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. 4. Plot the fluorometer calibration on rectilin- | The time is noted, and the person at the sam-

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 pg/L, using rhodamine WT 20 per-
cent. From figure 4, a volume of 0.5 mL is ob-
tained for a peak of 1 pug/L; thus, for a peak of
20 pg/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.

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 1/6, 3/6, and 5/6
points of cumulative flow across the section.
Samples 203 through 241 are those taken to
define the dye cloud at points a, b, and ¢ 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 pg/L.
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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 pg/L. Examining table 2B, four standards—
20, 15, 12, and 3 pg/L—are prepared from the
100-p.g/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 ¢, 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 pg/L times minutes is obtained. Using
equation 3, with V substituted for V; and C,
substituted for C, the discharge may be com-
puted as

Q=5 89><10—7[1'19X 10.0x20x 107]

34.2
=41.0 ft3/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: 20x10~7 ug/L

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

‘ 10.0

- 7YY

C=1.19x20%10 [1o,ooo+1o.o]

=23.8x10% pg/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 10~2. If repeated, a total dilution of 1074 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 1074, the re-
sulting concentration would be 23.8x104x10~*
=23.8 pg/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=5.89x 10—7[(10,000+ 10-50)%23.8% 104]

34.2

=40.8 ft3/s .

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

Asthe 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, Ty, 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

SeViC

= -7
Q=5.89x10 ATC, -

®

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 ug/L (see fig. 8),
the discharge may be computed as

Q=5 89><10_7[(10,000+ 10—50)x23'8x104:|

8x4.30

=40.6 ft%/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-
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

C

Q=5.89x10"" g ¢

)]

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

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

NOTE: Curves are based on equation
Q=5.89X107qC forc = 10 ug/L;
c

greater discharges may be
measured by allowing T to
be less than 10 ug/L.

This equation not only is used to compute the
discharge measurement, but also, by solving
for q for a given ¢, 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.

Preparation

Selection of dye concentrations and
injection rates

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

500
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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.

Desired Volumes to mix together
concentration Vw Vd Dilution Volume of
C in Water, in 20% Rhodamine factor mixture
ug/L x 107 | milliliters WT dye, milliliters | Do x 1072  in gallons
(1) (2) (3) (4) (5)
1 10 10,700 7,750 42 .0 4.87
2 10 11,000 8,000 42 .1 5.02*
3 5 14,100 3,750 21.0 4.72
4 5 15,000 4,000 21.1 5.02*
5 4 14,850 3,000 16 .8 4.72
6 3 15,600 2,250 12 .6 4.72
7 2 16,350 1,500 8 .40 4 ,72%*
8 1.5 16,350 1,100 6.30 4.61°
9 1.5 17,850 1,200 6.30 5.03*%
10 1.0 17,100 750 4.20 4.72
11 0.8 17,250 600 3.36 4.72
12 0.6 17,400 450 2.52 4.72
13 0.4 17,550 300 1.68 4.72
14 0.2 17,700 150 0.80 4.72
15 0.1 17,775 75 0.42 4.72

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

**sed 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 ¢ virtually guarantees a suc-
cessful measurement, no matter how poor the
estimate may be. Furthermore, if 2 pg/L is
viewed as a lower limit for ¢, 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

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.

Vd,
Premeasured Vw + Vq,
volumes of Number Total volume Resulting
rhodamine WT of of water and Dilution solution
20% dye, bottles dye solution, factor concentration
milliliters of dye mitliliters Dc X 10-1 C, ng/L x 107
(1) (2) (3) (4) (5)
1 50 1 2000 0.25 0.60
2 50 1 1000 0.50 1.19
3 100 2 2000 1.00 2.38
4 100 1 1000 1.00 2 .38%
5 100 2 1000 2.00 4.76
6 100 4 2000 2.00 4.76
7 100 5 2000 2.50 5.95
8 100 6 2000 3.00 7.14
9 250 1 1000 2.50 5.95
10 250 2 1000 5.00 11.90
*Example

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

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 10.—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 rate 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, 1/8-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 1b/inZ.
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 13.—Dye injection using a 5-gal can mariotte vessel
positioned over the stream by a light cable and trolley
system.

Figure 12.—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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EXPLANATION

. Water can, 5-gallon, with heavy enameled interior.

. Vacuum bottle top, or plumber’s 4-inch pipe plug, expandable type; all openings must be sealed airtight.
. Air-inlet tube.

. Plastic cylinder, rigid, 4-inch inside diameter.

. Gas valve, brass.

. Orifice, brass; a range of sizes is used to match desired injection rate.

. Air emitted to replace discharging dye solution; atmospheric pressure exists at low point of air tube

regardiess of fluid above it.

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

construction.
Dye solution.
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 D2\/h where D and h are both in inches.

Figure 14.—Design drawing of mariotte-type, constant-rate injection apparatus.
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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, midchanne! 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 1b/
in?. 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 ft%/s, fig-
ure 9 shows that an injection rate of about
35 mL per minute of a 2.0x 107 ug/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
2.38x107 pg/L 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 100-mL bottles of dye rather
than one, to obtain the necessary dye concen-
tration.

The injection solution is prepared by first
emptying a 100-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 1,000-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-

tory.
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\
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Fluorometer Readings Concentra-
Samples, type, Lapsed Scale Net Avg at tion in
and location time ! wlom \Y readings | section | stream,C
(1) (min ) 4 T gLy
@) (3) 4) | (5) (6) 7 (8) (9)
1 Stream Background 0 02
2 Stream Background 0 02
3 Pta 20 487 485
4 Ptb 20 490 488 485 1062
5 Ptc 20 48 5 483
6 Pta 25 48 6 484
7 Ptb 25 491 489 486 1063
8 Ptc 25 48 6 48 4
9 Standard 8 ug/L Lab 366 365
10 Standard 10 ug/L Lab 456 455
1 Distilled Water Lab 01

@ Computation of Discharge

Q- 5.89x1o-7q%
At 20 ,
minutes . Q = 5 89x107 (31 2) [—2%221—0] =412 1t%/s

At 25 ,
minutes . Q = 5.89x1077 (31.2)| 238X10° | - 49 1 fry/s
10.63

Figure 17.—Schematic diagram of the performance of a constant-rate dye-dilution discharge measurement.

LAPSED TIME IN MINUTES

Measurement of rate of constant

-/7 m 700 ft\ injection by observing change in



26 TECHNIQUES OF WATER-RESOURCES INVESTIGATIONS

Fluorometric analysis (6)

Assuming that ¢ values at sampling points a,
b, and ¢ will be on the order of 10 pg/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 9¢ and 10c¢ of
table 2B, standards of 8 and 10 pg/L are pre-
pared by mixing 50 mL of 100-p.g/L solution in
each of two containers containing 575 mL and
450 mL of distilled water, respectively. The 8-
and 10-pg/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 10-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 pg/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

2.38x107

— -7
Q=5.89x10 (31.2)[ e

]=41.2 ft¥s

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-ft
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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Iyzed on the same scale of the fluorometer; an
additional standard of about 7 ng/L would have
been desirable. For convenience, a 6-pg/L
standard could be prepared, working from line
11c of table 2B.

Measurements with less than
optimum mixing

The nearly identical concentrations observed
at 700 ft in the previous example indicate that
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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 ¢ as a measure of the dilution
throughout the flow section, which is not the
case at this short distance. If data reveal that

a b
L 2 L 2
Q

c
L g

Q
c

Cross-section and approximate discharge
distribution at 400 feet

Location of Fluorometer Stream Net Estimated Product
samples taken reading for background reading portion of columns
at section stream reading of total 4and 5
400 feet samples discharge
downstream
(1) (2) (3) (4) (5) (6)
Pt a 322 02 320 3 96
Pt b 422 0.2 42.0 5 210
Pt c 58.6 0.2 58.4 1 642.4
Pt d 402 0.2 40.0 17 680
Pte 374 02 37.2 4 148.8
Note: all readings on same fluorometer scale 2=40 2=1777.2
Arithmetic average = 41.9
From figure 7,C 920 pg/L
Weighted average scale Il reading for € = 7ire | 444

40

From figure 7, € = 9.80 ug/L

C
Q =5.89x107q F

Using
Arithmetic
Average: Q = 5.89x10-7(31 2)

Using
Weighted
Data: Q =5.89x1077 (31.2) [_23:;2)0

7
[.%9] =475 #t3/s; 16 percent high*

; .
] =446 ft3 /s, 8 percent high*

*Assuming 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 10-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/ ¢ 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, Dy, necessary in reducing the
manufacturer’s stock solutions, C,, down to a
final standard solution and in the second case
the single dilution factor, D¢, 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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CONCEPTUAL DIAGRAM

1 2 3 4 -
DT
= CD
C4 S
C1 02 working C4
solution
Cq Measured serial dilution in laboratory; 04
Rhodamine Cgdiluted to final standard C4 Fluorometric | = R
analysis -

WT 20% 4
1
C. di 1
s diluted by DC toC I
1

1 G
. 1
Injection ’

solution: Injected dye diluted in stream by Q PR
C=8gCsDc
. EXAMPLE COMPUTATION
S 26%% _ Pc . Do
C4 SG CS DT DT 4 D T

Equation 9:  Q =5.89X107 q

allo

By substitution: C4 DC
= =7 —Y —
Q=589x10 q ?x o7

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

C

4 = kR and ¢ = kr, where k is a scale constant.

D
Therefore Q =5.89 X 10~ q[ﬁ —C]
r DT

From data in figure 17 and dilution factors in table 4, line 3, and table 2B, line 9:

) - 455 107! ) s
Q=589 10 (31.2)[48'6 X 130570 | = 410 #t*/s

Figure 19.—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, D¢, may be computed
using equation 7:

A/
Ca=CiSc [V;Tdvz]=CsSGDc

where

C=C, and | o4 |-D
i—ULg an m—c.

In the previous examples, a stock solution C,
of rhodamine WT 20 percent was reduced be-
fore injection to a C of 2.38x107 pg/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,
D, of 100/1,000 or 107!. The concentration in
the stream ¢ 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, C,,
is reached after a four-step serial dilution (see
fig. 19). Thus, by this serial-dilution process,
the standard C,, the one tailored to closely
match that expected in the stream, c, is pre-
pared from C; as

C4=SGCSDT

where Dy 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 10-pg/L standard used in the previous ex-
ample is

DT=DIXDZXD3XD4

DT=

[ 30 20 20 50
50+3792 20+3500][20+3500][50+450]
Dp=4.20x10"8

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

C,4= C,S,Dy=20x107x1.19x4.20x 1078
=10pg/L

as desired.

Using the net dial readings R and r in place
of C and ¢ in equation 9 and the appropriate
dilution factors, the discharge may now be com-
puted as

D
Q=5.89x10""q [%XD—‘T’] (10)

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

45'5x 1071
48.6"4.20x1078

Q=5.89X% 10‘7X31.2[

=41.0 ft¥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 C, 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, D¢ and Dy, 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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‘ CONCEPTUAL DIAGRAM
DT
Cs 3 step serial dilution C =Cg/SGDT
c C
3
4
H Fluorometric | = R
1 analysis - r
\
AN Injected dye diluted in stream by Q c;

N e s O M —— o - - —— o Ci

COMPUTATIONS
C
Equation: Q =589X 107 q =
By substitution:
C
Q=5.89X 1077 q|=3x —.
® e Seor
Since samples of C3 and T are to be read on the same scale.

C3 = kR and © = kT, where k is a scale constant.

Therefore

Q=589X10"7 q gx 1
r SGDT

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

If Cis 1 X 107 ug/L or less, Sg will be less than 1.01 and can be ignored.

EXAMPLE: As in the example in figure 17: C = 2.38X 107 ug/L
q = 31.2 mL/min
T = 48.6 net dial reading on
scale Il of the fluorometer
Sg =1.02

Using table 5A, prepare a standard, 03 =10.34 ug/L (line 3c)
This standard yielded a net dial reading on scale |ll of 47.0
Thus the discharge is

_ - 470 1 _ 3
Q = 5.89X1077 (31.2) &8.6 X(1.02) (434107 ):} = 40.1 ft° 3/s

o

Figure 20.—Conceptual diagram and example of computations using relative concentrations and dilution factors originating with
the injected solution.



32 TECHNIQUES OF WATER-RESOURCES INVESTIGATIONS

Table 5.—Convenient three-step serial-dilution combinations for the preparation of selected standards for selected dye-
injection solutions; prepackaged solutions.

Injection Dilutions Resulting
solution Resulting dilution
Cin First Second Third conc. C3 factor,
wg/x10? | vy v, [ Vg Y, vg ¥V, |inwen op x1077
(1) (2) (3) (4) (5) (6) (7) (8) (9)
la 0.60 50 3000 20 2000 20 3000 6.45 10.75
b 50 3000 20 2000 20 2500 7.73 12.88
c 50 3000 20 2000 20 2000 9.64 16 .07
d 50 3000 20 2000 20 1500 12 .82 21.36
2a 1.19 50 3000 20 3000 20 3500 7.34 6.17
b 50 3000 20 3000 20 3000 8 .56 7.19
c 50 3000 20 3000 20 2500 10.25 8 .62
d 50 3000 20 3000 20 2000 12.79 10.75
Ja  2.38 25 3000 20 3000 20 3500 7.40 3.11
b 25 3000 20 3000 20 3000 8.63 3.62
c 25 3000 20 3000 20 2500 10.34 4.34
d 25 3000 20 3000 20 2000 12.90 5.42
4a 4.76 20 3000 20 3500 10 2000 8.91 1.87
b 20 3000 20 3500 20 3500 10.18 2.14
c 20 3000 20 3500 20 3000 11.86 2.49
d 20 3000 20 3500 20 2750 12.93 2.72
ba  5.95 20 3500 20 3500 10 2500 /.65 1.29
b 20 3500 20 3500 10 2000 9.56 1.61
c 20 3500 20 3500 10 1750 10.91 1.83
d 20 3500 20 3500 10 1500 12.72 2.14
6a /.14 20 3500 20 3500 I0 3000 7.66 1.0/
b 20 3500 20 3500 10 2500 9.18 1.29
c 20 3500 20 3500 10 2000 11 .47 1.61
d 20 3500 20 3500 10 1750 13.10 1.83
Ta 11.90 20 3500 10 3000 10 3000 7.46 0.627
b 20 3500 10 3000 10 2250 9.94 0.835
c 20 3500 10 3000 10 2000 11.18 0.939
d 20 3500 10 3000 10 1750 12.76 1.073

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, D,, 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

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 ug/L (column 8), which should be the
range obtained in the field samples. Column 9
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‘ Table 6.—Convenient three-step serial-dilution combinations for the preparation of selected standards for selected dye-
injection solutions; bulk solutions.
Injection Resulting
solution Dilutions Resulting dilution
Cin First Second Third conc. C3  factor,
wo/lx1o? vy v, P vy, V¢ VY, | inwa/lT  ppxi0?
(1) (2) (3) (4) (5) (6) (7) (8) (9)
Ba 0.1 50 3000 50 1000 20 2000 7.73 77.29
b 50 3000 50 1000 20 1750 8.82 88.21
C 50 3000 50 1000 20 1500 10.27 102.71
d 50 3000 50 1000 20 1000 15.31 153 .07
9a 0.2 50 3000 50 2000 20 2000 7.92 35.59
b 50 3000 50 2000 20 1750 9.04 45 .18
c 50 3000 50 2000 20 1500 10.52 52 .61
d 50 3000 50 2000 20 1250 12.59 62 .97
10a 0.4 50 3000 50 3000 20 1500 14,14 35.36
b 50 3000 50 3000 20 1750 12 .15 30.37
c 50 3000 50 3000 20 2000 10 .64 26 .61
d 50 3000 50 3000 20 2500 8.53 21.33
11a 0.6 50 3000 20 2000 20 3000 6.45 10.75
b 50 3000 20 2000 20 2500 7.73 12 .88
c 50 3000 20 2000 20 2000 9.64 16 .07
d 50 3000 20 2000 20 1500 12.82 21.36
12a 0.8 50 3000 20 2000 20 3000 8.60 10.75
b 50 3000 20 2000 20 2750 9.38 11.72
c 50 3000 20 2000 20 2500 10.31 12 .88
‘ d 50 3000 | 20 2000 20 2000 12.86 16 .07
13a 1.0 50 3500 20 3000 20 2500 7.40 7.40
b 50 3500 20 3000 20 2000 9.24 9.24
c 50 3500 20 3000 20 1750 10 .54 10 .54
d 50 3500 20 3000 20 1500 12.27 12.27
l4a 1.5 50 3500 20 3000 20 3500 7.95 '5.30
b 50 3500 20 3000 20 3000 9.27 6.18
c 50 3500 20 3000 20 2500 11.10 7.40
d 50 3500 20 3000 20 2000 13 .85 9.24
15a 2.0 50 3500 20 3500 10 2000 7.96 3.98
b 50 3500 20 3500 20 3500 9.09 4 .55
c 50 3500 20 3500 20 3000 10.60 5.30
d 50 3500 20 3500 20 2500 12.70 6.35
l6a 3.0 25 3500 20 3000 20 3500 8.01 2.67
b 25 3500 20 3000 20 3000 9.33 3.11
c 25 3500 20 3000 20 2500 11.18 3.73
d 25 3500 20 3000 20 2000 13.95 4 .65
17a 4.0 25 3500 20 3500 10 2000 8.02 2.00
b 25 3500 20 3500 20 3500 9.16 2.29
c 25 3500 20 3500 20 3000 10 .67 2.67
d 25 3500 20 3500 20 2500 12.79 3.20
18a 5.0 20 3500 20 3500 10 2000 8.03 1.61
b 20 3500 20 3500 20 3500 9.17 1.83
c 20 3500 20 3500 20 3000 10 .69 2.14
d 20 3500 20 3500 20 2500 12 .81 2 .56
19a 10.0 20 3500 20 3500 10 3750 8.59 0.859
b 20 3500 20 3500 10 3500 9.20 0.920
c 20 3500 20 3500 10 3000 10.73 1.07
d 3500 20 3500 10 2500 12 .86 1.29 |

N
o
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in tables 5 and 6 provides the total dilution
factors, Dy, for whatever concentration is used.
Following the diagram in figure 20, it can be
seen that the standard, Cs, is equal to SgCDr.
Thus, C=C4/S¢Dr and the discharge equation,
substituting net dial readings for concentra-
tions, is

R

=X
r

Q=5.89%x10"" q[ 1)

1
SeDr | -
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=2.38x107 pg/L is found on line 3c (for
C3=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, Cj, 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, r, of
48.6, the discharge may be computed as

47.0 1
_ -7
Q=5.89x10 X31'2[48.6x(1.02)4.34x10‘7]

=40.1 ft¥/s .

The dilution factor, Dy, 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 1),
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

_ VB2
L,=K E, a2

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 (1/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
(I/m)2.

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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