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PREFACE 

The series of manuals on techniques describes procedures for planning and 
executing specialized work in water-resources investigations. The material is 
grouped under major subject headings called “Books” and further subdivided 
into sections and chapters; Section A of Book 3 is on surface-water techniques. 

Provisional drafts of chapters are distributed to field offrces of the U.S. 
Geological Survey for their use. These drafts are subjected to revision because 
of experience in use or because of advancement in knowledge, techniques, or 
equipment. After the technique described in a chapter is sufficiently developed, 
the chapter is published and sold by the Eastern Distribution Branch, Text 
Products Section, U.S. Geological Survey, 604 South Pickett Street, Alexan- 
dria, VA 22304 (authorized agent of Superintendent of Documents, Govern- 
ment Printing Office). 

Reference to trade names, commercial products, manfacturers, or distribu- 
tors in this manual is for identification purposes only and does not constitute 
an endorsement or a recommendation for use by the U.S. Geological Survey. 
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MEASUREMENT OF DISCHARGE USING TRACERS 

By Frederick A. Kilpatrick and Ernest D. Cobb 

Abstract 

The development of fluorescent dyes and fluorometers 
that can measure these dyes at very low concentrations has 
made dye-dilution methods practical for measuring dis- 
charge. These methods are particularly useful for deter- 
mining discharge under certain flow conditions that are 
unfavorable for current meter measurements. These in- 
clude small streams, canals, and pipes where 
1. Turbulence is excessive for current-meter measure- 

ment but conducive to good mixing. 
2. Moving rocks and debris may damage instruments 

placed in the flow. 
3. Cross-sectional areas or velocities are indeterminate or 

changing. 
4. The flow is unsteady, such as the flow that exists with 

storm-runoff events on small streams and urban storm- 
sewer systems. 

5. The flow is physically inaccessible or unsafe. 
From a practical standpoint, such methods are limited 

primarily to small streams, because of the excessively long 
channel-mixing lengths required for larger streams. Very 
good accuracy can be obtained provided that 
1. Adequate mixing length and time are allowed. 
2. Careful field and laboratory techniques are used. 
3. Dye losses are not significant. 

This manual describes the slug-injection and constant- 
rate injection methods of performing tracer-dilution meas- 
urements. Emphasis is on the use of fluorescent dyes as 
tracers and the equipment, field methods, and laboratory 
procedures for performing such measurements. The tracer- 
velocity method is also briefly discussed. 

Introduction 
Tracer gaging may be divided into two cate- 

gories: the tracer-dilution method and the 
tracer-velocity method. The latter is commonly 
known as the salt-velocity method (Aastad and 
Reinhardt, 19541, although any tracer may be 
used. It has the advantage of simple injection, 
requires a relatively small amount of tracer, 
and is not critically dependent on the conserva- 
tiveness of the tracer. Its chief disadvantages 
are the requirements that the channel reach be 
uniform and that the channel-flow geometry be 
defined exactly; it also entails extensive sam- 
pling. This method, although not frequently 
used, can be very accurate in canals and pipes 

where the cross-sectional area is uniform and 
accurately measnrable. It is discussed in a later 
section. 

Measurement of stream discharge by dilu- 
tion methods depends on the determination of 
the degree of dilution of an added tracer solu- 
tion by the flowing water. Dilution methods of 
measuring discharge have been known since at 
least 1863 (Spencer and Tudhope, 1958, p. 129). 
Until recently, chemical salts (Ostrem, 1964) 
were generally used as the tracer injected into 
the stream. Radioactive tracers have been used 
successfully, but handling problems have lim- 
ited widespread use (Schuster and Hansen, 
1968). The development of stable fluorescent 
dyes and fluorometers that can measure them 
at very low concentrations has greatly en- 
hanced the use of dilution methods (Morgan 
and others, 1977, and Kilpatrick, 1968, 1969). 
Hence, this manual addresses the use of fluo- 
rescent dyes as the tracer to be used, although 
the principles discussed apply to any tracer. 

Dilution methods are useful under the fol- 
lowing flow conditions: 
1. Where it is difficult or impossible to use a 

current meter due to high velocities, turbu- 
lence, or debris. 

2. Where, for physical reasons, the flow is in- 
accessible to a current meter or other meas- 
uring device. 

3. Where, for some conditions, the rate of 
change of flow is such that the time to make 
a current-meter measurement is excessive. 

4. Where the cross-sectional area cannot be 
accurately measured as part of the discharge 
measurement or is changing during the 
measurement. 
Typical examples of situations where the di- 

lution methods might be used are turbulent 
mountain streams, pipes, canals, sewers, ice- 
covered streams, and sand-channel streams. 
The purpose of this manual is to describe the 
dyes, equipment, and methods used to measure 
discharge by the dilution method using both 
the constant-rate injection and the slug- 
injection technique. 

1 



2 TECHNIQUES OF WATERRESOURCES INVESTIGATIONS 

Note that this manual goes beyond what is 
required to make a simple dilution-type dis- 
charge measurement and that the user need 
read through only the sections on Theory, Slug- 
Injection Method, and Constant-Bate Injection 
Method before attempting such measurements. 
Also bear in mind that while many of the same 
techniques as those used in time-of-travel stud- 
ies are used in making dye-dilution discharge 
measurements, a higher level of accuracy is de- 
sired, and therefore greater care in perfor- 
mance is required. The user is urged to perform 
a dye-dilution discharge measurement on an 
ordinary small stream before attempting more 
difficult measurements. The stream chosen for 
a trial should be one where a good current- 
meter or weir measurement can be made con- 
currently to provide verification. 

The fluorometric techniques described in this 
report are oriented toward use of the Turner 
Model 111 and Turner Designs Model 10 fluo- 
rometers because those instruments are in gen- 
eral use in the United States Geological Sur- 
vey; however, other brands of fluorometers 
may be used. Additional information about 
tracers and equipment is given in the manual 
by Wilson and others (1984). The methods and 
techniques presented in this manual are based 
on experimental studies by F. A. Kilpatrick 
and E. D. Cobb, and by B. J. Frederick, J. F. 
Wilson, Jr., J. F. Bailey, and numerous others. 

Theory 
Measurement of the degree of dilution of a 

known quantity of tracer after its mixing in a 
flowing stream of water is the basis of dilution 
gaging. There are two main approaches: (1) the 
slug injection of a known amount of tracer into 
the flow, which requires that the dilution of the 
tracer be accounted for by the complete meas- 
urement of its mass downstream; for this rea- 
son, it is sometimes referred to as the total re- 
covery method; and (2) the constant-rate 
injection of a tracer solution into the flow, 
which requires only the measurement of the 
plateau level of concentration that results 
downstream after equilibrium has been 
reached. The principles are simple, yet their 
successful application in streams, canals, pipes, 

and elsewhere requires a good understanding 
of the dispersion process. No elaborate theoret- 
ical treatment is used in explaining these pro- 
cesses; however, the reader is urged to heed the 
following principles, for they can eliminate 
many of the problems others have had in per- 
forming such measurements and are helpful in 
understanding the application of tracers in hy- 
drologic studies in general. 

Slug injection 

The slug injection of a tracer into a flowing 
stream is the simplest of all methods, from the 
standpoint of equipment needs. Where radioac- 
tive tracers are employed, handling problems 
make slug injection virtually the only feasible 
method. Figure 1 shows the resulting response 
curves at different distances downstream that 
may result from a single midchannel slug injec- 
tion of tracer. These response curves are time- 
concentration curves familiar to many who 
have been involved in time-of-travel studies; 
however, stream reaches used for a dilution- 
discharge measurement are relatively short, 
and the duration of passage of the entire cloud, 
Tn, rarely exceeds 1 hour. Large distances 
such as those in time-of-travel studies may re- 
sult in significant loss of tracer and, hence, in- 
accurate measurements of discharge. Signifi- 
cant losses of tracer do not ordinarily occur in 
the short stream reaches used for dilution- 
discharge measurements, although the possi- 
bility must always be kept in mind. 

The discharge as measured by the slug- 
injection tracer-dilution technique is 

Q=$ 
c 

(1) 

where Q is the volume rate of flow of the 
stream; 

M is the mass of tracer injected; and 
A, is the area under the response curve 

obtained after adequate mixing of 
the tracer in the flow. 

1For clarity, units are ignored here; a constant ia required to yield 
a dimensionally cmrect equation for the unite used in this report. 



MEASUREMENT OF DISCHARGE USING TRACERS 3 

Flow 3b” 

Definition sketch of 
sample points 

+ 4 T’METF T,e 
Short Distance Optimum Distance Long Distance 

Curve areas not the same, Curve areas about the same, Curve areas identical, 
lateral mixing incomplete. mixing nearly complete. perfect mixing. 

Figure 1 .-Typical response curves observed laterally and at different distances downstream from a slug injection of a tracer 
in the center of a stream. 

Most important, therefore, is a measurement of 
the response curve far enough downstream 
that mixing is almost complete in a cross sec- 
tion. 

At short distances downstream from a 
slug injection, the tracer is not fully mixed in 
the total flow of the stream, being more in the 
center than along the banks (see fig. 1). Fur- 
thermore, the response curve measured in the 
center may be much shorter in duration, Td, 
than for those along the banks. This is a com- 
mon occurrence, because flow along the banks 
is usually slower and the channel banks tend to 
slow and elongate the tracer cloud. At such a 
short distance, an accurate measurement of dis- 
charge by dilution cannot be made by ordinary 
methods. When uniform mixing is reached, the 
areas under the time-concentration curves are 
essentially the same regardless of shape; at too 
short a distance, they are not. 

From a practical standpoint, complete mix- 
ing does not need to be attained. A good 
dilution-discharge measurement can be made 
at what is defined here as an optimum distance, 
LO, downstream.2 The distance is optimum be- 

The optimum distance is usually where mixing is about 95 percent 
complete. The concept of degree of mixing and how it is computed 
is discussed in appendix A. 

cause Tn is not too long, and thus sampling of 
the complete response curves at several points 
laterally across a section is feasible. Note that 
the peaks of the response curves are not the 
same, and that their lengths, or durations, and 
arrival and departure times are different. Nev- 
ertheless, the areas under the individual re- 
sponse curves are nearly the same, which indi- 
cates good mixing and allows a good 
dilution-discharge measurement. 

If the response to the tracer slug is measured 
farther downstream, mixing will be nearly per- 
fect, and the individual time-concentration 
curves will be nearly identical in area; there- 
fore, a very accurate measurement of discharge 
may be obtained. That is true, however, only if 
sampling has been performed for a sufficient 
time, particularly of the drawn-out tails of the 
clouds, and if loss of tracer has not occurred 
because of excessive time of exposure. Fre- 
quently, failure to measure the low-level con- 
centrations of the trailing edge of the tracer is 
misinterpreted as a loss of tracer. It is not a real 
loss, but merely a sampling or measurement 
failure. 

The foregoing discussion shows that predict- 
ing the length of channel for optimum mixing 
is not a simple task. Formulas to aid in estimat- 
ing mixing lengths and approaches to reducing 
the effective reach lengths needed are dis- 
cussed subsequently. 
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Constant-rate injection 
A continuous, constant-rate injection of 

tracer may be simulated from the response 
curve of a slug injection using the superposition 
principle (Yotsukura and Kilpatrick, 1973). 
This can best be understood by using any one of 
the slug-response curves in figure 1 to simulate 
the response of a continuous injection at the 
same location. In figure 2, the solid response 
curve is due to the slug injection, M,; T, and Tf 
are the elapsed times to the arrival of the lead- 
ing edge and trailing edge of the response curve 
to Mi. Assuming the streamflow is steady, con- 
tinuing to inject a series of tracer slugs of equal 
amounts, Ma, MS, . . .M,, at uniform time inter- 
vals (a constant-rate injection), would yield a 
series of identical response curves. Of course, if 
the same soluble tracer were continuously in- 
jected, the individual response curves would 
not be distinguishable and there would be an 
ever-increasing buildup of concentration with 
time until Tf was reached. In effect, the super- 
imposed slug-response curves are being added 
as they overlap. At time Tf, corresponding to 
when the trailing edge of the first slug would 
have passed the point of observation, a plateau 
of constant concentration is first reached at 
that point in the channel. At that time, for a 
constant injection, an equilibrium condition is 
reached. Continued injection after Tf would re- 

4 
M1 M2”3M4 

1111 

sult in a plateau of constant concentration at 
that point, so long as the stream discharge and 
rate of tracer injection did not vary. 

The results illustrated in figure 2 are shown 
also in figure 3 for the same three distances and 
the three lateral locations used in the example 
of figure 1. The same slug-response curves used 
in figure 1 are used in figure 3 to simulate the 
responses to a continuous injection of tracer as 
obtained by superimposing the uniformly re- 
peated slug-response curves. 

Figure 3 shows that for the short distance, 
plateaus of different concentrations are ob- 
tained laterally. The degree of mixing is poor 
and identical for the continuous injection and 
the slug injection. 

At the optimum distance, the plateaus later- 
ally tend to converge to the same concentration 
and reflect dilution by the stream discharge, 
but their concentrations are not identical; nev- 
ertheless, mixing is sufficient to produce a good 
tracer dilution-discharge measurement. Note 
that tracer would have to be injected continu- 
ously for at least a time, Tn, to first reach a 
completely stabilized plateau for all points 
across the channel at that distance. The mini- 
mum period corresponds to the difference in 
time for the earliest arriving tracer (center or 
point b) and the latest departing tracer (side or 
point C). Of course, it would be necessary to 
inject tracer for a time slightly greater than Tn 

I 
/f-p P’a*ea” 

CT Resoonses 

I TIME __+ 

Figure P.-Superposltion of slug-response curves to simulate constant-injection buildup to a plateau at one location in a 
stream section. 
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Figure 3.-Time-concentration curves for slug and simulated constant injections observed at three points laterally across the 
channel at three different distances downstream from the injection point. 

(shown only for the optimum distdnce) to allow 
for sampling the fully developed plateau. At a 
long distance (fig. 3), the resulting plateau con- 
centratioris are virtually identical if the con- 
stant injection is made over sufficient time and 
if sufficient time is allowed for buildup across 
the entire channel before sampling. Depending 
on the nature of the channel and the mixing 
distance selected, the injection duration and 
the lapsed time necessary before sampling the 
correct plateau concentration may be greater 
than anticipated. 

Unlike the slug-injection method, the entire 
response curves need not be measured, only the 
plateau concentrations. Once equilibrium 
plateau conditions have been reached, the con- 
servation-of-mass principle and the continuity 
equation 

qC=Qc 3 (2) 

3For clarity, unite are ignored here; a constant is required to yield 
a dimensionally correct equation for the unite used in this report. 
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apply, whereby the amount of tracer being in- 
jected, qC, equals that passing the sampling 
section, Qc, 

where q is the rate of tracer injection and is 
assumed to be very small relative 
to Q; 

C is the concentration of the tracer be- 
ing injected; and 

c is the resulting plateau concentration 
after dilution by Q. 

Certain conclusions can be drawn from exami- 
nation of figures 1,2, and 3 for a given stream 
and flow: 

1. Sampling of the response curves from a 
slug injection must be for a period of time, Tn, 
and until time Tf; Tf is the earliest time at 
which the plateau resulting from a constant 
injection can be sampled. Thus, the effective 
elapsed time required to make a discharge 
measurement is essentially the same by ei- 
ther method. 

2. The duration of a continuous injection 
needed to reach equilibrium plateau concen- 
trations can be determined accurately by ex- 
amination of the slug-response curves for a 
given site. The injection time must be at least 
equal to the time at which tracer is last 
present in the stream minus the earliest time 
of arrival of the leading edge of the tracer for 
that section, Tn. For practical purposes, the 
injection time must be slightly longer than 
Tn to allow for sampling. 

3. For the constant-injection method, 
plateaus develop earlier in. the main flow 
than they do close to the streambanks, where 
the flow is slower. 

Slug-Injection Method 

Overview 

The slug-injection method is sometimes pre- 
ferred because of the simplicity of injection and 
because less tracer is needed. Equation 1 may 
be written as 

(3) 

where Q is the discharge of the stream, in cubic 
feet per second; 

VI is the volume of concentrated dye so- 
lution injected into the stream, in 
milliliters; 

C is the concentration of the dye solu- 
tion injected into the stream, in mi- 
crograms per liter; 

A,is the area under the time- 
concentration curve, in units of min- 
utes time micrograms per liter; and 

So is the specific gravity of the injected 
solution. 

Successful application of equation 3 requires 
that the mass of tracer injected be fully recov- 
ered at the sampling point. This recovery con- 
sists in multiplying the area of the response 
curve or time-concentration curve, &, by the 
discharge, Q. Thus it is vital that A, accurately 
represent the dilution of the injected tracer. To 
recover the injected tracer totally, therefore, 
requires complete measurement of the time- 
concentration curve at each of several locations 
laterally, such as at a, b, and c as depicted in 
figure 1. The necessity for extensive sampling 
is the reason this method has found less favor 
in the United States than the constant- 
injection method. Nevertheless, the method 
may be used where a constant-rate injection 
apparatus is not available or its use is not feasi- 
ble. Modification of the method to decrease the 
number of samples required can make it more 
attractive. Such modification is discussed after 
presentation of the basic method. 

Preparation 

Reach selection 

The reach where the discharge measurement 
is to be made should be close to the stream- 
gaging station or other point of interest. There 
should not be inflow or outflow within the 
measurement reach or between the measure- 
ment reach and the gage. 

The measurement reach should contain a 
minimum of dead-water areas. Such areas can 
greatly extend the time required for the tracer 
to pass a downstream section and, hence, the 
measurement time. Also, extensive deadwater 
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Table 1 .-Values of the transverse mixing coefficient, E,, for selected average flow depths and slopes. 

[Note: E,= 1 .l W*s”q 

Depth, d 
(ft) 

1 .o 

2.0 

3.0 

4.0 

Slope, s, (ft/ft) 

0 .OOl 0.005 0 .OlO 0.050 0 .lOO 

0.04 0.08 0.1 0.3 0.4 

.l .2 .3 .7 1 .o 

.2 .4 .6 1.3 1.9 

.3 .6 .9 2.0 2.9 

5.0 I .4 .9 1.3 2 .8 4.0 

areas will elongate the trailing edge of the 
tracer cloud and result in long-duration, low- 
concentration tails that it is difficult to define 
accurately. 

Rapid lateral (cross-channel) mixing is de- 
sired in the stream reach to reduce measure- 
ment time and length of reach. A stream with 
good mixing characteristics will be narrow and 
deep. Mixing will usually take place rapidly in 
pool-and-riffle streams--the pools generally be- 
ing more effective for lateral mixing than the 
riffles. The volume of the pools should not be 
too great relative to the volume of flow; other- 
wise it will take excessive time for the tracer to 
move through them. Contractions and bends 
within the reach may help speed up the mixing 
process. Lateral mixing in shallow whitewater 
streams is poor, and its mixing effectiveness is 
apt to be deceiving; depth is needed for good 
lateral mixing. For the same reason, braided 
reaches should be avoided. Small islands gen- 
erally will not significantly slow the mixing 
process, provided that flow characteristics are 
similar on both sides of an island. 

The optimum distance required for adequate 
lateral mixing of a tracer injected in the middle 
of the streamflow may be estimated by the fol- 
lowing equation (adapted from Yotsukura and 
Cobb, 1972, eq. 29, and Fischer and others, 
1979, eqs. 5 and 10): 

(4) 

7 

where E, is the transverse mixing coefficient 
(table 1) in feet squared per second, given by 

E,=0.2 d v, 

where v: is the shear velocity, in feet per sec- 
ond, given by v*=(g d s)~‘~; 

L, is the distance required for optimum 
mixing, in feet; 

d is the mean depth of the stream, in 
feet; 

g is the acceleration of gravity (32.17 
ftIs2); 

s is the water-surface slope, in feet per 
foot; 

v is the mean stream velocity, in feet 
per second; and 

B is the average stl;eam width, in feet. 

The transverse mixing coefficient may there- 
fore be expressed as 

E ~1 13d3/2&2 2 . 

Hence, the optimum mixing length may also be 
expressed as 

L,=0.0&3 = @13/2.$/2 * (5) 

Table 1 provides values of E, for selected depths 
and slopes to aid in estimating the optimum 
mixing length from equation 4. 
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Figure 4.--Quantity of rhodamine Wl 20-percent dye re- 
quired for slug injection to produce a peak concentration of 
1 microgram per liter at a distance downstream, L, at a 
mean velocity, v, and with a discharge, Q, in the reach. 

Estimation of needed tracer amounts 

The volume of tracer required for a slug- 
injection discharge measurement is a function 
of the stream discharge, the measurement- 
reach length, the stream velocity, and the peak 
concentration to be achieved at the sampling 
site. Henceforth, this manual will describe the 
use of rhodamine WT and pontacyl pink dye 
tracers, particularly the former. The following 
easy-to-use empirical equation for estimating 
the dosage requirements of rhodamine WT 20- 
percent dye for natural streams was developed 
by Kilpatrick (1970): 

vs=3.79x 10-5 QI! c, 
V 

(6) 

where C, is the peak concentration at the sam- 
pling site, in micrograms per liter; 

L is the length of the measurement 
reach, in feet; 

Q is the stream discharge, in cubic feet 
per second; 

V, is the volume of rhodamine WT 
20-percent dye, in milliliters; and 

v is the mean-stream velocity, in feet 
per second. 

A plot of equation 6 for a value of C&=1.0 
kg/L is shown in figure 4. For most discharge 
measurements, a peak concentration of 10 to 20 
pg/L is recommended. Experience indicates 
that in lined channels and smooth pipes flow- 
ing full, the dosages may be reduced to one half 
to one fourth, respectively, of the amount 
needed in a natural stream, as defined by equa- 
tion 6. In such cases, longitudinal dispersion is 
less and, hence, less dye is required to produce 
a desired peak. 

Pontacyl pink dye comes as a loo-percent 
pure powder. It compares favorably with rho- 
damine WT as a water tracer and can be ana- 
lyzed on most fluorometers using the same 
lamps and filters as for rhodamine WT. The 
weight in grams of pontacyl pink needed for a 
slug injection can be determined from equa- 
tion 6 or figure 4 by multiplying the volume, in 
milliliters, for V, by 0.24. 

Preparation of injection solutions 

The dosage required for a slug injection is 
determined from equation 6 or directly from 
figure 4. Care should be taken to mix the con- 
tents of the container thoroughly before with- 
drawal. For very small quantities, graduated 
“To Contain” pipets should be used. Special dye 
pipets of tough borasilicate glass, with white 
graduations, are available for use in the field. 
They range typically from 1 to 25 mL total ca- 
pacity with accuracies of 52 percent. Rho- 
damine WT 20-percent dye is rather viscous 
and tends to cling to the sides of graduated 
cylinders and other laboratory glassware; mix- 
ing with a larger quantity of water before injec- 
tion will help to obtain an accurate injection of 
the amount measured. 

Just before withdrawing the concentrated 
dye, 10 L or so of river water should be meas- 
ured accurately into a container (most buckets 
will readily contain 10 to 12 L). The exact 
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amount of dye withdrawn (it will probably be 
slightly different from the amount computed) 
should be measured and delivered to the larger 
container. When using a “To Contain” pipet, 
the contents should be blown out into the con- 
tainer, care being taken not to allow droplets of 
dye on the outside of the pipet to spill into the 
container. The exact volume of rhodamine WT 
20-percent dye and water mixture to be injected 
into the stream must be recorded. 

A sample of the mixed tracer solution must 
be retained in the event standards are to be 
prepared from it; 50 mL is a desirable sample 
amount. The removal of the sample from the 
total amount injected must be noted. 

Field equipment 

The equipment required for a slug-dye injec- 
tion is minimal; a container of stock solution, 
laboratory glassware for the measurement of 
volumes, a range of graduated pipets, a con- 
tainer to dilute the mixture in preparation for 
injection, sample bottles, sample bottle holders, 
a watch, and note sheets. 

Glass sample bottles are recommended in 
preference to plastic bottles, because the dye 
may have a slight affinity for plastics. A 
convenient bottle is an 8-dr (approximately 
32 mL or 1 oz) polyseal-cap glass bottle. This 
bottle has sufficient volume for six to eight 
analyses on a fluorometer and is easy to clean 
and handle. 

Equipment required for collecting the sam- 
ple will vary with the method of collection, that 
is, from a bridge or a boat, or by wading. The 
sampler shown in figure 5 holds the 1-oz bottle 
mentioned earlier and may be easily lowered 
from bridges or cableways or tossed out into the 
flow if necessary (fig. 6). 

Generally, a fluorometer is neither needed 
nor desirable in the field for most dilution-type 
discharge measurements, 

Fluorometer calibration 

It is recommended that a calibration be pre- 
pared for each lot of dye and fluorometer in use, 
and that the results be kept in the laboratory 
with the fluorometer. A copy of the calibration 
should be provided to those doing dye- 
discharge measurements as an aid in selecting 

Figure 5.-Dye sampler constructed from a section of angle 
iron and a broom clamp. 

the most suitable concentrations. For example, 
the graph of the fluorometer calibration in fig- 
ure 7 shows that if a peak concentration of 
20 pg/L were chosen, it would probably fall con- 
veniently on the high end of scale III; thus, all 
smaller concentrations to be expected could 
also be measured using just this one fluorome- 
ter scale. 

A new calibration using the serial-dilution 
process should be performed for any new dye 
lot. This procedure is explained fully in the 
manual on “Fluorometric Procedures for Dye 
Tracing” by Wilson and others (19841 and is 
reiterated here because the methods involved 
are important in understanding dilution- 
measuring techniques. 

Serial dilution is a procedure for reducing a 
concentrated dye solution step by step to con- 
centrations low enough to measure on a fluo- 
rometer. Precise measurements of dye and 
water in each step of the serial-dilution proce- 
dure are necessary to prepare a set of standards 
for accurate calibration of a fluorometer. Dis- 
tilled water is usually recommended for the 
preparation of standards. The serial dilution 
procedure is based on the equation 



10 TECHNIQUES OF WATER-RESOURCES INVESTIGATIONS 

100 

iz go 
0 
4 

80 

[1: 70 
-I 
2 60 

E 50 

g 40 
0 
u 30 

5 ci 20 

L 10 
z 

Figure 6.-Sampling a turbulent stream by tossing a dye sampler into the flow. 

EXPLANATION 
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slug injection example, 
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DYE CONCENTRATION, IN MICROGRAMS PER LITER I 
Figure 7.-Typical calibration curves for a fluorometer. 
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where Ci is the initial concentration; 
C, is the new concentration; 
So is the specific gravity of the initial 

dye solution, 1.19 for rhodamine WT 
20-percent solution; 

V, is the volume of the added water; 
Vd is the volume of dye solution added; 

and 
Wd is the weight of dye added. 

If rhodamine WT 20 percent is used, it is neces- 
sary to perform three dilutions to obtain con- 
centrations on the order of 100 kg/L (see table 
2A). In each step, the preceding C!, becomes the 
new initial concentration, Ci. It is recom- 
mended that this third solution (100 (*g/L) be 
retained in quantity and that specific stand- 
ards of smaller concentration be prepared (a 
fourth dilution) for the original calibration of a 
given dye lot as well as for the preparation of 
selected standards in the future when the same 
dye lot is used. This 100~pg/L solution, referred 
to henceforth as a “working solution,” should 
be kept sealed and stored out of direct light. 
The practice of retaining a working solution of 
100 pg/L for each dye lot eliminates the need to 

Table 2A.-Convenient three-step serial dilutions for preparation of a working solution. 

(Data I” mllltltters except as othmwe Indcated) 

Dye used 
in test 

perform a complete serial dilution each time 
the fluorometer is calibrated. Nevertheless, the 
calibration should be confirmed each time a 
measurement is made, as it may have changed 
or may be for a different sample temperature. 

An infinite number of combinations of water 
and dye may be used to prepare standards. 
Table 2A provides convenient combinations for 
three dilutions to produce a working solution of 
100 pg/L. Table 2B provides convenient combi- 
nations (columns 2 and 3) for the fourth dilu- 
tion to obtain the final standard concentrations 
(column 4). 

The following steps should be taken in ana- 
lyzing standards for calibration of the 
fluorometer: 

1. Allow all standards, including the 
distilled-water background samples to reach 
a common temperature; measurement of 
sample temperatures will then be unneces- 
sary (Dunn and Vaupel, 1965). 

2. Allow the fluorometer to warm up ade- 
quately, about 2 hours for the Turner Model 
111 and 10 minutes for the Turner Designs 
Model 10. 

3. Analyze all standards in the fluorometer in 
an identical manner: same cuvette and same 
temperature. 

Rhodamine WT 
(20 percent, 
SG = 1 .19) 

Pontacyl pink 
and acid 

, yellow 7 
(Dowder) 

T 

Line 

e 
f 
9 

First 

(2 

50 3792 
25 2585 
20 2068 
20 1158 

Wd 
in gms 

20 3500 
20 3000 
20 3000 
10 2000 

10 3218 20 3500 
5 2188 20 3000 
5 1233 10 2000 

Dilutions 
Second 

20 3500 
20 3000 
20 3000 
10 2000 

20 3500 
20 3000 
10 2000 

l- Working 
solution, 
in pg/L 

(7) 

100 

100 



12 TECHNIQUES OF WATER-RESOURCES INVESTIGATIONS 

Table PB.-Convenient fourth-step dilutions for preparation of dye standards using a 100-~/L working solution. 

Final Total Fluorometer scale 
Final standard dilution 

standard vd concentration facto 
number (mL) kL1 Cr.hJq!L) DrxlD- 

(1) (2). (3) 945 '(5) (6) (7) (8) (9) , 
1 300 100 75 31.51 
2 

It 
200 200 50 21 . 01 
250 250 

3a 100 150 40 16.81 

b 25 475 

13 : 
50 950 
20 480 4 1.68 

b 25 600 

*14 : 
50 1200 
20 647 3 1.26 

b 25 808 

15 i 
50 1617 
10 490 2 0.84 

b 
50 ;ii 

980 
i 2450 1225 

16 a 10 990 1 . 
b 20 1980 

17 E 
25 2475 
:o 0 E 0.8 0.336 

b 

18 : 
25 3100 
Iv n lu31 cc-l 0.6 0.252 

b 20 3313 
19 a 10 1990 0 .5 0.210 

* Used in example of slug-injection t&t. 
**Used in examble of constant-injection test. 
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4. Plot the fluorometer calibration on rectilin- 
ear graph paper, and reconcile any data 
points that do not conform to the curve by 
reanalysis of fresh samples on the fluorome- 
ter and, if necessary, by preparation and 
analysis of new samples. 

Performance 

A schematic diagram of the step-by-step per- 
formance of a slug-injection type dye-dilution 
measurement is shown in figure 8. The steps in 
performing such a test use the example shown. 

Selection of measurement reach (1) 

The stream discharge and the other stream 
characteristics listed in figure 8, are estimated, 
using equation 4, compute an optimum stream 
reach length of about 700 ft. It is desirable to 
avoid any gain or loss in flow relative to that at 
the gage, so injection is to be made upstream 
with sampling close to the gage. 

Background samples (2) 

Samples of the stream water-at least one, 
preferably two-are needed before dye injec- 
tion in order to obtain a reading of the back- 
ground. The samples should be obtained just 
before the tracer is injected into the stream, 
preferably before the dye is handled at all (see 
sample number 202 on the note form in fig. 8). 

Dye injection (3) 

For the channel and flow conditions shown, it 
was decided to try for a peak concentration of 
about 20 kg/L, using rhodamine WT 20 per- 
cent. From figure 4, a volume of 0.5 mL is ob- 
tained for a peak of 1 kg/L; thus, for a peak of 
20 p,g/L, 10 mL of rhodamine WT dye is 
required. 

Next, 10 L of river water is carefully meas- 
ured into a clean bucket to which the 10 mL of 
dye is added and mixed. A 50-mL sample of this 
mixture is retained for future use. The entire 
contents (9,960 mL) are dumped as a slug into 
what is judged to be the centroid of the flow. 

The time is noted, and the person at the sam- 
pling site is notified. A good practice is to start 
a stopwatch at the instant of injection so that 
all samples are recorded with respect to lapsed 
time from injection (see the notes and data 
plots of fig 8). 

Sampling the dye cloud (4) 

The passage of the entire tracer cloud must 
be monitored for the slug-injection method of 
discharge measurement. Sampling should 
begin before the tracer arrives at the section 
and continue until it has entirely passed. Large 
numbers of samples are normally required to 
make certain the entire cloud is measured. 
Samples should be taken from at least three 
points in the section in what is estimated to be 
equal increments of flow. For example, if three 
points in the section are to be sampled, the 
samples should be taken at the l/6,3/6, and 516 
points of cumulative flow across the section. 
Samples 203 through 241 are those taken to 
define the dye cloud at points a, b, and c across 
the channel. 

Because the samples are not usually ana- 
lyzed in the field, the length of time for com- 
plete passage is an estimate. As a rough ap- 
proximation, sampling past the peak should 
continue for two to four times as long as it takes 
for the peak to arrive. In some instances, the 
arrival of the peak can be ascertained visually. 
Hence, if the peak was estimated to have ar- 
rived 5 minutes after injection, sampling 
should continue for a minimum of an additional 
10 minutes and preferably 20 to 25 minutes. On 
this small stream, samples must be taken at 
very short time intervals; therefore two people 
are needed, one sampling and one noting the 
exact time and recording the data. Sampling 
may be less frequent as the dye cloud recedes. 
All samples are sealed and stored out of direct 
sunlight. Notes describing the measurement 
accompany the samples to the laboratory. 

Fluorometric analysis (5) 

The single scale that will accommodate the 
maximum concentrations expected in the field 
samples should be set on the fluorometer. The 
quantity of dye injected in step (3) was predi- 
cated on obtaining a peak of about 20 p,g/L. 
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&J Save 50 mL sample 
STREAM CONDITIONS 

cl a 40 fws 
B z 20 ft 
v x 2 ft/s 
d%lft 
s 2 0.01 ft/ft 

@ Fluorometric Analysis 

16 

Curve and area 

Concentration 
of composite sample 
obtatned by continuous, 
constant rate sampling from 
4 to 12 minutes 

0 
4 5 6 7 8 9 10 11 12 

LAPSED TIME,IN MINUTES 

@ Observed Time-Concentratton Curves 

Figure 8.-Schematic diagram depicting the performance of slug-injection type dye-dilution discharge measurement. 
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Examination of the fluorometer calibration in 
figure 7 shows that it should be possible to 
measure that peak and all lesser sample con- 
centrations on scale III. The use of more than 
one fluorometer scale should be avoided if 
possible. 

Scale III must be recalibrated up to about 
20 Fg/L. Examining table 2B, four standards- 
20, 15, 12, and 3 pg/L-are prepared from the 
100~pg/L working solution retained for this 
purpose. Those standards and all river and 
background samples are brought to a single 
temperature of 68°F. (Any temperature can be 
used, provided that all samples are analyzed at 
the same temperature.) The calibration for 
scale III is plotted as shown in figure 7. Note 
that net readings are used, the background for 
distilled water being subtracted first. 

All river samples including the background 
sample, 202, are analyzed on the fluorometer, 
and, using the above calibration, absolute con- 
centrations are determined for each; the 
stream-background reading is subtracted from 
each stream sample before entering the cali- 
bration curve. 

Data analysis and computation 
of discharge (6 and 7) 

The time-concentration curves for the three 
sample points, a, b, and c, are plotted and their 
areas determined. Comparison of the individ- 
ual curve areas indicates that adequate mixing 
has been achieved. An average curve area, A,, 
of 34.2 p,g/L times minutes is obtained. Using 
equation 3, with V, substituted for VI and C, 
substituted for C, the discharge may be com- 
puted as 

Q=5.89x10-7 1.19x10.0x20x107 
34.2 1 

=41.0 fi?/s7 . 

Alternative method of 
analysis and computation 

During the preparation of the solution for 
injection, 10 mL of dye was mixed with 10 L of 
river water, and a 50-mL sample of the mixture 
was retained (step 3, fig. 8). The concentration 
used in the earlier computation was for the 
manufacturer’s stock solutions: 20 x lop7 p,g/L 

for rhodamine WT. Using equation 7, it can be 
seen that the 10 L had a concentration of 

[ 
10.0 c=1.19x20x107 lo,ooo+lo*o 1 

=23.8x104 p/g/L . 

Hence, a major dilution was made at this point. 
Thus, the 50 mL sample may be used in prepar- 
ing standards for this particular measurement 
instead of starting with the stock solution. 

In preparing standards from C (above), note 
that, according to equation 7, 20 mL of dye so- 
lution added to 1,980 mL of water is a dilution 
of 10e2. If repeated, a total dilution of 10e4 is 
obtained, because the final dilution in any se- 
rial dilution is the product of the individual 
dilutions. For any dilution after the first, the 
specific gravity term in equation 5 may be ig- 
nored. Thus, if C (above) was diluted twice, as 
described, for a total dilution of 10P4, the re- 
sulting concentration would be 23.8~ lo4 x 10m4 
=23.8 p,g/L. While this would be off scale III in 
figure 7, other standards may be produced by 
judicious selection of dye and water volumes. 
The analysis in figure 8 would then be based on 
the fluorometer calibration thus obtained, and 
computations would be based on the new vol- 
ume and concentration injected such that the 
discharge (using eq. 3) would be 

Q=5 8gx1o-7 (lO,OOO+lO-50)x23.8x104 
34.2 1 

=40.8 ft% . 

This alternative method of analysis is more 
accurate than the first, because any errors that 
occur when measuring the 10 mL of dye for use 
in the solution to be injected are canceled. Sim- 
ilarly, in preparing standards, only two dilu- 
tions are necessary, instead of four as in the 
previous example. Furthermore, if the exact 
concentration of the solution injected is un- 
known, a measurement is still possible if a 
sample of the solution that was injected is re- 
‘tained and used in the laboratory to develop a 
calibration in the manner previously described. 
Such a trial-and-error calibration would be 
more work in the laboratory but would be accu- 
rate if correctly done. That is true because the 
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concentrations that would be plotted for the 
time-concentration curves of figure 8 are based 
on a calibration which is, in turn, based on the 
injected concentration, C; hence, the exact con- 
centration of C is not needed. Knowledge of the 
absolute value of C does simplify the prepara- 
tion of standards. The disadvantage of the al- 
ternative method is that more standards must 
be prepared, as well as new ones for each meas- 
urement. Obviously, it is important that the 
field person always retain a sample of the ac- 
tual dye solution injected. 

Alternative method of 
measurement 

As the data in figure 8 show, 39 samples were 
required to define the three time-concentration 
curves. An alternative method of sampling 
greatly reduces the sampling requirements but 
may obscure the quality of the data and the 
accuracy of the measurement. This alternative 
method consists of withdrawing a sample con- 
tinuously and at a constant rate from the 
stream during the passage of the dye cloud. The 
time period of sampling, AT,, should be greater 
than the actual time, Tn, the dye cloud is 
present. Each sample obtained for the one or 
more points of sampling is composited, and one 
sample is analyzed for concentration. This con- 
centration, less the background, is the average 
concentration, C,, for the entire dye cloud for 
the time, AT,. Therefore, A,=AT,C,, and equa- 
tion 3 may be written as 

sGvIc Q=5.89x10-7 AT,C, . (8) 

Assume for the example used above that a sam- 
ple was pumped at a constant rate from the 
center of the channel into a clean container for 
an 8-minute period. If this composite sample 
yielded a concentration of 4.30 pg/L (see fig. 81, 
the discharge may be computed as 

Q=5.89x 1O-7 (lO,OOO+lO-501~23.8~10~ 
8x4.30 1 

=40.6 ft3/s . 

For this example, the assumption was made 
that mixing was complete. An alternative to 
pumping a sample would be to collect manu- 
ally, individual samples of a given volume at 
uniform time intervals to form a composite 
sample. Note that for the above example, any 
time interval greater than 10 seconds might 
not adequately sample the peak concentrations 
and thus might not yield a representative sam- 
ple. From a practical standpoint, it would be 
difficult to sample manually at such frequen- 
cies at more than one point in the section. 
Where this method is used, sampling just at 
one point in the main flow at a greater length 
(say 1,000 ft in the above example) might be 
advisable. Not only would mixing be improved 
(and therefore samples at just one point more 
likely to yield accurate results), but sampling 
at uniform 15-second intervals would probably 
be sufficient. 

Note that in the example illustrated in fig- 
ure 8, adequate and complete measurement of 
all three of the time-concentration curves re- 
quires very frequent sampling and accurate 
recording of time of sampling. In fact, the task 
would be virtually impossible for one man to 
perform; one man is needed to sample and one 
to record the exact times of sampling. In this 
case, a reach length of 1,000 ft or more might 
have been advisable to elongate the dye cloud 
for greater ease and accuracy of sampling. On 
larger streams with correspondingly greater 
mixing lengths, this would not be as serious a 
problem. 

Constant-Rate 
Injection Method 

Overview 

The constant-rate injection method generally 
is preferred to the slug-injection method in 
spite of the additional requirement for a device 
that will release the tracer at small, constant 
rates. Various devices that will achieve the re- 
quired small, constant rates of injection are 
available commercially or can be fabricated. 
They are described in detail later in this 
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manual. An advantage of the constant-rate in- I 
jection method is that significantly fewer sam- 
ples are needed, compared with the slug- 
injection method. 

Equation 2 is in a more usable form as 

Q=5.89x10-7 q; 

This equation not only is used to compute the 
discharge measurement, but also, by solving 
for q for a given c, may be used to estimate dye 
quantities for preparing injection solutions. 
Mixing distances and reach selection are deter- 
mined in the same manner as for the slug- 
injection method. 

where Q is the discharge of the stream, in cu- 
bic feet per second; 

q is the rate of injection of the tracer, in 
milliliters per minute; 

C is the concentration of the dye solu- 
tion injected into the stream, in mi- 
crograms per liter; and 

C is the equilibrium, or plateau concen- 
tration, in micrograms per liter, aver- 
aged or weighted across the sampling 
section. 

0 
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5 100 
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Preparation 

Selection of dye concentrations and 
injection rates 

The curves in figure 9 were computed from 
equation 9 for a plateau concentration, C, of 10 
p,g/L. A dye concentration of 10 pg/L in the 
stream is well above background levels com- 
monly experienced. In most cases, a good dye- 
dilution discharge measurement can be made 

NOTE: Curves are based on equation 
Q=5.89XlO-‘qCforF= lOpg/L; 

F 
greater discharges may be 
measured by allowing F to 
be less than 10 pg/L. 

1 2 3 4 5 6 8 10 20 40 60 80 100 200 400 600 11 

STREAM DISCHARGE, 0, IN CUBIC FEET PER SECOND 

Figure 9.-Graph used for estimating rates of dye injections for different stream discharges and concentrations of injection 
solutions. 
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Table 3.-Convenient volumes of water and dye to mix for the preparation of bulk solutions of selected dye concentrations. 0 

Desired 
concentration 

C in 
ug/L x lo7 

(1) 

: 10 10 
3 5 
4 5 
5 4 

! 3 2 
0 1 .5 

1: 1.5 

11 iki 

:: ii:: 
14 0.2 
15 0.1 

Volumes to mix together 
VW Vd 

Water, in 20% Rhodamine 
milliliters WT dye, milliliters 

(2) (3) 

10,700 7,750 
11,000 8,000 
14,100 3,750 
15,000 4,000 
14,850 3,000 
15,600 2,250 
16,350 1,500 
16,350 1,100 
17,850 1,200 
17,100 750 
17,250 600 
17,400 450 
17,550 300 
17,700 150 
17,775 75 

Dilution Volume of 
factor 

DC x lo-' 
mixture 

in gallons 
(4) (5) 

42 .O 4.87 
42 .l 5.02* 
21.0 4.72 
21 .l 5.02* 
16 .8 4.72 
12 .6 4.72 
8 .40 4.72** 
6 .30 4.61 . 
6 .30 5.03* 
4.20 4.72 
3 .36 4.72 
2 .52 4.72 
1 .68 4.72 
0 .80 4.72 
0.42 4.72 

* In many instances, commercial 5-gallon containers are slightly greater in 
actual volume; the smaller volumes allow for easier mixing. l 

**Used in example. 

with concentrations as low as 2 pg/L; however, 
higher concentrations are preferred, to lessen 
the significance of background levels and thus 
to improve accuracy. Figure 9 is used only to 
estimate the injection rate needed, the allow- 
able latitude in C virtually guarantees a suc- 
cessful measurement, no matter how poor the 
estimate may be. Furthermore, if 2 Fg/L is 
viewed as a lower limit for C, discharges five 
times those in figure 9 may be measured, using 
the concentrations and injection rates shown. 

Preparation of injection solutions 

Bulk solutions 

Frequently, the streams to be measured are 
readily accessible by vehicle, and several 
streams are to be measured by dye-dilution 
methods on a single field trip. An example 
might be a series of turbulent mountain 

I streams where current-meter measurements 
are difficult or impossible to make. In such a 
case, considerable field and laboratory work 
may be saved by preparing one or two solutions 
of dye in advance in bulk. The solutions should 
be tailored to the expected range of flows and 
the capabilities of the injection apparatus. 

Table 3 shows convenient combinations of 
volumes of rhodamine WT 20-percent dye and 
water to yield about 5 gal of bulk solution with 
the concentrations shown in figure 9. Five gal- 
lons is normally sufficient for a dozen discharge 
measurements. The dilutions for concentra- 
tions in column 1 of table 3 were determined 
using equation 7. That equation permits the 
preparation of any smaller concentrations of 
dye, such as for the family of curves in figure 9, 
based on measured combinations of water and 
dye. Thus any concentration of dye desired can 
be obtained to suit the need, depending on the 
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Table 4.-Prepackaged dye quantities to produce selected concentrations of injection solutions. 

19 

“4 
Premeasured 
volumes of 
rhodamine WT 

20% dye, 
milliliters 

(1) 

Number 
of 

bottles 
of dye 

(2) 

capability of the injection equipment and the 
stream discharge to be measured. The assump- 
tion has been made that rhodamine WT 20 per- 
cent has a specific gravity of 1.19. Tests have 
indicated that this may vary from 1.10 to 1.20. 
For a given dye lot, any such variation will not 
affect the accuracy of the measurement; the er- 
ror is canceled, for in equations 2 and 9 the 
concentrations form a ratio and are relative. 
This will become apparent later in the discus- 
sion of the use of relative concentrations. The 
dye as received from the manufacturer in large 
containers should be well mixed before extract- 
ing dye to prepare injection solutions. Care- 
fully roll the drums to mix any solid dye that 
may have been deposited on the bottom. 

The advantages of bulk preparation of the 
dye solutions are 

"w + "d, 
Total volume 
of water and 
dye solution, 
milliliters 

(3) 

Dilution 
factor 

DC x 10-l 
(41 

Resulting 
solution 

concentration 
c, llg/L x lo7 

(5) 

2000 0.25 0.60 
1000 0.50 1 .19 
2000 1 .oo 2.38 
1000 1 .oo 2.38k 
1000 2.00 4.76 
2000 2.00 4.76 
2000 2.50 5.95 
2000 3.00 7 .14 
1000 2.50 5 .95 
1000 5 .oo 11.90 

1. Field preparation is unnecessary. 
2. Clean water may be used in solution prepa- 

ration, thereby preventing inpurities from 
causing injection stoppages. 

3. The fluorometer may be calibrated in ad- 
vance for the dye mixture used and only spot- 
checked at the time of analysis of the stream 
samples. 

4. Many measurements can be made from one 
concentration of injection solution, thus 
greatly reducing laboratory preparation of 
samples and calibration of the fluorometer. 

Prepackaged dye quantities 

Dilution gaging is particularly well suited to 
measuring discharge on small cobble-strewn or 
rocky mountain streams. Such streams are fre- 
quently inaccessible, and carrying quantities of 
premixed dye solutions is onerous. An alterna- 
tive is to prepackage carefully measured quan- 
tities of dye to permit the preparation of injec- 
tion solutions onsite, using stream water. 
Table 4 provides a convenient range in 
premeasured dye quantities to be mixed with 
selected volumes of water to obtain desired con- 
centrations of injection solutions. These solu- 
tions should be packaged in bottles of suitable 
size, sealed with plastic tape, and labeled. The 
total volumes of injection solutions have been 
made to be 1 or 2 L to permit use of those sizes 
of laboratory graduated cylinders, both for 
measuring the quantity of solution and as cali- 
brated reservoirs from which injection rates 
can be measured. 
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Constant-rate injection equipment 

The constant-injection dye-dilution method 
requires apparatus capable of injecting dye at a 
small, constant rate reliably and accurately. 
Equipment that can be purchased or fabricated 
that will produce constant-rate injections un- 
der field conditions includes battery-driven 
pumps, mariotte vessels, and various chemical- 
feed devices; each is discussed here. 

Pumps 

Figure 10 shows a small fluid-metering 
pump operating on a 12-volt d-c battery with- 
drawing a dye solution from a graduated cylin- 
der. It is a valveless, variable, positive- 
displacement pump that can be set for a rate up 
to 48 mL per minute. Different models are 
available in a range of capacities and produce 
accuracies on the order of 1 percent. The valve- 
less feature is desirable because it is cleaner 
and can handle dirt and foreign material in the 
dye solution. The rate settings have been found 
to be reproducible within a fair degree of accu- 
racy; nevertheless, the actual injection rate 
should be independently measured. Figure 10 

Figure 1 O.-Pump and graduated cylinder used for 
constant-rate dye injection. 

shows this measurement being done volumetri- 
cally by plotting volume versus time and calcu- 
lating the injection rate from the slope of the 
resulting line. The advantages of this method 
of measuring the injection rate are that 

1. Any change in the injection rata during the 
test will be revealed by a change in the slope 
of the line. 

2. The injection is not interrupted during the 
discharge measurement and may be ob- 
served throughout. 

3. Sufficient data are obtained to guarantee 
an accurate measurement of the injection 
rate. 

4. Separate sampling of the dye-injection rate 
is not necessary, thus reducing the chance of 
contamination of the hands; this is particu- 
larly important if only one person is perform- 
ing the discharge measurement. 

Thin-wall, l/&in-diameter brass tubing is 
used in the cylinder as a withdrawal line to 
prevent an error in the measured volumes. The 
pump shown in figure 10 is designed for pump- 
ing against a relatively low pressure of 5 lb/in2. 
For pumping into pipes and under ice, and for 
multiple-line injections, pumps capable of 
injecting against greater pressures are avail- 
able. Regardless of manufacturers’ ratings, all 
pumps should be bench tested to check rates 
and stability of each rate. 

This apparatus may be packaged into a back- 
pack unit for use at remote sites (see fig. 11). 
The entire unit, shown closed in figure 12, 
weighs only 20 lb. It can be set up, as shown, 
in minutes. After each use, a water or water- 
and-alcohol solution should be pumped through 
the unit to prevent a residue of dye from drying 
inside and coating parts and tubes. 

Peristaltic pumps have also been success- 
fully used for the constant injection of dye solu- 
tions. They are usually less expensive than the 
displacement-type pump but have not proven 
as accurate. 

Mariotte vessels 

The mariotte vessel is an inexpensive, sim- 
ple, and yet reliable constant-injection device. 
Virtually any rigid, sealable vessel can be 
made into a mariotte vessel (see fig. 13). The 
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Figure 11 .-Backpack dye-injection apparatus in use. 

Figure 13.-Dye injection using a 5gal can mariotte vessel 
positioned over the stream by a light cable and trolley 
system. 

Figure lP.-Backpack dye-injection apparatus ready for 
transport. 

device works on the principle that the air enter- 
ing the tank to replace the outgoing dye solu- 
tion is at all times at atmospheric pressure at 
the tip of the air-intake tube (see fig. 14). Thus, 
whatever the depth of fluid in the sealed con- 
tainer, constant pressure exists at the tip of the 
air-intake tube regardless of its depth. The dye 
solution discharges through a bottom tube or 
orifice at a rate depending on outlet orifice size 
and head, h, on the orifice. The head can be 
varied by raising or lowering the elevation of 
the outlet tube relative to the bottom of the 
air-intake tube. The mariotte vessel is a reli- 
able constant-rate injection device if these con- 
ditions are ensured: 
1. The dye solution is clean and free of dirt 

that might clog the orifice; it is sometimes 
desirable to strain the solution. 
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1. Water can, B-gallon, with heavy enameled interior. 
2. Vacuum bottle top, or plumber’s 4-inch pipe plug, expandable type; all openings must be sealed airtight. 
3. Air-inlet tube. 
4. Plastic cylinder, rigid, 4-inch inside diameter. 
5. Gas valve, brass. 
6. Orifice, brass; a range of sizes is used to match desired injection rate. 
7. Air emitted to replace discharging dye solution: atmospheric pressure exists at low point of air tube 

regardless of fluid above it. 
9. Airspace above dye solution; a partial vacuum exists, requiring that container be of rigid-wall, airtight 

construction. 
9. Dye solution. 

10. Sling. 

h. Head on orifice; equal to difference in elevation between tip of orifice and bottom of air tube. 
q. Injection rate; a function of the diameter, D, of the orifice, and of h. An approximate equation for 

the injection rate is q(mL/min)=50,000 D’\/F;where D and h are both in inches. 

Figure 14.-Design drawing of mariotte-type, constant-rate injection apparatus. 
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0 - 
Figure 15.-Pressurized chemical-feed tank being used to 

inject dye into a pipeline. A laboratory balance measures 
the injection rate. 

2. Air bubbles do not block the orifice or cause 
a change in rate by collecting in the dis- 
charge tubing. Air bubbles can be avoided by 
using warm water to prepare the dye solution 
and by shielding the vessel and tubing from 
sunlight. 

3. Orifices and tubing with larger diameters 
are used, yielding fairly high injection rates 
and thus transporting dirt and bubbles with 
less chance of blockages. A minimum injec- 
tion rate of about 60 mL/min is recom- 
mended. Figure 14 shows that, by using a 
uniform clear plastic cylinder to construct 
the mariotte vessel on the right, the cylinder 
can be graduated and injection rates meas- 
ured by observing change in volume with 
time. Figure 10 shows this procedure being 
done with a graduated cylinder. 

Chemical-feed devices 

Many types of chemical-feed devices are in 
use to inject chemicals into water and waste- 
treatment systems. Most operate on 110 volts 

Figure 16.--Single-point, midchannel dye injection from a 
chemical-feed tank. 

and are unsuited for field use. Figures 15 and 
16 show a fiberglass chemical-feed tank pow- 
ered by air pressure that was designed origi- 
nally to inject chlorine into remote water sup- 
plies like those at parks. Such tanks have been 
used with some success for the constant-rate 
injection of dye solutions. The main disadvan- 
tage of the equipment has been the problem of 
keeping the rate controller clean. The device 
must be thoroughly flushed after each use and 
the controller unit dismantled and cleaned af- 
ter several uses. The unit is powered by air 
pressure, and certain safety precautions must 
be observed. The advantages of the unit are 
reliable constant-rate injection and the capa- 
bility of injecting under pressures up to 50 lb/ 
in2. This feature is particularly valuable when 
injecting into a pipeline, as illustrated in fig- 
ure 15; in this figure, the injection rate is 
shown being measured with a laboratory bal- 
ance by observing the change in weight of the 
dye solution with time. 

Performance 

A schematic diagram of the performance of a 
constant-rate dye-dilution measurement is 
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shown in figure 17. The steps in performing 
such a measurement use the example shown. 

Selection of measurement reach (1) 

The stream discharge, mean velocity, and ge- 
ometry are estimated; using equation 4, an op- 
timum reach length of 700 ft is computed. If 
there is any question of gain or loss of flow in 
the stream, or if stage is changing rapidly, an 
injection is made about 700 ft upstream of the 
gage and the samples taken close to it. 

Background samples (2) 

One or two stream background samples are 
taken before handling dyes and injection 
equipment. 

Dye preparation, injection, and sampling (3) 

For an estimated streamflow of 40 ft3/s, fig- 
ure 9 shows that an injection rate of about 
35 mL per minute of a 2.0 X lo7 kg/L (2-percent) 
solution should yield a plateau concentration of 
about 10 pg/L. Referring to table 3, a 2-percent 
bulk solution could be prepared by mixing 
those quantities of water and dye shown in 
columns 2 and 3, line 7. For a single measure- 
ment, just the quantity of solution needed 
would be preferable. Referring to line 4, column 
5, of table 4, it would be convenient to use a 
2.38~ lo7 PgiL solution with an injection rate of 
about 30 mL per minute. Thus 1,000 mL would 
allow injection for 33 minutes. That is usually 
sufficient on most small streams, but if more 
time were needed, a 2,000-mL cylinder could be 
used, adding two lOO-mL bottles of dye rather 
than one, to obtain the necessary dye concen- 
tration. 

The injection solution is prepared by first 
emptying a lOO-mL bottle of dye into the 1-L 
cylinder and adding stream water until a total 
volume of 1,000 mL is obtained. Before topping 
off the graduated cylinder with river water, it 
is a good practice to rinse the bottle that had 
contained the dye with river water, emptying it 
several times into the cylinder. Then the cylin- 
der should be carefully filled to the l,OOO-mL 
mark. Precision of measurements at this time 
will make it unnecessary to prepare standards 
from a sample of this solution, although a sam- 
ple should be retained in the event it is needed. 

The dye mixture in the cylinder should be thor- 
oughly mixed and allowed to stand for a few 
minutes. 

The intake line to the pump is secured inside 
the graduated cylinder to reach nearly to the 
bottom. The plastic discharge line leading from 
the pump should be positioned and secured 
where the injection will enter what is judged to 
be the centroid of flow. The pump is turned on 
and set to a rate of about 30 mL/min. At the end 
of the injection-after steps (4) and (5)-a sam- 
ple of injected solution should be bottled, la- 
beled, and stored separately from the stream 
samples. 

Measurement of injection rate (4) 

As soon as the injection rate has stabilized, 
the change in the volume of dye-solution level 
in the cylinder should be timed with a stop- 
watch. The watch is not stopped, but the time 
and volume are observed simultaneously sev- 
eral times before and after stream samples are 
collected downstream. These volumes are plot- 
ted versus time and the rate determined from 
the slope of the line as 31.2 mL/min. 

Sampling the plateau (5) 

In contrast to the slug-injection method, im- 
mediate and complete sampling of the dye 
downstream is neither necessary nor desirable. 
The injection must be maintained at a constant 
rate long enough for plateau concentrations to 
be fully established laterally across the chan- 
nel and with time. The best practice is to inject 
longer and sample later than is likely needed. 
Sampling should, of course, be done toward the 
end of the injection but before its termination. 

Stream samples containing the diluted dye 
should be taken at a minimum of three points 
across the flow at the sampling section (labeled 
a, b, and c in fig. 17). Additional sampling 
points may be advisable if the channel is wide 
and shallow, or if mixing is thought to be less 
than optimum. 

All samples should be sealed, labeled with 
the stream name, sampling location and time, 
and stored out of direct sunlight. Notes describ- 
ing the measurement should be retained with 
the samples and sent with them to the labora- 
brY. 
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Fluorometric analysis (6) 

Assuming that c values at sampling points a, 
b, and c will be on the order of 10 kg/L, stand- 
ards in that concentration range are required. 
A working solution of 100 pg/L should be pre- 
pared from the dye lot used and stored for fu- 
ture use. Thus, according to lines 9c and 1Oc of 
table 2B, standards of 8 and 10 kg/L are pre- 
pared by mixing 50 mL of lOO+g/L solution in 
each of two containers containing 575 mL and 
450 mL of distilled water, respectively. The 8- 
and lo-kg/L standards and a background sam- 
ple of the distilled water used in their prepara- 
tion are placed in sample bottles similar to 
those used for collecting field samples. All 
stream samples, stream background, stand- 
ards, and distilled-water background samples 
are brought to a common temperature-68°F in 
the example. All samples are analyzed on one 
fluorometer scale. 

The net dial readings for the 8 and lo-pg/L 
standards are plotted on the existing fluorome- 
ter calibration after subtracting the dial read- 
ings for the distilled water sample. If the read- 
ings do not plot exactly on the established 
calibration curve, a new curve is drawn 
through the two points for that scale parallel to 
the original calibration (see fig. 7). The pri- 
mary reason for the shift from the original cal- 
ibration curve is the difference in sample tem- 
perature from that used in the original 
calibration. The net dial readings for the 
stream samples are averaged, and, using the 
new calibration curve, the net concentrations 
of the stream samples for each set are deter- 
mined, as shown in column 9 of figure 17. In 
this case, an average plateau concentration, C, 
of 10.62 and 10.63 kg/L was obtained for the 
sets taken at 20 and 25 minutes. 

Computation of discharge (7) 

Based on the data presented and using equa- 
tion 9, the discharge may be computed as 

Q=5.89x 10-7(31.2) [2*“1”,.x,F7] =41.2 fi% 

for the samples taken 20 minutes after the 
start of injection and 41.1 cubic feet per second 
for samples taken after 25 minutes. 

Discussion 

The example of a constant-rate dye-dilution 
measurement has been kept rather simple. 
Frequently, those attempting to apply the 
method for the first time will overly complicate 
the procedures. The use of fluorometers in the 
field, either to analyze individual samples or in 
a pump-through mode such as is done in time- 
of-travel studies, is discouraged. Aside from the 
added labor involved, most fluorometers are 
not sufficiently accurate under field conditions. 
Suspended sediment and varying sample tem- 
peratures are sources of error not acceptable for 
a discharge measurement. 

Estimation of the mixing length and selec- 
tion of sampling time are critical. In practice, 
three samples taken laterally are a minimum; 
five are advisable, especially if the stream is 
wide and the flow is shallow. Similarly, in the 
example cited, sampling at 1,000 ft would be 
advisable if there were any question regarding 
the adequacy of mixing length. For a 1,000-R 
distance, samples might need to be taken at 
30 minutes or later, and the injection continued 
as necessary. 

It is not possible to inject too long or to sam- 
ple too late, assuming that in the latter case the 
rate is constant. Figure 3 shows that if samples 
are taken too soon, the concentrations along 
one or both banks will be measured prema- 
turely, yielding low values compared to the cor- 
rect plateau concentrations. Thus the com- 
puted discharge would be high. This might 
suggest loss of dye when in reality sampling 
was done too soon. Similarly, this much varia- 
tion in concentration laterally might suggest 
poor mixing, whereas waiting longer to sample 
would have revealed good mixing. Thus it is 
emphasized that injection should be long 
enough and sampling late enough to ensure 
that what is being measured is a fully devel- 
oped concentration plateau across the stream 
and with time. 

In the example, the concentration of the in- 
jection solution was chosen for a discharge esti- 
mated at 40 ft3/s. Had the discharge actually 
been 60 ft3/s, the stream samples would have 
had a concentration of about 7 pg/L. Such con- 
centrations are more than adequate for an ac- 
curate measurement. All samples are best ana- 
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lyzed on the same scale of the fluorometer; an 
additional standard of about 7 pg/L would have 
been desirable. For convenience, a 6-p,g/L 
standard could be prepared, working from line 
llc of table 2B. 

Measurements with less than 
optimum mixing 

The nearly identical concentrations observed 
at 700 ft in the previous example indicate that 

mixing is adequate and the mixing distance 
probably optimum. If a reach length of 400 ft 
had been chosen, mixing probably would not 
have been as complete. As a further example, it 
is assumed that the flow at the 400~ft sampling 
section is distributed as shown in figure 18 and 
that dye concentrations at a through e are fully 
stabilized with time as shown. Equation 2 is 
predicated on c as a measure of the dilution 
throughout the flow section, which is not the 
case at this short distance. If data reveal that 

Cross-sectron and approxrmate discharge 
drstnbution at 400 feet 

Location of 
samples taken 

at section 
400 feet 

downstream 

Fluorometer 
reading for 

stream 
samples 

Stream 
background 

readmg 

Net 
reading 

Estimated 
portron 
of total 

discharge 

Product 
of columns 

4 and 5 

(1) (2) (3) 1 (4) (5) (‘3) 
Pt a 32.2 02 32.0 3 96 

Pt b 42.2 0.2 42.0 5 210 

Pt c 56.6 0.2 50.4 11 642.4 

Pt d 402 0.2 40.0 17 680 

Pt e 37 4 02 37.2 4 140.0 

Note: all readings on same fluorometer scale t= 40 I= 1777.2 

Arithmetic average = 41.9 
From figure 7, C = 9 20 ug/L 

Weighted average scale III readmg for C = 40 ‘777 2 = 44.4 
From figure 7, F = 9.80 ug/L 

0 = 5.89x10-‘q $ 

Using 
Arithmetic 
Average: 0 = 5.69x1O-7(31 2) q7 [ 1 = 47.5 ft3/s; 16 percent high* 

Using 
Weighted 
Data: Q = 5.69x1O-7 (31.2) q’ [ 1 = 44.6 ft3 /s, 8 percent high* 

*Assummg 41.1 ft3/s to be the correct discharge. 

Figure 18.-Example of flow-weighting concentration data where mixing is Poor. 
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mixing is not as good as desired (appendix A 
contains a computation of the percentage of 
mixing for this example), a more correct dis- 
charge can be computed if the concentrations at 
each lateral sampling point are discharge 
weighted. Thus it is a good practice to estimate 
and assign a proportion of the total flow to each 
sampling point and weight the data during the 
computation as shown in figure 18. Although 
the weighting procedure is recommended, it 
should not be used as a substitute for trying to 
select an adequate stream reach to produce op- 
timum mixing. 

Appendix B contains a form for the recording 
of field data, fluorometric analysis of samples, 
and computation of discharge using the 
constant-injection method incorporating the 
above weighting procedure. The data used in 
the figure 18 example are shown in a completed 
form to help the user. 

As indicated, dilution-type measurements of 
discharge can be made where mixing is less 
than optimum if samples are flow weighted 
across the stream. This can also be accom- 
plished by using a depth-integrating sediment 
sampler to obtain a number of equally spaced, 
vertically integrated samples across a stream, 
as is standard practice in sediment sampling 
(Guy and Norman, 1970). A single composite 
sample is analyzed to obtain C. The number of 
verticals required will depend on the degree of 
mixing that has taken place at the sampling 
section and on the accuracy requirements for 
the discharge measurement. This method can 
be approximated by moving the integrating 
sediment sampler laterally at a constant speed 
at approximately middepth. These methods 
generally should not be used where mixing is 
less than 75 percent, as there is some subjectiv- 
ity in getting depth-integrated samples. 

The Use of Relative 
Concentrations 

It is apparent from equation 9 that concen- 
trations could be measured in any similar 
units, since C/c is a ratio-for example, fluo- 
rometer dial readings. Furthermore, if both 
river samples and standard samples are ana- 
lyzed in an identical manner, certain potential 

errors may be canceled or lessened. This is one 
of the reasons for placing river samples and 
standards samples in identical bottles and al- 
lowing all samples to come to a common tem- 
perature. For the same reason, it is recom- 
mended that all samples be analyzed on the 
same fluorometer scale. As has been noted, the 
8- and lo-pg/L standards were chosen to coin- 
cide closely with the concentrations expected 
for the stream samples. This was done to en- 
sure that all samples would be analyzed on the 
same fluorometer scale, thereby lessening any 
errors that might occur by shifting from one 
fluorometer scale to another, as well as for sim- 
plicity. Similarly, the fluorometer calibration 
should be prepared from the same dye lot as 
used in the actual field test. 

Two approaches to the use of relative concen- 
tration are presented; both have advantages 
and disadvantages as to simplicity and accu- 
racy. Both use net fluorometer dial readings to 
evaluate the ratio C/ C in the constant-rate dye- 
dilution discharge relationship, equation 9. 
Both require the computation and use of dilu- 
tion factors. The first case requires the total 
dilution factor, Dr, necessary in reducing the 
manufacturer’s stock solutions, C,, down to a 
final standard solution and in the second case 
the single dilution factor, Dc, necessary in re- 
ducing C, down to C, the concentration of the 
dye solution that was injected. The second case 
requires that the determination start with the 
injected solution rather than the manufac- 
turer’s solution. The schematic diagrams in fig- 
ures 19 and 20 aid in understanding the con- 
cept and use of relative concentrations for 
computing the discharge where the constant- 
injection method is used. The examples in fig- 
ures 19 and 20 use the data for the same exam- 
ple as that in figure 17. The use of relative 
concentrations and dilution factors may at first 
appear complex but, once understood, will sim- 
plify computational procedures and laboratory 
work involved in such measurements. 

Relative concentrations based 
on stock solutions 

All measurements start with the stock dye 
solution as supplied by the manufacturer, hav- 
ing a concentration C, (see fig. 19). For 
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Measured serial dilution in laboratory; 
Csdiluted to final standard C4 

I cs diluted by DC to C i 
I 

Injected dye diluted in stream by Q 
--------------------------~ /’ 

EXAMPLE COMPUTATION 

C ‘G’s DC DC DC -= 
C4 SGC,DT = DT ‘=‘4 DT 

Equation 9: Q = 5.89X10-’ q + 

By substitution: 
Q = 5.89 x lo-’ C4 DC 

q-x DT L 1 - 

Since samples of C4 and Fare to be read on the same scale 

C4 = kR and C = kr, where k is a scale constant. 

DC Therefore Q = 5.89 X 10m7 q FX- [ 1 DT 

From data in figure Ii’ and dilution factors in table 4, line 3, and table 26, line 9: 

Q = 5.89 lo-’ (31.2) lo-’ 
4.20 X 1O-8 1 q 41 .o ft3/s 

Figure lg.-Conceptual diagram and example of computations using relative concentrations and dilution factors originating with 
the manufacturer’s stock dye solution. 
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rhodamine WT, this is 20 percent by weight. As 
seen in figure 19, C, is usually reduced to some 
lesser concentration C for injection into the 
stream. As seen in column 4 of tables 3 and 4, 
based on the volumes of water and dye mixed, 
a precise dilution factor, Dc, may be computed 
using equation 7: 

where 

Vd Ci=C, and m =Dc . [ 1 w d 
In the previous examples, a stock solution C, 

of rhodamine WT 20 percent was reduced be- 
fore injection to a C of 2.38~ lo7 kg/L by com- 
bining 100 mL of dye with 900 mL of water (see 
table 4, line 4). Thus C, was diluted by a factor, 
Dc, of lOO/l,OOO or 10-l. The concentration in 
the stream C is then a function of the rate of 
injection of C and of its dilution by Q. 

In preparing laboratory standards, a sample 
of C, is reduced until a final concentration, Cd, 
is reached after a four-step serial dilution (see 
fig. 19). Thus, by this serial-dilution process, 
the standard Cd, the one tailored to closely 
match that expected in the stream, C, is pre- 
pared from C, as 

C4=SoCsDr 

where DT is the total dilution required and the 
product of the individual dilutions. In table 2B, 
the total dilution factor after four dilutions is 
shown in column 5. The total dilution factor for 
the lo-pg/L standard used in the previous ex- 
ample is 

Dr= 

3o I[ 2o I[ 2o I[ 5o 1 50+3792 20+3500 20+3500 50+450 

D,=4.20x 1O-8 

and the final concentration, Cd, starting with 
rhodamine WT 20 percent is 

as desired. 
Using the net dial readings R and T in place 

of C and C in equation 9 and the appropriate 
dilution factors, the discharge may now be com- 
puted as 

Q=5.89x lo-7q ;xg [ 1 T (10) 

and, using the example data provided in figure 
17 and tables 2B and 4, the discharge may be 
computed as 

Q=5.89x10-7x31.2 %x4 2;;;O-s . . I 

=41.0 f&s . 

Note that if C is selected as a concentration 
shown in column 1 or 5 of table 3 or 4, respec- 
tively, and if C4 is chosen as one of those in 
column 4 in table 2B, the determination of the 
discharge is essentially a matter of determin- 
ing the ratio of the fluorometer dial readings 
for the standard and the stream samples. The 
dilution factors, Dc and Dr, may be taken from 
tables 2B, 3, and 4 or any convenient tables the 
user might wish to develop. Certain precau- 
tionary measures must be taken in using this 
technique. All measurements and computa- 
tions start with C, and assume that the manu- 
facturer’s solution is well mixed and the same 
whenever quantities are taken from the con- 
tainer of a particular dye lot. 

Relative concentrations based 
on injected solutions 

A schematic diagram and an example of com- 
putations of discharge, using relative concen- 
trations and dilution factors starting with the 
concentration, C, of the dye injected rather 
than C,, are shown in figure 20. This method 
has the advantage of avoiding errors that 
might occur if the manufacturer’s solution was 
not mixed each time dye was extracted, or if an 
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By substitution: 

Q = 5.89X lo-’ q 

Since samples of C3 and F are to be read on the same scale. 

C3 = kR and C = k?, where k is a scale constant. 

Therefore 

Q =5.89X10-’ q RX1 [ 1 J SCDT 

Note: SG is the specific gravity of C, not of rhodamine WT 20-percent. 

If C is 1 X 10’ pug/L or less, SC will be less than 1 .Ol and can be ignored. 

EXAMPLE: As in the example in figure 17: C = 2.38 X 10’ ,ug/L 
q = 31.2 mL/min 
7 = 48.6 net dial reading on 

scale III of the fluorometer 
‘G = 1.02 

Using table 5A, prepare a standard, c3 = 10.34 pg/L (line 3c) 
This standard yielded a net dial reading on scale III of 47.0 
Thus the discharge is 

47 0 

[ 

1 
Cl = 5.89X10-‘(31.2) yi+(,.02) (4.34x1o-7 ) 1 = 40.1 ft3 3/s 

Figure 20.-conceptual diagram and example of computations using relative concentrations and dilution fatiOrS originating with 
the injected solution. 
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Table 5.-Convenient three-step serial-dilution combinations for the preparation of selected standards for selected dye- 
injection solutions; prepackaged solutions. 

Injection 
solution 
C in 
p g/Lx107 

T Dilutior IS l- 

(1) 
la 0.60 

b 
C 
d 

2a 1.19 
b 
C 
d 

3a 2.38 
b 
C 
d 

4 4 76 
i ' 
C 
d 

3 5 95 
z l 

C 

d 
6a 7.14 

b 
C 
d 

7a 11.90 
b 
C 
d 

First Second Third 
"d "w "d 'w "d "w 

12) (31 
50 3000 
zo" 3000 3000 

-iii+%- 
50 3000 

2: 3000 3000 
25 3000 
25 3000 
25 3000 

?iHi%- 
20 3000 
20 3000 
20 3000 
20 3500 

20 3500 
20 3500 
20 3500 

fi 
3500 
3500 

(4) (5) 
20 2000 
20 2000 
20 2000 
20 2000 
20 3000 
20 3000 
20 3000 
20 3000 
20 3000 

Z8 ZE 
20 3000 
20 3500 
20 3500 
20 3500 
20 3500 
20 3500 
20 3500 
20 3500 
20 3500 
20 3500 

Ii 
3500 
3500 

20 3500 
10 3000 
10 3000 
10 3000 
10 3000 

error was made in measuring the quantities of 
dye and water in preparing the injection solu- 
tion. Thus the stream discharge could be deter- 
mined if the absolute value of C was unknown 
but a sample of C was retained from each test. 
This is good practice regardless of the method 
of analysis. The fact that C/C is a ratio allows 
the comparison and measurement of C relative 
to C using dial readings and measured dilu- 
tions. Unlike the previous method in which a 
working solution of 100 pg/L is prepared and 
retained for each dye lot (and, hence, only a 
single additional dilution, Dq, is required for a 
measurement), a three-step serial dilution of C 
must be done for each test where a different 
injection solution is used. This emphasizes the 

(6) (7) 
20 3000 

;: 2500 2000 
20 1500 
20 3500 
20 3000 
20 2500 

3000 
;: 2500 
20 2000 
10 2000 
20 3500 
20 3000 
20 2750 
10 2500 
10 2000 
10 1750 
10 1500 
10 3000 

:: 
2500 
2000 

10 1750 
10 3000 
10 2250 
10 2000 
10 1750 

Resulting 
Resulting dilution 
cont. C3 factor, 
in ug/L DT X 10e7 

(8) (9) 
6.45 10 .I5 
7.73 12.88 
9.64 16.07 

12.82 21.36 
8:56 I 34 6 7 :19 17 

10.25 8.62 
12.79 10.75 

7 40 
8:63 

3 11 
3:62 

10.34 4.34 
12.90 5.42 

8.91 8/ 
10.18 ::14 
11.86 2.49 
12.93 2.72 

9:56 I 65 1.29 1.61 
10.91 1.83 
12.72 2.14 

9:18 I 66 - 1 1.29 .Of 

11 .47 1.61 
13 .lO 1.83 

7.46 0.627 
9.94 0.835 

11.18 0.939 
12.76 1.073 

advantages of preparing a bulk quantity of dye 
solution of a single concentration, such as one 
of those in table 3, for a series of discharge 
measurements. The same would be true for the 
use of prepackaged dye quantities (such as in 
table 4); selection of a single dye concentration, 
C, for a series of measurements always lessens 
the laboratory work in preparing standards. 

By starting with the injected solution, C, 
only a three-step serial dilution need be pre- 
pared to obtain a standard about equal to that 
expected in the stream for C. Tables 5 and 6 
provide convenient combinations of dye and 
water to yield a range of standards from about 
7 to 13 pg/L (column 8), which should be the 
range obtained in the field samples. Column 9 



MEASUREMENT OF DISCHARGE USING TRACERS 33 

0 Table 6.-Convenient three-steo serial-dilution combinations for the oreoaration of selected standards for selected dye- . . 
injection solutions; bulk solutions, 

Injection 
solution 
C in 
l.lg/LxlO' 

(1) 
8a 0.1 

b 

C 

d 
10a 0.4 

b 

d 
lla 0.6 

b 

i 
12a 0.8 

b 
C 

d 
13a 1.0 

b 
C 

d 
14a 1.5 

b 
C 

d 
15a 2.0 

b 

d 
16a 3.0 

b 

: 
l/a 4.0 

b 
C 

d 
1Ba 5.0 

b 
L 

14 10 0 
b * 
C 
d 

T 
First 

'd 'w 

(2) (3) 
50 3000 
50 3000 
;: 3000 3000 

50 3000 
50 3000 
50 3000 

-ziK%- 
50 3000 

:i 3000 3000 
50 30 
50 30;: 
50 3000 
50 3000 

5: 5 3000 3000 
50 3000 

-%-GE-- 
50 3500 
50 3500 
50 3500 
50 3500 

2: 3500 3500 
50 3500 

:i 3500 3500 
50 3500 
50 3500 
25 350 
25 350: 
25 3500 
25 3500 
25 3500 
25 3500 
25 3500 
25 3500 
20 3500 
20 3500 
20 3500 

-?ikG%- 
20 3500 
20 3500 
20 3500 

Dilutions 
Second 

'd ', 

(4) (5) 
0 1000 

50 ldO0 
50 1000 

4ii-k%- 
:i 2000 2000 

Giidsi- 
50 3000 
50 3000 
50 3000 

20 2000 
20 2000 
20 2000 
20 2000 
2: 2 2:oo 2 00 

kz:: 2000 2000 

20 3000 
20 3000 
20 3000 
20 3000 
20 3000 

;i 3000 3000 
20 3000 

2’0” ;z:i 

;: 3500 3500 
20 3000 
20 3000 
20 3000 
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in tables 5 and 6 provides the total dilution 
factors, Dr, for whatever concentration is used. 
Following the diagram in figure 20, it can be 
seen that the standard, Cs, is equal to SoCDr. 
Thus, C=C$&Dr and the discharge equation, 
substituting net dial readings for concentra- 
tions, is 

Q=5.89x10-7 q (11) 

As an example, the same test conditions as 
those previously used and presented in fig- 
ure 17 are assumed, except that now a three- 
step serial dilution of C must be performed. 
Referring to table 5, a convenient serial 
dilution combination for the case where 
C=2.38~ lo7 pg/L is found on line 3c (for 
C,=10.34), since the injection rate for the esti- 
mated stream discharge was chosen to produce 
a plateau concentration of about 10 pg/L 
(fig. 9). A standard, Cs, is analyzed on the fluo- 
rometer on scale III at the same time the field 
samples are analyzed. This sample gives a dial 
reading of 47.2 for a net of 47.0 (the stream 
background was 0.2). Thus for the stream sam- 
ples taken at 25 minutes after the start of injec- 
tion and having an average dial reading, F, of 
48.6, the discharge may be computed as 

Q=5.89x10-7x31.2 
47 0 1 
&jx(1.02)4.34x~()-7 I 

=40.1 ft% . 

The dilution factor, Dr, was picked from 
column 9, line 3c of table 5 for the standard 
chosen. Note that in tables 5 and 6, the first two 
dilutions for any one concentration, C, are the 
same. Thus the second dilution may be treated 
as a working solution. If the 10.34~pg/L stand- 
ard was not close to that experienced in the 
stream (R did not approximately equal F), 
another standard could be prepared quickly, 
starting with the second dilution. 

This method must be considered the most ac- 
curate of those presented, because only a three- 
step serial dilution of C is involved. Any error 
in preparing the injection solution is elimi- 
nated, and fluorometer dial readings are used 
directly without recourse to calibration curves. 

Appendix B contains a form for recording 
field sampling, fluorometer analysis, and 
calculation of discharge using the constant- 
injection method. It incorporates the use of 
relative concentrations, dilution factors, and 
discharge weighting. Provision is made for 
sampling as many as five locations laterally 
across a flow section; however, on narrow well- 
confined flows, three sampling locations are 
usually sufficient unless the adequacy of mix- 
ing is suspect. Appendix B also contains a com- 
pleted form using the data for the example 
measurements illustrated in figures 17 and 19 
where relative concentrations are used. 

Mixing Length 
The mixing length equation, equation 4, can 

be rewritten as 

(12) 

where the variables are as previously defined, 
except that K is a variable with a value depen- 
dent on the degree of mixing, the location of 
injection and the number of injections. The de- 
gree of mixing is a measure of the degree to 
which a tracer is mixed in the flow; the higher 
the percentage, the more nearly are the concen- 
trations the same laterally. Appendix A shows 
the recommended method of computing per- 
centage of mixing. 

The value of K of 0.1 given in equation 4 is 
for 95-percent mixing with a single-center in- 
jection at midstream. Coefficients, K, for other 
conditions are given in table 7. 

The effect of injecting tracer at n points, 
where each injection is at the center of flow of 
each n equal-flow segment, is that the tracer 
has to mix throughout an equivalent width of 
about (l/n)B. Because B is squared in the 
mixing length equation, the value of K for a 
single-point injection is modified by the factor 
(W2. 

Injection at the side of a channel is equiva- 
lent to an injection into a stream with a width 
of 2B. Because B is squared, the coefficient K 
must be increased by a factor of 4. 
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Table 7.-Values for coefficient, K, for different degrees of mixing and numbers and location of injection 
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Number and Coefficient, K 
location of 
injection points 

Percentage mixing 
90 95 98 

One center injection 0.070 0 .lOO 0.140 

Two injection points a 0.018 0.025 0.035 

Three injection points b 0 .OQ8 0 .Oll 0.016 

One side injection point 0.280 0.400 0.560 

a For an injection made at the center of each half of flow. 

b For an injection made at the center of each third of flow. 

Where the mixing length must be shortened, 
it is best to inject at two or three points in the 
cross section. A line injection is not recom- 
mended, with the possible exception of canals 
where very uniform flow exists across the sec- 
tion (see fig. 21). If the injection rate from a line 
source is not proportional to the flow at each 
point across the section, the use of a line source 
may actually increase the mixing distance. 

Equation 12 is for an injection in the center 
of each flow segment and for a fairly uniform 
channel. If the injection is not in the center of 
flow, the theoretical mixing distance will be 
increased. The equation for mixing provides 
only an estimate of mixing length. Experience 
at a site may indicate a very different mixing 
distance. From a practical and theoretical 
standpoint, the narrower and deeper the flow, 
the shorter the channel length required for 
mixing. Thus, mixing length may change with 
stage; a flood flow that fills the channel may 
require a significantly greater channel length 
than a lower flow because of higher velocity 
and greater width. However, the effect of in- 
creased depth partly offsets this difference. 

A common fallacy is that shallow, turbulent 
whitewater streams produce rapid mixing. 
Turbulence is effective in yielding rapid verti- 
cal mixing, but unless there is substantial 
depth, lateral dispersion occurs gradually and 
the mixing length may be quite long. 

Figure 21.-Multiple dye injection in the approach to a 
Parshall flume; not visible is dye-injection pump, which 
preinjects dye into a hose line from a domestic water supply. 
Eight samples taken across the channel about 10 R below 
the hydraulic jump in the bottom of the picture yielded good 
results. 
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Figure 22.-Tubing used in the fabrication of a one-to-three 
manifold for multiple injection of dye. 

Mixing in pool-and-riffle streams sometimes 
occurs in relatively short distances, although 
the time to reach an equilibrium plateau (in 
the case of a constant-rate injection) should not 
be underestimated. Streams with deadwater 
areas or shallow side flows should be avoided; 
such conditions produce the long, attenuated 
tracer clouds requiring long injection times. 

For further information on mixing, see 
Yotsukura and Cobb (1972). 

Injection Schemes 
In most cases, a single-point injection of dye 

is used. The injection line may ordinarily be 
placed over the flow with no difficulty, as 
shown in figure 16. In somes instances, how- 
ever, excessive stream width or depth and flow 
velocities or the lack of bridges may make 
proper placing of the injection line difficult. If 
the station is one where dye-dilution measure- 
ments are to be made repeatedly, it may be 
worthwhile to install a permanent apparatus. 
Figure 13 shows a 5-gal can mariotte vessel 
positioned over a stream by use of a light cable 
and trolley. In this instance, the injection rate 
is measured volumetrically several times with 
a lOO-mL graduated cylinder and stopwatch 

Figure 23.-Fabricated manifold for three-point multiple dye 
injection; the three lengths of tubing should be equal to 
produce three equal injection rates. 

before allowing the mariotte vessel to roll out 
over the stream. A light rope is secured to the 
vessel for recovery. 

Where a pump is used, the injection line may 
be permanently secured over the stream by at- 
taching it to a cableway, running it through a 
pipe, or attaching it to the underside of walk- 
ways and bridges. In each case, the pump is 
attached to the line for injection and, upon com- 
pletion of the measurement, a solution of alco- 
hol and water is flushed through both the pump 
and line. 

Multiple injection may be desirable in wide 
channels with shallow flow or where rapidly 
varying flow is to be measured and mixing 
lengths are to be minimized. If a multiple- 
injection scheme is needed, multiple lines may 
be permanently located to distribute the dye 
injection in approximate proportion to the flow. 
Figures 22 and 23 show the fabrication of a 
one-to-three tube manifold device to permit a 
three-point injection from a single injection 
source. The manifold consists of three equal 
lengths of l/16-in-diameter thin brass tubing 
nested and soldered inside a 3/8-in section of 
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brass tubing. A l/&in piece of copper tubing is 
soldered into the other end of the 3Bin tubing 
to receive the discharge tube from a pump. 
Three plastic lines of equal length are led to the 
stream for positioning over the flow. 

Another approach involves the preinjection 
of the dye into a larger line leading to a sprin- 
kler line. In figure 21, a sprinkler line consist- 
ing of a perforated rigid pipe is placed over the 
approach of a Parshall flume. Unchlorinated 
tap water from a domestic hose line is fed to the 
pipe; dye has been preinjected into the hose, 
permitting it to mix with the larger flow of tap 
water before discharging through the sprin- 
kler. An injection pump or chemical-feed device 
capable of injecting under pressure is neces- 
sary. The injection rate is calculated by meas- 
uring volume or weight change with time, as 
discussed previously. 

A sprinkler-type system across the flow 
should not be used to shorten the mixing dis- 
tance unless the flow is fairly evenly dis- 
tributed across the channel. If the flow is not 
evenly distributed, use of a sprinkler system 
may actually increase the mixing distance. 

Dye Losses 
The section on theory discusses the princi- 

ples involved in performing slug and constant- 
rate dye-dilution discharge measurements. Ex- 
perience shows that measurement errors are 
often falsely attributed to dye losses. As can be 
seen from equation 9, a dye loss would produce 
a low value for C, and the computed discharge 
would be high. In many instances, failure to 
inject long enough or sampling too soon results 
in low values of c, particularly along the stream 
banks (see fig. 3). Using a sufficiently long in- 
jection and waiting long enough to sample will 
permit the slowly developing plateaus along 
the banks to stabilize. Dye losses do occur, but 
the above cautions need to be emphasized. 

Real dye losses occur where excessively long 
stream reaches are involved; where there is 
finely suspended sediment, particularly clay or 
flocculent organic particles; and where chemi- 
cals like chlorine oxidize or quench the dye. To 
avoid quenching, measurements should not 
normally be made on streams having a pH less 
than five (Smart and Laidlaw, 1977). Where a 

low pH does exist, the use of pontacyl pink dye 
is advisable. Dye losses have also been noted on 
very turbulent streams. The high oxygen levels 
may oxidize the dye in the same way that chlo- 
rine does. 

If the stream to be measured may contain 
substances that can cause a dye loss, a gallon of 
the stream water should be obtained for labora- 
tory use in preparing a standard to be com- 
pared with a duplicate one prepared from dis- 
tilled water. The laboratory work must be done 
promptly, because the chemistry of the river 
water may change if it is stored too long. A 
stream-water standard may be prepared in the 
field at the time of the dye test if a 100~pg/L 
working solution for the dye lot is available. 

The preparation of a complete set of stand- 
ards from stream water with the objective of 
cancelling any reactions that may be taking 
place in the stream is to be discouraged. Nor- 
mally, it is difficult to replicate reactions be- 
tween dye and stream water in a bottle. Stand- 
ards should provide absolute values without 
the uncertainty inherent in using water that 
may produce unpredictable results. 

Adhesion of the dye to particle surfaces does 
not appear to take place immediately. In spe- 
cial situations, dye losses from adhesion on fine 
sediment have been avoided by immediate fil- 
tration of the samples to minimize the exposure 
of the dye to particles. 

Tests by Rathbun (USGS, written communi- 
cation, 1983) indicate that significant losses of 
rhodamine WT may occur where diluted con- 
centrations are exposed to direct sunlight for 
several hours. Thus, excessive reach lengths, 
like those used in time-of-travel studies, may 
result in significant photochemical decay of 
rhodamine WT dye. Most exposure times for 
dye-dilution discharge measurements are short 
enough that photochemical decay losses are not 
a problem. 

Special Measurements 
Beneath ice 

The measurement of discharge in ice-covered 
streams by conventional current-meter meth- 
ods is laborious and often of questionable accu- 
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racy. On small streams, the dye-dilution 
method of measuring discharge is particularly 
useful under such conditions because it does 
not depend on measurement of either the flow 
area or velocity. 

Site preparations 

For most small streams, a single, midchan- 
nel dye injection is sufficient. Preparations, in- 
cluding selection of the reach length, are the 
same as the criteria discussed in the earlier 

. section for the slug-injection test. Equation 4 
can be used to estimate the mixing length; the 
deeper and narrower the channel, the better. 

Unlike open-channel, current-meter flow 
measurements, selection of the channel reach 
is not limited by availability of bridges; a firm 
ice cover will permit ready access to the stream 
for placing equipment and selecting the injec- 
tion and sampling sites. Unlike current-meter 
measurements beneath ice, only very small 
holes need be drilled through the ice for injec- 
tion and sampling. A single l/2-in-diameter 
hole through the ice in the centroid of the flow 
is used for the injection. It may be necessary to 
drill several exploratory holes to find the main 
flow. It is well to select a measurement reach 
before freezeup. The injection line may be sup- 
ported beneath the ice by inserting it inside a 
3/8-in-diameter metal or plastic tube. This tube 
will usually vibrate when projected into the 
main flow and this can be used as a guide in 
selecting the centroid of flow. As shown in fig- 
ure 24, the dye-injection line should be posi- 
tioned well beneath the ice but clear of the 
streambed. Slush ice conditions immediately 
downstream from the injection should be 
avoided. 

Three to five small holes should be drilled 
across the channel at the section chosen for 
sampling. An ordinary carpenter’s brace and 
long auger wood bit may be used to cut the 
small holes through the ice. The spiral helps to 
remove ice cuttings (see figs. 25 and 26). Grind- 
ing off the small starting tip of the wood bit 
makes it more suitable as an ice auger. Because 
of the smallness of the holes, they may have to 
be marked with rocks or sticks to be readily 
located when needed. Too small a hole may 
cause drill freezeup, and the hole itself is apt to 
freeze back before it can be used. 

Tracer preparation and injection 

For a constant-injection test, the amount of 
tracer needed should be calculated from the 
estimated discharge and the graph in figure 9. 
The constant-injection type of test is recom- 
mended for measurements beneath ice. Rho- 
damine WT dye 20-percent solution as received 
from the manufacturer has a specific gravity of 
approximately 1.19. Normally, this solution is 
mixed with water in amounts such as shown in 
tables 3 and 4. When performing dye-dilution 
measurements under freezing conditions, the 
addition of antifreezing agents such as 
methanol alcohol or glycol is mandatory if the . . m -Volumetrically calfbrated clear 

plastlc marmtte vessel contamlng 
0 dye-water-alcohol mixture 

%-inch tube 

(A) ln)ectlon system for measurement beneath ice 

step 1 
Blow staanant 
water out of 
J/4 Inch plastic 
tube placed at 
mid-depth 

Flow I) 

step 3 
Transfer contents 

step 2 - Y to sample 
Draw up water 
sample 

contamers 

II 

fB) Method of “plpettmg” water samples from under the Ice 

Figure 24.-Dye-dilution discharge measurement under ice 
cover. 
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Figure 25.-Dye injection under ice cover, using a chemical- 
feed tank. An auger is used to drill holes through the ice and 
a tube is used to draw background samples from under the 
ice before injection. 

small injection rates used are not to be inter- 
rupted or altered by solution freezeup. 
Automobile-type antifreeze should not be used 
because it frequently contains sealers and rust 
inhibitors that may clog the injection appara- 
tus. Methanol alcohol is recommended for addi- 
tion to dye-water solutions because it has a 
specific gravity of 0.80 and, if added in equal 
proportions to the dye, will yield essentially a 
neutrally buoyant mixture. Figure 27 shows 
the amount of alcohol to be used for a given 
temperature. The sum of the water and alcohol 
should equal the volumes of water shown in 
column 2 of table 3 or the total volume of water- 
dye mixture in column 3, table 4. Unless a neu- 
trally buoyant solution is used or the injection 
solution is below 2 percent concentration, the 
injection rate should not be determined by 
weighing; volumetric-displacement methods 
should be used, if possible. 

Figure 26.-Sampling under ice cover as part of a dye-dilution 
discharge measurement; an auger is used to drill three to 
five holes through the ice across the channel at a suitable 
distance downstream from the injection, and a tube is used 
to draw samples. 
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Figure 27.-Proportions of methanol alcohol and water-dye 
solution needed to prevent freezing of mixtures at selected 
temperatures. 
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Dye injection using the constant-rate pump 
for withdrawing the dye solution from a gradu- 
ated cylinder is recommended. The backpack 
enclosure shown in figures 11 and 12 is sug- 
gested, for it protects the equipment from freez- 
ing winds. As shown in figure 24A, a mariotte 
vessel may be substituted for the constant-rate 
pump by using a funnel and tube arrangement. 
All equipment should be thoroughly flushed 
with an alcohol-water solution upon comple- 
tion of the measurement. 

Sampling 

It is important that the water sample be 
taken below the ice in flowing water. To obtain 
a representative sample, a rigid plastic tube 
with a l/4-in inside diameter is inserted 
through the ice hole until the tube is below the 
ice but not hitting the streambed. If the flow is 
swift, the plastic tube will vibrate in the flow. 
This and the depth at each sampling hole can 
be a guide in estimating the proportion of flow 
to be allotted each sample. Draw freshwater up 
into the tube, taking care not to swallow any, 
and immediately blow it back out. That washes 
out previous samplings and removes any stag- 
nant water that may enter the tube as it is first 
lowered through the hole. Next, draw or pipet 
in a freshwater sample, hold it in the tube by 
placing a finger over the top, and withdraw the 
tube from the hole, transferring the contents to 
suitable containers. Samples of about 15 to 
20 mL are needed for laboratory analysis. In 
addition to the river samples taken during the 
actual dye tests, water samples for background 
analyses should be taken before the injection. 

Analysis 

The samples should be protected from freez- 
ing and returned to the laboratory for the usual 
anlaysis. Analyses and computations are the 
same as those described for other dye-dilution, 
constant-injection discharge measurements. 

Canals and pipes 

The data shown in figures 8 and 17 for a 
small, moderately sloping stream with a depth- 

to-width ratio of 1 to 20 and a mixing length of 
700 ft are typical of a natural stream. Using 
those data and referring to figure 2, the total 
time of passage of a slug-response curve, Tn, 
was 7 minutes, and a stable plateau concentra- 
tion was achieved 12 minutes after the start of 
injection. Had greater mixing distances been 
empioyed or had the natural channel contained 
more slack-water zones, a longer period of in- 
jection would have been necessary before a 
plateau was reached. 

When a tracer is slug injected into manmade 
canals or pipes, the resulting response curves 
are much less elongated than those depicted in 
figures 1,2, and 3 because of the lack of slack- 
water areas. Consequently, the plateau in re- 
sponse to a constant-rate tracer injection will 
also be reached rapidly in lined canals and 
pipes. Figure 28 shows time-concentration data 
obtained from a 4-minute-duration, constant- 
rate injection in a large irrigation canal in Col- 
orado. Note that, although the distance was 
more than a mile, a plateau was reached within 
3 minutes, 16 minutes after the start of injec- 
tion. The mean velocity in this canal during the 
measurement was more than 7 ft/s; as seen in 
equation 4, the mixing length required is di- 
rectly proportional to the mean velocity. Thus, 
in such structures, the time for mixing may be 
brief but the distance large. 

Similar results may be expected in pipes and 
other manmade conduits where velocities are 
high and pools and rimes nonexistent. If ade- 
quate mixing lengths are physically available, 
excellent dye-dilution measurements can be 
made in such structures. 

Measurement During 
Unsteady Flow 

Concepts 

According to the constant-rate injection for- 
mula for discharge, equation 2, if tracer is in- 
jected continuously at a constant rate into a 
flow varying as shown by the solid line in fig- 
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Figure 28.-Rapid measurement of discharge in a lined canal by dye dilution, Charles Hanson Canal, Colorado. 

ure 29A, the inverse tracer concentration 
graph shown as a dashed line results. Theoret- 
ically, any sample taken (assuming adequate 
mixing) during such an unsteady flow would 
be a measure of the discharge at that instant. 
Thus, interesting possibilities exist for the ac- 
curate measurement of unsteady or rapidly 
varying flow. 

Unfortunately, certain factors limit the de- 
gree of unsteadiness that can be measured 
practically by dilution techniques. Fortu- 
nately, field tests show that the method can be 
used and equation 9 applied for rather high 
degrees of unsteady flow. Additional laboratory 
and field tests are in progress to attempt to 

define the conditions and’limits of use of the 
constant-rate injection method for the meas- 
urement of unsteady flow. 

For the theoretically correct measurement of 
unsteady flow using a continuous injection, a 
given element of tracer would have to mix in- 
stantaneously in the flow element into which it 
was injected. That is, the longitudinal disper- 
sion that produced the ever-elongating tracer 
response curves shown in figure 1 could not 
exist. But of course it does exist; and, in steady 
flow, the plateau is produced by the summation 
of the superposed slug-response curves, as 
shown in figure 2, which are shaped by longitu- 
dinal dispersion. The greater the elongation of 
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Figure 29.-Constant-rate injection into unsteady flow. 
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the characteristic slug-response curves, the 
greater the probable error in a constant- 
injection dye-dilution measurement in 
unsteady flow. 

A precise theoretical analysis of a continuous, 
constant-rate tracer injection into unsteady 
flow has not yet been accomplished. Some idea 
of the factors involved can be ascertained, con- 
ceptually at least, by using the superposition 
principle discussed in the section on Theory, in 
which the plateau resulting from a constant 
injection of tracer into steady flow is simulated 
by superposing the characteristic slug-response 
curves (fig. 2). In figure 29B, the characteristic 
slug-response curves are superposed but in- 
creased or decreased in concentration to reflect 
the dilution that would occur if each slug mass 
were mixed into its respective element of flow. 
Furthermore, as flow depth and velocities in- 
crease at the higher stages, longitudinal dis- 
persion typically decreases; that is, slug- 
response curves become shorter in time of 
passage and, thus, favorable to an accurate di- 
lution measurement of unsteady flow. At the 
same time, it is probable that the mixing 
length required to measure the discharge hy- 
drograph shown in figure 29A would be the 
longest (mixing length would change primarily 
due to change in depth and velocity) at the 
higher discharges until bankfull stage was 
reached. Thus, the reach length chosen would 
have to be greater than necessary for the lower 
discharges and the characteristic response 
curve for the lower stages elongated exces- 
sively over that needed for an accurate dilution 
measurement. This occurs particularly when 
pool-and-riffle rather than channel-control 
flow conditions exist. The characteristic re- 
sponse curves shown in figure 29B have, there- 
fore, been altered from the steady-state shape 
to reflect dilution and change in longitudinal 
dispersion with stage and discharge. Figure 29 
provides conceptually the following insights 
into what is apt to happen with the continuous 
constant-rate injection into an unsteady flow 
and where the best accuracy for discharge 
measurements is likely. 

1. Greatest errors are apt to occur on the 
rapidly changing rising limb of the discharge 
hydrograph. 

2. Lesser longitudinal dispersion at higher 
stages just past the peak and on the recession 
will result in the most accurate results dur- 
ing this part of the hydrograph. 

Results 

Constant-rate, dye-dilution measurement 
tests of unsteady flow have been successfully 
performed by F. A. Kilpatrick, by Katz and 
Fischer (1983), and by M. D. Duerk (U.S. Geo- 
logical Survey, 1983). Duerk was successful in 
accurately measuring discharge by the 
constant-injection method for rates of change 
in stage of as much as 5 ft/hr (550 ft3/s/hr) on a 
recession. While limited, his data showed 
greater errors for measurements on the rising- 
stage portion of hydrographs. Constant- 
injection dilution measurements by the senior 
author in a lined canal in Colorado indicated 
good accuracy on a recession having a rate of 
change of stage of 1.6 ft/hr (360 ft3/s/hr) but 
with poor results on a rising hydrograph: -10 
percent on the average for a 5.5 ft/hr rate of 
change (940 ft3/s/hr). 

Automatic dilution gaging 

There has always been a need to measure 
flows and develop ratings for small streams. 
The need has increased as interest has in- 
creased in land-use impact resulting, for exam- 
ple, from urban development and coal mining. 
Flows from small basins are characteristically 
unsteady with rapidly changing stage hydro- 
graphs of 1 to 6 hours duration and turbulent, 
high-velocity debris and sediment-laden flows. 
Such conditions make conventional measure- 
ment by current meter virtually impossible. 
Remoteness of the small basins and the unpre- 
dictability of flow events further complicate 
conventional measuring techniques, even if 
measuring such streams were physically 
possible. 

The application of dilution gaging to the au- 
tomatic measurement of runoff hydrographs 
involves the marriage of any one of the types of 
injection apparatus previously discussed with 
some sort of water-sampling system located at 
the gage site. The system is activated by a 
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stage or discharge indicative of storm runoff. 
Such a system could be installed at a station 
until rated and then moved to other stations as 
needed. 

Injection system 

Figure 30A shows a recommended injection 
system with these features: 

1. A constant-head mariotte tank has been 
coupled with a la-volt constant-rate injection 
pump, thus sealing the dye reservoir from 
dirt and evaporation and improving pump 
performance by ensuring constancy of injec- 
tion rate. 

2. A small graduated section (see mariotte 
vessel on the right in fig. 14) has been incor- 
porated into the top of the larger mariotte 
reservoir to permit checking the flow rate 
each time the station is visited.4 It is impor- 
tant that an accurate measurement of the 
injection rate be obtained and that it reflect 
the resistance from the plumbing of the injec- 
tion apparatus. This is especially true of a 
multiple-injection scheme. A dye solution of 
the same concentration should be added to 
the tank after each rate check, keeping the 
tank full. 

3. A valve and flushing-tank arrangement is 
incorporated into the system to allow cleans- 
ing of the pump and injection lines each time 
the system is visited. An alcohol solution 
should be used as a flushing agent to cleanse, 
prevent freezing, and discourage insects from 
entering the injection lines. 

4. The injection may be initiated by a stage 
sensor at the injection site or by hard-wire 
relay from the sampling station. Stage sen- 
sors should be set to initiate and stop injec- 
tion above and below a given stage. 

5. The dye reservoir should be adequate for a 
continuous injection throughout the expected 
duration of the hydrograph. 

%th ere is sufficient flow at the time of a routine visit, the flow-rate 
check might also be made a routine dye-dilution discharge meas- 
urement, thus lending confidence to future automatic measure- 
ments. 

The dye solution should contain alcohol if 
freezing conditions are expected. The concen- 
tration of the solution and the pump rate 
should be sufficient to yield concentrations of 
about 5 p,g/L using rhodamine WT 20 percent 
(see fig. 9) at the maximum expected dis- 
charge. 

7. Unless the channel reach above the gaging 
station where sampling is to take place is 
narrow and the flow likely to be highly tur- 
bulent, a two-point injection is recommended 
to minimize the necessary mixing length. As 
can be seen from the section on Mixing 
Length, a two-point injection shortens mix- 
ing length by a factor of four, compared to 
single-point injection. 

Sample recovery system 

Several commercial, bottle-type water sam- 
plers are available and may be incorporated 
into a recovery system. The recommended sam- 
pling system is shown in figure 30B and should 
have these features (Duerk, 1983): 

1. It must be capable of obtaining a sample 
when flow velocities are high, preferably 
from an intake located well within the main 
flow. 

2. The sampler must take discrete samples 
and not allow cross-contamination between 
samples. For highly responsive streams, the 
shortest pumping time necessary to obtain a 
sample should be used so that each sample 
more closely represents an exact stage and 
discharge. 

3. Individual samples must be coordinated 
with stage and time. 

4. As with all dilution-discharge measure- 
ments, background samples are needed. This 
may be done by having the sampler turn on 
simultaneously with the dye-injection sys- 
tem so that a sample is obtained before the 
dye arrives. 

The technique suggested in (4) above would 
not allow evaluation of background during the 
dye-injection period, and the assumption would 
have to be made that once the samples had 
been permitted to set in the laboratory, back- 
ground was constant. If rhodamine WT dyes or 
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Figure 30.-Automatic injection and sampling systems for dye-dilution measurement of unsteady flow. 
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pontacyl pink are used, that is probably a safe 
assumption. If other tracers are used, variation 
in background with flow may be a problem. The 
collection of samples upstream from the injec- 
tion system at selected stages during the flow 
event would provide evidence of any back- 
ground variation. 

The biggest deterrent to the accurate dye- 
dilution measurement of storm-produced 
runoff flows is possible error due to dye losses 
in flows transporting large sediment loads, par- 
ticularly fine clay sediments. That source of 
error can be partly countered by using high dye 
concentrations where permissible and possibly 
by developing a means of filtering the samples 
immediately upon collection. 

Velocity Area 
Measurements 

One of the earliest forms of discharge meas- 
urement was the “salt-velocity” method (Allen, 
1927). It consists of measuring the time of pas- 
sage of a pulse of sodium chloride in a full- 
flowing conduit of uniform and known cross- 
sectional area and length. Using that 
technique, the discharge may be computed as 

(131 

where V is the volume of the conduit through 
which the lapsed time of travel of the tracer, t,, 
is measured. 

That method is still entirely feasible and 
very accurate for discharge measurement 
using a variety of tracers. Tracer losses no 
longer become a factor, the only essential re- 
quirements being a single uniform-flow cross 
section throughout the test reach and a steady 
flow. Fluorescent dyes are well suited to such 
measurements (Harris and Sanderson, 1968). 

The following precautions should be taken: 

1. Lapsed time, T,, should be based on mea- 
surements of the centroids of upstream and 
downstream time-concentration curves. 
Lapsed time should not be based on time 

from slug injection to downstream time- 
concentration curves unless unavoidable or 
the distance between observation points in 
very large. 

2. Careful synchronization of the time be- 
tween observation points is essential. 

3. Physical dimensions of the conduit need to 
be thecked if feasible; as-built dimensions 
may be slightly different from blueprint di- 
mensions. A slug-injection type dye-dilution 
discharge computation may also be made, 
using the same data as for the velocity test. 
Then condiut geometry would not be a factor 
in the accuracy of the measurement. Assum- 
ing that mixing length is adequate and care 
is exercised in performing the test, as dis- 
cussed previously, the discharge by dilution 
should confirm the results of the velocity test 
(using the same data) if the volume of the 
conduit is correct. 
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APPENDIX A 
COMPUTATION OF PERCENTAGE MIXING . 

Computation of 
Percentage Mixing 

The degree of mixing of a tracer is a measure 
of the extent to which mixing has occurred lat- 
erally in a channel cross section. Thus, when a 
tracer is uniformly mixed across a channel, the 
degree of mixing is 100 percent. From a theo- 
retical standpoint, loo-percent mixing requires 
an infinite channel length, but for practical 
purposes, mixing on the order of 95 percent is 
ordinarily sufficient to yield an accurate dis- 
charge measurement. When greater accuracy 
is required, mixing on the order of 98 percent 
may be desirable. 

Ordinarily, the computation of percentage 
mixing is not necessary, because inspection of 
the concentration data will indicate the ade- 
quacy of mixing. Furthermore, if those data are 
discharge weighted, less than ideal mixing is 
acceptable. Several mixing equations exist; the 
one by Yotsukura and Cobb (1972, p. C5) is 
recommended. This may be expressed as 

P,=lOO-~ ~ Ici-clQi (14) 
i=l 

where ci are the concentrations at points i 
across the section or, if the slug injec- 
tion is used, the areas under the 
concentration-time curves as meas- 

ured at those same points. Fluorome- 
ter dial readings adjusted for back- 
ground may be used in lieu of 
concentrations if all are on the same 
scale; 

C is the average of the plateau concen- 
trations, Ci, as determined by dis- 
charge weighting or by arithmetic av- 
eraging; dial readings adjusted for 
background may also be substituted if 
all are on one scale; 

Qi are the discharges applicable to the 
points, i; and 

Q is the total stream discharge and must 
equal the sum of the Q/s. 

The term Ici-CI results in absolute values. 
An example computation of percent mixing 

follows, using the data from the example de- 
scribed in figure 18. 

P,=lOO-[)32.0-44.4)3+)42.0-44.4)5+]58.4 

-44.4]11+]40.0-44.4]17+]37.2-44.4141 

50 
44.4x40 

=P,=lOO-[]12.4]3+]2.4]5+]14.0]11 

+]4.4]17+]7.2]4]0.0282 

=91.3 percent. 
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