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SYMBOLS

Area under the experimental concentration as a function of
time curve at lateral position z, in gram-hours per gram.
Relative area, equal to A(z) divided by the total area under
the A(z) as a function of z curve.

Area under the concentration as a function of time curve
for the depth-integrated samples at the weir, in particle-
hours per gram.

Area under the concentration as a function of time curve for
size class i of the depth-integrated samples at the weir, in
particle-hours per gram.

Width of the channel, in feet.

Concentration of fluorescent tracer in a size split of a “dust-
pan” sample, expressed as grams of fluorescent tracer per
gram of total material in the size split.

Relative concentration of fluorescent tracer, equal to the
concentration divided by the area under the concentration
as a function of time curve.

Mean concentration of fluorescent tracer across the channel
width, in grams per gram.

Relative mean concentration of fluorescent tracer, equal to
the mean concentration divided by the area under the mean
concentration as a function of time curve.

Concentration of fluorescent tracer at lateral position z,
in grams per gram. (May also refer to the concentration of
fluorescent dye at lateral position z in the dye-dispersion
test, milligrams per liter.)

Concentration of sediment at lateral position z, determined
from a depth-integrated sample at z, milligrams per liter.
Concentration of fluorescent tracer in a depth-integrated
sample, expressed as number of fluorescent particles of a
specific color per gram of total sediment in the sample, in
particles per gram.

Relative mean concentration of fluorescent tracer in a depth-
integrated sample, equal to the concentration divided by the
area under the concentration as a function of time curve.
Mean concentration of fluorescent tracer in a depth-inte-
grated sample, determined from a composite of depth-inte-
grated samples taken across the weir at equally spaced
intervals, in particles per gram.

Partic'e diameter for which 16 percent by weight are smaller,
in millimeters.

Median particle diameter, in millimeters.

Particle diameter for which 84 percent by weight are smaller,
in millimeters.

Dispersion coefficients in the x, z directions, in square feet
per second.

Total number of fluorescent particles of all sizes of a specific
color injected at the beginning of the experiment.

N

n(t)

a(z)

Qs
Osi
Qs(z)

-~

to.m

At

W (¢)

w(z)

Total number of fluorescent particles of size class i of a specific
color injected at the beginning of the experiment.

Total number of fluorescent particles of a specific color in a
depth-integrated sample at time ¢.

Percent of the total weight of a depth-integrated sample that
isin sieve class i, in percent.

Total water discharge, in cubic feet per second.

Water discharge per unit of width at lateral position z, in
cubic feet per second per foot.

Total sediment-transport rate, in tons per day.

Total sediment-transport rate for size class i, in tons per day.
Sediment-transport rate per unit of width at lateral position
z, in tons per day per foot.

Mean sediment-transport rate per unit of width, in tons per
day per foot.

Fraction of the total water discharge in the width increment
Az centered at lateral position z.

Time, in hours.

Time required for the centroid of the tracer mass to reach
the measurement section, in hours.

Time required for the mean concentration at the measure-
ment section to decrease to 1.0 percent of the maximum mean
concentration, in hours.

Time correction for the finite time interval required for
injection of the fluorescent materials, in hours.

Velocity of the centroid of the tracer mass, in feet per second.
Weight of fluorescent material injected at the beginning of
the experiment, in pounds.

Total weight of sediment in a depth-integrated sample at
time ¢, in grams.

Weighting factor relating the unit sediment-transport rate
at lateral position z with the mean unit sediment-transport
rate for the cross section.

Lateral distance, measured from the right bank of the channel,
in feet.

Increment of width, in feet.

Mean lateral position of the tracer mass at the measurement
section, measured from the right bank, in feet.

Specific weight of the water-sediment mixture, in pounds per
cubic foot.

A measure of the gradation, equals ¥(dsi/ds0 + dso/die)
Variance of the mean concentration as a function of time
curves, in hours?.

Variance of the lateral distributions of the tracer materials
at the measurement section, in feet®.



VI

CONTENTS
ENGLISH-METRIC CONVERSIONS
Principal item English unit Factor Metric unit
0.3048. ... meter
Lengtheoo oo feeti v 3048 centimeter
304.8. .0 e millimeter
AT AL eitiis et it et e et Square feet........vevveveeerinnnnnn 929.0..0iiieiiiin square centimeters
09290.. ... square meters
Welght.ooon it POUNAS. e eeivineirinrrinernenaene 3453'6 """""""""""""" grams
kilograms
VeloCity. o eeiriieii e feet per second.............oeeeenn. g meters per second
centimeters per second
Water discharge...........cc.coooeiiniinin. cubic feet per second............. § - cubic meters per second
. cubic centimeters per second
Sediment-transport rate . tons per day........coooiiiiniiinnn.. . metric tons per day

Specific weight........ooocviii pounds per cubic feet grams per cubic centimeter















TRANSPORT AND DISPERSION OF FLUORESCENT TRACER PARTICLES, FLAT-BED CONDITION
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FIGURE 5.—Detailed sketch of the “dustpan” sampler.

Commercial grade acetone was used as the solvent.
A quantity of acetone was saturated with the vinyl plastic
by adding the vinyl powder slowly to the acetone with
constant stirring. The vinyl-acetone solution was then
saturated with the appropriate dye. About 100 pounds
of the material to be coated was placed in a small motor-
driven cement mixer. As the material tumbled, a small
quantity of the solution was mixed into the material and
the acetone allowed to evaporate. When the coating was

completely dry, more ot the dye solution was added. This
process was continued until fluorescence of the material
under an ultraviolet light indicated that an adequate
coating had been obtained.

If no loosely cemented aggregates of particles existed in
the dry material, the material was placed in canvas bags.
If aggregates of particles existed, the material was passed
between rubber rollers to break the aggregates into single
particles.

TABLE 1. —Summary of the median fall diameters of the various sieve classes of fluorescent tracers from runs 1 and 2 and the bed material from
the Rio Grande conveyance channel

Median fall diameter {mm)

Run 1 Run 2
Sieve class (mm) Bed material
Green quartz Yellow quartz Red quartz Quartz Garnet Monazite Lead

(1) 0.125-0.177 0.156 0.152 0.232 0.235 oiiviiininnns
(2) 0.177-0.250 .201 204 .300 .305 0.715
(3) 0.250-0.350 .270 0271 oieiii .289 405 .484 1.12
(4) 0.350-0.500 446 358 L 420 .578 721 1.36
(5) 0.500-0.707 .630 .452 0.539 541

(6) 0.707-1.00
(7) >1.00

690 L

SPECIfIC BTAVILY.eeueiiraeineitiiiiiiii e e e r e
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FIGURE 6.—Plan-view sketch of the study reach.

One disadvantage of the fluorescent coatings prepared
by this procedure was that the coatings were nonwetting,

Therefore, when the fluorescent materials were placed in
water, the particles had a tendency to cluster together
in groups. This clustering was avoided by adding de-
tergent to the fluorescent material before injection.

The fluorescent materials prepared in this manner for
run 2 consisted of 199 pounds of Ottawa flint quartz and
194 pounds of Ottawa crystal quartz (Ottawa Silica Co.,
Ottawa, I1l.), 232 pounds of garnet, 288 pounds of monazite,
and 83 pounds of lead shot. The specific gravities of the
coated materials were 2.65, 4.08, 4.79, and 11.3 for the
quartz, garnet, monazite, and lead, respectively.

Median fall diameters were determined for each
V2 sieve class of the fluorescent materials used in runs
1 and 2, as well as for samples of the bed material from
the Rio Grande conveyance channel. Fall diameters were
determined either by dropping single particles in a column
of quiescent distilled water or by the visual-accumulation
tube method (U.S. Inter-Agency Committee on Water
Resources, 1957a). The visual-accumulation tube was
used to analyze the materials smaller than 0.350 mm, and
the single-particle method was used for materials larger
than 0.350 mm. Fall velocities obtained from the single-
particle method were converted to median fall diameters
by means of table 2 of U.S. Inter-Agency Committee on
Water Resources (1957b). The median fall diameters are
summarized in table 1.

Photomicrographs of the material from two sieve classes
of bed material from the Rio Grande conveyance channel,
one sieve class of each of the three colors of fluorescent
quartz used in run 1, and one sieve class of each of the
four minerals used as tracers in run 2 are presented in
figures 7,8, and 9, respectively.

The photomicrographs show that the tracer ma-
terials used in run 1 were angular. Hence, the particles
would tend to have a shape factor less than the 0.7
usually attributed to naturally worn quartz particles.
This shape effect explains why the fall diameters for some
sieve classes of tracer materials from run 1 were smaller
than the lower limit of the sieve class. (See U.S. Inter-
Agency Committee on Water Resources, 1957b, fig. 7.)
The effect of shape on the difference between sieve diam-
eter and fall diameter increases with fall diameter.

The fall diameters for the garnet, monazite, and lead
tracer particles used in run 2 are larger than the sieve
diameters because of the specific gravity effect.

INJECTION OF THE FLUORESCENT MATERIALS

The instantaneous point-source method of injection was
used for both runs 1 and 2. Initially, the intent was to use
a 4-inch inside diameter steel tube as an injection tube.
However, the tube clogged when the material was poured
rapidly into it; so in both runs 1 and 2 the fluorescent
material was poured from the back of the boat as rapidly
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variac for controlling the voltage to the sand feeder, and a
hand tabulator for keeping a running count of the number
of fluorescent particles of each color. The procedure
consisted of placing a split of a size fraction in the sand
feeder, adjusting the voltage on the variac to give the
desired feed rate, and counting the fluorescent particles
of each color as they fell from the end of the sand feeder
into the glass dish. Sizes smaller than the 0.125 mm were
not counted because of the difficulty of differentiating
between actual fluorescent particles and chips or flakes
of dye from the large fluorescent particles.

A statistical analysis of the counting process (C. F.
Nordin, Jr., written commun., 1968) has shown for tracer
concentrations less than about 0.1 that the probability
that the measured tracer concentration is between 0.9
and 1.1 of the true tracer concentration is 95 percent if
about 400 tracer particles are counted. Thus, it was
necessary only to count until 400 fluorescent particles
were obtained and then weigh that part of the particular
size split associated with the 400 fluorescent particles.
If the size split contained large numbers of particles of
several colors, then the counting process was continued
until 400 fluorescent particles of the lesser of the pre-
dominant colors in the size split were obtained. The entire
size split was counted if the sample contained less than
400 fluorescent particles of any color.

The numbers of fluorescent particles of each color in
each size split were converted to concentrations with
the numbers of fluorescent particles per gram of fluores-
cent material. These numbers were determined for the
different sieve classes of each fluorescent material. A
specific number of fluorescent particles (usually 1,000)
of a specific sieve class was counted and weighed. This
counting and weighing process was continued until a
subsequent measurement did not change the overall
mean by more than 2.0 percent. The numbers of fluores-
cent particles per gram of fluorescent material for the
fluorescent materials used in runs 1 and 2 are given in
table 6.

TABLE 6.—Numbers of fluorescent particles per gram of fluorescent
material for the sieve classes of fluorescent tracer materials used in
runs 1 and 2

Particles per gram

Sieve clags Run 1 Run 2
(mm)
Green Yellow Red Quartz Garnet  Monazite Lead
quartz quartz quarfz
0.125-0.177 101,000 74,100 87,000 ............
0.177-0.250 45,800 33,200 38,800 13,600
0.250-0.350 15,800 12.600 7,520 4910
0.350—0.500 5,510 5.380 3.210 3,250
0.500-0.707 ... 3,220 1990 2540 2760 ......ceeiieiiinniiinn.
0.707-1.00

> 1.00

113

PRESENTATION AND DISCUSSION OF
RESULTS

The basic experimental data obtained in this study con-
sisted of C(t), the fluorescent tracer concentration as a
function of time from the “dustpan” samples obtained at
the various lateral positions at cross section D; C’(t), the
fluorescent tracer concentration as a function of time from
the depth-integrated samples obtained at the weir; and
the hydraulic and sediment-concentration measurements
for the study reach at the time of the experiments.

A large number of graphs of fluorescent tracer concen-
tration as a function of time for the different sieve classes
and specific gravities were obtained for the two runs (54
for run 1 and 105 for run 2). The C(t) data were obtained
for all sieve classes of the quartz in run 1 and of the
quartz, garnet, and monazite in run 2. None of the lead
tracer particles in run 2 were found. The data for the
0.500- to 0.707-mm sieve class of monazite in run 2 were
discarded because of the possibility of contamination from
the large red quartz particles from run 1 that apparently
were temporarily trapped along the right bank. Back-
ground samples collected prior to the start of run 2 con-
tained no fluorescent particles; however, samples ob-
tained at lateral positions 18 and 24 feet about 4 hours
after the start of run 2 contained some of the large red
quartz particles from run 1.

A small number of the graphs representative of all of
the data of fluorescent tracer concentration as a function
of time were selected to be included as examples. For run
1, one set of graphs of concentration as a function of
time at lateral positions, z, of 7, 17, 23, 37,43, and 55 feet
from the right bank for one sieve class of each of the
three colors was selected. These sieve classes were the
0.177-0.250 mm for the green quartz, the 0.350-0.500 mm
for the yellow quartz, and the 0.707—1.00 mm for the red
quartz. The graphs are presented in figures 15, 16, and
17 for the green, yellow, and red quartz, respectively.

For run 2, graphs of the concentration as a function of
time at lateral positions, z, of 18, 24, 30, 36, 42, 48, and 54
feet for the 0.250- to 0.350-mm sieve class of quartz and
the 0.177- to 0.250-mm sieve class of monazite were se-
lected. These graphs are presented in figures 18 and 19.
The concentrations plotted in figures 18 and 19 are rela-
tive concentrations; that is, each concentration value has
been divided by the total area under the curve of concen-
tration as a function of time. The relative concentrations
are given by

cny=—L1 .

C(t)dt

(1)

(=]
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The quantity C(t) is the fluorescent tracer concentra-
tion of a specific sieve class at a specific lateral position
at time #. The quantity C,(t) is the normalized, or rela-
tive, concentration obtained by dividing C(¢) by the total
area under the concentration versus time curve. The nor-
malization procedure indicated by equation 1 corrects for
the differences in the quantities of the quartz and mona-
zite injected and facilitates presenting the results for the
two minerals on the same graphs. These particular sieve
classes were chosen for presentation because they have
approximately the same median fall diameters (0.289 mm
for the quartz and 0.305 mm for the monazite; see table 1).

Most of the results of this study depend upon the con-
centrations of fluorescent tracer material in the “dustpan”
samples. Concentration of fluorescent material in a sieve
class of a sample is defined as the grams of fluorescent
tracer per gram of total material in that sieve class. If the
tracer particles of a specific sieve diameter behave
exactly as the nontagged particles of the same diameter,
then the efficiency of the “dustpan” sampler is not
important. This should be true for the quartz tracer par-
ticles if no significant shape differences exist between the
tracer particles and the bed-material particles because
the bed material is predominately quartz.

The efficiency of the “dustpan’ sampler is of concern,
however, when minerals with a specific gravity different
from that of quartz are used as tracers, as in run 2. Con-
centrations for the garnet and monazite were expressed
as the grams of garnet or monazite in the sieve class
per gram of total material in that sieve class. The total
material, however, was essentially all quartz; and because
of the specific gravity difference between the minerals,
the quartz associated with the garnet or monazite in a
sieve class would have a smaller median fall diameter
than the median fall diameter of the garnet or monazite.
Therefore, if there were any washing of the sample during
the sampling period or when the sampler was raised to
the water surface, and if the effect of the washing were
related to fall diameter, then the concentrations of the
garnet and monazite would be affected.

An analysis of the size distributions of various “dust-
pan,” core, and depth-integrated samples obtained dur-
ing the two runs suggested that washing of the fines from
the “dustpan” samples may have occurred. On the other
hand, the analysis suggested that, if washing did occur,
the effect was essentially uniform with respect to time
and position at cross section D. If the washing effect is
uniform with respect to time and position at cross section
D, then the results should not be affected significantly be-
cause the data analysis involves ratios of concentration
integrals. Details of the analysis of the washing effect are
presented in appendix A.

The experimental data from the two runs were used to
determine (a) the lateral-dispersion characteristics of the
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tracer materials between the injection point and cross
section D; (b) the feasibility of applying the fluorescent
tracer technique to sediment-transport-rate determina-
tions; (c) the velocities of the centroids of the tracer ma-
terials between the injection point and cross section D;
and (d) the longitudinal-dispersion characteristics of the
tracer materials between the injection point and cross
section D. Each of these items is discussed in detail in
the following sections.

LATERAL-DISPERSION CHARACTERISTICS OF THE
TRACER MATERIALS

The lateral-dispersion coefficient, K., can be calcu-
lated from the rate of change of the variance of the lateral
distribution of the tracer material with distance down-
stream (Sayre and Chang, 1968). In the fluorescent tracer
experiments, however, meaningful data were obtained
only at cross section D because of the rapid rate at which
the tracer material moved through the study reach. There-
fore, a true lateral dispersion coefficient could not be
calculated. However, the variance, o2, of the area under
the curves of fluorescent tracer concentration as a func-
tion of time versus lateral position at cross section D can
be used as a measure of lateral dispersion between the
injection point and cross section D. For a valid compari-
son, this procedure assumes that the initial period re-
quired for the establishment of the linear variation of the
variance with distance is the same for all size classes and
specific gravities of tracer materials.

The lateral distributions of the fluorescent tracer mate-
rials at cross section D were represented by plots of the
areas under the curves of concentration versus time as a
function of lateral position, z, in the cross section— that

is, A(z) versus z, where 4(z) =fm C(t)dt. The A(z) data
o

were normalized by dividing by the area under the A(z)

B
versus z curves, orj A(z)dz where B is the channel
0

width. Normalization facilitated the comparison of the
lateral distributions for the different sieve classes and
specific gravities of tracer materials. The graphs of the
normalized, or relative, area, 4,(z), as a function of z for
the various sieve classes of fluorescent materials used in
run 1 are presented in figure 20; and the graphs of 4,(z)
versus z for the different sieve classes of quartz, garnet,
and monazite tracers used in run 2 are presented in figures
21, 22, and 23, respectively. Figures 20 through 23 show,
in effect, the relative amounts of each fluorescent tracer
that passed through each sampling position at cross
section D during the runs, if it is assumed that the sedi-
ment-transport rate was constant during the run.
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RELATIVE FLUORESCENT TRACER CONCENTRATION, C-(#)

SEDIMENT TRANSPORT IN ALLUVIAL CHANNELS
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FIGURE 19.— Variation with time of the relative concentrations of the 0.250- to 0.350-mm sieve class of quartz and the

0.177- to 0.250-mm sieve class of monazite at lateral positions of z=42, 48, and 54 feet; cross section D, run 2.
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The variance of the lateral distribution at cross section
D, ¢%, is given by

0

jB 22A(z)dz
LB A(z)dz -

oi=

2, 2)

where z is the lateral position measured from the right
bank of the channel, B is the channel width, 4(z) is the
area under the curve of concentration versus time at
lateral position z and is given by

L] (3)

2=z

A(z)=J:C(t)dt

and Z is the mean lateral position of the distribution,

defined as
B
J' 24 (z)dz
s_Jo

=" g (4)
J; A(z)dz

The integrals in equations 2 and 4 were determined by
measuring with a planimeter the areas under the appro-

priate curves. The A (z) values at the ends of the distri-
bution were assumed to be zero at lateral positions
displaced toward the banks from the outside sampling
positions a distance equal to one-half of the interval over
which the outside sampling position was assumed to
apply. The distributions presented in figures 20 through
23 suggest that this assumption is valid, except perhaps
for the red quartz particles in run 1. Because of the
tendency for the large particles to move toward the right
bank, the areas for the red quartz at z="7 feet were large.
However, an insufficient number of samples was obtained
at positions between z=7 feet and the right bank, and
thus it was necessary to assume that these areas de-
creased linearly from the values at z=7 feet to zero at
z=2 feet.

The mean lateral position values, z, and the variances,
o2, of the lateral distributions at cross section D are sum-
marized in tables 7 and 8 for runs 1 and 2, respectively.
The mean lateral position values are plotted as a function
of the median fall diameters of the sieve classes in fig-
ures 24 and 25 for runs 1 and 2, respectively. The vari-
ances, o2, are plotted as a function of the median fall
diameters of the sieve classes in figures 26 and 27 for
runs 1 and 2, respectively. The numbers next to each
point indicate the sieve-class numbers given in tables 7

and 8.



122 SEDIMENT TRANSPORT IN ALLUVIAL CHANNELS

0.08 T T T T T
EXPLANATION
Red quartz
0.06} (mm) E
® 0.500-0.707
a A 0.707-1.00
00ak ) ® >1.00
0.02 B
0 e |
0.08 T T T

T T
EXPLANATION

Yellow quartz

(mm)
0.06 | /,l\ ® 0.250-0.350
;N A 0.350-0.500
/ N ® 0.500-0.707

RELATIVE AREA, A, (z)
o
K
T

0.02 -

0 .
0.08 . , . .
EXPLANATION
Green quartz
(mm)
0.06 - A e 01250177 -
/A a 0177-02%
7/ o) ® 0.250-0.350
0.04L
0.02|
o .
0 10 20 30 20 50 60

DISTANCE FROM RIGHT BANK (2), IN FEET

FIGURE 20.— Variation of the area under the curve of concentration
versus time with lateral position, z, at cross section D for the different
sieve classes of the three colors of quartz tracer, run 1.



RELATIVE AREA, A, (z)

0.100

TRANSPORT AND DISPERSION OF FLUORESCENT TRACER PARTICLES, FLAT-BED CONDITION

0.075

0.050

0.025

o
8

0.075

0.050

0.025

EXPLANATION
Quartz
(mm)

@ 0.350-0.500
A 0.500-0.707

& 0.707-1.00

EXPLANATION
Quartz
(mm)
® 0.125-0.177
A 0.177-0.250

8 0.250-0.350

DISTANCE FROM RIGHT BANK (2), IN FEET

70

123

FIGURE 21. — Variation of the area under the curve of concentration versus time with lateral position, z, at cross section D for the different

sieve classes of quartz tracer, run 2.
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The vertical dashed lines in figures 24 to 27 represent
the size limits of the sieve classes used in the analysis of
the samples. In several instances, the median fall diam-
eters for some sieve classes of tracer material are smaller
than the lower size limit of the sieve class. As discussed
previously, shape effects probably contributed to this
anomaly. The photomicrographs of the fluorescent ma-
terials used in run 1 (see fig. 8) indicate that this material
was angular and thus had a shape factor less than the 0.7
usually attributed to naturally worn quartz particles. The
median fall diameters for the different sieve classes of
garnet and monazite are in general displaced to the next
larger sieve class because of the effect of specific gravity.

TABLE 7.—Summary of the z and o2 values for the lateral distributions
at cross section D, run 1

Color of Sieve class z ot
quartz (mm) (fr) (fr2)
Green (1) 0.125-0.177 33.7 69.8
(2) 0.177-0.250 34.4 63.1
(3) 0.250-0.350 33.2 62.7
Yellow (3) 0.250-0.350 26.7 82.3
(4) 0.350-0.500 22.7 61.0
(5) 0.500-0.707 18.7 34.2
Red (5) 0.500-0.707 19.0 33.2
(6) 0.707-1.00 17.9 50.5
(7) >1.00 16.5 71.4

TABLE 8.— Summary of the Z and o2 values for the lateral distributions
at cross section D, run 2

Mineral Sieve class z o2
(mm) (f1) (fe2)
Quartz (1) 0.125-0.177 45.1 78.6
(2) 0.177-0.250 44.2 38.7
(3) 0.250-0.350 40.3 36.6
(4) 0.350-0.500 37.9 26.9
(5) 0.500—-0.707 37.0 17.9
(6) 0.707-1.00 37.8 14.4
Garnet (1) 0.125-0.177 40.1 32.9
(2) 0.177-0.250 36.7 26.2
(3) 0.250-0.350 33.0 14.5
(4) 0.350-0.500 31.7 12.5
(5) 0.500-0.707 31.4 14.4
Monazite (1) 0.125-0.177 39.9 44.6
(2) 0.177-0.250 35.9 30.7
(3) 0.250-0.350 33.4 25.0
(4) 0.350-0.500 319 25.3

The mean lateral positions and the variances for the
dye-dispersion test were calculated from summation
approximations of equations 4 and 2, respectively. These
approximations are

]
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The approximations were assumed valid for the dye-
dispersion test because samples were obtained every 2
feet across the channel width.

The results of the dye-dispersion test are summarized
in table 9. The variances at the different cross sections
were corrected for the effect of width by the method of
Fischer (1967), and the corrected variances are given in
table 9. A plot of the variance as a function of longitudinal
distance from the source suggested that the second meas-
urement, D(2), at cross section D was the more correct
of the two. The D(2) values of z and o3 for the dye-dis-
persion test are shown near the ordinates of figures 24
and 26, respectively.

TABLE 9.—Summary of the z, o2, and af (corrected) values for the
dye-dispersion test

Width o (corrected)

Cross z o}

section (ft) (i3] (ft2) (fr2)
A 73.5 26.8 7.88 7.74
B 70 22.6 19.5 21.2
C 69 30.7 32.8 36.5
Dy 19 35.2 103 87.7
D(2) 79 34.2 68.5 58.4

The mean lateral positions for the quartz tracer par-
ticles ranged from 34.4 feet from the right bank for the
0.177- to 0.250-mm sieve class of green quartz to 16.5
feet for the > 1.00-mm sieve class of red quartz in run 1
and from 45.1 feet from the right bank for the 0.125- to
0.177-mm sieve class to 37.0 feet for the 0.500- to
0.707-mm sieve class of quartz tracer in run 2. The tend-
ency for the large tracer particles to move toward the
right bank is evident from the results presented in figures
24 and 25. The difference in the magnitude of the effect
for runs 1 and 2 may be attributed to the fact that the in-
jection point for run 2 was moved 7 feet to the left of the
channel centerline after the behavior of the tracer par-
ticles in run 1 was observed. There was little difference in
the z values of the garnet and monazite for particles of
comparable fall diameter. However, the garnet and mona-
zite z values were displaced 2 to 6 feet toward the right
bank from the z values for quariz particles of comparable
fall diameter.

A possible explanation for the movement of the large
particles toward the right bank may be based on a
consideration of the cross-section measurements obtained
prior to the start of run 2. (See figs. 12 and 6.) The thalweg,
or line of maximum depth, shifted from approximately
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the centerline at the injection point to the right bank at
cross section A and then back to the left bank at cross
section D; the maximum depth was greatest at cross sec-
tion A. The results of the fluorescent tracer experiments
suggest that the large tracer particles, particularly in run
1, tended to follow the thalweg from the injection point
to the right bank and then to move down the reach along
the bank.

Figures 26 and 27 show a distinct difference in the
variation of g2 with fall diameter for the large quartz
tracer particles in runs 1 and 2, and there are at least
two factors that contribute to this difference. These
factors are the movement of the red quartz particles
toward the right bank and the indication that some of
these particles were trapped temporarily along the right
bank. The lateral distributions for the three sieve classes
of red quartz, and in particular the > 1.00-mm sieve class,
are skewed toward the right bank (fig. 20). Temporary
entrapment of some of the red quartz was indicated by
the appearance of red quartz particles in samples obtained
during the middle part of run 2 for positions near the right
bank at cross section D, even though background samples
obtained at cross section D prior to the start of run 2
indicated that all of the fluorescent material used in
run 1 had passed through the study reach. Both of these
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factors, the temporary entrapment and the displacement
toward the right bank region where water velocities were
less than the mean water velocity, would tend to increase
o? over the values that might be expected if the red
quartz particles had moved down the center of the
channel without interference.
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FIGURE 25.— Variation with fall diameter of the mean lateral positions of
the tracer distributions at cross section D, run 2. Numbers in paren-
theses are sieve class numbers; see tables 7 and 8.

The o2 values for the three sieve classes of green quartz
in run 1 were approximately the same as the o'} value for
the dye cloud in the dye-dispersion test. The o} value
for the 0.250- to 0.350-mm sieve class of yellow quartz
exceeded the o3 value for the dye; however, the difference
was small.

The o3 values for garnet in general were less than the
o2 values for quartz particles of comparable fall diameter.
The o3 values for monazite, however, fall in line with
the quartz values, with the exception of the value for the
0.350- to 0.500-mm sieve class of monazite. Thus, the
lateral dispersion of the heavy minerals as represented
by the variance of the lateral distribution at cross section
D generally decreases with increasing particle diameter,
as it does for the quartz, with the exception, however,
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FIGURE 26.— Variation with fall diameter of the variances of the lateral
distributions of the tracer masses at cross section D, run 1. Number
in parentheses are sieve class numbers; see tables 7 and 8.
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FIGURE 27.— Variation with fall diameter of the variances of the lateral
distributions of the tracer masses at cross section D, run 2. Numbers
in parentheses are sieve class numbers; see tables 7 and 8.

that there is a slight increase in the variance for the large
sizes of garnet and monazite.

The results of the two fluorescent tracer experiments
suggest that at least two factors may be important in

SEDIMENT TRANSPORT IN ALLUVIAL CHANNELS

causing lateral mixing of sediment particles. These are
the turbulence in the flow and the thalweg. In run 1, the
injection point apparently was on the thalweg and the
large particles tended to follow the thalweg to the right
bank whereas the small particles were mixed in the lateral
,direction to about the same extent as the dye cloud. Thus,
in run 1 the lateral mixing of the small particles was
caused primarily by the turbulence in the flow, and the
lateral mixing of the coarse particles was caused primarily
by the thalweg. Particles with a fall diameter of about
0.5 mm were affected least by the two factors. (See fig. 26.)
In run 2, the shift of the injection point apparently was
sufficient to remove the fluorescent tracers from most of
the influence of the thalweg and lateral mixing as indi-
cated by 0% decreased with increasing fall diameter. The
large and heavy particles mixed the least because they
spent a greater proportion of the time resting on or rolling
along the bed surface than did the small particles.

APPLICATION OF FLUORESCENT TRACERS TO THE MEAS-
UREMENT OF THE SEDIMENT-TRANSPORT RATE

The use of fluorescent tracers for the determination of
the sediment-transport rate assumes that the tracer par-
ticles and the natural sediment particles behave identi-
cally. Also, the quantity of tracer material injected must
be small in comparison with the natural sediment-trans-
port rate. Sediment-transport rate as used in this report
refers to the rate of movement of the channel bed material
and includes the suspended bed-material load and the
bedload but does not include the fine material or “wash

load.”
“DUSTPAN” SAMPLES AT CROSS SECTION D

The time-integration method was used to calculate the
sediment-transport rate from the fluorescent iracer con-
centrations of the “dustpan” samples obtained at cross
section D. The time-integration equation is based on the
conservation of the tracer material as expressed by

W=LB f as(t, 2)C (8, z) dt dz, %)

where W is the weight of tracer material injected, gs is the
sediment-transport rate per unit of channel width, C is
the fluorescent tracer concentration, and B is the channel
width. The quantities gs and C are functions of lateral posi-
tion, z, and time, t. If gs, the sediment-transport rate, is
steady, it is independent of time, and equation 7 becomes

W=LB gs(z) J:c lC(t, z) dt dz. (8)

Because samples were obtained at various positions
across the channel at cross section D throughout the pas-
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sage of the tracer mass, the variation of the quantity
L C(t) dt with z was determined. However, it is neces-

sary also to know how ¢, varies with z. It was assumed that
9)

where g¢;(z) is the unit sediment-transport rate at z, gs is
the mean unit sediment-transport rate for the cross sec-
tion, and w(z) is the weighting factor at z. Substitution of
equation 9 into equation 8 yields, after rearrangement,

N
LB w(z)A(z) dz

qs‘(z) = qsw(z) 1

(10)

where 4(z) is defined by equation 3. In general, the over-
all size distribution of the bed material in transport will
not match exactly the size distribution of the tracer ma-
terial. Therefore, equation 10 must be applied to each
size class and the results summed to obtain the total
sediment-transport rate. The weighting factors were
determined from a set of depth-integrated samples ob-
tained at the weir. Details of the procedure are given in
appendix B.

The mean unit sediment-transport rates, gs, for the
various sieve classes of quartz tracer were calculated
from equation 10. The denominators of equation 10 were
determined by plotting the product w(z)4(z) as a func-
tion of z and measuring the areas under the curves with a
planimeter. These §s values were converted to the total
sediment-transport rates, (s, by multiplying by the
channel width at cross section D. The Q; values for the
various sieve classes calculated from the fluorescent
tracer concentrations of the “dustpan” samples at cross
section D are summarized in tables 10 and 11 for runs 1
and 2, respectively. The measured Q; values determined
from the depth-integrated samples obtained at the weir
are presented also in tables 10 and 11. The calcula-
tions of the sediment-transport rates were limited to
sieve sizes larger than 0.125 mm. For sizes smaller than
0.125 mm, it was difficult to distinguish between chips of
dye from large particles and actual fluorescent particles.

TABLE 10. —Summary of the calculation of the sediment-transport rate,
“dustpan” samples at cross section D, run 1

Color of Sieve class Q: (calculated) Q- (measured) O; (calculated)
quartz (mm) (tons per day) (tons per day) Q, (measured)
Green 0.125-0.177 2,109 1,515 1.39
0.177-0.250 2,336 1,191 1.96
0.250-0.350 1,670 922 1.81
Yellow 0.250-0.350 1,277 922 1.38
0.350-0.500 323 357 .88
0.500-0.707 55 33 1.67
Red 0.500-0.707 39 33 1.18
0.707-1.00 16 [
>1.00 14 O i
Total (maximum)............. 6,523 4,018 1.62
(minimum).............. 6,114 4,018 1.52
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TABLE 11.—Summary of the calculation of the sediment-transport rate,
“dustpan” samples at cross section D, run 2

Quartz sieve class Qs (calculated) Qs (measured) Qs (calculated)

(mm) (tons per day) (tons per day) Q: (measured)
0.125-0.177 859 1,194 0.72
0.177-0.250 1,724 937 1.84
0.250-0.350 747 713 1.05
0.350-0.500 118 203 .58
0.500-0.707 36 25 1.44
0.707-1.00 6.9 O
Total...... 3,491 3,072 1.14

In run 1, two calculations of the sediment-transport
rate were possible because of the overlap of the green and
yellow 0.250- to 0.350-mm sieve classes and the yellow
and red 0.500- to 0.707-mm sieve classes. The maximum
value given in table 10 was obtained by using the 0.250-
to 0.350-mm sieve class of green quartz and the 0.500-
to 0.707-mm sieve class of yellow quartz as tracers for
the 0.250- to 0.350-mm and 0.500- to 0.707-mm sieve
classes of bed material, respectively. The minimum value
was obtained by using the 0.250- to 0.350-mm sieve class
of yellow quartz and the 0.500- to 0.707-mm sieve class
of red quartz as tracers for the 0.250- to 0.350-mm and
0.500- to 0.707-mm sieve classes of bed material, respec-
tively. The maximum value was about 6.7 percent larger
than the minimum value.

The maximum and minimum calculated sediment-
transport rates are 62 and 52 percent larger than the
sedimeni-transport rate measured at the weir. The ratios
of the calculated sediment-transport rates to the measured
sediment-transport rates for the various sieve classes
are included in table 10 and each ratio is greater than 1.0
for all size classes with the exception of the 0.350- to
0.500-mm sieve class of yellow quartz.

Several factors could contribute to the fact that the
calculated sediment-transport rates were almost all
larger than the measured sediment-transport rates.
Probably the key factor is the assumption inherent in
equation 10 that all of the fluorescent tracer material
injected is sampled as it passes through the measurement
section. However, sampling at any cross section must be
limited to a reasonable number of points with linear
interpolation assumed valid between the points. A large
quantity of fluorescent material could pass unsampled
between two sampling positions or could pass through a
sampling position while samples were being obtained at
another position. These problems would be most impor-
tant for high-velocity flows where the fluorescent material
is moving very rapidly. In addition, a quantity of the
fluorescent material may be trapped within the study
reach temporarily, or sampling may be terminated before
the fluorescent tracer material has passed completely
through a study reach. All these factors would result in
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low values of the areas, A(z), under the concentration
as a function of time curves and, hence, high values for
the calculated sediment-transport rates.

In run 1 the failure to sample at z=30 feet may have
caused some reduction of the areas under the 4(z) as a
function of z curves. In the absence of data at z= 30 feet,
the areas were assumed to vary linearly with z between
z=23 feet and z=37 feet. A consideration of figure 20
suggests that the areas at z=30 feet could be larger than
these interpolated values without resulting in unusual
A(z) versus z relations. However, it is believed that
these possible errors in the areas would not be large
enough to account for all of the difference between the
calculated and measured sediment-transport rates in
run 1.

An additional factor that must be considered is the
accuracy of the sediment-transport rates as measured at
the weir. The basis of the weir operation is that all the
sediment is suspended by the action of the baffles as the
sediment passes over the weir and the sampler nozzle
traverses the entire depth of flow at the weir crest. It is
essential that all of the sediment be suspended and that
the suspended sediment be sampled accurately. Errors
in the sediment concentrations determined from the
depth-integrated samples may occur if the intake velocity
of the sampler differs significantly from the stream
velocity. If the transit rate is too slow, overfilled sample
bottles will result and the samples must be discarded.
If the transit rate is too rapid, then the intake velocities
are less than the stream velocities and the measured
sediment concentrations are greater than the true sedi-
ment concentrations. The effect of an incorrect intake
velocity increases with particle diameter (U.S. Inter-
Agency Committee on Water Resources, 1941, fig. 14)
and is very important for particles in the sand-size range.

In run 2, the calculated sediment-transport rate was
about 14 percent larger than the measured rate. The
good agreement, however, was fortuitous, as is shown by
the ratios of the calculated to the measured sediment-
transport rates given in table 11. Two of the ratios were
less than 1.0, and this negative deviation balanced the
positive deviations for the other three sieve classes.
There are no apparent reasons why the ratios for the
0.125- to 0.177-mm and 0.350- to 0.500-mm sieve classes
should be less than 1.0. However, when the ratio of the
measured sediment-transport rate for run 1 to the meas-
ured rate for run 2 was calculated for the different sieve
classes, it was found that the ratio values were between
1.27 and 1.32 with the exception of the ratio for the
0.350- to 0.500-mm sieve class. This ratio was 1.76 and
the large difference for the 0.350- to 0.500-mm sieve class
suggests the possibility of an error in the measured sedi-
ment-transport rates for this sieve class. Also note that the
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Qs (calculated)/Qs (measured) ratio for this sieve class
was less than 1.0 in both runs.

The mean deviations, regardless of sign, of the calcu-
lated sediment-transport rates from the measured sedi-
ment-transport rates for the different sieve classes were
51 and 41 percent for runs 1 and 2, respectively.

DEPTH-INTEGRATED SAMPLES AT THE WEIR

The calculation of the sediment-transport rate from
the fluorescent tracer concentrations of the depth-
integrated samples required a slightly different pro-
cedure than was used for the “dustpan” samples from
cross section D. Because the amount of sand in the depth-
integrated samples was small and, consequently, be-
cause the number of fluorescent particles in each size
split would have been very small, the depth-integrated
samples generally were not sieved into size classes.
Because the samples were not sieved, only the total
number of fluorescent particles of each color was ob-
tained for each sample. The concentration of fluorescent
material for these samples, therefore, was defined as the
number of particles of a specific color per gram of sedi-
ment in the sample. Generally the 14 samples obtained
across the weir for each sample time were composited
to give one sample for that particular time.

In addition to requiring the modification of the defini-
tion of fluorescent tracer concentration, the small size
of the depth-integrated samples necessitated two as-
sumptions. First, it was assumed that the fluorescent
particles were sampled at the weir in the same proportion
as that at which the particles were injected. Second, it
was assumed that the sieve-size distribution of the depth-
integrated samples at the weir did not change with time
during the run.

With these assumptions, it may be shown that the
equation for the calculation of the sediment-transport
rate of size class { from the concentrations of fluorescent
tracers in the depth-integrated samples has the form

_Npi

0 ==, ay

where

A'=f ¢’ (vde. (12)
Equation 11 is similar in form to equation 10 but has the
following differences. First, the weight of fluorescent
tracer injected, W, has been replaced by N, the number
of fluorescent particles of a specific color injected, and
pi is the fraction of the total weight of sediment in the
sample that is in size class i. Second, 4(z) has been re-
placed by A’, which was accomplished by replacing in
equation 3 the concentration, C, as grams of fluorescent
tracer per gram of sediment by C’, the concentration as
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number of fluorescent particles per gram of sediment.
Third, the integration across the channel width has been
accomplished by the averaging effect of compositing a
set of samples taken across the weir; hence the trans-
port rate, (g, is the total transport rate for size class i
for the cross section, and the concentration is a mean
concentration, indicated by the overbar, for the cross
section. Details of the development of equation 11 and
a discussion of the two assumptions are presented in
appendix C.

The variation with time of €’ for the three colors of
quartz used in run 1 and the quartz, garnet, and monazite
tracers used in run 2 are presented in figures 28 and 29,
respectively. The concentrations plotted in figures 28
and 29 are relative concentrations, C,(¢); that is, each
concentration for a given color or specific gravity has
been divided by the area under the curve A4’. Thus,
Cr(t) is equal to C'(¢)/A’ where A’ is defined by equation
12.

The sediment-transport rates for the different sieve
classes of fluorescent quartz were calculated from equa-
tion 11, and the results are summarized in tables 12 and
13 for runs 1 and 2, respectively. The N values were
determined from the quantities of fluorescent materials
injected (table 2) and the numbers of fluorescent particles
per gram of fluorescent material (table 6). The p; values
were determined from the sieve-size distributions for the

TABLE 12. —Summary of the calculation of the sediment-transport rate,
depth-integrated samples at the weir, run 1

Color of quartz Sieve class Qs (calculated) Qs (measured)
(mm) (tons per day) (tons per day)
Green 0.125-0.177 2,403 1,515
0.177-0.250 1,889 1,191
0.250-0.350 1,463 922
Yellow 0.250-0.350 451 922
0.350-0.500 174 357
0.500-0.707 16 33
Red 0.500-0.707 3 33
0.707-1.00 0 0
>1.00 0 0
Total (maximum)............... 5,945 4,018
(minimum)............... 4,920 .

TABLE 13. —Summary of the calculation of the sediment-
transport rate, depth-integrated samples at the weir,

run 2
Quartz Q. (calculated) Qs (measured)
sieve cl)ass (tons per day) (tons per day)
(mm;
0.088-0.125....... 890 1.013
0.125-0.177....... 1,050 1.194
0.177-0.250....... 824 937
0.250-0.350....... 627 713
0.350-0.500....... 178 203
0.500-0.707....... 22 25
0.707-1.00........ 0 0
Total............... 3.591 4,085
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depth-integrated samples (fig. 41). The A’ values were
determined for each color of fluorescent quartz tracer
by plotting C’ as a function of time and measuring the
area under the curve with a planimeter (figs. 28 and 29).

In run 1, only the three sieve classes of each of the three
colors contributed a significant number of fluorescent
particles to the total number of particles of each color
injected. As with the calculation of the sediment-transport
rate from the ‘“dustpan” sample concentrations, two
answers were possible because of the overlap of the green
and yellow 0.250- to 0.350-mm sieve classes and the yellow
and red 0.500- to 0.707-mm sieve classes. The maximum
of the two calculated results is about 48 percent larger,
and the minimum is about 22 percent larger, than the
sediment-transport rate measured at the weir. The big
difference between the two calculated values is caused
by the large difference between the sediment-transport
rates predicted for the 0.250- to 0.350-mm sieve class of
green quartz and the 0.250- to 0.350-mm sieve class of
yellow quartz.

There is some basis for selecting the minimum of the
two results as the more accurate. The results presented
in table 1 show that the median fall diameter of the 0.250-
to 0.350-mm sieve class of the yellow quartz was essen-
tially identical with that of the natural bed material,
whereas the median diameter of the 0.250 to 0.350-mm
sieve class of the green quartz was about 17 percent small-
er. This suggests that the 0.250- to 0.350-mm sieve class
of the yellow quartz is the better of the two “tracers” for
the 0.250- to 0.350-mm sieve class of the natural bed
material. Large differences exist among the median
fall diameters for the 0.500- to 0.707-mm sieve classes of
vellow and red quartz and the natural bed material. Of
the yellow and red quartz fall diameters, the red quartz
median fall diameter is nearest to the median fall diam-
eter of the natural bed material. The contribution of this
sieve class to the total sediment-transport rate is less than
1 percent, however.

In run 2, the 0.088- to 0.125-mm sieve class contributed
almost 6 percent of the total number of quartz tracer
particles injected. Therefore, it was necessary to con-
sider this sieve class in addition to the six sieve classes
that were considered in the analysis of the “dustpan”
samples. The problem of differentiating between the
small particles and chips or flakes of dye from the large
particles could not be eliminated but was reduced as
much as possible by careful counting of the fluorescent
particles in the depth-integrated samples. The calcu-
lated sediment-transport rate for particles larger than
0.088 mm was about 12 percent smaller than the sedi-
ment-transport rate measured at the weir.

Because of the two assumptions necessary in the
analysis of the fluorescent tracer concentrations of the
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FIGURE 28. — Variation with time of the relative mean fluorescent tracer concentrations of the depth-integrated samples at the weir,
run 1.



)

RELATIVE MEAN FLUORESCENT TRACER CONCENTRATION, C

TRANSPORT AND DISPERSION OF FLUORESCENT TRACER PARTICLES, FLAT-BED CONDITION

133
4.00 B . , : :
Monazite
3.00 i
2.00 -
1.00H i
0 W »- — T -
200 T L T T T T
Garnet
1.00- i
L S A
0 1 1 t 1 — L
2.00 T T T ¥
Quartz
1.00 - i
0 L T —@—
1000 1100 1200 1300 1400 1500 1600 1700

TIME, IN HOURS

FIGURE 29.— Variation with time of the relative mean fluorescent tracer concentrations of the depth-integrated samples at the weir, run 2.
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depth-integrated samples, the ratio of the measured-to-
calculated sediment-transport rates for each sieve class
of a specific color of tracer was a constant. This can be
shown as follows. The measured sediment-transport rate
for size class i is

Qs; (measured) = Qypi, (13)

where Qs is the total measured sediment-transport rate.
The ratio for size class i is

Qs; (measured)_QsA'
Qs (calculated) N

(14)

For a specific color of fluorescent tracer in a specific
experiment, all the factors on the right-hand side of
equation 14 are constant, and thus the ratio of Qy; (meas-
ured)/Qy; (calculated) is constant for all size classes.

VELOCITIES OF THE CENTROIDS OF THE
TRACER MASSES

The velocities of the centroids of the tracer masses
were determined from the data of mean concentration,
C, versus time from cross section D.

The data of fluorescent tracer concentration versus
time for each sieve class at the various lateral positions
at cross section D were combined to give the mean con-
centration, C(¢). The mean concentration for a specific
sieve class at time ¢ is given by

2=B
2 C(z, t)Az
2=0

C(¢) S E— (15)

where C(z, t) is the concentration at time ¢ at lateral
position z where z is measured from the right bank, Azis
the width increment over which C(z, ¢) is assumed to be
the concentration, and B is the channel width.

In run 1, the sampling positions were not equally
spaced, and one position near the centerline was omitted
through an error in sampling procedure. As a result,
the sampling position was not always at the center of the
Az increment. The maximum displacement of a sampling
position from the center of a width increment was 2 feet
for the two center sampling positions. Because the
positioning of the samplers at the different sample times
was subject to an error of the order of 0.5 foot, the
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2-foot displacement is not considered significant. Thus,
equation 15 for run 1 is

E1) = 10C+(t) +8C17(t7)9+ 10C23(t) + 10C3;(¢)

+9C43(t) +12Cs5(t)
79 ’

(16)

where 79 is the channel width, in feet, at cross section D.
In run 2, the sampling locations were equally spaced

at 6-foot intervals and equation 15 for run 2 has the form

6[Cia(t) +Caa(t) + Cao(t) +Cs6(t) +Cua(t)

Cr)= 79

+6[C48(t)+C5;ét) +Cel(t)] 17)

The mean concentrations at cross section D for the
various sieve classes and specific gravities of tracer
materials were calculated from equations 16 and 17
for runs 1 and 2, respectively.

The mean concentration values calculated from equa-’
tions 16 and 17 were normalized by dividing by the area
under the curve of mean concentration versus time to
give a relative mean concentration. The relative mean
concentration, C,, is defined by

(18)

The relative mean concentration values as a function of
time for the various sieve classes of quartz tracers used
in run 1 are presented in figures 30, 31, and 32.

The relative mean concentration values as a function of
time for the quartz, garnet, and monazite tracers used in
run 2 are presented in figures 33, 34, and 35, respectively.

The centroid velocities were calculated from

700

V== 203600

19)

where V is the velocity of the centroid of the tracer mass,
in feet per second; 700 is the distance, in feet, between
the injection point and cross section D; 7 is the mean time,
in hours, or the time required for the centroid of the
tracer mass to move from the injection point to cross
section D; and At is the time difference, in hours, between
the start of the experiment and the mean injection time
for a given sieve class or specific gravity of tracer material.
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The mean time, or f values, were calculated from

fth_([)dt
0

= fotér(t)dt,
0

T (20)
fo C(t)dt

where C is the mean concentration at cross section D as
calculated from equation 15. The times, ¢ and 7, are rela-
tive to the time at which the experiment was begun.
Mean time values were calculated from equation 20 for
each sieve class and specific gravity of tracer material.
The integrals were evaluated by measuring the areas
under the appropriate curves with a planimeter. For the
purpose of standardizing the calculations, the C(t) as a
function of ¢ curves for the different sieve classes and
specific gravities were truncated at the time at which the
mean concentration for a particular sieve class decreased
to 1.0 percent of the maximum mean concentration for
that sieve class. The initial sharp peaks in the garnet and
monazite curves (figs. 34 and 35) were disregarded in the
determination of the maximum mean concentrations. For
the quartz tracere thzse times occurred within the dura-

tion of both of the experimental runs. For the garnet and
monazite tracers used in run 2, an extrapolation was
required. The maximum extrapolation required was 2.0
hours for the 0.177- to 0.250-mm sieve class of garnet. The
mean extrapolation time for the five sieve classes of garnet
and the four sieve classes of monazite was 0.67 hour,
or about 5 percent of the total time interval of run 2.

The calculation of the centroid velocities from equation
19 requires some justification because this equation
assumes that the fluorescent tracer materials were de-
posited on the bed of the channel at the injection point.
However, because the fluorescent tracer materials were
dumped at the water surface, they were carried some
distance downstream by the flow before deposition on
the channel bed. Loyacano (1967) found in some quali-
tative experiments that the initial fall velocity of groups
of particles was four to seven times larger than the
fall velocity of the single particles because of the tend-
ency of the particles to fall as a group. Because of the
very large injection rates used in the fluorescent tracer
experiments and because of the relatively shallow
depth of flow in the study reach (less than 3 feet), it was
assumed on the basis of Loyacano’s work that the tracer
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materials fell rapidly to the bed surface. Hence, the
distance traveled by the fluorescent material before
deposition on the bed surface was assumed negligible
with respect to the 700 feet between the injection point
and cross section D.

The centroid velocities calculated from equation 19
and the £, At, and the ¢,.; values are summarized in tables
14 and 15 for runs 1 and 2, respectively. The ty¢; value
is the time interval required for the mean concentration
at cross section D to decrease to 1.0 percent of the
maximum mean concentration.

The centroid velocities for the various sieve classes are
plotted as a function of median fall diameters of the sieve
classes in figures 36 and 37 for runs 1 and 2, respectively.
The vertical dashed lines represent the size limits of the
sieve class used in the analysis of the samples, and the
numbers correspond to the sieve-class numbers given
in the tables.

TABLE 14.—Summary of the t. At. to.or. and V data, run 1

Sieve class Median fall to.o1 i At V
Color {mm) diameter (hours) (hours) (hours) (fps)
(mm)

Green (1) 0.125-0.177 0.150 1.33 0.183 0.023 1.22
(2) 0.177-0.250 189 1.58 273 023 .778
(3) 0.250-0.350 .231 1.92 320 .023 655

Yellow (3)  0.250-0.350 271 3.53 .596 062 364
(4)  0.350-0.500 358 2.78 .558 062 392
(5)  0.500-0.707 452 2.63 593 062 .366

Red (5) 0.500-0.707 539 2.65 565 .096 415
(6) 0.707-1.00 613 2.67 .564 096 415
0 >1.00 830 2.58 516 096 432

TABLE 15. —Summary of the T, At, 1401, and V data, run 2
Sieve class Median fall tom T At i
Mineral (mm) diameter (hours) (hours) (hours) (fps)
{mm)

Quartz (1) 0.125-0.177 0.152 1.85 0.310 0.017 0.664
(2) 0.177-0.250 204 7.37 1.55 017 127
(3) 0.250-0.350 .289 7.00 992 017 199
(4} 0.350-0.500 420 5.50 952 017 .208
(5)  0.500-0.707 54 1.97 521 017 .385
(6) 0.707-1.00 694 1.20 401 017 506

Garnet (1) 0.125-0.177 232 15.3 8.70 043 0224
(2) 0.177-0.250 .300 16.0 10.22 .043 0191
(3} 0.250-0.350 405 14.4 9.84 043 .0198
(4) 0.350-0.500 578 14.3 8.24 043 0237
(5)  0.500-0.707 690 14.4 7.39 043 0264

Monazite (1) 0.125-0.177 .235 14.3 7.20 .061 L0272
(2) 0.177-0.250 2305 11.6 8.35 061 0235
(3)  0.250-0.350 484 14.4 7.52 .061 0261
(4)  0.350-0.500 721 143 8.15 061 .0240

Curves for the quartz tracer materials of runs 1 and 2
having the centroid velocity as a function of median fall
diameter are similar in shape. The curves are approxi-
mately U-shaped, with the maximum velocities occurring
fc. the smallest particles and the minimum velocities
occurring for those particles with fall diameters approxi-
mately the same as or slightly larger than the fall diame-
ters of the natural bed-material particles comprising
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the largest part of the bed-material transport. The
maximum centroid velocities observed were for the 0.125-
to 0.177-mm sieve class of quartz tracer, and these were
approximately 26 and 16 percent of the mean water
velocity in runs 1 and 2, respectively.

In run 1, the centroid velocities for the large particles
were only slightly larger than the minimum centroid
velocity. In run 2, however, the centroid velocity for the
0.707- to 1.00-mm sieve class was about four times larger
than the minimum centroid velocity and was about 76
percent of the centroid velocity for the 0.125- t0 0.177-mm
sieve class of quartz tracer. This large increase of the
centroid velocity with fall diameter for the large particles
in run 2 can be explained by the fact that the large
particles project into the flow more than the small par-
ticles. Other investigators (Chang, 1939; Sundborg, 1956;
Meland and Norrman, 1966) have noted and discussed
the tendency for the large particles to move with the
largest velocity. It is expected that the particle velocity
for a specific flow condition will continue to increase with
particle fall diameter until the effect of increasing sur-
face exposed to the flow, proportional to the square of the
particle diameter, is exceeded by the effect of increasing
mass, proportional to the cube of the diameter. Above
this size, the velocity of the particle will decrease with
increasing diameter.
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The observation that the centroid velocities for the
large red quartz particles in run 1 were only slightly
larger than the minimum centroid velocity can be ex-
plained by the fact that these particles moved toward the
right bank and some were trapped temporarily. This
would cause the centroid velocities of the red quartz
particles to be less than if these particles had moved
down the center of the channel without interference.
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FI1GURE 37.— Variation with fall diameter of the velocities of the cen-
troids of the tracer masses, run 2. Numbers in parentheses are sieve
class numbers; see tables 7 and 8.

Centroid velocities for the small particles were large
in both runs because these particles apparently spent a
greater proportion of the time moving as suspended ma-
terial than did the natural bed-material particles com-
posing the largest part of the bed-material transport.
It is expected that the centroid velocity will continue to

SEDIMENT TRANSPORT IN ALLUVIAL CHANNELS

increase for decreasing particle fall diameter until the
silt and clay size ranges are reached where the particles
move with the mean water velocity.

The curve of centroid velocity versus fall diameter for
the garnet was also U-shaped, but that of the monazite
showed little relation to fall diameter. Also, the centroid
velocities were about an order of magnitude less than the
centroid velocities for the quartz. The concept of hy-
draulic equivalence (Rubey, 1933, Rittenhouse, 1943)
suggests that particles having equal fall diameters tend to
be of equivalent hydraulic value. The centroid velocities
in figure 37 are plotted as a function of median fall diam-
eter; hence, it would appear that the concept of hydraulic
equivalence was not applicable to the comparison of
the centroid velocities of quartz, garnet, and monazite
for the high-velocity flat-bed condition.

However, if the difference between the behavior of
the quartz particles and the heavy-mineral particles is
attributed to the specific gravity effect, then the question
may be asked as to why the denser, monazite particles
moved about 20 percent faster than the garnet particles
for the most of the fall-diameter range. The monazite was
about 17 percent denser than the garnet, and the garnet
was about 54 percent denser than the quartz. Because
the difference in specific gravity between the garnet and
monazite was small, the apparent anomaly may have
been caused by shape differences.

None of the lead tracer particles were found in any
of the “dustpan” samples at cross section D. The last
set of samples was obtained 22 hours after injection;
hence, the centroid velocity of the lead particles was
something less than 700/22 X 3600, or 0.0088 foot per
second. However, the centroid of the 0.707- to 1.00-mm
sieve class of quartz tracer particles, which has a median
fall diameter only slightly smaller than the median
fall diameter of the 0.177- to 0.250-mm sieve class of lead
(see table 1), moved through cross section D about
0.4 hour after injection of the fluorescent materials.
This corresponds to a centroid velocity of 0.506 foot
per second. As before, it would appear that the con-
cept of hydraulic equivalence was not applicable to
the comparison of the centroid velocities of quartz and
lead-tracer particles of comparable fall diameter for the
high-velocity flat-bed condition.

Approximately fifty 6-inch core samples were obtained
over about the center third of the channel at cross sec-
tions A, B, C, and 15, 40, and 65 feet downstream from
the injection point. These samples were obtained about
21.5 hours after the injection of the fluorescent tracer
materials in run 2 and were divided into two 3-inch seg-
ments. These samples, both the top and bottom segments,
contained essentially no quartz tracer particles. Two of
the top segments contained an appreciable number of
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garnet and monazite particles, and six top segments
contained a few garnet and monazite particles. All the
other segments of the core samples contained very few
fluorescent particles. These results indicate that there
was no general tendency for either the quartz or the
heavy-mineral tracer particles to be exchanged with that
part of the bed material not in transport. This is in agree-
ment with the observation that the bed surface below
the moving layer of sediment for the flat-bed condition
of alluvial-channel flow is very firm.

LONGITUDINAL-DISPERSION CHARACTERISTICS OF THE
TRACER MATERIALS

The longitudinal-dispersion coefficient, K., can be
calculated from the rate of change of the variance of the
concentration as a function of time curve with distance
downstream (Sayre and Chang, 1968). In the fluorescent
tracer experiments, meaningful data were obtained only
at cross section D because of the rapid rate at which the
tracer material moved through the study reach. There-
fore, a true longitudinal-dispersion coefficient could not
be calculated. However, the variance, o7 of the mean
concentration as a function of time curves for the differ-
ent sieve classes and specific gravities at cross section D
was used as a measure of the longitudinal dispersion
between the injection point and cross section D. For a
valid comparison, this procedure assumes that the initial
period required for the establishment of the linear varia-
tion of the variance with distance is the same for all sieve
classes and specific gravities of tracer minerals.

The variance, o2, is given by

fm 2C(t)dt

0

o= 1)
J C(t)dt
(1]

—f2

where I is given by equation 20. The integrals were
evaluated by measuring the areas under the appropriate
curves with a planimeter. As in the 7 calculations, the
t2C versus ¢ curves were truncated at the times at which
the mean concentration decreased to 1.0 percent of the
maximum mean concentration. These time values, desig-
nated f¢.01, are summarized in tables 14 and 15 for runs
1 and 2, respectively.

The variances of the curves of mean concentration at
cross section D versus time were calculated from equa-
tion 21, and the values for the various sieve classes and
specific gravities are summarized in tables 16 and 17
for runs 1 and 2, respectively. The variances are plotted
as a function of the median fall diameters of the sieve
classes in figures 38 and 39 for runs 1 and 2, respectively.
The vertical dashed lines represent the size limits of the
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sieve classes, and the numbers correspond to the sieve-
class numbers given in the tables.

TABLE 16.—Summary of the o} values of the mean concentration at
cross section D as a function of time data, run 1

Color Sieve class o3 (hours?)
(mm)

Green (1) 0.125-0.177 0.0358
(2) 0.177-0.250 .0455
(3) 0.250-0.350 .0810

Yellow (3) 0.250-0.350 .356
(4) 0.350—0.500 .200
(5) 0.500-0.707 .165

Red (5) 0.500-0.707 .149
(6) 0.707-1.00 170
(7) > 1.00 153

TABLE 17.—Summary of the o} values of the mean concentration at
cross section D as a function of time data, run 2

Mineral Sieve class o? (hours?)
(mm)
Quartz (1) 0.125-0.177 0.120
(2) 0.177-0.250 3.35
(3) 0.250-0.350 2.23
(4) 0.350-0.500 1.70
(5) 0.500-0.707 .0762
(6) 0.707-1.00 .0423
Garnet (1) 0.125-0.177 12.9
(2) 0.177-0.250 11.6
(3) 0.250-0.350 8.25
(4) 0.350-0.500 7.73
(5) 0.500-0.707 8.86
Monazite (1) 0.125-0.177 13.0
(2) 0.177-0.250 10.3
(3) 0.250-0.350 11.4
(4) 0.350-0.500 13.3

The variation of the variances with fall diameter should
be approximately the inverse of the variation of the cen-
troid velocities with fall diameter. This behavior was ex-
pected because the more rapidly a slug of tracer material
of a specific size moves through the study reach, the less
opportunity that slug has for dispersing in the longitudinal
direction. Figures 38 and 39 show that the variation of the
variance, g7, with fall diameter for the quartz tracer ma-
terials in both runs was approximately the inverse of the
variation of the centroid velocities with fall diameter pre-
sented in figures 36 and 37.

The maximum o} values occurred for particles with
diameters approximately the same as or slightly larger
than the diameters of the particles comprising the bulk of
the natural bed material in transport. Minimum o7 values
occurred for the largest and smallest particles within the
fall-diameter range considered. The failure of the o3
values for the 0.707- to 1.00-mm and >1.00-mm sieve
classes of red quartz to continue to decrease with increas-
ing particle diameter (fig. 38) may be explained by the
same reasoning applied to the failure of the centroid
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velocities for these sieve classes to increase with fall
diameter. Both the displacement of the red quartz parti-
cles toward the region of small velocities near the bank
and the temporary entrapment of some of the red par-
ticles along the bank would tend to increase the variance
over that expected, had the red quartz particles moved
down the center of the channel.

One minor discrepancy in the inverse relation between
the o7 as a function of fall diameter and ¥ as a function of
fall-diameter curves for the quartz tracer particles in run
2 is that the o7 values for the 0.500- to 0.707-mm and
0.707- to 1.00-mm sieve classes of the quartz tracer were
less than o7 for the 0.125- to 0.177-mm sieve class of
quartz. The centroid velocity of the 0.125- to 0.177-mm
sieve class of quartz exceeded the centroid velocities for
the 0.500- to 0.707-mm and 0.707- to 1.00-mm sieve classes
of quartz, however.

The variances of the garnet and monazite varied with
fall diameter in the same manner as the centroid veloci-
ties, as a comparison of figures 37 and 39 shows. In each
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instance, however, the variation of either o? or ¥ with
fall diameter was much less for the garnet and monazite
than for the quartz. The centroid velocity and the variance,
o}, for the quartz tracer used in run 2 varied with fall
diameter about 420 and 780 percent, respectively, from
the minimum to the maximum value. The centroid veloc-
ity and the variance for the garnet varied with fall diame-
ter about 38 and 67 percent, respectively, and these
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quantities for the monazite varied with fall diameter 16
and 33 percent, respectively, from the minimum value
to the maximum value. These results and the fact that the
o# values for garnet and monazite were about an order
of magnitude larger than o7 for quartz particles of com-
parable fall diameter indicate a distinct difference in
behavior between the quartz particles and the garnet
and monazite particles. The differences in longitudinal-
dispersion characteristics indicated in figure 39 are seen
clearly in the relative mean concentration as a function
of time plots, figures 33, 34, and 35. One additional
difference between figures 37 and 39 is that the o2 values
for garnet generally fall between the values for quartz
and monazite, whereas the ¥ values for monazite generally
fall between the F values for quartz and garnet. This
difference, however, probably is not significant because
of the small differences between these quantities for the
garnet and monazite. It is concluded that neither fall
diameter nor fall diameter and specific gravity are
sufficient to explain the differences in o7 for the quartz,
¢arnet, and monazite tracers in run 2.

EVALUATION OF THE FLUORESCENT
TRACER TECHNIQUE

With the experience gained in the planning and execu-
tion of the two experiments and the analysis of the results,
it is possible to evaluate the application of the fluorescent
tracer technique to studies of sediment movement. Four
basic steps are involved in the fluorescent tracer tech-
nique. These are the preparation of the tracer mate-
rials, the injection of the tracer materials into the study
reach, the sampling of the tracer masses as they move
through the study reach, and the analysis of the samples.

The first step in the preparation of the tracer materials
is to select the material to be coated with the fluorescent
dye. At least three different sources of material may be
used. The most obvious source is sediment taken from
the study reach. This material has the advantage of rela-
tively low cost, but it may have some significant disad-
vantages. The bed material can range widely in shape and
specific gravity for a given sieve size. The use of such ma-
terial makes it difficult, or impossible, to determine the
effect of size alone on sediment velocity or dispersion, if
considerable quantities of mica or heavy minerals are
present. If one could collect and dye a sample repre-
senting the sieve-size distribution of the total sand in
transport and then return it to the stream before the size
distribution changed, then such a tracer should be excel-
lent for determining sediment-transport rate. However,
except under ideal circumstances, this approach is not
feasible. Instead, a sample of bed material would nor-
mally be used. Such bed material does not truly repre-
sent the size, shape, or specific gravity distribution of the
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sediment in transport. To some extent it represents a lag
deposit. The greater the difference in characteristics of
bed sediment and sediment in transport, the greater will
be the error in estimating the sediment-transport rate.
A second source is material from a different stream.
However, such material, unless it closely matches the
sediment in the stream under study, is useful mainly for
reconnaissance work. Its usefulness in determining the
effect of size, shape, and specific gravity on transport will
depend on how uniform these characteristics are in a par-
ticular sieve size. In this study, coated material from an-
other stream was used for reconnaissance in run 1
because it was available from a previous investigation.

A third source, and probably the best for many research
studies, is a material with little variation in shape or
specific gravity. Thus, one can learn how a material of
known characteristics moves in a siream under particular
flow conditions. Ottawa sand and other similar products
are composed of clean well-rounded quartz sand with
very few heavy minerals. Such sand is commercially
available in large quantities at very reasonable price. In
fact, total cost to buy the sand and dye can be less than
10c per pound. Because 1 pound of the fluorescent sand
can “tag” 5,000 to 10,000 pounds of moving stream sand,
the cost of tracer is a negligible part of the expense of a
tracer experiment.

The quartz sand used in the second, and main, run of
this study was Ottawa silica sand of uniform shape and
specific gravity.

The problem of obtaining uniform material of specific
gravity and (or) shape greatly different from quartz, but
yet resembling the type of material that might be found in
a stream, is a major one. Although heavy-mineral concen-
trates and lead shot were used in this experiment, syn-
thetic materials whose characteristics can be closely
controlled probably should be used.

The method of applying the fluorescent dye to the par-
ticles developed by Kennedy and Kouba (1970), and used
in the present study with slight modification, produced a
good, abrasion-resistant fluorescent coating. There was
apparently no difficulty with loss of the dye coating in the
stream; however, sieving of the samples resulted in some
chips of dye from large particles that limited the analysis
of the samples to particles larger than 0.125 mm.

The resultant coating was nonwetting, and this charac-
teristic complicated the injection process. A detergent
had to be added to the fluorescent material or the fluo-
rescent material had to be injected as a slurry to which de-
tergent had been added. These precautions were neces-
sary to insure that the fluorescent particles did not clump
together because of the surface effects of the coating.
Further work toward the development of an abrasion-
resistant fluorescent coating that is wettable is necessary.
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On the other hand, there is need occasionally for fluo-
rescent coatings that will decompose after a specific
time interval so that a stream or river is not contaminated
permanently with the fluorescent tracer particles. Pre-
vious work on this type of coating as well as on other types
of permanent coatings has been summarized by Ingle
(1966), and Teleki (1966) has presented a detailed review
of the various types of fluorescent dyes and coating proc-
esses. Whatever the type of coating, however, it must be
remembered that the primary requirement of any coat-
ing is that the tagged particles of a specific size behave
identically with the natural sediment particles of the
same size. If a range of particle sizes is considered, then
the size distribution within a particular size range must
approximate the distribution of natural sediment parti-
cles in this size range that are in transport. This does not
necessarily mean, of course, that sediment from the
stream must be the material used in the preparation of
the tracers.

The injection of the fluorescent materials into the study
reach must satisfy the following conditions:

1. The location of the injection point relative to the
sampling point must be known accurately.

2. If an instantaneous-slug injection is used, the time
required for the injection process must be negligible
compared with the time scale of the sediment motion.

3. If an intermittent-slug injection is used as an approxi-
mation of the true continuous injection process, the
time interval between injections should be negligi-
ble compared with the time scale of the sediment
motion.

4. The injection process should disturb the natural sedi-
ment-transport process at the inmjection point as
little as possible.

Some difficulty was experienced with the injection
tube used in the present study, but it is believed that the
procedure of simply dumping the fluorescent material
into the channel at as high a rate as possible reasonably
approximated an instantaneous point source of fluores-
cent material. However, because the tracer particles
did move so rapidly for the high-velocity flat-bed condi-
tion. several advantages would have been gained by the
use of a continuous point-source injection. For example,
a better evaluation of the lateral-dispersion characteris-
tics of the tracers would have been possible, and the
calculation of the sediment-transport rates would have
been simplified. Similarly the possibility of failing to
sample a fast-moving slug of tracer material would have
been eliminated.

Various types of injection procedures have been dis-
cussed in the literature, and these procedures range
from water-soluble containers discussed by De Vries
(1966) and Lean and Crickmore (1963) to the elaborate
constant-injection apparatus that was used for a period
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of 6 weeks by Crickmore (1967). However, further work
is needed in the development of injection processes.

The type of sampling required in a fluorescent tracer
experiment in general depends upon the bed configura-
tion in the study reach. If a dune bed exists, then core
samples are necessary to define the spatial distribution
of fluorescent material within the study reach. In the
present study, the high-velocity flat-bed condition
existed. Samples of the bed material moving near the
bed surface were desired because large samples could
be obtained rapidly at this location and because these
samples should contain some of the large bed-material
particles in transport. The “dustpan” sampler described
previously and used in the present study appeared to be
an acceptable device for obtaining these samples.

Analysis of the samples requires a determination of the
number of fluorescent particles of each color in each
sieve class of each sample. In the present study, the
numbers of fluorescent particles were determined by a
manual counting process. The manual counting process
is a simple procedure, and only a minimum amount of
equipment is required. Although the statistical analysis
(C. F. Nordin, Jr., written commun., 1968) simplified
greatly the counting process, the manual counting pro-
cedure was time consuming because the length of time
any one individual could spend counting particles was
limited by the tedium of the process. Automatic elec-
tronic devices for counting the number of fluorescent par-
ticles have been described by De Vries (1967) and Teleki
(1967). An electronic counter has the obvious advantage
of convenience and ease of sample analysis. Disadvan-
tages are the expense and the careful calibration and
maintenance of the instrument that are required to ob-
tain accurate concentrations. If two or more different
fluorescent dyes are used, care must be taken to insure
that the spectra of the dyes are displaced sufficiently so
the different colors can be distinguished by the instru-
ment with the use of the proper filters.

The problem of differentiating between chips or flakes
of dye from large particles and actual fluorescent particles
for the small-diameter sieve classes was encountered in
this study. Because of this problem, the smallest diam-
eter sieve class considered was the 0.125- to 0.177-mm
sieve class. It was impractical to attempt to distinguish
visually between particles and chips in the 0.088- to
).125-mm sieve class.

However, the 0.062- to 0.088-mm and 0.088- to 0.125-mm
sieve classes often may be of importance, as they were in
the present study because they contributed about 27
percent of the total sediment transport of particles larger
than 0.062 mm. A way of eliminating the problem of
chips and flakes in these sieve classes is to use one color
of dye specifically for each of these two sieve classes.
After the preparation of the fluorescent materials, the ma-
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terial for each sieve class should be carefully resieved to
remove all material outside the desired sieve range. Care
should be taken also in the preparation of the fluorescent
materials to insure that the size distributions within each
sieve class of material are approximately the same as the
size distributions within that sieve class of the bed ma-
terial in transport.

It is concluded that the fluorescent tracer technique is
a simple and sensitive experimental method for studying
the movements of groups of particles either in a natural
channel or in a laboratory alluvial channel. However, con-
siderable improvement in technique in each of the four
basic steps is still necessary.

SUMMARY

A fluorescent tracer technique was applied to the study
of the rates of transport and dispersion of sediment
particles of various sizes and specific gravities for the
high-velocity flat-bed condition of alluvial-channel flow.
Two runs were completed in the Rio Grande conveyance
channel near Bernardo, N. Mex., and the following state-
ments summarize the knowledge gained from these two
experiments.

1. The centroid velocity of the 0.125- to 0.177-mm sieve
class of sand was 1.2 fps in run 1 when the mean water
velocity was 4.66 fps and 0.66 fps in run 2 when the mean
water velocity was 4.05 fps. Thus, the fine sand moved
about 16 to 26 percent of the mean water velocity.

2. The centroid velocity of the quartz tracer particles
varied with particle size. In the size range from 0.125 to
1.0 mm, the minimum velocity occurred for a particle
size slightly larger than the median diameter of the bed
material (about 0.2 mm). Both the larger and the smaller
particles moved faster. In run 1, the tendency of the
large particles to follow the thalweg of the channel
distorted the U-shaped velocity-diameter relation.

3. Garnet and monazite particles moved at velocities
about an order of magnitude less than the velocities of
quartz particles of equivalent fall diameter. Thus, the
concept of hydraulic equivalence based on fall diameter
is not applicable to sand-size particles under the condi-
tions of this experiment.

4. At least two factors were important in producing
lateral mixing of the tracer particles. These are turbulent
fluctuations in the flow and the effect of the thalweg of
the channel.

5. The large and heavy particles tended to follo-v the
thalweg of the channel even though the channel was
approximately straight and the flow lines at the surface
appeared to follow the alinement of the channel.

6. Lateral mixing was greatest for the smallest quartz
tracer particles and was approximately the same as that
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for a water-soluble fluorescent dye. Lateral mixing de-
creased with increasing size of quartz tracer in run 2
when the effect of the thalweg was minimized. The large
particles mixed the least because they spent a greater
proportion of the time resting on or moving along the bed
surface than did the small particles.

7. Longitudinal mixing of the quartz tracer particles
as related to particle size showed an approximately
reciprocal relation to that observed for centroid velocity
as a function of particle size; that is, the slower the sand
moved, the greater was the longitudinal mixing.

8. The rapid rate of movement of the quartz tracers
through the study reach made it difficult to obtain an
accurate record of the passage of the tracer mass. Failure
to sample the complete tracer mass will result in calcu-
lated values of the sediment-transport rate that are too
large, as occurred in this study. A continuous injection of
fluorescent tracer would have been preferable for the flow
conditions of this study.

9. The fluorescent tracer technique has great potential
as a tool for the study of movements of sediment. Further
development of equipment and techniques is needed,
however.
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APPENDIX A-DISCUSSION OF THE WASHING EFFECT

Because of the flow through the “dustpan” sampler dur-
ing the collection of the sample, some of the fines may
have been preferentially washed from the sample. This
effect is not of concern if the tracer particles of a specific
sieve diameter behave exactly as nontagged particles of
the same diameter, as is assumed to be true for the quartz
tracer particles. For the garnet and monazite, however,
the natural bed material in a specific sieve class would be
of a smaller median fall diameter than that of the garnet
or monazite in the same sieve class because of the specific
gravity difference. Thus, if the washing effect were re-
lated to fall diameter, the concentrations of the garnet and
monazite would be affected. The purpose of this appendix
is to discuss briefly some observations concerning the
washing effect. These observations are based primarily on
the size distributions of various types of samples collected
in runs 1 and 2.

The median diameter, dso, and the gradation, o, for the
size distributions of various types of samples obtained in
runs 1 and 2 are presented in table 18. The median diam-
eter, ds, is defined as the diameter for which 50 percent

TABLE 18. —Comparison of the median diameters and the gradations
of the size distributions of selected “‘dustpan,” core, and depth-
integrated samples

Method Lateral position
Type of of Cross (feet from dsa
sample Run Time  analysis section right bank} {mm) o

Depth-integrated............ 1 1326 Sieve Weir M 0.168  1.60

Docoveneinene 2 1015 ... do..... ... do...... M 164 1.57

Do. 1 1542 VA tube ..... do...... ) 176 1.54

Do.... L2 1604 ... do..oo do...... M 170 148
6-inch core... 2 1655 35 185 1.46
“Dustpan” 2 1701 35 .251 1.28

Do.. 2 1638 35 245 127

Doveviiiiiiiiiiins 2 1552 35 .258 1.27
6-inch core.................... 2 37 172 1.45
“*Dustpan” 2 36 270 1.33

Do.... 2 36 .280 1.34

Do.... 2 36 .283  1.36:
Core, top 3in.... L2 36 193 1.44
Core, bottom 3 in. L2 36 .201 1.46
Core. top 3 in...... L2 35 .208  1.38
Core, bottom 3 in. 2 35 202 152
Core, top 3 in...... 2 35 .206 1.47
Core, bottom 3 in........... 2 35 84 151

' Composite over channel width.
250 feet upstream of D.
4Dec. 15.

of the sediment by weight is finer. The gradation, o, is de-
fined as Ya(dss/dso+dso/dis), where dsy and dys are, re-
spectively, the diameters for which 84 and 16 percent of
the sediment by weight are finer.

At the centerline of cross section B, the median sieve
diameter of a 6-inch core sample was 0.185 mm and the

gradation, o, was 1.46. The mean median diameter of
three “dustpan’ samples obtained at the same point at
about the same time was 0.251 mm, and the mean grada-
tion was 1.27. Similar results were obtained at cross sec-
tion D. A comparison of the median diameters of the
“dustpan” samples with the median diameters of the
depth-integrated samples and the top and boitom 3-inch
segments of the core samples showed that the median
diameters of the “dustpan” samples were about 25 to 40
percent larger than the median diameters of the other
samples. Also the gradations of the “dusipan” samples
were less than the gradations of the other samples, indi-
cating more uniform size distributions. These observa-
tions would be expected if some of the fine material had
been washed from the “dustpan” samples.

However, other factors could contribute to the observa-
tion that the “dustpan” samples contained coarser mate-
rial than did the other types of samples. As was dis-
cussed previously, it was found in the fluorescent tracer
experiments that particles larger than the median size
of material in the bed moved faster than the median-size
varticles did. Thus, the material in the “dustpan” would
tend to become enriched with the larger particles. Also,
the fact that the ““dustpan” samples were obtained on the
bed surface emphasized the coarser material.

The results presented in table 18 show that the median
diameters and gradations for “dustpan’ samples obtained
at different times at the same position are essentially
identical. However, there is a slight difference between
the results at cross seciions B and D. Because the
calculations, described previously, of the quantities V, ¢,
o2, Z. and of involve ratios of concentration integrals,
the effect of the washing depends on how much the wash-
ing varies with time and position at cross section D.

The dis, dso, dss, and o values for sieve-size distribu-
tions for “dustpan” samples obtained at cross section D
at lateral positions of 18, 30, 42, and 54 feet for times
near the beginning, the middle, and the end of run 2 are
tabulated in table 19 to show the variation of the size
distributions with time and position.

The results presented in table 19 show that ds varies
little with either time or position, dso shows increased
variation, and dgs shows the greatest variation with time
and position. The mean values of dgs and o for cross sec-
tion D vary little with time; however, these quantities at
a specific position do vary appreciably with time. Also,
the dss values for the sampling positions in the right-hand



TRANSPORT AND DISPERSION OF FLUORESCENT TRACER PARTICLES, FLAT-BED CONDITION

part of the channel (z=18 and z=30) are, with one ex-
ception, larger than the ds; values for z=42 and z=>54.
This means that the samples from the right-hand part of
the channel contained more coarse material than the
samples from the left-hand part of the channel. This ob-
servation is in agreement, as was discussed previously,
with the observed behavior of the large quartz tracer
particles.

To summarize this discussion of the washing effect, the
results in table 18 show that the median diameters of the
“dustpan” samples are larger than the median diameters
of other types of samples. This could be the result of

washing of the fines from the “‘dustpan” sampler or the
several factors that tend to increase the numbers of large

particles in the “dustpan” samples. The results in table 19
suggest that if washing of the fines is occurring, then the
effect is essentially uniform with respect to time and posi-
tion at cross section D.
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TABLE 19.—Comparison of the dis, dso, dss, and o values for selected
“dustpan” samples at cross section D, run 2

Approximate Particle Diameter (mm) or gradation at
time diameter
z=18 z2=30 z=42 z=54 Mean
1015 dis 0.225 0214 0.210 0.220 0.217
dso 311 300 .291 .283 .296
dsy .424 441 .407 .352 .406
T 1.37 1.44 1.39 1.26 1.36
1700 dis .199 213 .190 .223 .2006
dso .281 .307 .253 .304 .286
dys .450 467 327 .418 .416
T 1.50 1.48 1.31 1.36 1.41
2400 dis 212 .223 .201 .240 .219
dso .289 .329 .262 .323 .301
dsy .393 .498 .323 422 .409
a 1.36 1.50 1.26 1.33 1.36
Mean die 212 217 .200 .228
dso .294 312 .269 .303
dsy 422 .469 .352 .397
o 1.41 1.47 1.32 1.32

APPENDIX B—-DETERMINATION OF THE WEIGHTING FACTORS

The weighting factors, w(z), defined by equation 9
were determined from a set of depth-integrated samples
obtained at the weir. A set of samples obtained near the
beginning of each run was used in the determination of
the w(z) values because most of the quartz tracer moved
through the measurement section during the early part of
each run. Both the water discharge and the sediment con-
centration at each vertical were necessary in the computa-
tion of the weighting factors. The procedure was as
follows.

The sediment concentration, C*(z), for 5-foot intervals
from z=15 feet to z=70 feet was determined from the
depth-integrated samples. The asterisk is added to dif-
ferentiate the standard sediment concentration, expressed
as milligrams of sediment per liter of water-sediment
mixture, from the fluorescent tracer concentration. The
sampling transit rate was relatively uniform at all verti-
cals; therefore, the distribution of water weights in the
samples across the weir was the same as the distribution
of water discharge across the weir. The water-discharge
distribution was represented by T, where

_ net weight at vertical z
2T . .
sum of the net weights

(B-1)

The weight of the sand was not subtracted from the net
weights of the depth-integrated samples because the
sand weight was less than 0.5 percent of the total weight at
each vertical.

The incremental water discharge at each vertical,
g(z), was calculated from

q(z)=T:0, (B-2)

where Q is the measured total water discharge.

The incremental sediment-transport rate, g.(z). was
calculated from

4:(2) =755 2(2)C* (2), (B-3)

where y is the specific weight of the water-sediment
mixture. The mean unit sediment-transport rate, gs(z),
was obtained from

. (_7_) q_(_QC_*_(_zl, (B—4)

(js(z) = Z 106 14

2=5

where 14 is the total number of verticals at 5-foot inter-
vals between z=5 feet and z=70 feet. The weighting
factor, w(z), is given by

(20 ()

P AV Ol O]
2 (106) 4 ;0

(B-5)

z2=5
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Two additional assumptions were necessary in the appli-
cation of the weighting factors obtained from equation
B-5 to data obtained at cross section D. First, it was
assumed that the variation of the weighting factor with
lateral position was the same at cross section D as at the
weir; second, it was assumed that the weighting factor
at a given lateral position applied to all size classes of
material. The shift of the large particles toward the right
bank suggests that the second assumption was not exactly
true for all sizes; however, the contribution of the large
sizes to the total sediment-transport rate was insignificant.

The weighting factors obtained from the depth-inte-
grated samples for runs 1 and 2 are presented in ficure
40. The distribution of the weighting factors across the
channel was similar for the two runs.
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APPENDIX C—CALCULATION OF THE SEDIMENT-TRANSPORT RATES FROM THE DEPTH-
INTEGRATED SAMPLES AT THE WEIR

Because the depth-integrated samples from the weir
were small, the samples generally were not sieved into
size classes; and because these samples were not sieved,
only the total number of fluorescent particles of each
color was obtained for each sample. Thus, two assump-
tions were necessary to permit the calculation of the
sediment-transport rates from the numbers of fluores-
cent particles in the depth-integraied samples. These as-
sumptions and the development of the equation for the
calculation of the sediment-transport rate are discussed
in the following paragraphs.

First, it was assumed that the fluorescent particles
were sampled at the weir in the same proportion at which
the particles were injected. For example, in run 1 the num-
ber of green quartz particles injected was 23.0X 108,
279X 108, and 12.0X10% for the 0.125- to 0.177-mm,
0.177- to 0.250-mm, and 0.250- to 0.350-mm sieve classes,
respectively. Therefore, it was assumed that 36.6 percent
of the green particles in any sample were from the 0.125-
to 0.177-mm sieve class, 44.3 percent were from the 0.177-
to 0.250-mm sieve class, and 19.1 percent were from the
0.250- 10 0.350-mm sieve class. This assumption should be
valid if all of the sediment is suspended by the weir and if
the depth-integrated sampler functions properly; that is,
each size of sediment is sampled in direct proportion to
the amount of that size in transport. A problem exists with
the fluorescent tracers, however, because the instantane-
ous type of injection was used. The fastest-moving parti-
cles would be sampled first, and the slowest would be

sampled last. This problem was not too great in run 1,
where, as was discussed previously, the variation of cen-
troid velocity for the sieve classes within a specific color of
tracer was not large. In run 2, however, quartz particles of
all sizes were coated one color, and, as was discussed pre-
viously, the fastest moving particles were the largest and
the smallest particles. Thus, it is expected that the quartz
tracer particles sampled first were predominately the
large and the small particles and that those sampled last
were the medium-sized quartz tracer particles. As a re-
sult, some deviations from this assumption might occur in
run 2.

Second, it was assumed that the sieve-size distribution
of the depth-integrated samples at the weir did not change
with time. If this assumption is valid, then size distribu-
tions determined for one sample in each run could be
used for all of the depth-integrated samples. Figure 41
shows the sieve-size distributions of two depth-integrated
samples, one from each run, obtained at the weir,j and
figure 42 shows the visual-accumulation-tube size distri-
butions of two other depth-integrated samples, one from
each run, obtained at the weir. The sieve-size distributions
of the two depth-integrated samples presented in figure 41
are essentially identical, even though the time interval
between the samples was about 21 hours. Also, the visual-
accumulation-tube size distributions presented in figure
42 are similar for two other samples obtained about 24
hours apart. These distributions differ slightly from the
sieve-size distributions, particularly at the large diameter
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end of the distributions. This difference was not con-
sidered significant, however. On the basis of these size
distributions, therefore, the second assumption was con-
sidered to be valid. The sieve-size distributions presented
in figure 41 were used in the calculations in preference to
the visual-accumulation-tube distributions presented in
figure 42 because the size distributions of the fluorescent
tracer materials were determined by sieve analysis.

If the sediment-transport rate is assumed to be inde-
pendent of time, then the equation for the calculation of
the sediment-transport rate from the fluorescent tracer
concentrations of the depth-integrated samples has the
form
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FIGURE 41.—Sieve-size distributions of two depth-integrated samples
obtained at the weir.
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F1GURE 42.— Visual-accumulation-tube size distributions
of two depth-integrated samples obtained at the weir.

tracer injected, W, has been replaced by N, the number
of fluorescent particles of a specific color injected,
second, the concentration, C, as grams of fluorescent
material per gram of sediment, has been replaced by
C’, the concentration as number of fluorescent particles
per gram of sediment; third, the integration across the
channel width has been accomplished by the averaging
effect of compositing a set of samples taken across the
weir; hence, the transport rate, Q, is the total transport
rate for the cross section, and the concentration is a mean
concentration, indicated by the overbar, for the cross
section.

If n(t) is the total number of fluorescent particles of a
specific color in a sample at time ¢ and if W (t) is the
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total weight of sediment in the sample, then A’, the inte-
gral in equation C—1, can be written

= n(t)
A = dt. —2
With the two assumptions discussed previously,
equation C—2 can be written for a specific size class i,
or
_n(t) %
A= ———dt, —
t 0 W ([)1)1 (C 3)

where p; is the fraction of the total weight of sediment in
the sample that is in size class i, and N; is the total
number of fluorescent particles of size class i of a spe-
cific color injected at the beginning of the experiment.
The quantity Ni/N is a constant for a specific experi-
ment, and p; is independent of time because of the
second assumption. Therefore

N

= n(t)
[ = dt
" NpiJo

W)

(C—4)

By comparing equations C—4 and C-2, it follows that
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Ni
A=

=—4". C-5
= Np: (C-5)

If equation C—1 is written for size class i, the result is

Ni=QsA;, (C—6)

where

Ai= L Ci(t)dt. (C-7)
By combining equations C—6 and C-5 and rearranging,
it follows that

(C-9)

Equation C-8 is equation 11, which was used to calcu-
late the sediment-transport rates for the different sieve
classes from the numbers of fluorescent particles of each
color in the depth-integrated samples. Because of the
two assumptions, only one integral evaluation was
necessary for each color of tracer particle.
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