratory. 

At the measuring points, water-proof scintillation 
detectors were laid on the bottom of the sewer pipe pointing 
in the direction of flow and the detector cables were passed 
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through a galvanised iron pipe shaped so that it hugged the 
side of the sewer in order to minimise fouling. The detectors 
were connected to AAEC type 519 ratemeter/scalers, and the 
output recorded on Tasman mini data loggers. As well, dippers 
which continuously monitored water levels in the sewer were 
set up by the HVDB so that backgrounds could be calculated 
(see below). 

This in situ method of measurement was chosen both to 
provide a continuous record of the tracer concentration, and 
to avoid problems involved in taking samples. Such a method 
has its own problems, however, the chief of which is that the 
water level in the sewer varies during the tests and so 
changes the counting geometry. Thus it was necessary to 
determine the response of the detectors to a given tracer 
concentration as the levels varied, and then to relate these 
to laboratory counts on the same samples. Accordingly, a 
suitable section of pipe was found and a 5-m length isolated. 
This was filled to a known depth with water and a detector 
placed in it to measure background. The water was then pumped 
out in stages and the background measured at various depths. 
This procedure was repeated with well mixed tracer, a sample 
of which was taken and counted in the laboratory. Thus after 
suitable decay i>nd background corrections, it was possible to 
determine 

D 3 count rate in pipe with depth d (mm) 
d count rate in laboratory 

Use of this factor enables counts taken in the actual 
tests, whether in the sewer or in the laboratory, to be made 
directly comparable and proportional to concentration. Fig. 3 
shows the variation of R. with d for the most often used 
probe-ratemeter combination. 

RESULTS 
1) Instantaneous injections - Two of these were carried out, 
both using mTc. They showed that T, was about 10 minutes, 
the time constant T was about 2 minutes, but that tailing with 
a count rate of at most 0.31 of the peak count rate occurred 
and lasted more than three hours. 
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2) Continuous injections - Four experiments were carried out, 
with details as follows: 
Test 1 17/10/79 

Test 2 26/10/79 

Test 3 8/11/79 

Test 4 20/12/79 

injection from 1245 to 1442 
Q i C i = 4.01 x 10 4 l.s _ 1.(s _ 1) decay 
corrected to 1200 
measuring point MH 90 

tracer 9 9 m T c 
injection from 0935 to 1137 
Q i C i = 2.90 x 10 4 l.s"1.:(s"1) decay 
corrected to 0900 
measuring point MH 89 

tracer 99mlc 

injection from 1300 to 1643 
Q i C i " 1 - 9 8 x 

corrected to 1200 
measuring point MH 89 

tracer 9 9 m T c 
injection from 1750 to 2110 

1 "• s . (s~ ) decay 

10 4 l.s"1.(s"1) decay 

QJCJ = 2.86 x 10"7 1 
corrected to 1700 
measuring point MH 89 

tracer 1 3 1 I (3.7 GBq + 200 g KI) 
The calculated flow rates are given in Table 1. 

DISCUSSION 
1) Instantaneous injections - The values of T and T. indicate 
that changes occurring on a time scale of a few minutes could 
be followed adequately. It was expected before starting the 
work, and confirmed during it, that this response would be 
sufficiently good to follow the actual variation of Q. 

The tailing of the peaks, which implies a holdup of 
tracer as, for example, by reversible adsorption on the pipe 
walls, is of some worry as it is likely to occur in the 
continuous injection also. The influence of this is noted 
below. 
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2) Continuous injections - The measured values of Q given 

above cover the range 90 to 230 l.s , enough to adequately 
calibrate the flume. However, this calibration did not turn 
out to be a straightforward matter, as during test 1 the 
automatic recorder was not in use and in test 4 it was out of 
adjustment (there was another case in which isotope testing 
did not work because of problems with the injection). 

The variations in flow as given by the two methods are 
shown in Fig. 4 for tests 2, 3 and 4. It can be seen that 
changes occur approximately in phase even when the automatic 
recorder was out of adjustment. More specifically, it can be 
seen that in tests 2 and 3 the tracer tests gave results 
between 10 and 201 higher than the automatic recorder. As 
noted above, there is evidence from the instantaneous 
injections that tracer adsorption occurs with mTc; in 
addition, in tests 1, 2 and 3, many hours were required for 
readings to return to background after the injection (see 
Appendix), an effect which could also be ascribed to adsorp
tion and which would lead to low count rates and thence to 
high flow estimations. This effect did not occur in test 4 131 when I was used, as background readings were attained about 
20 minutes after the end of the steady state region, but 
unfortunately this was when the automatic recorder was out of 
adjustment. 

An indirect assessment of the effects of adsorption can 
be gained from a plot of measured flows against the dipper 
readings at MH 89. This is shown in Fig. 5. In general, the 
higher the water level the higher the flow (as expected). 
However, the data are described well by the two straight lines 
shown, the first of which covers the three tracing results 
with mTc, and the second the I tracing result, and the 
readings from the automatic recorder. This is most easily 
rationalised by assuming that the adsorption effects cause the 
9 9 m T c results to be about 20% too high, and that the I results are 
in agreement with the recorder results. Supporting evidence 
(admittedly tenuous) for this comes from Fig. 6, which is a 
plot of measured flow against the transit time from the 
injection point to the measuring point (this involves some 
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back extrapolation to estimate flow at the time of arrival of 
the tracer). It can be seen that the transit time in test 4 
(point 1) is rather low if a linear dependence on flow is 
assumed on the basis of tests 1, 2 and 3. An upward 20% 
adjustment of point 1 to point 2 (or perhaps more appropriately 
an equivalent downward adjustment of the other three points}, 
would give a more acceptable plot. 
3) Summary - Although various experimental problems prevented 
direct comparisons between the tracing and automatic recording 
results, the most likely conclusion from this work is that the 
automatic recorder gives accurate results as shown by 
agreement with the I tracing results. 
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APPENDIX - SOURCES OF ERROR 
Although the dilution method is sinple in principle, there 

are nany possible sources of error. In this section we 
discuss those we consider to be important. 

An analysis of counting statistics and of the duplicate 
measurements made on the samples taken from the injection 
vessel, show that Q-, C. and C were all measured to the 
required accuracy. The remainder of this section will centre 
on whether or not C is measured in such a way as to satisfy 
the conditions of the method. 

Incomplete mixing is unlikely to cause errors. There is 
considerable turbulence at the injection point and at the end 
of the flume, plus two right angle bends between the injection 
and measuring points; all of which would aid mixing. The 
distance between injection and measuring points will also aid 
mixing; use of sorae formulae given by Barsby*- ' gives mixing 
lengths much shorter than this. Finally, the in situ counting 
technique means that contributions to the count rate come from 
over a considerable part of the flow cross section, thus 
helping to smear out any bad mixing effects. 

Adsorption of tracer on solid material in the sewage is 
unlikely to lead to a large error since the tracer will still 
flow past the detector and be liable to be detected. However, 
there is strong evidence that adsorption on the sewer walls 

99m_ occurred, at least with Tc as the tracer. This was shown 
by the long tails on the peaks from the instantaneous injections 
and by the long time (many hours) required for the count rate 
to return to ba 'ground after the continuous injections 
finished. By contrast, only 25 minutes was required for 
background count rates to be regained after the I injection. 
When calculating flows from the raTc data, it was assumed 
that the background increased linearly daring the passage of 
the tracer. This procedure would have resulted in the 
calculated flows being too high. 

A further effect that could cause errors was fouling 
(mainly with paper) on the pipe through which the detector 
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cable was passed. The detectors (at Ml 89 and 90) used in 
tests 3 and 4, were pulled from the water at various times 
and cleaned of fouling. In both tests, large changes were 
noted at MH 90, but little or no change at MH 89. Except for 
test 1, only MH 39 results were used in the preceding work. 
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Table 1: Calculated flows 

Test 1 Test 2 Test 3 Test 4 
time of 

(l.s"1) 
time of Q-l (1. s X) 

time of Q-l 1 (l.s *) 
time of Q -1 day (l.s"1) day Q-l (1. s X) day 

Q-l 1 (l.s *) day (l.s 

1259 187 0959 158 1331 118 1820 98 
1304 18? 1005 168 J 338 114 1827 98 
1310 178 1011 180 1345 112 1833 98 
1315 173 1016 185 1351 113 1840 97 
1320 170 1022 186 1358 113 1847 96 
1325 171 1027 187 1405 110 1853 96 
1330 170 1033 191 1411 104 1900 96 
1335 170 1038 192 1418 100 1907 97 
1340 168 1044 192 1425 99 1914 98 
1346 164 1050 191 1432 98 1920 99 
1351 163 1055 194 1438 98 1927 99 
1356 163 1101 192 1445 98 1934 97 
1401 161 1106 189 1452 97 1940 98 
1406 161 1112 196 1458 97 1947 100 
1411 161 1118 213 1505 97 1954 102 
1416 157 1123 225 1512 98 2001 101 
1422 155 1129 226 1519 100 2007 101 
1427 155 1134 227 1525 101 2014 102 
1432 157 1140 223 1532 101 2021 104 
1437 156 1539 101 2027 103 
1442 158 1545 100 2034 104 

1552 96 2041 106 
1559 94 2048 107 
1606 91 2054 106 
1612 89 2101 106 
1619 89 2108 106 
1626 89 2114 105 
1632 
1639 
1646 

88 
88 
90 

2121 103 
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