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Foreword 

IS0 (the International Organization for Standardization) is a worldwide 
federation of national standards bodies (IS0 member bodies). The work 
of preparing International Standards is normally carried out through IS0 
technical committees. Each member body interested in a subject for 
which a technical committee has been established has the right to be 
represented on that committee. International organizations, governmental 
and non-governmental, in liaison with ISO, also take part in the work. IS0 
collaborates closely with the International Electrotechnical Commission 
(IEC) on all matters of electrotechnical standardization. 

Draft International Standards adopted by the technical committees are 
circulated to the member bodies for voting. Publication as an International 
Standard requires approval by at least 75 % of the member bodies casting 
a vote. 

International Standard IS0 9555-l was prepared by Technical Committee 
lSO/rC 113, Hydrometric determinations, Subcommittee SC 4, Dilution 
methods. 

IS0 9555 consists of the following parts, under the general title 
Measurement of liquid flow in open channels - Tracer dilution methods 
for the measurement of steady flow: 

- Part 7: General 

- Part 2: Radioactive tracers 

- Part 3: Chemical tracers 

- Part 4: Fluorescent tracers 

Annexes A, B and C form an integral part of this part of IS0 9555. Annex 
D is for information only. 
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Introduction 

The former standard series IS0 555 was subdivided into parts on the basis 
of the method of field measurement, i.e. constant-rate injection method 
and integration (sudden injection) method. Since the choice of the type 
of tracer to be used in a field measurement will often depend on the ex- 
pertise and the laboratory facilities available, this new series of standards 
IS0 9555 is divided into parts based on the type of tracer used. This re- 
vision has enabled the unnecessary repetition of text of the various parts 
to be avoided and will, it is hoped, prove to be a more convenient form 
of presentation for the user. 

IS0 9555 deals with the measurement of steady flow in open channels 
by dilution methods using tracers. The methods described may also be 
applied to the measurement of slowly varying flow, but they may only be 
used when flow conditions ensure adequate mixing of the injected sol- 
ution throughout the flow. 

For the measurement of very large flows, tracer methods can be onerous 
in terms of tracer costs and measurement times. However, the use of 
tracers often reduces danger to personnel during flood periods. 

IS0 9555-l presents the general principles of the methods of constant- 
rate injection and integration (sudden injection). IS0 9555-2, IS0 9555-3 
and IS0 9555-4 deal with the specific aspects of the use of radioactive, 
chemical and fluorescent tracers, respectively, as well as specific ana- 
lytical procedures. 

This approach has been adopted for the following reasons: 

- to facilitate subsequent updating, additions or revisions which concern 
only IS0 9555-2, IS0 9555-3 or IS0 9555-4; 

- to provide a more practical document for the user, who is often obliged 
to choose the tracer best suited to the available analytical equipment. 
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INTERNATIONAL STANDARD 0 60 IS0 9555=1:1994(E) 

Measurement of liquid flow in open channels - Tracer 
dilution methods for the measurement of steady 
flow - 

Part 1: 
General 

1 Scope 

This part of IS0 9555 concerns principles of the con- 
stant rate injection method and the sudden injection 
method (integration method), and the principles of in- 
jection, sampling and analysis which apply for all types 
of tracer. 

It is important to note that the tracers used and their 
concentrations should be compatible with the legis- 
lation of each country regarding the occasional and 
short-duration discharges of foreign substances into 
natural waters. They should also take into account 
possible short-term or long-term influences on flora 
and fauna, both natural and domestic. In the absence 
of appropriate regulations, the World Health Organ- 
ization’s (WHO) Guidelines for drinking water quality 
should serve as a guide, taking account of the brief 
nature of the measurement and of the use that is to 
be made of water receiving the injected tracer. 

2 Normative reference 

The following standard contains provisions which, 
through reference in this text, constitute provisions 
of this part of IS0 9555. At the time of publication, the 
edition indicated was valid. All standards are subject 
to revision, and parties to agreements based on this 
part of IS0 9555 are encouraged to investigate the 
possibility of applying the most recent edition of the 
standard indicated below. Members of IEC and IS0 

maintain registers of currently valid International 
Standards. 

IS0 772:1988, Liquid flow measurement in open 
channels - Vocabulary and symbols. 

3 Definitions 

For the purposes of this part of IS0 9555, the defi- 
nitions given in IS0 772 and the following definitions 
aPPlY* 

3.1 tracer: Ion, compound or radionuclide intro- 
duced into a flow system to follow the behaviour of 
some component of that system. It is necessary that 
the tracer, which can be observed, behave in exactly 
the same fashion as the component to be followed, 
whose behaviour cannot easily be observed. 

3.2 dilution method: Method in which the dis- 
charge is deduced from the determination of the ratio 
of the concentration of the tracer injected to that of 
the tracer at the sampling cross-section (see also 
3 9) . . 

3.3 constant rate injection method: Method of 
measuring the discharge in which a tracer is injected 
at a constant and known rate at one cross-section and 
its dilution is measured at another section down- 
stream where complete mixing has taken place and 
the concentration plateau has been reached. 

1 

STANDARDSISO.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IS
O 95

55
-1:

19
94

https://standardsiso.com/api/?name=85492d1741c0b9847330f59f25751f6b


IS0 9555=1:1994(E) 0 IS0 

3.4 sudden injection method; integration 
method: Method of measuring the discharge in which 
a known volume of tracer is injected over a short time 
at one cross-section and its dilution is measured at 
another cross-section downstream where complete 
mixing has taken place, over a period sufficient to al- 
low all the tracer to pass that cross-section, so that 
the mean dilution of tracer during this period can be 
determined. 

3.5 multiple injection: Simultaneous injection of 
tracer at several points in the injection cross-section, 
with the aim of improving transverse mixing in a given 
measuring reach. 

3.6 constant level tank: Equipment for the injection 
of the concentrated solution at constant rate, in 
which, using an overflow weir, a constant head is 
maintained above a selected nozzle or orifice. 

3.7 Mariotte vessel: Equipment for injection of the 
concentrated solution at constant rate. The constant 
rate injection is achieved by means of an airtight ves- 
sel that is provided with an orifice plate or nozzle at 
its bottom portion. The liquid flows through the re- 
striction and air enters the vessel through a tube, 
maintaining atmospheric pressure at the lower end 
of the tube, set at a determined height above the re- 
striction. The head on the restriction and conse- 
quently the discharge from the vessel remain 
constant, independently of the level of the liquid in the 
vessel. 

3.8 floating siphon: Equipment for injection of the 
concentrated solution at constant rate. The solution is 
taken from a vessel by means of a siphon that is fixed 
on a float. The lower end of the siphon is fitted with 
an orifice plate or nozzle. The head on the restriction 
and consequently the discharge from the vessel re- 
main constant, independently of the level of the liquid 
in the vessel. 

3.9 dilution ratio; dilution factor 

(I) For the constant rate injection method, the ratio 
between the concentration of the injected tracer sol- 
ution and the concentration of added tracer detected 
at the sampling cross-section when steady conditions 
have been reached. 

(2) For the sudden injection method, the ratio be- 
tween the concentration of the injected tracer solution 
and the mean, over the sampling period, of the con- 
centration of added tracer detected at the sampling 
cross-section. 

3.10 sampling cross-section; sampling station: 
Cross-section of an open channel downstream of the 
injection cross-section, at which samples are taken 
or in which the concentration is directly measured. 

3.11 reach: Length of open channel between two 
defined cross-sections. 

3.12 degree of mixing: Measure of the extent to 
which mixing has been achieved in a cross-section 
downstream of the injection of tracer, varying from 
near zero in a cross-section immediately downstream 
of the injection to 100 % at a cross-section in which 
the tracer has been completely mixed across the 
whole cross-section. 

3.13 mixing length: Distance, measured along the 
general path of flow, between the injection cross- 
section and the downstream cross-section at which 
the specified degree of mixing is obtained. For given 
conditions, this mixing length is not a fixed value: it 
varies according to the admissible values for the de- 
gree of mixing. The higher the specified degree of 
mixing, the longer the mixing length. 

4 Symbols and units 

4.1 Symbols 

The symbols used in this part of IS0 9555 are given 
below. Other symbols not listed here are used only in 
passing and are defined where used. 

Symbol Explanation 

iT Average stream surface width between 
the injection and sampling cross-sections 

CO Background concentration of tracer 

Cl Concentration of tracer in injection solution 

e2 Concentration of added tracer 

6 Concentration of diluted injection solution 
k’, = q/D’ ) 

“ri Relative concentration corresponding to 
standard dilution D’ 

D Dilution factor 

D’ Estimated dilution factor used in dilution 
of injection solution 

D’i Standard dilution 

2 Average depth of flow between injection 
and sampling cross-sections 

E Transverse mixing coefficient 

G Instrument response 

g Acceleration due to gravity 

L Mixing length 

2 
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Number of sampling points 

Number of samples or measurements 

Stream discharge 

Estimated stream discharge 

Mean hydraulic radius 

Duration of steady state concentration 

Duration of injection 

Time of passage of tracer through the 
sampling cross-section 

Elapsed time, usually taking as the origin 
the start of injection 

Time of arrival of first molecule of tracer 
at a given sampling cross-section 

Mean time of travel 

Volume of tracer solution injected 

Shear velocity, equal to (g@)1’2 

Degree of mixing 

Level of accuracy of analysis 

perature likely to be met dur- 

4.2 Subscripts 

C I I Concentration 

z Exponent 

NOTES 

1 A bar (4 is used above the symbol to indicate an aver- 
aging process; further averaging is indicated by a double bar 
( ) = . 

2 For convenience in the use of this part of IS0 9555, 
some of the symbols and their definitions are not consistent 
with those defined in IS0 772. 

4.3 Units of measurement 

The units of measurement used in this part of 
IS0 9555 are those of the International System of 
Units (Sl). 

5 Principles of the different dilution 
methods 

The basic principle of dilution methods is the addition 
of a suitably selected tracer to the flow. Downstream 
of the injection point, when vertical and lateral dis- 
persion throughout the flow is complete, the dis- 
charge may be calculated from the measurement of 
the dilution of the tracer. 

If this tracer, or a substance with analytical charac- 
teristics similar to the injected tracer, was present in 
the flow before the injection, the increase in concen- 
tration of tracer due to the injection is known as the 
“concentration of added tracer”. The methods set out 
in this part of IS0 9555 permit the calculation of the 
discharge regardless of the prior concentration of 
tracer, analogous with background noise, as long as 
this can be assumed constant during the measure- 
ment. 

5.1 Constant rate injection method 

A solution of concentration cl of a suitably chosen 
tracer is injected at a constant rate 4 into a cross- 
section located at the beginning of the measuring 
reach of the channel, in which the discharge Q re- 
mains constant for the duration of the gauging. 

At a second cross-section downstream of this reach, 
at a sufficient distance for the injected solution to be 
uniformly diluted, the concentration is measured for 
a sufficient period of time and at a sufficient number 
of points to ensure that good mixing has been ob- 
tained and that the concentration of added tracer c2 

has attained a constant value. Under these conditions, 
if all of the tracer injected passes through the sam- 
pling cross-section, the discharge rate of tracer at the 
injection points is equal to that passing through the 
sampling cross-section: 

qq = (Q + q)c2 

Hence: 

QEqv . . . (1) 

In general cl is much greater than c2 and this leads to 
a simplification of equation (I) as follows: 

Q=s$ . . . (2) 

The discharge Q can therefore be determined by 
comparing the concentration of the injection solution 
with that measured at the sampling cross-section of 
the channel. 

3 
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5.2 Sudden injection method 

A volume V of a solution of concentration cl of a 
suitably chosen tracer is injected over a short period 
into a cross-section located at the beginning of the 
measuring reach of the channel, in which the dis- 
charge Q remains constant for the duration of the 
gauging. 

At a second cross-section downstream of this reach, 
at a distance sufficient for the injected solution to be 
uniformly diluted, the concentration of tracer c2 is 
determined over a period of time sufficiently long to 
ensure that all the tracer has passed through the 
second cross-section. 

If all the tracer injected passes through the sampling 
cross-section, the following equation is true: 

M = vc, = Qjmc2(t)dt 
4 

. . . 

where 

V 

is the mass of tracer injected; 

is the volume of injected solution; 

(3) 

is the concentration of tracer in the in- 
jected solution; 

Q is the discharge in the channel; 

c (4 2 is the concentration of added tracer at the 
fixed sampling point over the time interval 
dt . I 

t is the elapsed time, taking as origin the 
instant at which the injection started; 

is the time of arrival of the first molecule 
of tracer at the sampling cross-section. 

This equation requires that the value of the integral 

I* C2 w 4 
be the same at every point of the sampling cross- 
section. This condition is satisfied if and only if the 
injected solution is well mixed with the water in the 
channel. 

In practice, the presence of the tracer is no longer 
detectable at any point in the sampling cross-section 
after a certain time (ta + TJ. The value TP is known 
as the “time of passage of the tracer cloud through 
the sampling cross-section”. 

Let 

1 
I 
4 + Tp 

c, =- 
TP t 

C2 w 
a 

The practical condition of good mixing is that C, is 
identical at all points of the section, hence 

Q 4 =- 
p2 

. . . (4) 

V/Tp is the mean discharge of added tracer in the 
sampling cross-section, and is analogous with the in- 
jection rate q defined in 5.1. 

6 Characteristics common to both 
methods 

6.1 General formula for the calculation of 
discharge 

Relations (2) and (4) can be written in the general 
form: 

Q = kD . . . (5) 

For measurement by constant rate injection, D is the 
dilution factor (= c.4~~) and k = q. 

For measurement by sudden injection, D = cl/C2 and 
k = V/Tp. 

The dilution factor, D, which is the fundamental con- 
cept of the dilution method, is determined by com- 
parative analysis of samples of the injection solution 
and samples taken from the sampling cross-section. 

This determination, although certain aspects are pe- 
culiar to the tracer and to the associated method of 
analysis, rests on several general principles which are 
presented below. The details of the specific methods 
of determination for the commonly-used tracers are 
given in IS0 9555-2, IS0 9555-3 and IS0 9555-4. 

6.2 Separate determination of tracer 
concentrations in the channel and in the 
injection solution 

The practice of dilution gauging shows that in most 
cases the pursuit of maximum effectiveness and 
convenience leads to a reduction in the total quan- 
tities injected, and to a dilution factor, D, which attains 
high values, of the order of lo3 to lo*. 

All analytical procedures, whatever the tracer, the ap- 
paratus or the method of analysis, are based on the 
existence of a physical relation between the concen- 
tration of tracer and a measurable quantity G = G(c), 
for which the analytical instrument provides a value 

4 
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Gi corresponding to ci. Experience shows that it is the analysis of samples corresponding to a single flow 
difficult, if not impossible, directly to obtain compar- 
able accuracy for independent measurements of con- 
centrations varying in so high a ratio as D with the 
same instrument or method of analysis. 

measurement. 

Experience shows that the ratio D’/D rarely falls out- 
side the range 0,5 to 2. It is therefore possible to use 
the analytical equipment in the vicinity of its optimum 
range of sensitivity and accuracy. 

Let G’,, G’,, . . . . G’, be the responses of the analytical 
equipment for standard dilution factors D’,, D’,, . . . . 
D’, and let G,, G2, . . . . G,, be the responses of the 
analytical equipment for given river samples corre- 
sponding to unknown dilutions D,, D,, . . . . D,. 

6.2.1 Direct determination of cl and c;l 

Procedures for the direct determination of cl and c;! 
are not recommended and thus are not discussed in 
this part of IS0 9555. 

6.2.2 Indirect determination of cl and direct 
determination of C2 

It is then necessary to obtain the dilutions Di corre- 
sponding to the responses Gi by using the relation 
between D’ and G’ established for the analytical 
equipment. Where the analytical method leads to an instrument 

response which is a linear function of concentration 
in the range from zero to the usual value of c2, the 
following procedure of indirect determination of cl can 
be used. The solution of concentration cl is diluted by 
a factor D’, of the same order as D, to obtain con- 
centrations d1 = cl/D’ and c2 of the same order of 
magnitude. This permits use of the same method for 
the determination of d1 and c2 with comparable ac- 
curacy. For this purpose, a sample of injection solution 
is diluted by the gravimetric method using a precision 
balance, or by the volumetric method using flasks, 
calibrated pipettes or microburettes, preferably with 
water taken from the flow upstream of the injection 
cross-section or before the test. 

This relationship is established either graphically or by 
using a mathematical function. 

As the response of analytical instruments is generally 
a linear function of concentration, it is logical to use 
the concept of relative concentration c’ri = 1 /D’ie 

The graphical representation of the relation 
G’ = G’(c’,) is a simple means of checking its linearity 
and the accuracy of preparation of the standard di- 
lutions. 

This method of determination is a simplified variant 
of the procedure described in 6.3. 

6.3.2 Application to measurement by the 
constant rate injection method 

When the gauging is performed in good conditions, 
the scatter of the Gi about their mean G is small, and 
a small number of standard dilutions suffices to define 
the response function over the range used (072 
to 20’). 

6.3 Direct determination of the dilution 
factor 

The method of comparative or standard dilutions is 
particularly recommended because it minimizes the 
effects of systematic errors in the determination. 

6.3.3 Application to measurement by the sudden 

6.3.1 Principle 
injection method 

After estimating D’ from the dilution factor D [using 
formula (511 from the test conditions and from the 
estimate Q’, however rough, of the discharge Q to be 
measured, the method consists of preparing a series 
of standard dilutions of a sample of the injected sol- 

The necessary range of G’i varies according to the 
method of sampling selected (see 10.4.2). In the case 
of a mean sample (see 10.4.2.3) or several mean 
samples (see 10.4.2.4), conditions differ little from 
those of the constant rate injection method. 

ution, having known dilution factors D’,, D’,, . . . . D’, 
surrounding the estimated value D’. 

In the case of discrete samples (see 10.4.2.2) or con-. 
tinuous recording, the concentration c2i of the sam- 
ples may vary over a very large range, and it is 

The analytical equipment is then used as a comparator necessary to determine the response of the analytical 
to determine the value of the dilution factor D. The equipment by a larger number of standard dilutions 
basic requirements of the equipment are thus sensi- distributed over an interval which could extend for 
tivity and stability. The latter is necessary only during example from D//IO to 1OD’. 
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6.3.4 Preparation of standard dilutions 

6.3.4.1 Definition 

The set of standard dilutions required is defined by 
the number of standard dilutions, their range and their 
distribution around the central value. 

The range is a function of the accuracy with which 
field conditions permit the estimation of the dilution 
factor D', which corresponds to the central value? 
The set of dilutions will comprise five to seven values, 
in a sequence approximating a geometric sequence. 

For example, using either dilution Di ( = l/cri) or rela- 
tive concentration (cri), most purposes can be served 
by selecting seven consecutive values from the fol- 
lowing reference series, multiplied by a factor of 1 Oz. 
The range can be extended by choosing alternate 
values. 

For relative concentrations: 

0,8; 1; 1,25; 1,5; 2; 2,5; 3; 4; 5; 6; 8; 10; 12,5 

For dilutions: 

12,5; 10; 8; 6,4; 5; 4; 3,2; 2,5; 2; 1,6; 1,25; 1; 0,8 

The establishment of standard ranges of this type, 
associated with a detailed laboratory procedure, al- 
lows significant savings of time in preparation and 
analysis in the laboratory or in the field, gives 
measurements which are more comparable, and aids 
in the choice of the most appropriate equipment for 
the smallest suitable number of dilutions. 

Two methods can be used to obtain the sets of stan- 
dard dilutions: the volumetric method and the 
gravimetric method. 

6.3.4.2 Volumetric method 

This method uses calibrated glassware (i.e. pipettes, 
flasks and microburettes) to prepare the required se- 
ries of standards by successive dilution operations. 
Essential precautions for obtaining suitable accuracy 
by this method are as follows: 

a) select, from the apparatus conforming to the rel- 
evant standards, that which is most convenient to 
use and provides an accuracy appropriate to the 
problem; 

b) avoid in particular pipettes of volume less than 
10 ml and flasks of volume less than 250 ml. 

d 

One-mark bulb-type pipettes, 
easily handled, are preferred; 

which are most 

follow scrup ulously the recommend 
laid down in the relevant standards; 

ations for use 

d) maintain all glassware in a perfect state of clean- 
liness and discard any equipment which is 
chipped or stained. 

6.3.4.2.1 Use of pipettes and flasks only 

This is the least sophisticated and the least expensive 
procedure, but it is not always possible to obtain 
conveniently the values proposed for the reference 
series. A guide to the procedure and a list of rec- 
ommended equipment is presented in annex A. 

To obtain the best results, the following additional 
recommendations are useful: 

a) one series of pipettes and flasks should be clearly 
marked and reserved for the initial dilution oper- 
ations which involve the highest concentrations 
and the greatest risks of persistent contamination, 
despite washing; 

b) each pipette should be rinsed several times with 
the solution which it is to deliver; 

c) it is recommended that tests of the effectiveness 
of cleaning procedures be performed regularly, for 
example by rinsing supposedly clean equipment 
with distilled water and ,examining for tracer in the 
rinse water; 

d) the work plan of the laboratory should be rigor- 
ously organized to separate the zones of prep- 
aration of samples, for first dilutions of 
intermediate concentration and for standard di- 
lutions, to avoid accidental contamination. 

Disadvantages of this method are 

- the inconvenience of its use in the field; 

- in the case of large dilution factors, the number 
of successive dilutions necessary, which prolongs 
the operation and leads to a possible loss of ac- 
curacy. 

The advantage of this method is that the equipment 
can be easily obtained at moderate cost, even for 
equipment of the highest accuracy. 

1) This range is also dependent on the method used (see 6.32 and 6.3.3) 
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Although the methods set out in 6.3.4.2.2 and 6.3.4.3 
are preferred, it is desirable to have the necessary 
equipment for the application of this method in 
emergencies. 

6.3.4.2.2 Microburettes 

Microburettes (also known as microsyringes) consist 
of a cylinder containing a piston which is driven by a 
manually controlled micrometer device (hand- 
operated type) or by an electromechanical device; 
some types permit the delivery of volumes adjustable 
continuously from 0,Ol ml to 0,5 ml with an accuracy 
better than 0,5 %. Thereby it is possible to obtain very 
conveniently suitable ranges of standards distributed 
around the reference dilution LY, by injecting directly 
into a series of beakers containing for example 50 ml 
of river water. Under these conditions and depending 
on the final accuracy required, it may be necessary to 
carry out a strength correction of the dilution due to 
the addition of the volume V delivered by the 
microburette into the reference volume, V&, of the 
standard dilution, [V/(V,,, + V) instead of V/V,,& 

It is possible, using for the first dilution either a 
pipette and a flask or another microburette, to obtain 
dilution factors of IO6 or IO’ with only two successive 
dilution operations. 

The advantages of microburettes are 

- a reduction in the amount of glassware necessary, 
in the length of the dilution operations and in the 
quantities of background water necessary for the 
standard dilutions; 

- a consistent accuracy, practically independent of 
the dilution factor. Moreover, their compact size 
permits their use in the field. 

As in the use of the pipette-flask procedure, it is 
possible to define predetermined ranges of standards, 
in order to distribute the dilutions evenly around the 
estimated value, avoiding the loss of time caused by 
calculation for each analysis and limiting the necess- 
ary glassware (see annex B). 

6.3.4.3 Gravimetric method 

This method uses similar glassware, but does not rely 
on its precise calibration, the dilution factor of each 
successive operation being determined by weighing 
on a precision balance. The sequence of operations is 
described below: 

a) Determine the volume V of the required diluted 
solution and the volume V, of the solution to be 

diluted considering the desired dilution factor 
D = V,/V. 

b) Fill a small vesse.1, e.g. an ampoule or syringe, of 
suitable capacity with a volume approximately 
equal to V, of the solution to be diluted, seal the 
ampoule and weigh it: its mass is q. 

c) Weigh an empty flask of volume V,; its mass is 
M,. Fill it partly with the diluent water, then add 
to it the contents of the ampoule. 

d) Top up to volume V2 with the diluent water and 
weigh: its mass is h& 

e) Weigh the ampoule with its residue: its mass is 
ml. 

f) Calculate the exact value of the dilution factor by 
the relation: 

D’i M2 - 4 =------------ 
m2 - ml 

This process should be repeated for each dilution 
operation. 

It is necessary to use a highly accurate balance for the 
weighing operations. Such equipment is costly, but 
the gravimetric method can give very accurate results 
for large dilution factors. This method is particularly 
recommended for radioactive tracers, because it per- 
mits remote handling and with these tracers the 
number of standard dilutions is much reduced. 

6.4 Influence of background - Clarification 

6.4.1 Background noise 

If the conditions of preparation of the standard di- 
lutions D’i are such that they are strictly comparable 
with the samples taken from the sampling cross- 
section, there is no need to take account, in calcu- 
lation of the discharge, of the initial concentration co 

of tracer, or of a substance having similar analytical 
characteristics, existing in the flow before the addition 
of c2, ‘as long as it can be considered constant over 
the duration of the measurement. It is sufficient if the 
standard dilutions are prepared with water taken from 
the flow to be measured, either upstream of the point 
of injection during the measurement, or in the sam- 
pling cross-section before the measurement. The 
procedure recommended in 6.3 permits the cali- 
bration of the measuring instrument, taking into ac- 
count implicitly the effect of co. 

A sample of background water with no 
may be used as a blank, which should 

tracer added 
be treated in 
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exactly the same way as the other samples to be 
analysed; it is then possible to estimate the overall 
“background noise” of the analysis, which may par- 
tially be caused in particular by the presence of tracer 
in the flow. 

This operation is essential where standard dilutions 
have not been made up with water taken from the 
flow. However, as this blank is usually equivalent to 
a very high value of the dilution factor, the reading 
corresponding to it is far outside the working range 
adopted for the determination of D. A significant risk 
of inaccuracy can thus result and this reading cannot 
be used in the determination of the response function 
G’ = G’(c’). This result is nevertheless a useful el- 
ement in the interpretation of the analysis. 

6.4.2 Sample pretreatment (clarification of 
samples and standard dilutions) 

Where samples are brought from the field to the lab- 
oratory for analysis, certain tracers may be subject to 
losses caused by adsorption onto organic or inorganic 
sediments. Adsorption problems encountered in the 
use of specific tracers are detailed in IS0 9555-2, 
IS0 9555-3 and IS0 9555-4. However, the practice 
of decantation and filtration recommended applies to 
any tracer, and is outlined in this subclause. 

Adsorption onto sediment is most likely to be a prob- 
lem with finely-divided suspended material, which has 
a high surface area. If the river water contains sus- 
pended solid matter, several remedies may be con- 
sidered. 

a) A simple decantation may be sufficient to clear 
the samples. In this case the standard dilutions 
shall be made up with background water carefully 
agitated beforehand. The flasks containing sam- 
ples and standard dilutions shall be of identical 
shape, and the decantation times shall also be 
identical. 

b) If decantation does not suffice to clear the water, 
samples and standard dilutions prepared with 
turbid background water may be filtered, as soon 
as possible after collection, using a portable vac- 
uum filtration unit or syringe-mounted filters. 
Glass-fibre filters capable of removing all material 
larger than 2 pm are suitable for general use; 
smaller particles, down to 0,45 pm, can be re- 
moved by membrane filters. It is necessary to 
change the filter if it becomes clogged, or if sam- 
ples of different concentrations are to be filtered, 
and to saturate the filter with the solution to be 
filtered before each operation. For this purpose a 
certain quantity of the solution to be analysed is 

filtered and discarded, only 
quently filtered being retained 

the liquid su bse- 
for measurement. 

c) If the water is laden with colloidal clay material 
and clogs the filters rapidly, it is possible to ac- 
celerate the preliminary decantation by adding to 
the samples a known volume of a solution of alu- 
minium sulfate for simple cases, or of sodium 
silicate followed by aluminium sulfate for the 
more difficult cases. 

Preliminary tests will be necessary with all sample 
treatments to establish that no apparent or real 
changes in tracer concentration result, for example 
from uptake or release of tracer by the filter media. It 
is recommended that samples and standard solutions 
be treated in a rigorously identical fashion. 

6.5 Accuracy and limitations of the dilution 
method 

The general formula for the calculation of discharge 

Q = kD 

can be written 

Q = kD’r, 

where 

D’ is the standard dilution closest to the ex- 
perimental value D; 

is a correction coefficient (often close to 
unity) determined by the measuring in- 
strument. 

It is cl ear that the unc ertain ty in Q is the combination 
of the uncerta inties in k, D’ and Q. 

The uncertainty in k (4 or V&J is generally easily re- 
duced by using classical methods of repeated sam- 
pling and measurement (see 9.3 and 10.2). 

The uncertainty in D’ is one of the factors limiting the 
field of application of the method. In fact, for a given 
tracer, injection device and measuring instrument the 
maximum measurable discharge is proportional to the 
ratio. 

D’ c1 max =- 
c2 min 

where 

c1 Max is the maximum injectable concentration; 

c2 min is the minimum measurable concentration. 
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This ratio can reach values in excess of IO’ with cer- 
tain tracers. It is necessary therefore to prepare stan- 
dard dilutions of this order with an accuracy 
approaching 1 % (gravimetric method or volumetric 
method followed meticulously, see 6.3.4). 

The uncertainty in r, depends on the method of 
analysis, on the instrument and on the concentration 
c2, and it increases as c2 approaches c2 min. It also in- 
volves the sensitivity of the analysis, which can be 
defined as the ratio, AG/Ac,, of the change in 
response of the instrument to the change in concen- 
tration around the usual values of G and c2 analysed. 

7 Choice of tracer 

The tracers to be used in practice shall conform as 
closely as possible to the ideal tracer, whose charac- 
teristics are described in 7.1. 

7.1 Ch 
tracer 

aracteristi cs r equired of a m easurin g 

7.1 .I Hydraulic and physicochemical 
characteristics 

A good flow tracer shall have a hydrodynamic behav- 
iour identical with that of molecules of water. This 
property shall not be altered by a change of chemical 
form or possibly of phase due to an interaction with 
the medium, nor by variations of temperature which 
can occur in the course of the gauging. 

When the application of a tracer requires the use of 
a solvent, the solution obtained shall have a density 
close to that of the flow, to avoid segregation in the 
zone around the injection point. 

The tracer shall not be retained by parts of the chan- 
nel (material or vegetation) nor by material in suspen- 
sion in the flow, in such proportions as to affect the 
desired accuracy of the measurement. 

The tracer shall be stable in very dilute solution in na- 
tural waters under the influence of light and tem- 
perature, so as to permit a delay in analysis which 
may arise from the remoteness of certain gauging 
sites. 

The tracer shall have the greatest possible solubility 
in water, to ensure convenience of use in gauging. 

The tracer shall be analysable at the lowest possible 
concentration, to extend its use to the measurement 
of large flows. 

7.1.2 Metrological characteristics 

There shall be a well-defined physical or chemical re- 
lationship G = G(C) between a measurable quantity G 
and the concentration c of the tracer in aqueous sol- 
ution. 

This relation shall be stable and precise over a large 
range of concentration around the usual value c2 for 
samples taken from the sampling cross-section. 

Examples are: the disintegration rate of a radioactive 
tracer, the Beer-Lambert Law for tracers analysed by 
calorimetry, the relation between concentration and 
conductivity for certain chemical tracers, the intensity 
of fluorescence for certain dye tracers, etc. 

It shall be possible to establish this relation with an 
instrument which shall combine the following essen- 
tial qualities: 

- high sensitivity to low values of c2, 

- high stability over the period of analysis. 

It is also desirable 
- I .I I 

that the apparatus be sturdy, 
proven, easjry avajjable and of reasonable cost, and 
that it can be operated by a technician who is trained 
but not specialized, and maintained easily and 
inexpen sively. 

7.2 Criteria for comparison 

7.2.1 Preliminary note 

The choice of tracer depends on whether the aim is 
to find a tracer and an associated analytical procedure 
which covers a vast field of application and can be 
used for a large number of measurements, or on the 
contrary to find the optimal solution for a particular 
isolated application. 

In these two cases the tracer shall satisfy the criteria 
enumerated in 7.1, but it is necessary, in making a 
choice, always to associate three elements: tracer, 
method of analysis and analytical instrument. 

7.2.2 Definition of criteria 

7.2.2.1 Minimum measurable concentration, 
c2 minf at a level of accuracy E fixed at a given 
probability P (for example 95 %) 

For each combination of tracer, method of analysis 
and analytical instrument, the relation E =f(c2) is es- 
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tablished, in which E is defined by the expression (see 
also figure 1): 

E 
PI, T2)P = 

c2 

where (T,, T2)p is the confidence interval associated 
with a given probability P. 

c2 min c2 

Figure 1 - Relation between E and c2 

This relation, which involves the total number n of 
samples adopted for the measurement, permits the 
determination of the concentration c2 min associated 
with a given value go (for example 1 %). In the com- 
parison of different tracers, account is taken of the 
values Of C2 min so defined for fixed values of ~2, P and 
&OS 

7.2.2.2 Maximum dilution factor 

It is possible to calculate, for each combination of 
tracer, method of analysis and analytical instrument, 
the ratio 

D c1 max, 8 
max = c2 min, E 

c1 max, 0 is the maximum concentration in wa- 
ter at 0 “C (0 is the lowest tempera- 
ture that is likely to be experienced by 
the injection solution); 

c2 min, E is the minimum measurable concen- 
tration at E %. 

This relationship characterises the suitability of the 
given procedure for the measurement of large flows, 
and the convenience of its use. 

10 

8 Choice of measuring reach 

8.1 General considerations on the choice of 
a site 

The measuring reach shall be of length at least equal 
to the mixing length corresponding to the discharge 
to be measured (see 8.1 .I). There shall be no dis- 
turbing gains or losses of tracer or of water in the 
measuring reach. 

It is also desirable that the distance between the in- 
jection cross-section and the sampling cross-section 
be as small as possible: this leads to savings of time 
and tracer. In consequence, it is necessary to choose 
a reach where the river is as narrow and as turbulent 
as possible, where there are no dead water zones, 
and with numerous transverse currents to promote 
good lateral mixing, which is the most difficult to 
achieve. Vegetated zones, and zones where the river 
separates into branches, shall be avoided. 

In all cases it is preferable to inject into a zone of high 
velocity flow, if possible towards the opposite bank if 
the injection is performed at one bank. 

The sampling cross-section should be chosen in a 
narrow zone where there are no return currents and 
no dead water zones. 

8.1 .I Mixing condition 

The fundamental theoretical condition for the appli- 
cation of the dilution method is that the tracer should 
be adequately mixed with the river water at the sam- 
pling cross-section. 

For the method of sudden injection, this condition can 
be written: 

r 
c2(t)dt = constant at all points of the section 

4 

For the constant rate injection method, this identical 
condition is reduced to: c2 is constant over the cross- 
section at the steady state, plateau condition. 

In practice, the impossibility of obtaining perfect mix- 
ing in the field leads to the introduction of the con- 
cepts of degree of mixing (see 3.12) and mixing 
length (see 3.13). 

The degree of mixing x cannot be measured exactly 
by multiple sampling in the measuring cross-section 
without preliminary knowledge of the distribution of 
flow in this cross-section. Nevertheless, for a degree 
of mixing higher than 90 % and m equally-spaced 
sampling points across the river, the following formu- 
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lae, giving each sample equal weight, can be used as 
an approximation: 

a) 

b) 

In the case of the sudden injection method, the 
degree of mixing is 

x= 100 

where 

m 

Cl 
Ai-iT~ 

1 i=l - 
2mK 

4 + Tp 
Ai = ‘2iCtjdt 

4 

A A F,Ai =- 
i=l 

In the case of the constant rate injection method, 
the degree of mixing is 

c I +i - C, I 
i=l 

2mF2 

To obtain the greatest accuracy in the flow 
measurement, it is necessary to have the largest 
possible value of x in the sampling cross-section. 

For x greater than 90 %, the expected error in the 
flow can be as great as 2(100 - X) %. For this 
reason, a degree of mixing of at least 98 % is 
recommended for most measurements. It is also 
important to note that, to improve the mixing from 
x = 90 % to x = 95 %, the length of the measuring 
reach must be multiplied by about 1,4, and that a 
nearly identical multiplying factor is necessary to 
increase x from 95 % to 98 %. 

8.1.2 Special cases 

8.1.2.1 Dead water zones 

If dead water zones are present, they can retain tracer 
and release it only very slowly. In the case of the 
constant rate injection method, the time for the es- 
tablishment of the plateau concentration is thereby 
prolonged, and as a consequence so is the time taken 
for the gauging. In the case of the sudden injection 
method the time of the gauging is also prolonged, as 
it is necessary to continue measurements until all the 
tracer retained in the dead water zones has passed 
through the sampling cross-section. This can cause 

an error in the measurement, because a non- 
negligible quantity of tracer can pass the downstream 
section at the end of the test, when concentrations 
are too low to be measured. 

8.1.2.2 Inflow of water into the measuring reach 

Measurements can be made when there is an inflow 
of water (tributaries or springs) in the measuring reach 
only if good mixing is achieved in the sampling 
cross-section. The measured discharge then includes 
the intermediate inflows of water. 

8.1.2.3 Diversion or leakage from the measuring 
reach 

If there is a leakage or diversion between the injection 
cross-section and the sampling cross-section, the re- 
sult will be questionable, except when the location of 
this leakage or diversion is perfectly known and is 
situated at a point where good mixing has already 
been achieved. In this case, analysis of samples will 
lead to a value of the discharge of the river upstream 
of this leakage or diversion and not to the value of the 
discharge of the channel in the sampling cross- 
section. 

8.2 Preliminary tests and calculations 

These are required to estimate the mixing length, the 
corresponding duration of injection or sampling, as the 
case may be, and also the amount of tracer to be in- 
jected. 

8.2.1 Estimation of the length of the measuring 
reach 

8.2.1 .l Experimental determination 

A first trial can be carried out using a strongly coloured 
dye. A concentrated solution of this dye can be in- 
jected over a relatively short time at a point situated 
at the beginning of the measuring reach. Visual ex- 
amination of the dispersion of the solution makes it 
possible to determine whether there are any dead 
water zones or other zones of tracer loss, and is a first 
indication of the shortest distance which shall separ- 
ate the point of injection and a convenient sampling 
cross-section. 

This procedure can be improved by continuous in- 
jection using a fluorescent tracer, whose transverse 
distribution of concentration is studied at different 
sections downstream, including flow close to the 
banks, with the aid of a portable fluorimeter. Detailed 
procedures for the use of fluorescent tracers are the 
subject of IS0 9555-4. 
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8.2.1.2 Estimation of mixing length 

8.2.1.2.1 Alluvial streams 

For alluvial streams or canals, the distance L, in me- 
tres, required for 98 % mixing can be estimated using 
the following equation: 

kV2 L=7 

where 

k is a coefficient equa I to 0,l for a central 
injection, or 0,4 for a side injection (the 
values of k for vario us types of injection 
and degrees of mixing x are presented in 
table I); 

is the mean velocity in the reach, in metres 
per second; 

is the average stream surface width be- 
tween the injection and sampling cross- 
section, in metres; 

E is the transverse mixing coefficient, in 
square metres per second. 

E is given by the formula: 

E = 0,2dv* 

where 

is the average stream depth between the 
injection and sampling cross-sections, in 
metres; 

V* is the shear velocity, in metres per second, 
given by 

v* = (gr$p2 

or by substituting ?i, with d, 

v* = - l/2 
km 

where g is the acceleration due to gravity 
(9,81 ms- 2). 

Thus one obtains: 

L kvi? 
= 0,63S1/2d3/2 

Table 1 - Values of the coefficient k 

Values of k, for a degree of mixing, 
I 

Type of injection 

Central injection 

Side injection 

Multiple injection 

0,070 

0,28 

0,017 

0,004 5 

It is assumed that in a 2 or 3 point multiple injection 
each injection is made at the centre of the half or third 
of the flow associated with the injection point. 

8.2A.2.2 ountain streams 

Often, the mixing distance in mountain streams or 
streams with many contractions and/or bends will be 
shorter than computed by the equation given in 
8.2.1.2.4. The mixing length for these types of chan- 
nels may best be estimated by an empirical relation 
developed for the area in which the measurements 
are to be made. One such relation that has been used 
with success is as follows: 

L = &Q113 

where 

L is the mixing distance, in metres; 

Q is the discharge, in cubic metres per sec- 
ond; 

a is a coefficient, varying from 8 to 28 (a 
value of 10 is used for most conditions, 
but a higher value should be used for very 
steep turbulent streams); 

is the average stream surface width be- 
tween the injection and sampling cross- 
sections, in metres. 

NOTE 3 Any formula can only provide an estimate of the 
distance required for mixing. In situ tests are required for a 
more exact determination of L. 

8.2.2 Duration of injection and sampling 

8.2.2.1 Constant rate injection method 

The duration of injection shall be such that a steady- 
state concentration is established in the sampling 
cross-section for a sufficient time, T,, to allow a sam- 
pling scheme corresponding to the conditions set out 
in 9.4. 
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The duration of injection, r, will depend in general on 
turbulence in the measuring reach, varying directly 
with the length of the reach and the extent of dead 
water zones, and inversely with the mean velocity of 
the water. In practice, q is determined from the pre- 
liminary trial (defined in 8.2.1 .I) for the determination 
of mixing length. The detection at a number of po- 
tential sampling cross-sections, using a fluorimeter, 
of an injected fluorescent tracer, or more simply the 
visual observation by trained observers of the time of 
passage of a colour cloud, and the multiplication of 
this period by a certain coefficient based on experi- 
ence, can be used to estimate TP, the time of passage 
of tracer through these cross-sections. It is then 
possible to construct curves (1 and 2 in figure 2) cor- 
responding to the appearance and disappearance of 
tracer in each section under consideration in response 
to a sudden injection. 

Let the sampling cross-section, corresponding to the 
minimum mixing length compatible with the desired 
accuracy, be S,. 

To determine the duration of injection required to en- 
sure a plateau of concentration of duration Tc at the 
selected sampling cross-section, it is necessary to add 
the required plateau duration to the time of passage 
Tp through S,. 

The variation of the plateau duration for stations 
downstream can be seen by drawing a curve I’, par- 
allel with curve 1 of appearance of tracer, and offset 
by the sum of the duration of plateau T, and the time 
of passage through S,, Tp (see figure3). The intercept 
of this curve with the time-axis is the minimum dur- 
ation of injection. Curve 2’ parallel to curve 2 gives the 
time of cessation of passage of the tracer at each 
cross-section. It is easily seen from the figure that the 
intersection of curves 1’ and 2 marks a cross-section 
downstream of which there is no plateau of concen- 
tration at all. 

8.2.2.2 Sudden injection method 

In the same way as for the constant rate injection 
method, the preliminary test is used to determine the 
start and duration of sampling in the selected cross- 
section. As a precaution, this duration shall be chosen 
larger than the duration determined by visual in- 
spection of colour. It may be necessary to adjust the 

duration of injection to obtain a satisfactory duration 
of sampling, taking into account the following factors. 

For a given mass of tracer injected, the mean con- 
centration noted at a point in the sampling cross- 
section during the time of passage decreases as the 
duration of the injection increases. As this value of 
mean concentration affects the accuracy of the 
measurement, it may be preferable to perform a short 
injection so as to reduce the mass of tracer required. 
However, it may be necessary to increase the dur- 
ation of injection, and consequently the time of pas- 
sage of the tracer cloud through the sampling 
cross-section, to ensure sufficient accuracy in certain 
modes of sampling (see 10.4.2). 

In natural streams it is not possible to calculate Tp, 
except in a very approximate fashion. However, ex- 
perience shows that the time of passage Tp of the 
tracer is larger than the square root of the time ta be- 
tween the injection of tracer and its arrival at the 
sampling point, these times being expressed in hours. 

8.2.3 Determ 
injected 

ination of the mass of tracer to be 

The mass of tracer to be injected, and hence the cor- 
responding volume of injection solution, are deter- 
mined on the one hand from the results of preliminary 
trials (see 8.2.1 .I ), and on the other hand as a function 
of the characteristics of the injection and sampling 
equipment, factors pertaining to the tracer and to the 
selected method of analysis and the estimate of the 
discharge to be measured. 

8.2.3.1 Estimation of the discharge to be 
measured 

An estimate Q’, however rough, of the discharge Q to 
be measured is necessary, as much for field oper- 
ations as for analysis by the standard dilution method. 

For this purpose it is necessary to use either a direct 
estimation of the mean velocity (by floats or natural 
floating bodies) and the wetted section, or indications 
from a neighbouring hydraulic structure (sluices, hy- 
droelectric stations, etc.) or, obviously, from the 
stage-rating curve of the nearest gauging station on 
the same stream, or the results of a preliminary test 
to estimate the mean velocity. It is sufficient to obtain 
an approximate value such that Q’/2 < Q < 2Q’ so as 
to avoid the most difficulties. 
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Figure 2 - Curves of appearance and disappearance of tracer for a sudden injection - Shapes of curves 
of concentration against time and distance 
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injection q for a gauging by the constant rate injection method - Shapes of curves of concentration 

against time and distance 
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8.2.3.2 Constant rate injection method 

The tests lead to an estimate, Q’, of the discharge to 
be measured, and the determination of Ti, the mini- 
mum duration of injection: it is also necessary to 
choose an approximate value c2 of the resulting sam- 
ple concentrations, which corresponds to the range 
of optimum accuracy and sensitivity of the analytical 
procedure. 

The mass of tracer to be injected is given by the re- 
lation: 

M = Q’T+T~ 

The injection rate and the cone 
jection solution are deduced from 

qc, = Q’c2 = M/T, 

entration of 
the relation 

the in- 
(2) . . 

NOTES 

4 If (Tmin and 4max are the limits of the range of injection 
rates available for the equipment in use for the gauging to 
be possible it shall be feasible to choose 4 such that 

4min < 4 < 4max 

and 

Q’c2 min V max -<q<- 
c1 max Ti 

V max is the maximum volume of solution that can be 
injected conveniently at constant rate under the 
conditions of measurement; 

c1 max is the maximum tracer concentration practically 
realizable under the conditions of measure- 
ment; 

c2 min is the minimum concentration that can be de- 
termined precisely by the analytical equipment. 

If this double condition is satisfied, it is possible to choose 
a pair of values q and cl, taking into account the following 
additional criteria: it is of advantage to minimize the ratio 
c,/c2, the dilution factor, since the accuracy of preparation 
of the standard dilutions varies inversely with this factor. 
Hence for a fixed c2, the minimum value of cl, which corre- 
sponds to the largest possible injection rate, is found: 

4 < VmaxlT 

CI = Q’c21q 

The measurement is impossible if 

Q’c2 min , Vmax - - 
c1 max T 

In this case, it may be possible to make a measurement by 
the sudden injection method (see 823.3). 

5 The mass of tracer to be injected is a function of q, other 
factors held constant. It is clearly of advantage to minimize 
T; this imposes the condition of seeking, in the measuring 
reach, the best combination of injection cross-section and 
sampling cross-section and hence the reach offering the 
shortest possible mixing length. If necessary, it is possible 
to alter the position of the point of injection in the cross- 
section, to inject at many points, or on the inner bank of a 
bend or in a zone of strong turbulence etc. 

6 The highest possible tracer injection rate for a given set 
of equipment, and hence the maximum measurable dis- 
charge is given by the combination of cl Max and qmax; it is 
clear that under these conditions the duration of injection is 
as short as possible (hence the advantage in following the 
recommendations above) but the dilution factor is maxi- 
mized. 

8.2.3.3 Sudden injection method 

The preliminary tests provide a value Q’ of the dis- 
charge to be measured, and a value Tp for the maxi- 
mum practical duration of the passage of the tracer 
cloud through the sampling cross-section. A value ~2, 
an optimal mean resultant concentration, is fixed cor- 
responding to the optimum range of the analytical 
equipment. Applying formula (5): 

Q = kD 

with k = V/Tp and D = cl/C2 results in: 

M = cl V = Q’T& 

In practice, a value larger than M is adopted for safety, 
to take into account the uncertainty in this computa- 
tion. 

8.2.3.4 General notes 

8.2.3.4.1 In the sudden injection method, to reduce 
the ratio D it is necessary to inject the volume Vmax, 
but in order to reduce the mass of tracer and the 
corresponding injected volume, it is advantageous to 
seek, in the measuring reach, local conditions for in- 
jection and sampling which minimize Tp. This opti- 
mization is the same for the sudden injection method 
as for the constant rate injection method (see 
figure3) since the duration of injection at constant rate 
q is equal to Tp plus the time TC chosen for the plateau 
of concentration c2 in the sampling cross-section: 

q = TC + Tp 

8.2.3.4.2 It is possible to compare the masses of 
tracer necessary, under the same conditions, for the 
measurement of the same flow by the two methods: 

M, = Q’T& (sudden injection) 
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Mz = Q’(T, + T,)cz = M, + Q’TCc2 (constant rate in- 
jection) 

Thus more tracer is always needed for the constant 
rate injection, and it is of advantage not to increase 
unnecessarily the length of the plateau Tc. 

In fact this duration shall be sufficient to prove the 
reality of a plateau (the fundamental hypothesis of the 
application of the constant rate method). 

9 Procedure for the constant rate 
injection method 

9.1 Preparation of the injection solution 

It is essential that the injected solution be perfectly 
homogeneous. This can be ensured by using ener- 
getic stirring with a mechanical agitator or a circulating 
pump. It is recommended that the injection solution 
be prepared, in a vessel separate from the supply 
vessel, with water filtered by an appropriate method. 
If nevertheless mixing is carried out in the supply 
vessel, this shall have a capacity sufficient to prevent 
the need to add liquid or tracer during the injection. In 
the case of an injection of long duration, all necessary 
precautions shall be taken to prevent variation in con- 
centration of the solution with time (for example by 
evaporation which can occur at ambient temperature). 

9.2 Injection of the solution 

The solution shall be injected (at the selected injection 
cross-section in the measuring reach) at constant rate 
for the time necessary to obtain a plateau of concen- 
tration of sufficient duration (see 8.2.2). Various de- 
vices can be used to carry out this injection. For all 
these devices it shall be possible to check the 
constancy of the mass rate of discharge of tracer. 

One way to achieve this is to monitor the constancy 
of the concentration and of the discharge of the in- 
jected solution. Watertightness of circuits shall be 
verified; impurities in suspension which could affect 
the flow in the injection circuits are to be eliminated. 

The devices which are most often used are: 

a) Constant level vessel (see figure4) 

A constant level vessel shall have dimensions and 
volume sufficient to encourage complete disper- 
sion of the flow emerging from the inlet pipe and 
to avoid any direct circulation of liquid between 
the inlet and outlet pipes and the setting up of 
dead water zones in the vessel. The edge of the 
weir maintaining the constant level in the vessel 

shall be sharp, horizontal and of sufficient length 
that the head at the outlet orifice remains con- 
stant, despite small variations in the inlet dis- 
charge. Arrangements should be made to collect 
solution overflowing from the vessel during a test, 
to prevent its reaching the channel. It is possible 
to obtain a range of injection discharges with a set 
of orifice plates of different diameters, con- 
structed to conform with the relevant standards. 

b) Pump driven by a constant speed motor (see fig- 
ure 5). 

The speed shall be very carefully held constant. 
This speed can be either measured directly, or 
deduced from the supply frequency in the case 
of a synchronous electric motor. 

c) Other devices 

1) Mariotte vessel (see figure 6). 

The constant rate injection is achieved by 
means of an airtight vessel provided with an 
orifice plate or nozzle at its bottom portion. 
The liquid flows through the restriction and air 
enters the vessel through a tube, maintaining 
atmospheric pressure at the lower end of the 
tube, set at a determined height above the 
restriction. The head on the restriction and 
consequently the discharge from the vessel 
remain constant, independently of the level in 
the vessel. 

93 . 

2) Floating siphon (see figure7). 

The solution is taken from a vessel by means 
of a siphon that is fixed on a float. The lower 
end of the siphon is fitted with an orifice plate 
or nozzle. The head on the restriction and 
consequently the discharge from the vessel 
remain constant, independently of the level in 
the vessel. 

Measurement of injection rate 

The measuring device for the injection rate shall have 
an accuracy compatible with the overall accuracy de- 
sired for the flow measurement. 

Two cases can be considered: 

a) The injection device has its own measuring device 
whose operation conforms to the specifications 
of a standard (e.g. orifice plate), or which can be 
calibrated under conditions identical with those of 
the measurement. 
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NOTE 7 If an orifice plate is used, the flow q is in- 
fluenced by the kinematic viscosity of the injection sol- 
ution. This effect, generally small, shall be taken into 
consideration for precise measurements. 

b) The injection device does not have a measuring 
device but the discharge may be determined dur- 
ing injection by the direct measurement of funda- 

G auze fil 

inflow 
reserv 

Level regulating weir '------\ 

mental quantities (e.g. the fall in level in a vessel 
or a volumetric pump). The injection device shall 
not be deformed under field conditions, and can 
itself be calibrated outside the period of injection. 
It may be necessary for highly precise measure- 
ments to verify the calibration before and after the 
measurement. 

oir 

Interchangeable 

Hinged shutter 
(shown partly open) 

Overflow 
(to be collected 
or returned to 
reservoir) 

Figure 4 - Constant level tank for the injection of tracer solution at constant rate 
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Figure 5 - Use of a constant-rate pump for injection of tracer solution at constant rate 
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Figure 7 - Floating siphon device 
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9.4 Sampling 10 Procedure for the sudden injection 
method 

Sampling consists of the collection from the flow, ei- 
ther directly (by weighted bottles, for instance) or in- 
directly (by sampling at the outlet of a pump for 
example), of a certain number of samples at defined 
intervals of time, whose precise length, however, is 
not important. For the purposes of analysis and cal- 
culation of discharge, it is necessary to provide for the 
following samples: 

a) 

W 

Two or three samples of background water, which 
shall be collected in the sampling cross-section 
before injection and upstream of the injection 
cross-section during and after the measurement, 
with the purpose of verifying that the effect of 
background in the channel remains constant dur- 
ing the measurement (see 6.4). At least one of 
these samples should be of sufficient volume for 
the preparation of the standard dilutions. 

Samples of water containing tracer shall be col- 
lected in the measuring cross-section at at least 
three points (left bank, centre and right bank) to 
verify that good mixing has been obtained; at each 
point, at least three samples shall be taken over 
a sufficient interval of time to confirm the plateau 
concentration and to permit the calculation of dis- 
charge. In practice, to mitigate the effects of ac- 
cidental errors in analysis, it is preferable to 
increase the number of samples. 

c) Two samples of the injected solution shall be 
taken at the outlet of the injection apparatus, be- 
fore and after the injection period, to check the 
homogeneity of the concentration cl and for the 
determination of the dilution factor D. Further- 
more, if the injection equipment permits, it is 
recommended that a supplementary sample be 
taken during the injection, without modifying the 
injection rate q. 

NOTES 

8 It is important to take appropriate precautions to avoid 
contamination of the sampling equipment or personnel by 
concentrated solution. The samples of the injection sol- 
utions should be stored and transported separately from the 
samples of river water. 

9 The cost of taking additional samples should be com- 
pared with the risk of taking too few samples and invalidat- 
ing the gauging. Further, losses or accidental errors can 
occur during storage, transport and analysis; it is thus pref- 
erable to take a number of samples larger than the theore- 
tical minimum. 

10.1 Preparation of the injection solution 

It is recommended that a solution of concentration cl 
be prepared with the necessary mass of tracer M (see 
823.3) with the aim of obtaining a volume suitable 
for the conditions of the injection. It may be necessary 
to select a particular solvent other than water for this 
operation (see 7.1 .I). 

For a single measurement, it is possible to use 
gle vessel for: 

- the mixing of the tracer solution from whit 
ples are taken for the determination of c',, 

preparation of standard dilutions, 

a sin- 

I sam- 
or the 

- the 
and 

exact determination of the injected volume V, 

- the complete 
ured volume. 

and rapid injection of all the meas- 

For a series of comparable measurements, it is poss- 
ible to separate the operations of mixing and injection 
by using several vessels. It is practical, for example, 
to carry in conveniently chosen sealed vessels, known 
volumes of the same injection solution. 

10.2 Determination of the injected volume 

To determine the injected volume, the three following 
possibilities are available: 

a) use of a calibrated reservoir; 

b) geometrical determination of the volume of the 
injection solution contained in the reservoir; 

c) measurement by weighing. This is the most pre- 
cise method. Determination of the volume in this 
case requires the use of the density of the in- 
jected solution at the given temperature, which 
should be obtained by laboratory methods, using 
a sample of the injected solution. 

10.3 Injection of the solution 

The duration of the injection should be as short as 
possible, so as to reduce the sampling time and the 
mass of tracer required for a given accuracy. 

However, by extending the duration of injection of the 
tracer, possibly to several minutes, the maximum 
concentrations around the point of injection are re- 
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duced, which reduces the effects of density segre- 
gation. 

Q IS0 

10.4.2.2 Collection of discrete samples 

10.4 Sampling 

10.4.1 Samples 

For the purposes of the 
to provide the following 

measurement, it is necessary 
samples: 

a) At least three samples shall be taken in the 
measuring cross-section before the injection and 
upstream of the injection cross-section before and 
after the measurement, to verify that the initial 
concentration co in the channel remains constant 
during the measurement. 

b) One or two samples of concentration cl of the 
injection solution shall be taken. 

c) In the measuring section, it is possible to proceed 
either by continuous recording or by discrete 
sampling. 

In the two latter cases, sampling should be performed 
at at least three fixed points (left bank, centre and 
right bank) to verify that good mixing has been 
achieved. Samples near the bank shall be taken from 
flowing water. 

This recommendation is important for a measurement 
on an unknown reach or on a known reach under new 
conditions. For routine measurements where experi- 
ence can guarantee the quality of mixing, a single 
sampling point may be sufficient. 

10.4.2 Methods of sampling in the measuring 
cross-section covering the time of passage of the 
tracer 

The sampling interval and the number of samples 
shall be chosen so as to obtain no fewer than four 
samples on the rising slope of the concentration-time 
curve, between the arrival of the tracer and the peak 
of tracer concentration. At least 15 samples in all shall 
be taken: if the results of preliminary tests are not 
available, or too inaccurate, more samples may be 
required. 

Two procedures are used: 

10.4.2.2.1 Collection of quasi-instantaneous 
samples at known and recorded times 

Successive samples shall be taken at each sampling 
point of the cross-section during the time of passage 
of the tracer. After analysis, the curve of variation of 
c2 with time (or of c2/c, according to the method of 
analysis) may be traced and planimetered. The time 
intervals between sampling need not be equal [see 
figure 8 b)]. 

10.4.2.2.2 Collection of quasi-instantaneous 
samples at equal and known intervals of time 

This procedure leads to the tracing of the curve in 
10.4.2.2.1, but does not require the recording of the 
time of each sample. It also permits the use of the 
procedures described in 10.4.2.3.2 and 10.4.2.4, 
possibly as a check at a later stage in the laboratory 
[see figure 8 c)]. 

10.4.2.3 Collection of mean sample 

The two following procedures are used: 

10.4.2.3.1 Sampling at constant rate 
10.4.2.1 Continuous recording 

When using the conductivity method, and where var- 
iations in temperature and natural conductivity of the 
water are negligible, it is acceptable to record contin- 
uously the conductivity of the water during the 
sage of the tracer [see figure 8a)]. 

Continuous recording is also possible when f 
escent or radioactive tracers are used. 

pas- 

luor- 

The sensing element of the measuring apparatus may 
be directly immersed in the flow or placed in a diver- 
sion channel fed by sampling the flow at a reasonably 
constant rate at a fixed point. It is then important to 
provide for the fixing of the sensing element in the 
first case, and the inlet strainer in the second case. 

Several devices can be used to obtain a sample at 
constant rate, during the passage of the tracer at a 
fixed point [see figure 9 a)]. 

The simplest method is to siphon through a flexible 
pipe of inside diameter about 5 mm, provided with a 
strainer, into a vessel of volume sufficient to accom- 
modate the entire sample. 

If the site does not lend itself to siphoning operations, 
a pump may be used to supply a constant level vessel 
(see figure4). Alternatively, a volumetric pump may 
be used (see figure 5). 

It is important, in this procedure, to fix the strainer 
firmly to prevent any movement. 
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Figure 8 - Typical sampling curves 
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a) Sampling at constant rate to obtain a single mean sample (see 10.4.2.3.1) 

b) Mixing of quasi-instantaneous samples taken at equal time intervals 
(see 10.4.2 3.2) 

Figure 9 - Obtaining mean samples 
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10.4.2.3.2 Collection of quasi-instantaneous 
samples at equal intervals of time and mixing of 
these samples [see figure 9 b)] 

To approach the conditions of 10.4.2.3.1, the interval 
of time between samples should be short; the sam- 
pling interval and the number of samples shall be 
chosen so as to obtain no fewer than four samples 
on the rising slope of the concentration-time curve, 
between the arrival of the tracer and the peak of 
tracer concentration. At least 15 samples in all shall 
be taken: where the results of preliminary tests are 
not available more samples may be required. 

Experience shows that departures of 5 % in the vol- 
umes of the various samples do not introduce a sig- 
nificant error in the calculation of the flow, if the 
number of samples is large. 

For all the procedures, the collection of quasi- 
instantaneous samples at equal time intervals can be 
replaced by the collection of mean samples over the 
same time intervals. This procedure is less sensitive 
to variations in the rhythm of sampling and to irregu- 
larities in the rate of sampling or in the curve 
c-2 = c2 (t) . 

10.4.2.4 Collection of several mean samples 
beginning at the same instant 

Using a pump with a manifold, ~1 mean samples are 
taken at constant rate from the same fixed point in 
the cross-section; these n samples have the same 
starting time before the arrival of the tracer, and ter- . 
mrnate at times t,, t2, . . . . tn after the start of sampling 
[see figure 10 a)]. 

The most reliable solution, which will however 
necessitate either the use of larger quantities of tracer 
or lower concentrations for the samples finishing at 
times t,, t2, . . . . tn, is to start sampling immediately be- 
fore the arrival of the tracer, and to adopt the value 
4 = TP, where Tp is the time of passage of tracer 
through the reach. 

In this case, if Tp has not been underestimated, all the 
samples will lead to the true value of discharge. If Dj 
is the dilution determined by analysis for the sample 
which terminates at time t:: 

Q vDl =- vD2 %3=... =- =- =- 
4 t2 t3 

y 0, 
n 

If Tp has been underestimated, the apparent discharge 
calculated from the first samples will be too large, but 
certain samples such as ti . . . tn will give the true value. 
In the worst case, an extrapolation of the curve Q(t) 
to its asymptotic value will lead to the true value of 
the discharge. 

A more economical solution is to adopt for example: 

t3 = Tp with t, < Tp and t2 < Tp 

t4 > Tp, t5 > Tp . . . tn > Tp 

If Tp is correctly evaluated, the analysis of samples 
taken at times t3, t4, t5, . . . . tn will lead to the true value 
of the discharge, t, and t2 to too large a value (the 
sample taken at t3 will have the concentration consid- 
ered as optimal for analysis) while those taken at t4, 
t5, “‘I tn will have lower concentrations. 

If Tp has been underestimated, t5 and t6 or a prudent 
extrapolation of the curve Q(t) will lead to the true 
value of discharge. 

If Tp has been overestimated, all the samples will lead 
to the true value of discharge. 

For the application of the procedures described in 
10.4.2, it is possible to use the apparatus in 
figure 11. 

10.4.2.5 Collection of several successive mean 
samples 

An alternative procedure, which has the advantage of 
distinguishing between the systematic decline in Q(t) 
(see 10.4.2.4) and random errors in the analysis, is to 
obtain average samples over the intervals 0 to t,, t, to 
t2, etc., and to analyse these samples individually 
[see figure 10 b)]. 

If t, is chosen equal to Tp, and if Tp is an underesti- 
mation of the true value, then the concentration of the 
sample taken between t, and t2 will be greater than 
zero, but later samples will have concentrations tend- 
ing to zero. 

If the sample taken between tn and tn +, is the last that 
is significantly different from zero, and the samples 
represent dilutions D,, D2, . . . . Dn + ,, then: 

Q V 
= tllDl + (t2-tl)lD2+ -** + (G+l - 4z)lDn+1 

The advantage of this method is that the time tn +, at 
which the passage of the tracer is complete is more 
easily and reliably estimated. 

The disadvantage is that much reliance is placed on 
the first samples. 

10.4.2.6 Important notes 

Whichever method is chosen, it is essential that the 
sampling point remains the same for all the samples 
and throughout the duration of sampling. 
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a) Several mean samples beginning at the same instant (see 10.4.2.4) 

Successive mean samples 

Time - 

b) SeveraC successive mean samples (see 10.4.2.5) 

Figure 10 - Obtaining several mean samples 
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NOTE - Graph shows selection of mean sample for discharge calculation (see 10.424). Samples terminated at 3 min 20 s 
and 5 min overestimate the discharge; later samples are satisfactory. 

Figure 11 - Pump with manifold for multiple sampling 
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It may be desirable, in particular in the case of the 
method of 10.4.2.3, to have a detector placed in situ 
upstream of the measuring cross-section to indicate 
the time at which the first sample is to be taken. The 
distance at which the detector is placed shall be suf- 
ficient for sampling to start before the appearance of 
the tracer at the sampling cross-section. The methods 
of sampling in 10.4.2.3 are particularly recommended, 
as they involve the least cumbersome analysis. On 
the other hand the methods described in 10.4.2.2 can 
involve the use of lighter equipment in the field, and 
offer the possibility of analysing the effectiveness of 
discrete sampling methods. 

In all cases, the duration of the sampling operation 
shall be at least equal to and synchronous with the 
duration of passage of the tracer cloud through the 
measuring cross-section (see clause 5). 

11 Comparison between the two 
dilution methods 

11 .I General 

The differences between the two methods mainly 
concern the necessary equipment and field oper- 
ations. 

The constant rate injection method can provide more 
information on the quality of mixing and the possible 
effects of a variation in discharge; it is generally 
possible to obtain as many samples, on the plateau 
of concentration and distributed in time and space, as 
are necessary for verification. For a fixed duration of 
injection Tit figure3 shows that the duration Tc of the 
plateau will be insufficient for cross-sections close to 
the cross-section S’ corresponding to the intersection 
of curves 1' and 2, and will be zero for all cross- 
sections downstream of S’. The possible reach is 
therefore limited for the constant rate injection 
method: the method of sudden injection, in the ab- 
sence of loss of tracer by adsorption, is less con- 
strained. For this reason, and for large streams, the 
sudden injection method will often be preferred. 

An advantage of the sudden injection method is the 
use of a smaller quantity of tracer, and this can be 
very important in terms of cost or public acceptability, 
in particular when diversion of water downstream of 
the injection point requires a certain stream water 
quality. However, it should be noted that peak values 
of concentration of tracer in the river will be higher if, 
for analytical reasons, the mean value for the sudden 
injection method is chosen to be of similar magnitude 
to the plateau value for the constant rate method. 

The total duration of a sudden injection measurement 
will always be shorter than that of the same 
measurement by the constant rate injection method; 
however, the difference will only be significant for 
small streams. 

11.2 Injection of tracer 

The constant rate method requires more soph- 
isticated equipment for injection of tracer, to obtain a 
constant discharge which can be determined pre- 
cisely, but conversely there is no need for precise 
measurement of times or volumes in the field. 

The sudden injection method, on the other hand, re- 
quires no complex injection equipment, and this is an 
important advantage, in particular when highly active 
radiotracer solutions are to be injected. Nevertheless, 
the volume injected must be known precisely, and 
moreover the higher concentrations of tracer en- 
countered near the injection point may cause prob- 
lems of toxicity and density segregation; these can 
be diminished by increasing the duration of the in- 
jection. In this case, the rate of injection of tracer for 
a non-instantaneous injection need not be constant, 
provided that precise measurement can be made of 
the volume of solution injected. 

11.3 Sampling and analysis of results 

In general, for the method of sudden injection, sam- 
pling is more complex than for the constant rate 
method. This is due to the necessity to measure 
mean values of concentration instead of the quasi- 
instantaneous values obtained on a concentration 
plateau. Sampling for the sudden injection method 
requires either the taking of a large number of sam- 
ples on a rigid time schedule, or the use of soph- 
isticated apparatus. The analysis of results by 
statistical methods is identical for the two methods 
but in general the constant rate method will supply a 
larger number of data, permitting greater accuracy in 
the final determination of the discharge. 

12 Estimation of uncertainties 

12.1 General 

The accuracy of a discharge measurement is best 
expressed in terms of a statistically determined range 
of uncertainty.. In this instance the measured dis- 
charge is the discharge calculated from the dilution 
of a known amount of tracer, and the uncertainty of 
the measurement is the range within which the true 
discharge can be expected, with 95 % probability, to 
lie (95 % confidence level). 
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The uncertainty of a measurement is estimated as the 
combination of uncertainties in the contributing 
sources of error. Thus, the relative influence of each 
contributing source can be assessed to determine 
whether, with the resources and techniques available, 
discharge can be measured with sufficient accuracy 
for the purpose in hand. 

12.2 Uncertainties due to different kinds of 
error 

Errors, leading to uncertainty in the discharge com- 
putation, are classified as random or systematic. 
Random errors are experimental errors or reading er- 
rors which lead to repeated measurements of a 
quantity being distributed about their mean or the 
unknown true value in accordance with the laws of 
probability. Systematic errors stem from inaccuracies 
inherent in the equipment and conditions of 
measurement; in the presence of systematic error, 
measurements of a quantity can be expected to be 
consistently higher or lower than the true value. 

The uncertainty due to random errors can be esti- 
mated statistically in terms of the standard deviation. 
The standard deviation sy of yt measurements of a 
variable Y is given by the equation: 

sy = 

l/2 
1 

cc )] 
nY y2 \ .- 

n-l 1 
. . . (6) 

i=l 

where Y is the arithmetic mean of n measurements. 

The standard deviation of the mean is 

SY=~ n s Ill . . . (7) 

If the number of measurements of the quantity Y is 
large enough for the deviations from the mean to ap- 
proach a normal distribution about zero, the uncer- 
tainty of the mean is approximately equal to 2sy at the 
95 % confidence level. 

It follows that the range in the value of the measured 
quantity is Y + 2s~. 

From equations (6) and (7) it is evident that the range 
of uncertainty due to random errors can be reduced 
by increasing the number of measurements. 

Because a measurement of a quantity subject to sys- 
tematic error gives a biased estimate of the true 
value, the uncertainty due to systematic error cannot 
be reduced by increasing the number of measure- 
ments, but must be estimated subjectively on the 
basis of knowledge of the equipment and techniques 
involved. The difficulties inherent in the calculation of 
systematic errors are such that all efforts must be 

made to detect and reduce systematic errors to the 
minimum by suitable choice of equipment and tech- 
niques. 

42.3 Sources of systematic error 

The following five sources of 
iar to dilution methods, are of 

systematic error, pecul- 
particular interest: 

12.3.1 Error associated with the tracer 

The tracer which is introduced into the injection 
cross-section is likely, in certain cases, to react with 
the water flowing in the channel, with suspended 
sediment, vegetation or the bed and banks of the 
channel or with the walls of sampling vessels in such 
a way as to reduce the concentration of tracer de- 
tected in the samples. This would lead to an overes- 
timate of the discharge, the relative error being 
approximately equal to the relative loss of tracer. 

12.3.2 Error associated with the duration of the 
gauging 

For gauging by the constant rate injection method, it 
is essential that the concentration of tracer at the 
sampling cross-section attains a constant value. For 
gauging by the sudden injection method, it is essential 
that the whole of the tracer cloud passes the sam- 
pling cross-section during the period of sampling. Re- 
tention of water in stagnant zones and in the 
boundary layer is not always negligible, and the time 
taken to achieve these conditions can be longer than 
would be expected. Cessation of sampling before 
these conditions are fulfilled results in an over- 
estimation of the discharge, the relative error being 
similar in magnitude to the relative underestimation 
of the area of the tracer concentration-time curve in 
the sudden injection method, or of the plateau con- 
centration in the constant rate injection method. 

12.3.3 Error associated with poor mixing in the 
gauging reach 

Use of the definition of good mixing (see 3.13) as- 
sumes that, owing to the turbulence of the flow, the 
concentration of tracer, though having a random sta- 
tistical uncertainty, is independent of the position of 
the sampling point. If this is the case, there is no 
systematic error and the random uncertainty in the 
mean concentration can be calculated. 

If the concentration, or the integral of the 
concentration-time curve, presents a systematic 
variation over the cross-section, the interaction of this 
distribution with that of velocity in the cross-section 
results in a difference between the mean of the 
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sample concentrations and the true mean concen- 
tration of tracer in the cross-section. A positive or 
negative systematic error results. The magnitude of 
this error is dependent on the degree of mixing and 
on the distribution of discharge across the section, 
and it can be estimated only if detailed knowledge of 
the spatial distributions of tracer concentration and 
longitudinal velocity is available, but, expressed as a 
percentage, it may exceed twice the value of the ex- 
pression (100 - x), where x is the degree of mixing. 

assumptions about the distribution of the errors. As 
stated in 12.3, systematic error tends to lead to an 
overestimation of the discharge, but this is not always 
the case. The following procedure, which provides an 
estimate of the systematic component of the total 
uncertainty, may be used to assess the effect of the 
various errors outlined in 12.3, if sufficient information 
is available. 

a) For each source of systematic error, estimate the 
range of possible values of the discharge 
(Q,, Q,). For instance, if a loss by adsorption of 
between 2 % and 5 % of tracer is expected during 
the gauging, the systematic error arising from 
tracer will be between 2 % and 5 % in magnitude, 
and will be of positive sign. For a calculated dis- 
charge Q of 100 m3/s, the range of possible val- 
ues of the actual discharge is from 95 m3/s to 
98 m3/s. 

12.3.4 Error associated with change in storage 
volume in the reach 

If the discharge changes appreciably during the 
measurement, systematic errors either positive or 
negative are introduced by the change in storage vol- 
ume between the injection and sampling cross- 
sections. The error is least when the discharge varies 
smoothly and slowly, as for example on the recession 
limb of a hydrograph, and when the mean transit time 
between injection and sampling cross-sections is 
least. It is therefore advantageous to use a measuring 
reach that exceeds the mixing length by as small a 
margin as possible. 

For the constant rate injection method, the relative 
error is approximately equal to the relative change in 
discharge over a period of time t*, equal to the mean 
time of travel through the gauging reach, the error 
being positive for a falling discharge, and negative for 
a rising discharge. Similar errors are incurred with the 
sudden injection method, if the discharge measure- 
ment is assumed to relate to a time t* after injection. 

b) Apply a correction to the calculated value of dis- 
charge, to centre it within the range of possible 
values, i.e. Q = (Q, + Q&2. 

c) Associated with this source of error there will be 
a remaining uncertainty of _+ (Q, - Q,)/2, which 
can be combined with the estimated random un- 
certainty using the method in 12.6. 

12.3.5 Error associated with sampling and 
analysis of samples 

12.5 Computation of random uncertainties 

The standard deviation of a quantity F, which is com- 
puted as a function of several quantities x,, ~2, . . . . etc., 
each of which in turn is derived from the results of a 
number of measurements, can be determined by the 
combination of the standard deviations of Y,, x2, . . . . 
etc. according to the rule: 

Errors are also likely to arise in determining the con- 
centration of tracer in the sampling cross-section and 
in samples taken from this section. These may be due 
to sampling techniques, to an interaction between the 
walls of the sampling vessel and the tracer, or to 
systematic errors in the techniques used for analysis. 

s, = 22 22 F,s, + F2s2 + . . . 112 

where 

Errors may also arise during the process of dilution 
of the injection solution. In particular, the calibration 
of volumetric glassware should be verified by 
gravimetric methods. Negative or positive errors lead 
to over- or underestimation respectively of the dis- 
charge. 

Fi is the partial derivative of F with 
to 3; 

si is the standard deviation of xi. 

respect 

The general form of the dilution gauging equation (see 
6 1) 

’ 
Q = kD 

12.4 Estimation of systematic uncertainty 
is the product of several quantities, each of which has 
its own sources of uncertainty. Each of these con- 
tributing uncertainties should be assessed separately, 
and then combined to give the uncertainty in the dis- 
charge Q. 

The effects of systematic error may be incurred in the 
analysis of dilution gauging results by making certain 
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12.5.1 Constant rate injection method 

The 

The 

discharge is calculated from the equation: 

Q = So 

standard deviation of Q is calculated from: 

(~)*=(+)‘+(~)* . ..(8) 

% is the standard deviation of the injection 
rate q; 

is the standard deviation of the dilution 
factor D. 

The standard deviation s4 is derived either from a sta- 
tistical regression analysis, e.g. of the water level in 
a cylindrical or prismatic vessel against time, or from 
a repetition of injections in the laboratory and the 
application of equations (6) and (7). 

The standard deviation of the dilution factor is calcu- 
lated either from a series of repetitive dilutions of the 
injected solution, or from the following equation: 

1 ,m 
’ 2 

ScttD 
2 

,2+ 
Cl 

‘IL 
2 2 

SczD 
2 12 

sdc 1 y-+2 . . . 
?2 C2 

(9) 

where the standard deviations set, and sc2 are evaluated 
from repetitive analysis (see 6.2) and Sd is the standard 
deviation of the dilution process, estimated from the 
known accuracy of the dilution equipment, e.g. glass- 
ware. 

II 2.5.2 Sudden injection method 

The discharge is calculated from the equation 

Q =- 
rD P 

The standard deviation of Q is calculated from 

i 
2 2 

l/2 
s;Q2 ST,~ s;Q2 

sQ= v2+ 
-+- 

T; D2 
. (lo) 

The standard deviation sv is calculated either from the 
known accuracy of the vessel used to determine V, 
or from repetitive laboratory measurement, by 
gravimetric methods for example. The standard devi- 
ation, ST is determined from the known accuracy of 
the timing device used. In the simplest case, that of 
measurement of an integrated river sample, the de- 

IS0 9555=1:1994(E) 

termination of SD follows the procedure used in 
12.5.1. 

Where discrete samples are used, the concentration 
Cz is determined as a sum of n quantities cz,i at each 
sample point: 

C2 =alczl +a&*+ l +UnCzn I , I 

where ai are coefficients depending on the time in- 
terval to which each sample relates. In the case of 
equal time intervals, the coefficients ai are all equal to 
l/n. The standard deviation of F* is determined by: 

sz;, = ( 22 22 
slal 

2 2 l/2 
+ s2a2 + . . . + snan 1 

where si is adopted here as a simplified convention for 
S C it the standard deviation associated with each sam- 
pie, calculated by repeated determination. 

To each sample C, there now corresponds a standard 
deviation sF2. 

However, it is likely that this “intrasample” standard 
deviation will be exceeded by the “intersample” 
standard deviation obtained by applying equations (6) 
and (7) to ?*. This “intersample”, standard deviation 
arises from poor mixing and other causes associated 
with the problems of.sampling in the field. 

If the “intersample” standard deviation is calculated 
bY 

. . 

1 
El-1 

m 1 
112 

C( c2,i - F*) 
2 

i=l 

F* is the mean of the Cz,i; 

m is the number of sampling points in the 
sampling cross-section, 

then an approximation to the standard deviation of Fz 
is given by: 

i 

2 1 A== q)+m 
c2 

m 
2 

=I 

SF2 .i 
i=l 

l/2 

The standard deviation of the dilution factor is calcu- 
lated as in equation (91, using qz in place of sczm 

12.5.3 General note 

The nature of many of the combination formulae given 
in 12.5, that of a sum of two or more squares of 
quantities, results in the expressions for the standard 
deviations being dominated by the largest terms in 
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the sums. For example, the standard deviation of a 
product arises largely from the least precisely deter- 
mined term in the product. It is useful to compare the 
relative standard deviations s,/Y of the terms that 
comprise the expression for the discharge: substantial 
improvement in the final accuracy of the discharge 
measurement can only be achieved by improving the 
accuracy of the term that most contributes to the er- 
ror. 

For example, if the 95 % confidence limits on the in- 
jection rate and the dilution factor for a constant rate 
injection gauging are & 5 % and $- 1 % respectively, 
the 95 % confidence limits on the discharge will be 
+ 5,099 %. Halving the error in the injection rate will - 
reduce the final uncertainty to + 2,693 %, while halv- - 
ing the error in the dilution factor will still leave an 
uncertainty in the discharge of + 5,025 %. - 

12.6 Computation of the total uncertainty 

The uncertainties arising from random and systematic 
sources are combined according to the following rule, 
to give confidence limits on the final result. If the 
systematic uncertainties arising from the various 
sources, calculated according to the method in 12.4, 
are given by + Xl, & X2, . . . . + Xk and the 95 % confi- 
dence limits on the discharge arising from random 
uncertainty are + 2s,, the total uncertainty of the 
measurement is 

+ x:+x;+...+x~+4s;y - ( 
. . . (11) 

12.7 Working examples of computation of 
uncertainties 

The following case histories are offered as examples 
of the methods of computation of the discharge and 
its uncertainty. 

NOTE 10 The actual numerical values used should not 
be taken by the user as an indication of the relative magni- 
tude of the uncertainties involved in a gauging by the di- 
lution method. 

12.7.1 Example 1 - Constant rate injection 
method 

Tracer was injected from a reservoir whose liquid 
level was measured on a scale of centimetres (e.g. a 
Mariotte vessel with a sight tube). The injection ves- 
sel calibration factor was determined in the laboratory 
by repeated tests, and this factor was used to convert 
scale readings to litres of injection solution. 

To preserve a degree of generality in the working ex- 
ample, it is assumed that the tracer concentrations 
were measured on equipment whose output was in 
the form of a scale reading between zero and 100, i.e. 
as a percentage of full scale deflection (f.s.d). Also in 
the interests of generality, the random uncertainty 
associated with the analytical equipment is regarded 
as an element of the uncertainty in the mean sample 
concentrations, and is not treated explicitly. 

Readings of the vessel scale against time were used 
in a linear regression to calculate the injection rate: 

12 09 16 
12 17 10 
12 35 30 
12 40 46 
13 01 34 
13 27 28 
13 53 03 
14 08 18 
14 28 19 
14 46 03 

Gradient: - 3,238 7 x 1 OBJ cm/s 

Standard deviation of gradient: 7,034 9 x 1 OB6 

Calibration factor: 1,039 7 I/cm 

Standard deviation of calibration factor: 
4,531 2 x lOa I/cm 

The injection rate, 4, is the product of the gradient 
times the calibration factor: 

q = 3,238 7 x 1,039 7 x 1O-3 I/s 

q = 3,367 3 x 1O-3 I/s 

The standard deviation of the injection rate, So, is 

s4 = ( 7,034 g2 x lo- I2 x 1,039 7* + 4,531 2* x lo-* x 

x 3,238 7’ x IO- “) I’* 

= 7,460 0 x IO-’ I/s 

( = 0,222 % of injection rate) 

Estimated discharge: 80 I/s 
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Estimated dilution factor 

D’ = 80/(3,367 3 x IO- “) = 23 760 

Injected solution diluted by: 

12 500; 15 000; 20 000; 25 000; 30 000; 
40 000; 50 000 

The standard deviations of each of these dilutions, 
which were made by pipette and flask, can be calcu- 
lated from the accuracy specified for the glassware. 
For example for the dilution of 20 000, which was 
made using in succession a 50 ml pipette into a 
500 ml flask, a 10 ml pipette into a 1 000 ml flask, 
then a 25 ml pipette into a 500 ml flask, assuming 
that 95 % confidence limits for the pipette volumes 
were + 0,2 % and for the flask volumes were 
+ 0,05 “90, the standard deviation SD of the dilution 
process is given by 

$I = D 
2 2 

sVp,/vpl 
2 2 

+- sVf,/vf, + **- -I- s;f,/v;) 1’2 

where the pipette volumes are Vpi and the flask vol- 
umes are ~ffi. 

For each term of this expression, it is assumed that 
the quoted confidence limits are plus or minus twice 
the standard deviation so that for a flask q/V, is 

f 

0,000 25 and for a pipette svp/Vp is 0,001. 

The standard deviation 

s, = 20 000(3 x 0,000 252 + 3 x 0,001 *)I’* 

= 35,707 2 ( = 0,150 % of the dilution factor) 

Another contribution to the uncertainty in the dilution 
factor D is due to the scatter in the river samples, 
measured in the standard dilution method as relative 
dilutions of the injected solution in the form 

5 
1 =- 
D 

where C, is the relative concentration of injected sol- 
ution. 

If the readings from the analytical equipment for the 
standard dilutions are: 

Dilutions 

12 500 
15000 
20000 
25 000 
30 000 
40 000 
50 000 

Relative Reading 
concentration (% f.s.d) 

80x 1O-6 93,0 
66,7x 1O-6 77,3 
50 x1o-6 57,7 
40 x10-" 47,1 

33,3 x 1o-6 38,s 
25~10-~ 28,8 
2ox1o-6 23,3 

and the readings associated with the samples taken 
are: 

I Right bank I Centre I Left bank I 

where three sets of samples were taken at times t,, 
t2 and t3, then the associated relative concentrations 
(read from a plotted calibration curve) are: 

Right bank Centre Left bank Mean 

39,0x 1O-6 40,8x IO- 39,4 x 1O-6 39,7 x 1o-6 

37,8~10-~ 39,9x IO- 39,l x10- 38,9~10-~ 

39,6~10-~ 39,l x 1O-6 40,l xIO-~ 39,6x IO- 

I Mean 38,8 x 10s6 39,s x 10d6 39,5 x 10s6 39,4 x 10s6 I I I 

The dilutions corresponding to the samples are: 

I Right bank 1 Centre 1 Left bank 1 Mean 

I 25641 1 24510 1 25381 j 25177 1 
26455 25 063 25 575 25 698 
25 253 25 575 24938 25255 

I Mean 25 783 1 25049 1 25298 1 25377 1 

The mean dilution factor is 25 377 and the standard 
deviation of the dilution factor [from equation (7)] is 
181,392 (see annex C) which shows that the nine 
samples can be treated as independent estimates of 
C2)* 

Combining the uncertainties in the dilution factor 
gives: 

s, = (35,707 2* + 181 ,392*)1’2 

= 184,873 

or SD = 0,729 % of the dilution factor. 

The discharge, Q, is evaluated from the equation: 

Q = qD = 3,367 3 x 1O-3 x 25 377 = 85,45 I/s 

and the standard deviation, se, from the equation (8): 

i 1 
‘I‘ 

SQ = 85,45 
(7,460 0 x 10-6)2 

(3,367 3 x 10-3)2 + 

184,873’ 

25 377* 

= 0,651 I/s 

or SQ = 0,761 % of the discharge. 
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The 95 % confidence limits are therefore: The result may therefore be presented as follows: 

+ 2 x 0,651 - = & 1,302 l/s 

or 1,524 % of the discharge. 

The degree of mixing x may be calculated from the 
formula given in 8.1 .I b): 

x= lOO[l - 

(39,4 - 38,8) + (39,9 - 39,4) + (39,5 - 39,4) - 
2 x 3 x 39,4 I 

= 99,5 % 

As an example of the computation of the systematic 
uncertainty, from 12.3.3, it is seen that the systematic 
error arising from poor mixing can be 2(100 - x). Thus 
the systematic error, assuming for this case that this 
is an upper limit, and in the absence of information 
about the distribution of discharge across the stream, 
could be + I,0 %. As this error is systematic, no cor- 
rection is applied to the calculated value of discharge, 
but account must be taken of the systematic uncer- 
tainty XffQ = _ + 1 ,O % when computing the total un- 
certainty, XQ, of the discharge measurement. 

Records from a stage hydrograph indicated that there 
had been a decrease in stream discharge of approxi- 
mately 0,75 % per hour during the measurement. The 
mean time of travel through the gauging reach was 
0,5 h. From 12.3.4, the systematic error in the dis- 
charge measurement from this cause could be ex- 
pected to be + 0,375 %, but uncertainties in the 
measurement of the time of travel and the rate of 
change of discharge mean that this error could lie 
between + 0,28 % and + 0,47 %. The correction to 
be applied to the discharge estimate is: 
- (0,28 + 0,47)/2, or - 0,375 %, resulting in a cor- 
rected discharge figure of 

= 85,13 I/s 

and a remaining systematic uncertainty of 
+ (0,47 - 0,28)/2, (or + 0,095%). - 

The total uncertainty is 

XQ = + 

+ 4 x 0,6512] “2 

= + 1,558 I/s - 

or I,83 % of discharge. 

a) Discharge 

Q = 85,13 l/s + I,83 % 

Random uncertainty 

XtQ = + I,52 % - (95 % confidence level > 

or 

b) Discharge 

Q = 85,13 I/s 

Random uncertainty 

XfQ = + 1,52 % (95 % confidence level) 

Systematic uncertainty 

X”Q = i- 4 ,o % - 

A comparison of the magnitudes of the relative stan- 
dard deviations of the elements in the calculation of 
discharge, expressed here in percentages, demon- 
strates that the primary source of uncertainty in the 
discharge is the scatter of samples taken from the 
stream. This may be under the control of the operator: 
for example a longer gauging reach could improve 
mixing and a larger number of samples could reduce 
the scatter from other causes. 

12.7.2 Example 2 - Sudden injection method 

The concentrated solution of tracer was injected into 
the current by means of an ampoule which was 
weighed before and after injection. 

The volume injected was 3,862 0 cm3 and the stan- 
dard deviation for this quantity, taking into account the 
precision of the balance, was 0,000 25 cm3. 

Discrete samples were taken every two minutes at 
three points along the sampling section. The samples 
were mixed so as to obtain a single sample for each 
sampling point, corresponding to a period 
To = 80 min. The standard deviation for the time pe- 
riod, calculated according to the precision of the clock, 
was very low and thus negligible (see 12.5.3). 

The samples were analysed on an instrument with a 
linear response (e.g. a counter, for radioactive tracers). 
Three subsamples were analysed for each sampling 
point as well as for water without tracer, taken up- 
stream of the injection point, diluted by a factor of 
6,052 2 x ‘IO”. 
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The results, expressed as concentrations, are given as follows: 

The standard deviations are calculated according to The degree of mixing may be calculated from the 
equations (6) and (7). 

After subtracting the background noise, the mean 
concentratjons 2, and c2i are: 

-7 cl = 81,02 - 2,38 = 78,64 

c,; = 14,48 - 2,38 = 12,lO 

c,, = 14,64 - 2,38 = 12,26 

c,, = l5,06 - 2,38 = 12,68 

c, = 14,73 - 2,38 = l2,35 (mean) 

The corresponding standard deviations are: 

s,t, = (0,214 22 + 0,015 32)"2 

= 0,214 7 

or 0,273 % of c',. 

S = 
c21 

(0,109 72 i- 0,015 32)"2 

= 0,110 8 

or 0,916 % of c21 (right). 

S = 
c-22 

(0,084 I2 + 0,015 32)1'2 

= 0,085 5 

or 0,697 % of c22 (centre). 

S = 
c23 

(0,115 52 + 0,015 32)"2 

= 0,116 5 

formula given in 8.1 .‘l a): 

x=100 l- 
L 

- (12,35 - 12,lO) 
2x3x12,35 -+ - 

+ 
(12,35 - 12,24) + (12,68 - 12,35) 

2x3x12,35 1 
= 99,l % 

The standard deviation of the dilution factor is evalu- 
ated from a consideration of the known precision of 
the balance used for the gravimetric dilutions: 

First dilution 

The dilution factor for 0,321 6 g of injection solution 
in a flask of 998,3 g capacity is: 

D, = 998,3/0,321 6 

=3 104,17 

The standard deviation for D,, given that the syringe 
used for the dilution can be weighed to a 95 % confi- 
dence limit of + 0,000 14 g and the flask can be - 
weighed to a 95 % confidence limit of + 0,20 g, is: 

% = 3 104,17(0,000 072/0,321 62 + 0,12/998,32)" 

= 0,743 8 

Second dilution 

The dilution factor for 0,317 1 g of injection solution 
from the first dilution in a flask of 997,8 g capacity is: 

D, = 997,8/0,317 1 

or 0,919 % Of C23 (left). = 3 146,64 
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