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by the following conversion factors:

Multiply inch-pound unit By To obtain metric unit
foot (ft) 0.3048 meter (m)

mile (mi) 1.609 kilometer . (km)

square foot per second (ft2/s) 0.0929 square meter per second (m?%/s)
cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)
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foot per second (ft/s) 0.3048 meter per second (m/s)

fluid ounce 29.57 mllllllteﬁ (mL)

foot per mile (ft/mi) 0.1894 meter per kilometer (m/km)
pound (1b) 0.4536 kilogram (kg)
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TRAVELTIME, UNIT-CONCENTRATION, LONGITUDINAL-DISPERSION, AND REAERATION
CHARACTERISTICS OF UPSTREAM REACHES OF THE YAMPA

AND LITTLE SNAKE RIVERS, COLORADO AND WYOMING

By Daniel P. Bauer, Ronald E. Rathbun, and Hugh W. Lowham

ABSTRACT

Measurements in the Yampa and the Little Snake Rivers were made to
determine  traveltime, unit-concentration, and longitudinal-dispersion
characteristics of upstream reaches during high- and low-streamflow condi-
tions. Reaeration coefficients were measured for the Yampa River, wusing
a modified tracer technique to quantify the process of reaeration by which
the stream replaces the dissol¥&d oxygen consumed in the oxidation of organic
wastes. Stream reaches studied included a 58-mile (93-kilometer) reach of
the Yampa River and a 77-mile (124-kilometer) reach of the Little Snake
River. Field data were collected during June and September 1976, and May

1977.

Two traveltime measurements using a fluorescent dye were made on the
Yampa River when discharges were approximately 100 and 3,400 cubic feet
per second (2.8 and 5.2 cubic meters per second), and three traveltime
measurements were made on the Little Snake River when discharges were
approximately 20, 600, and 1,600 cubic feet per second (0.56, 16.8, and
44 .8 cubic meters per second). Measured stream velocities varied as follows:
0.26 to 3.6 miles per hour (0.42 to 5.8 kilometers per hour) for the Yampa
River and 0.04 to 3.5 miles per hour (0.06 to 5.6 kilometers per hour) for
the Little Snake River.

Simulations of traveltime and unit concentrations for the Little Snake
River were made using a mathematical model. Medium~flow data (600 cubic feet
per second or 16.8 cubic meters per second) were used as a check of the model
accuracy. Traveltime simulations compared within 5 percent, and unit-
concentration simulations were within 30 to 40 percent of the measured flow
data. An analysis of the waste-load assimilative capacity of the Yampa
River, completed earlier, used traveltime estimates based on cross-sectional
properties of streams and velocity and linear-regression relationships. A
comparison of the traveltime simulations from this study agreed within
6 percent of the estimates from the waste-load analysis.



Longitudinal-dispersion coefficients were computed for 1low- and high-
flow conditions in the Yampa River and for medium=- and high-flow conditions
in the Little Snake River. Longitudinal-dispersion coefficients ranged from
40O to 6,050 square feet per second (37.2 to 560 square meters per second)
for the two rivers. ‘

Reaeration coefficients measured for low-flow conditions on the Yampa
River, and adjusted to 20 degrees Celsius, ranged from 6.04 to 33.4 day~!l.
Two semiempirical (energy-dissipation) equations gave coefficients in best
agreement with the measured coefficients. Absolute eqrors of estimate for
these equations were 11.8 and 17.3 percent.

Management activities that could use results of this study include
predicting arrival time and concentration of soluble contaminants
accidentally spilled in streams, length of stream affected by a municipal
wastewater discharge, and traveltime required for reservoir water released
for given downstream needs. |

|
|
|

INTRODUCTION

The Yampa River basin is undergoing substantial economic development,
spurred predominantly by mining, transport, and conversion of coal resources
in the basin. The impacts of this developmen® pose existing and potential
stresses on the basin's limited water resources. This report is part of a
series of multidisciplinary studies conducted by the U.S. Geological Survey
in the Yampa River Basin Assessment project (Steele and others, 1976a,
1976b). The multidisciplinary studies include a wide _range of existing
conditions and anticipated changes in the availability and uses of the

basin's water resources (Steele and others, 1979).

Impending population growth resulting from energy development and
greater recreational use in areas along principal streams of the Yampa River
basin may increase the discharge of wastes to these streams. A knowledge of
existing streamflow conditions will aid State and local officials in
determining how fast wastes move downstream, how they are dispersed
vertically and horizontally in streams, and how rapidly streams can

assimilate certain forms of treated wastes (Bauer and others, 1978).

Purpose and Scope

The first purpose of the study was to determine! traveltime, wunit-
concentration, and longitudinal-dispersion characteristics for specified
reaches of the Yampa and the Little Snake Rivers for a! range of stream-
discharge conditions. A second purpose was to measure reaeration coeffi-
cients (X,) for three reaches of the Yampa River and then to compare measured
K5 values with those computed using various empirical equations.

Studies were conducted on the following stream reaches: (1) The Yampa
River from about 5 mi (8 km) southeast of Steamboat Springs, Colo., down-

¥
i
\



stream to Craig, Colo., and (2) the Little Snake River from 16 mi (26 km)
east of Slater, Colo., downstream to 33 mi (53 km) southwest of Baggs, Wyo.
(fig. 1). Studies of the Yampa River included determinations of traveltime,
unit-concentration, longitudinal-dispersion, and reaeration coefficients.
The study of the Little Snake River included only determinations of
traveltime, unit concentration, and longitudinal dispersion.

This report describes results of an analysis of two sets of traveltime,
unit-concentration, and longitudinal-dispersion data for the Yampa River and
three sets for the Little Snake River. Determinations of traveltime were
made for high-flow (June) conditions to low-flow (September) conditions.
These data were used to develop approximate relationships of traveltime and
unit concentration versus discharge for each of the stream reaches.
Longitudinal-dispersion coefficients were also determined for each of the
stream reaches.

Reaeration coefficients were measured for low-flow (September)
conditions in the Yampa River study reach, using a modified tracer technique.
The measured reaeration coefficients were compared with various empirically
determined coefficients and the equation providing the best comparison was
determined.
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LOCATION AND EXTENT OF STUDY REACHES

The general Jlocation and extent of the study reaches of the Yampa and
the Little Snake Rivers are shown on figure 1. The length of the study reach
along the Yampa River is 58 mi (93 km), and the study reach along the Little
Snake River is 77 mi (124 km). Data used for the studies reported here were
collected during June and September 1976, and May 1977. During September,
flow conditions for the two rivers generally can be characterized as low with
approximately 90-percent duration (flow duration is defined as the percentage
of time the flow was equaled or exceeded), and as high during June with ap-
proximately 10-percent duration. During September, only 20 to 30 percent of
each stream reach was sampled, due to the low streamflow velocities. A third
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field measurement was made on the Little Snake River during May 1977 for a
medium-flow condition with approximately 25-percent duration. Because of
resource constraints, a similar May 1977 measurement was not done for the
Yampa River.

A general summary of the injection and sampling sites for the wvarious
measurements are contained in table 1 and on figure 2 for the Yampa River and
in table 2 and on figure 3 for the Little Snake River, Many of the
injection- and sampling-site locations described in tables 1 and 2 also were
used in other studies of the Yampa River Basin Assessment (Steele and others,
1976a) . The "Ym'" reference code used in table 1 refers to a sampling site
used in an analysis of the waste~load assimilative capacity of the Yampa
River (Bauer and others, 1978) and the "Y' reference code used in tables 1
and 2 refers to a sampling site used in a reconnaissance study to determine
the quality of surface water in the Yampa River basin (Wentz and Steele,

1978).

DETERMINATION OF TRAVELTIME, UNIT CONCENTRATION,
AND LONGITUDINAL DISPERSION

Traveltime, unit-concentration, and longitudinal-dispersion character-
istics of a stream vary with the magnitude of its flow. Measurements of the
rate of movement and dispersion of a substance injected into a stream are
necessary to define these characteristics throughout a range of flows of
interest. Two series of measurements on the Yampa River and three series of
measurements on the Little Snake River were made at different flow
conditions. A mathematical model then was used to estimate the
characteristics for magnitudes of flow other than those measured.

Dye-Tracer Technique

The measurements of traveltime, unit concentration, and longitudinal
dispersion were made by injecting a fluorescent dye, rhodamine-WT, into the
river and tracing the shape and speed of the resultant dye cloud as it moved
downstream. Dye is a solute when injected into the water; that is, it mixes
completely with the water and it moves in the same manner as the water
molecules. Measurement of the movement, concentration, and dispersion of the
dye cloud depicts the characteristics of other soluble contaminants that
might be introduced into the stream. An extensive description of the
methods, procedures, dyes, and equipment used in making measurements of
traveltime and dispersion has been completed (E. F. Hubbard, F. A. Kil-
patrick, L. A. Martens, and J. F. Wilson, written commun., 1978).

The dye was injected at several locations along both the Yampa and the
Little Snake Rivers. The movements of the resultant dye clouds were
monitored at 14 sampling sites along the Yampa River (table 1 and fig. 2) and
at 10 sites along the Little Snake River (table 2 and fig. 3). The samples
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collected at each site were analyzed using a fluorometer (Wilson, 1968),
which is an instrument that measures fluorescence. The amount of fluores-
cence measured is directly proportional to the concentration of dye contained
in each sample.

As the dye clouds traveled downstream, they dispersed, taking longer to
pass each successive site, while the peak concentrations gradually decreased.
As an example, a graph and sketch depicting the downstream movement and
dispersion of the dye cloud for the May 1977 measurement on the Little Snake
River are shown in figure 4. During the May 1977 measurement, the dye cloud
took 1.75 hours to pass sample site 3 (table 2) with a peak concentration of
L.00 ug/L (micrograms per liter). When the dye cloud reached site 6, it took
3.67 hours to pass that sampling site, and the peak concentration had de-
creased to 1.10 ug/L. (table 3). The times required for the dye clouds to
pass each site, from the arrival of the leading edge to the approximate
trailing edge of detectable concentrations of dye, are listed in table 3.
Different combinations of injection and sampling sites were used for each of
the measurements. In general, shorter subreaches were used during the low-
flow measurements. The lower 1imit of detectability of the dye is about
0.05 ug/L.

The traveltime of the leading edge of the dye cloud can be estimated by
using the approximate relation (E. F. Hubbard, F. A. Kilpatrick,
L. A. Martens, and J. F. Wilson, written commun., 1978):

|
=", | (1)
1.25

where T1=traveltime of leading edge, and
Z?=traveltime of peak concentration.
|

|

The sketch in figure 4 indicates the lateral and longitudinal mixing
patterns of the dye cloud as it moves downstream from the injection site. As
noted by Hubbard, Kilpatrick, Martens, and Wilson (written commun., 1978),
"The mixing action, or dispersion, of the tracer in the receiving stream
takes place in all three dimensions of the channel. Complete mixing normally
occurs first in the vertical direction. Lateral mixiné is completed later
depending upon the width of the stream and velocity variations. Longitudinal
dispersion, having no boundaries, continues indefinitely and 1is the
dispersion component of primary interest." As noted in, the sketch, dye-
tracer particles at the center of the stream travel faster than those near
the edges. The actual distributions of dye concentrations versus time for
sites 2, 3, 4, and 5 on the Little Snake River, shown in figure 4, are based
on data collected at approximately the center of the stream.

Traveltime-data presentations are enhanced by report*ng in terms of unit
concentrations. Unit concentration is defined by Hubbard, Kilpatrick,
Martens, and Wilson (written commun., 1978) as the concentration, in micro-
grams per second of flow, produced in 1 cubic foot per second of
flow due to the injection of 1 pound of a conservative solute.

10
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Unit concentrations (UC) were computed at each high-flow sampling site for
the Yampa and the Little Snake Rivers, using the following equation:

c %" )
UC=—C%——*’ (2)
d

where @=mean discharge, in cubic feet per second;
wd=dry weight of injected solute, rhodamine-WT dye, in pounds; and

Cc k=peak concentration in the stream adjusted for measured dye losses,
p in micrograms per liter, and defined by the following equation:

100 . C
Ccpk_ 5 m, (3)

where Cm=measured peak concentration of rhodamine-WT dye at sampling site,
in micrograms per liter; and
PR=percentage recovery of the rhodamine-WT dye injected upstream.

The wuse of unit-concentration predictions provides a convenient means of
predicting the peak concentrations of contaminants at various points
downstream. The percentage recovery (PR) of the rhodamine-WT dye usually
decreases with distance downstream from an upstream injection site. The
decrease in dye mass can be a result of several factors: Dye loss as a
result of absorption on bottom and suspended sediments, adsorption on
vegetation and debris, and photochemical decay; dye lag, in which the
sampling period is not long enough to obtain the entire dye-concentration
versus relative time-curve; flow accrual, which is defined as an increase in
streamflow rate with distance downstream; and chemical reaction, in which the
dye reacts chemically with some substance in the water (for example,
chlorine).

The mean velocities listed in table 3 were computed using the traveltime
of the center of mass of the dye clouds. A similar computation could be made
using the traveltime of the peak concentrations. The mean velocities were
computed using the distance and traveltime between each pair of adjacent
sampling sites. The general trend on the Yampa and the Little Snake Rivers
is a decrease in velocity in the downstream direction.

Methodology for Simulating Traveltime and Unit Concentration

A computer model developed by McQuivey and Keefer (1976) was used to
simulate traveltime and unit concentration. Their technique was devised to
model longitudinal dispersion in streams as a convective process. Ffor this
report, the technique was modified (T. N. Keefer, written commun., 1976) to
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simulate traveltime and unit concentrations in streams, in addition to longi-
tudinal dispersion. This model contains two major paraTeters, defined as
follows:

|
|
damping coefficient=D,=U,/k, in meters per second; %nd (&)

mean stream velocity=U, in meters per second; \;

\

. . \\

where U,=shear velocity, in meters per second, and \
\

k=von Karman's constant.

The stream in which traveltime or unit concentration | as to be modeled is
broken into a given number of subreaches. The number‘ subreaches is
manually determined on the basis of the stream-reach hydr +]IC properties.

|

|

1

|

at the end of each

|
Predictions of relative dye concentration [Cﬁx )]
subreach are given by the following formula: >t |

ﬁ
C(x,t)ilz(n—l)(zn) : h(xn’tn_zn)dzn’ ;! (5)

where n=1, 2, 3, 4, . . . ...,
C(n_1)(Zn)=concentration at the downstream end of the (qfl) subreach,
tn=coordinate in time direction, ‘
xn=coordinate in downstream direction, |

z =arbitrary coordinate system, and i

h(xn,tn—zn)=model unit-response function.

For a logarithmic-velocity profile, the integral of equation 5, as derived by
Sayre (1977), is as follows:

- U A
W i z (1 “mazx)|, (6)
Clx,t)= (BYU) (D*t)exp[é;(; - X’j] }

i
X
|
|

where  W=amount, in milligrams, of dye tracer injected;
B=channel width, in meters;
Y=depth of stream, in meters; and
Uﬁax—stream velocity at water surface, in meters per second.

The unit-response function portion of equation 5 is as follows:

U X {1 Uﬁax)] ¥
hiz,t)= (D t)eXp[;*(; -5/ i (7)
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Equation 7 indicates that when dye is introduced as an instantaneous
pulse into a stream reach, the maximum dye concentration occurs immediately
and then decreases exponentially as a function of time. The actual solution
of equation 5 with equation 7 as the response function over a time period of
interest is accomplished in the computer model by replacing the integral in
equation 5 by a sum of finite delta time increments as follows:

t
Shix,t). (8)
=0

W

Clx, t)= == 570

Traveltime predictions of the dye-cloud peak concentration, leading
edge, or trailing edge, can then be determined using the desired time of
occurrence from the relative dye-concentration curve.

The use of a computer model to simulate traveltime and  unit
concentration for hypothetical discharges of varying magnitude involves
calibrating the model. Calibration is achieved by varying U and D, in the
model until they match the measured dye-concentration curves. Once the model
has been calibrated, simulations of traveltime and unit concentration for
hypothetical discharges may be made by the procedures described below:

1. Develop a relationship of shear velocity (U, gage) and mean velocity
(U gage) versus discharge from discharge measurements at index discharge
stations located in the study reaches.

2. Determine the ratio of U, gage and U gage versus the damping
coefficient (D,) determined by the model mean velocity (U comp) computed for
the reach, as U, gage/D, and U gage/U comp.

3. Choose different index- discharge values and determine corresponding
U gage and U, gage values (figs. 7 and 8, p. 21 and 22).

L, Compute respective U comp and D, values for the reach from the
ratios in procedure 2. This assumes the ratios are constant for different
flow conditions.,

5. Use these new parameter values in the model to obtain simulated
traveltimes or unit concentrations,

The index discharges, Uh gage, and U gage, were obtained from discharge
measurements made during the last 10- year period at each index site.

TRAVELTIME RESULTS

Traveltime results, using three different methods of traveltime
estimation, are presented. A greater emphasis has been placed on estimating
traveltime using the computer model and index-discharge stations because they
provide a more practical method for application. The other two methods,
linear-regression and graphical relationships, are presented primarily as
cross checks for the computer-model technique and also to provide general
information on the different traveltime-estimation methods.

17



River Conditions during Traveltime Measurements

The river profiles, mean velocities, and dye-cloud traveltimes for the
Yampa River are shown in figure 5, and for the Little Snake River in
figure 6. The regimes of flow for both rivers were channel control during
June 1976 and May 1977 and pool-and-riffle control during September 1976.
Both streams have fairly steep gradients as shown by the stream profiles in
figures 5 and 6. Average gradients for the Yampa and the Little Snake Rivers
are 10 ft/mi (1.9 m/km) for the study reaches. Upstream from the study
reaches, the average gradient is 73 ft/mi (14 m/km) for the Yampa River and
184 ft/mi (35 m/km) for the Little Snake River.

The dye-cloud traveltimes shown in figures 5 and 6 &re for only the
high-flow (June) conditions. The traveltimes are shown for the leading edge,
peak, and trailing edge of the dye cloud. In some instances, the leading-
and trailing-edge traveltimes had to be estimated because of insufficient
data.

Mean-velocity data for high-, medium-, and low-flow conditions are shown
in figures 5 and 6 and also in table 3. During both high- and low-flow
conditions, the discharges in the study reach of the Yampa River were greater
than those for the study reach of the Little Snake River. A general summary
of the measured discharges is given in table 3. Velocities during the high-
flow period generally decreased in a downstream direction except for one 5-mi
(8-km) reach of the Yampa River upstream from Steamboat Springs (fig. 5). A
minimum velocity of 0.26 mi/h (0.42 km/h) was measured during the low-flow
period in the Yampa River near a sand-and-gravel business 5 mi (8 km)
downstream from Steamboat Springs. A minimum low-flow velocity of 0.04 mi/h
(0.06 km/h) occurred in the Little Snake River in a reach downstream from a
large irrigation ditch, which diverted 85 percent of the streamflow near
sites 7 and 8 [river-mile 121 (river-km 195)] (table 2 and fig. 3).

Traveltime Simulations Using Index-Discharge Stations
and Computer-Model Techniques

To simulate traveltime for other flow conditions in the study reaches
using the computer-model techniques (see p. 17), four index-discharge
stations were designated. Two index stations were located\within the study
reach of each stream. The index stations were as follows: Yampa River at
Steamboat Springs, Colo., station 09239500; Yampa River below diversion, near
Hayden, Colo., station 09244410; Little Snake River near Slater, Colo.,
station 09253000; and Little Snake River near Dixon, Wyo., station 09257000.
Relationships of mean velocity and shear velocity versus stream discharge are
shown for these four sites in figures 7 and 8. The index stations are
located at sites 3 and 15 on the Yampa River (fig. 2 and table 1) and sites 1
and 8 on the Little Snake River (fig. 3 and table 2). Bauer (1968) made a
similar use of index-discharge stations. ‘

The results of the traveltime simulation for the f&ur index-discharge
stations are shown in figures 9 and 10 for the Yampa River and in figures 11
and 12 for the Little Snake River. Site numbers given on the figures refer
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Figure 5.--Mean velocity, traveltime of dye clouds, and river profile for the
Yampa River, June and September 1976.
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Figure 6.--Mean velocity, traveltime of dye clouds, and river pngfile for the
Little Snake River, June and September 1976, and May 1}?77.
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Figure 9.--Simulated cumulative traveltime curves for the Yampa River,
using index station 09239500,Yampa River at Steamboat Springs,Colo.
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Figure 10.--Simulated cumulative traveltime curves for the Y: ‘mpa River, using
index station 09244410, Yampa River below diversion, near Hayden, Colo.
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Figure 11.--Simulated cumulative traveltime curves for the Little Snake River, using
index station 09253000, Little Snake River near Slater, Colo.
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to the sites described in table 1 and located on figure 2 (Yampa River) and
described in table 2 and located on figure 3 (Little Snake River). The
simulations for the Yampa River were developed using measurements for June
and September 1976, and the simulations for the Little Snake River were
developed using measurements for June 1976 only. Measurements for the Little
Snake River made during September 1976 were affected by diversion of ap-
proximately 85 percent of the flow; hence, these were not used to make
estimates. The measurements for May 1977 on the Little Snake River (figs. 11
and 12) were used to check the simulation developed from the high-flow
measurements made in June 1976. The measured and simulated traveltimes agree
within 5 percent for the various sampling sites.

The simulation of traveltime using index-discharge stations assumes the
existence of a relationship of index discharge versus a given reach
discharge. Diversion of water for irrigation, which commonly occurs during
summer months, can significantly affect this assumed relationship in medium-
and low-flow conditions.

The traveltime simulations using the index-discharge stations for the
Yampa and the Little Snake Rivers (figs. 9 to 12) were made on the basis of
the dye-peak traveltime. As noted previously, the contaminant leading edge
will travel at a faster rate than the peak (figs. 5 and 6). The traveltime
of the leading edge of a contaminant can be estimated by using equation 1.

The traveltime simulations were developed using two index-discharge
stations for each river (figs. 9 to 12). To simulate traveltime between two
sites along a reach, the index discharge must first be known. The current
index discharges may be obtained by contacting personnel in the U.S.
Geological Survey's offices, in Meeker, Colo., for stations 09239500,
09244410, and 09253000; and in Cheyenne, Wyo., for station 09257000. The
most accurate traveltime simulations for medium- and low-flow periods can be
cbtained by using the index-discharge site nearest the reach of interest
(figs. 5 and 6). Either index station can, however, be used. If the index
station farthest from the reach of interest is used, the amount of effect on
the traveltime estimated cannot be stated.

Traveltime Simulations Using Linear-Regression Relationships

Dye-peak traveltime simulations for the Yampa River also were developed
on the basis of a linear-regression equation. Traveltime simulations made
using this method are shown in figure 13. The traveltime in this method is
related to the mean discharge of the stream reach and distance downstream
from the dye injection site. The resulting equation has the following form:

Teadltf, (9)

where T=traveltime, in hours;
a,b,e=coefficients determined by the linear-regression program,
and had values of: ¢=16.38, b=-0.565, and ¢=1.237;
=mean discharge, in cubic feet per second; and
M=distance downstream from injection site, in miles.
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To use this method for traveltime simulations in reaches with large
variations in discharge, the reach needs to be subdivided into smaller
subreaches, each having nearly constant discharges. A traveltime simulation
then can be made for each subreach.

Traveltime Simulations Using Graphical Relationships

Dye-peak traveltime simulations for the Little Snake River also were
developed on the basis of a two-step graphical approach. The first step
involved plotting mean velocities versus the corresponding mean discharges in
the reaches using the three measurements from the Little Snake River and
visually fitting velocity curves through the measurement points. The second
step invoived determining the traveltime versus mean discharge ‘in the
reaches, shown in figure 14, using the velocity curves. It is noted that the
traveltime versus mean~discharge relationship is curvilinear on log-log paper
(fig. 14). This resulted because of the small velocity measurements (fig. 6)
obtained during the low-flow (September) period. The same technique of
dividing the reach into subreaches, as described for the linear-regression
approach, is applicable to this method of traveltime simulation.

UNIT-CONCENTRATION SIMULATION RESULTS

Unit concentrations (UC) were computed from the measured high-flow data
(June 1976) and then simulated, in the same manner as the traveltime data,
using the computer model and index-discharge stations for other index-flow
conditions (figs. 15 to 18).

The mathematical model described earlier by McQuivey and Keefer (1976)
was used to determine UC values for other traveltime and index~discharge
values. The UC simulations were developed using data from the following four
index-discharge stations: Stations 09239500 and 09244410 for the Yampa
River, and 09253000 and 09257000 for the Little Snake River. These are the
same stations used for the traveltime simulations described earlier. During
medium- and low-flow periods, the index-discharge station located nearest the
reach of interest should be used, as described for the traveltime
projections.

For use in the mathematical model, values of peak UC (equation 3) were
determined at each of the sampling sites using the model-calibration results
from the reaches modeled on the Yampa and the Little Snake Rivers. A ratio
of the UC determined from the measured data and the peak relative dye
concentration (equation 8) computed by the model was determined for each
sampling site. The ratios computed were assumed to be constant and were used
to simulate UC for other index discharges. The simulation procedure used the
peak relative dye concentration determined for the traveltime simulation.
Graphical representations of simulated UC versus index discharges and
traveltimes are shown in figures 15 and 16 for the Yampa River and in
figures 17 and 18 for the Little Snake River. The relationships based on
measured data of UC versus traveltime and discharge are indicated by dashed
curves in figures 15 to 18. The dashed curves are based on data from four or
five sampling sites for each subreach.
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The data collected during September 1976 were not used for the UC
simulations for either the Yampa or the Little Snake Rivers. The low-flow
study on the Yampa River was conducted using a continuous dye-injection
procedure; whereas, the UC computations assume an instantaneous contaminant
injection. The low-flow study on the Little Snake River was affected by
irrigation diversions and had only one sampling site for each dye-injection
site.

The UC data for the Little Snake River, collected during medium-flow
conditions in May 1977, are shown in figure 17. These data were not used in
the model calibration but were used to check the accuracy of the UC
simulations. Simulated values of UC for the Little Snake River agree within
30 to 40 percent of the measured data collected in May 1977 (fig. 17). The
UC curve for May 1977 has a steeper slope than the simulated curves
(fig. 17). The curve for May 1977 has a steeper slope because it is based on
data measured only in the upstream one-half of the subreach wused in
developing the UC relationship. Because of the decrease in stream slope
(fig. 5) and channel aggregate roughness in the downstream direction of the
Little Snake River, a larger change of wunit concentration versus index
discharge would be expected in the upstream part of the reach.

LONG ITUDINAL-DISPERSION COEFFICIENTS

Longitudinal-dispersion coefficients were computed for the Yampa River
using low-flow data, and for the Little Snake River using high- and medium-
flow data. The longitudinal-dispersion coefficient (K ) is calculated based
on a procedure described by Nordin and Sabol (1974). The basic equation used
is as follows:

- do 2
_UA Tt
Kx_ 2 dt (10)

where U=mean velocity, in feet per second; and
ct2=variance of concentration with respect to time, in hours?2.

Fischer (1973) determined that the use of equation 10 resulted in a close
approximation of the longitudinal-dispersion coefficient if

s51:8 - L2, (1)

rv,

where t=mixing time, in hours;
I=distance from the point of maximum surface velocity to the farthest
bank, approximately one-half the stream width, in feet;
r=hydraulic radius, in feet; and
U,=shear velocity, in feet per second.
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A sample computation of a longitudinal-dispersion coefficient is shown
in figure 19. This example uses high-flow data collected during June 1976
from the subreach of the Yampa River extending from 5 mi (8.1 km) southeast
of Steamboat Springs to Milner, Colo. The required mixing time determined
for this subreach using equation 11 was 1.2 hours. An approximate slope of
0.1 hour, defined by the upper part of the curve (variance greater than
0.6 hours?), was used as an estimate of do,2/dt for the reach. The computa-
tion of X for the subreach then was made girectly by using mean velocity, U,
value of L.33 ft/s (1.32 m/s) and dctz/dt into equation 10. A value for X
of 3,400 ft2/s (315 m?2/s) was determined. | x

The computed X coefficients for the seven subreaches of the Yampa and
the Little Snake RiveFs are presented in table 4. The corresponding geometry
and flow characteristics for the subreaches also are given. Fischer (1973)
presented similar results from experimental measurements of longitudinal dis-
persion in open channels. His study presented K values for a range of shear
velocities from 0.46 to 0.06 ft/s (0.14 to 0.02 #/s), stream depths from 26.5
to 0.07 ft (8.07 to 0.02 m), and stream widths from 656 to 0.43 ft (200 to
0.13 m). The corresponding range of longitudinal dlsper5|on coefficients
dgte;mlned by Fischer (1973) ranged from 16,100 to 1.3 ftQ/s (1,500 to 0.123

/s

DETERMINATION OF REAERATION COEFFICIENTS
USING A MODIFIED TRACER TECHNIQUE

A modification of the tracer technique developed by Tsivoglou (1967) was
used to measure the reaeration coefficients of a part of the study reach of
the Yampa River. Ethylene and propane were used as }tracer gases and
rhodamine-WT dye was used as the dispersion and dilution tracer. Only a
brief synopsis of the modified tracer technique is included here. Details of
the technique have been given by Rathbun, Shultz, and Stephens (1975) and
Rathbun and Grant (1978). j

The basic procedure consists of injecting a quantity of the tracer gas
into the stream and determining a desorption coefficient for the gas from

measurements of the gas concentration at various points downstream. The
desorption coefficient for the tracer gas is then converted to a reaeration
coefficient for oxygen, using a constant determined in the laboratory. An

advantage of the modified technique is that two tracer gases can be used
simultaneously, thus permitting two measurements of theifeaeration coeffi-
cient in a single experiment.
|

The three assumptions inherent in the tracer technique are presented by
Tsivoglou (1967). These are as follows: It is assumed,| first, that the
ratio of the desorption coefficient for the tracer gasi to the absorption .
coefficient for oxygen is independent of mixing conditions, temperature, and
the presence of pollutants for the range of ambient conditions in streams;
second, that the dispersion and dilution tracer is conservative; and third,
that the tracer gas undergoes the same dispersion and dilution as the
conservative tracer and is lost from the stream only by desorptlon through
the water surface to the atmosphere.
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Yampa River, 5 miles southeast of Steamboat Springs to Milner, Colo.
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Reaeration coefficients are usually computed from the peak concentration
of the tracer gases and rhodamine-WT dye, although the coefficients also can
be computed from the areas under the curves of gas-tracer concentration
versus time for those cross sections where sufficient samples are obtained to
define the complete curve.

Peak Method

The basic equation for the tracer-gas desorption coefficient (KG) using
the peak method is as follows:

C /c
G D
K‘1 ZnCU CU: (12)

G t .-t
d “u ‘%7// DD

where C, ,C, =peak concentration of the tracer gas at the upstream and
G, G . . .
U "D downstream ends of the reach, in micrograms per liter;

CD ’CD =peak concentration of dye at the upstream and downstream ends
U "D of the reach, in micrograms per liter; and

td ,t. =traveltime of the peak concentrations of dye at the downstream
U . .
and upstream ends of the reach, in hours; and
In=natural logarithm, base e.

Because rhodamine-WT dye is not completely conservative in streams, the
rhodamine-WT dye curves must be corrected for dye loss before the reaeration
coefficients are computed. Also, the curves must be corrected for any flow
accrual that occurred.

It can be shown from the conservation of mass that

Q141=24,=Q343=. . .Q A , (13)

where @=discharge at each cross section where samples are collected, and
A=corresponding area under ‘the curves of the dye concentration versus
time for each sample cross section where samples are collected.

If there is dye loss, then @4, will be less than @;4; and QnAn will be less
than @ A . The correction procedure is to multiply each point on the

n=-1 n=1 . R X
curve o% dye concentration versus time curve by a correction factor, J.
Hence, equation 13 becomes:

Q1A1=Q2A2Jz=. . .QA J . (“*)
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Therefore, J2=Q]AL

@r4,°
and
J-_-;QJAL'
ngA
nn

Equation 12, for the subreach between cross sections 1 and 2, then becomes:

c c
Ko EoE Z"(CGJ /ch 7 )’ | (15)
1-2 t27t1 \Co [/ Cp, -T2 |

|
[
I

E
with the same form for the remaining downstream cross sections.
\
\

Area Method

For those reaches where sufficient samples are collected to define the
complete curves of tracer-gas concentration wversus time, the reaeration

coefficient can be computed from the areas under the curves. The basic
equation is: i

e =—-‘—zn(-A-Li) | (16)
G td-tu Ad ’ \‘
|

|
where Au,Ad=area under the curve of tracer-gas concentration versus time
at the upstream and downstream ends of the reach; and
td,tu=traveltime of the centroids of the tracer-gas mass at the down-

stream and upstream ends of the reach.

If there is flow accrual, the areas must be corrected and equation 16
becomes:

K = zn(A“Q“) A (17)
G td-tu Ade |

where Qu,Qd;discharge at the upstream and downstream ends ?f the reach.
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The area method has the advantage of being independent of the measure-
ments of the dye and, therefore, the nonconservative nature of the dye is not
critical. The disadvantage is that complete curves of tracer-gas concentra-
tion versus time must be determined and discharge measurements must be made.
The peak method, in comparison, only requires complete curves of dye concen-
tration versus time and discharge measurements to permit correction for dye
loss.

The desorption coefficient computed by the peak or area method is
converted to a reaeration coefficient (K,-base e logarithmic units) with the
relation: -

Ko=R°K, (18)

where R=the ratio of the absorption coefficient for oxygen to the desorption
coefficient for the tracer gas (determined in the laboratory).

From laboratory studies by Rathbun, Stephens, Shultz, and Tai (1978), the
following relationships have been determined:

Ethylene, Ko=1.15K,, (19)

and
Propane, K2=1.39KG. (20)

Experimental Procedure

The experimental procedure consisted of three steps: Injecting the
tracers into the stream; sampling the tracers at downstream points; and
analyzing the samples for concentrations of the tracers. Each of these steps
is briefly described in the following sections. For more details, refer to
Rathbun, Shultz, and Stephens (1975) and Rathbun and Grant (1978).

Injection of the Tracers

Ethylene and propane were injected into the stream by bubbling the gases
through a porous tube diffuser like those used for aeration in wastewater-
treatment plants. The diffusers were mounted in frames and placed on the
bottom of the stream, generally at the deepest point or in the area of
greatest flow. Ethylene and propane were released directly from high-
pressure cylinders through two-stage regulating valves and rotameters for
monitoring the flows to the diffusers.

A solution of rhodamine-WT dye and water was injected at the same
injection point and for the same injection period as that used for the
ethylene and propane gases. A direct-displacement pump was used for
continuous injection. Dye-injection rates and concentrations appropriate for
the stream discharges were estimated using equations presented by E. D. Cobb
and J. F. Bailey (written commun., 1965).

L1



Sampling the Tracers

A dye-detection system consisting of a fluorometer and portable genera-
tor was used. The dye concentration was monitored, using the fluorometer, as
samples were collected as a function of time at approximately the center of
flow. The dye samples were collected in 1.1-fluid ounce (32-mL) bottles with
polyseal caps for subsequent analysis in the laboratory.

Samples for gas analysis were collected from the center of flow using a
direct-displacement sampler. The sample bottles were placed in 2.0-fluid
ounce (about 60-mL) glass bottles with ground-glass stoppefs. Samples were
preserved for later laboratory analysis by adding 1 mL of; 37 percent formalin
stock solution to each sample.

i |
Sample Analysis

Ethylene and propane concentrations in the water samples were determined
using a modification of the gas-chromatographic technique of Swinnerton and
Linnenbom (1967). Basically, the technique consists of: Introducing a known
aliquot of the water sample into a stripping column; stripping the ethylene
and propane from the water with helium gas; trapping the tracer gases in a
cold trap; warming the trap once the stripping process is completed; and
flushing the ethylene and propane from the cold trap into’ a gas chromatograph
equipped with a flame-ionization detector. The modified. procedure, together
with techniques developed for sample storage and preServatlon, are described
in a report by Shultz, Pankow, Tai, Stephens, and Rathbun (1976). Dye sam-
ples were analyzed using a fluorometer and standard techniques described by
E. D. Cobb (written commun., 1965); Wilson (1968); and E. F. Hubbard, F. A.
Kilpatrick, L. A. Martens, and J. F. Wilson (written commun., 1978).

REAERATION-COEFFICIENT RESULTS

Reaeration coefficients were determined for three 'Subreaches of the
Yampa River during the low-flow period in September 1976. ' Because of limited
time and funding, a similar analysis was not done for the Little Snake River.
The subreaches, as described earlier, were parts of the study reaches from
river-mile 190.5 to 171.0 (river-km 306.7 to 275.3) and included three
injection sites and nine sampling sites (table 1 and fig. 2). Samples were
collected once during the low-flow period from each of the three subreaches.
The concentrations of ethylene and propane tracer gases, and rhodamine-WT dye
measured in the three subreaches are shown in figures 20 to 22. Dye and gas
tracers were injected continuously for 90 minutes at site 2, 59 minutes
at site 7, and 85 minutes at site 12 (fig. 2). Approximate  constant
concentrations of dye and gas were measured at sampling sites 3 and 13
(figs. 20 and 22). Approximate constant concentrations can be obtained using
the continuous-injection procedures when the sampling site is located near
the injection site. Sampling site 3 is located 0.5 mi (0.8 km) downstream
from the injection site and sampling site 13 is located 0.9 mi (1.4 km) down-
stream from the injection site. Data collected at sampling site 8, located

| N
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2.2 mi (3.5 km) downstream from injection site 7, exhibited no constant con-
centrations for the tracer gases or dye (fig. 21).

Dye Loss, Flow Accrual, and Dye-Correction Factors

To compute the reaeration coefficients by the peak method, described
on page 48, requires adjustment of the curves showing concentrations of
rhodamine-WT dye for dye loss and flow accrual. The correcting of the dye
concentrations was done using equation 14. A tabulation of the areas under
the curves of dye concentration versus time, traveltime' of the centroids of
the dye clouds, and discharges are given in table 5 for the three subreaches
studied. The three subreaches included the following sampling sites:
Subreach 1--sample sites 3 to 6; subreach 2--sample sites 8, 9, and 11; sub-
reach 3--sampling sites 13 and 14 (fig. 2). Also given in table 5 are the
areas under the curves and the traveltimes of the centroids for the ethylene
and propane gas tracers.

The streamflow discharges for subreach 1 (sampling sites 3 to 6)
indicate that there was probably no significant flow accrual in the subreach.
There may have been a flow loss between sites 5 and 6; however, it was
assumed that the gas tracers and dye are lost in proportionate amounts to the
flow loss, so that a correction is not necessary. Hence, it was assumed for
computing dye-correction factors that there was no increase in discharge, so
that equation 14 reduces to:

A3=A1+J|+=A5J5=A.6J6, (2])

where the subscripts denote the sampling sites. The areas under the dye
curves (table 5) for sites 3, 4, and 6 were computed‘ using a computer
program. The measured area for site 5, however, was fqund to be less than
the measured area for site 6 and was not used. This was the result of
insufficient samples at site 5 to correctly define the tail of the dye cloud.
Dye-correction factors for the dye loss at sites 4 and 6 were computed using
equation 21 and data from table 5:

and !
|
74 1
|
To estimate Jg, it was assumed that the dye loss was durec%ly proportional to
the traveltime, or: ;
J=aAtb (22)

where At=elapsed traveltime between sampling sites, ir minutes; and
a, b=unknown equation coefficients.
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Table 5.--Data determined from curves of concentrations versus time for
ethylene and propane tracer gases, and rhodamine-WI dye,
Yampa River, September 1976

Site Area under curves Traveltime of centroid Discharge
number (microgram-minutes per liter) (minutes) (cubic feet
Ethylene Propane Dye Ethylene Propane Dye per second)
3 952 607 974 82.2 82.4 82.7 78.5
4 318 217 894 153 155 160 76.3
5 === mee-- —== mme== memeee emee- 83.1
T 791 ==-e- —e-e- 692 72.2
8 510 304 911 150 150 153 73.0
9 101 69.1 436 301 305 312 152
1 29.1 27.2 384 540 552 569 171
13 L97 266 Loz 93.1 92.9 93.4 204
14 113 102 363 Loy b2 418 210

Using known data from sampling sites 3, 4, and 6, a and b were estimated us-
ing least squares and a J5 of 1.17 was computed from the resulting equation.

The flows in subreach 2 (sampling sites 8, 9, and 11) increased signifi-
cantly between sites 8 and 9 (table 5). The increases in flow resulted
largely from the additional flow of the Elk River and also from some local

runoff of rainfall that occurred during the day. Dye-correction factors for
this subreach, computed by equation 14, were as follows:

(4 (73) (911) _
75= 22 J) (152)(h36) =" - 00>

and

Qg) (4g) (73)(911)_
J117( —E) —?l—) A7Em 101

These results indicate only a very small dye loss for this subreach.

For subreach 3 (sampling sites 13 and 14), both flow accrual and dye
loss were considered (table 5). A dye-correction factor was computed as

follows:
- (204) (407)_
J14= —ljw —Li)w (370) " (363)" =1.089.
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Computation of Reaeration Coefficients

Reaeration coefficients were computed for the Yampa | River study reach
using both the peak and area methods (see p. 39 and L40). | The peak concentra-
tions and times for the ethylene and propane gas tracers and rhodamine-WT dye
are given in table 6. These concentrations and times were used in the peak
method of the reaeration-coefficient computation. Example reaeration-coeffi-
cient computations for the ethylene gas tracer covering a reach between sam-
ple sites 3 and 4 are as follows: |

Area method:

K = Pu). 1 1 (952)=0 0154 min~1
e(3-4)" T ¢ A 153-82.2\318) " j J

i
= = i =b! -1
Ky (3-4)7Rg + Kg(3-4)=1-15(0.0154) (1,440 min/d) %5.6 d=1.
i

Note: min~l=per minute; min/d=minutes per day; and d~!= per day.

Peak method:

c C .
X (34" 1, GU// by _ 1 In 10.3/10.7‘§
e(3- t~t \C c J. | 160-86.5"" 3.62/9.56(1.0

d “u QD// L&7// D \
|

= = % = -1
K2(3-A) R, . Ke(3-h) 1.15(0.0139) (1,440 min/d)=23.1 d-!.

=0.0139 min~!.

The sample computation for the area method used equations and 19 and the
peak methods used equations 12 and 19. The remaining reaerati coefficients
computed using these equations and the observed field condition are given in
table 7. Reaeration coefficients were computed using the area method when
sufficient samples were taken to estimate the entire concentration-time
curves. The observed field reaeration coefficients were ﬁdjusted to a common
temperature base of 20°C (Celsius) by the following formula (Elmore and West,
1961): B

- [
207, ; (23)

3
\

where t=mean-reach water temperature, in degrees Celsius.

The mean-subreach water temperatures and adjusted reaeration coeffi-
cients are given in table 7. The reaeration coefficients, adjusted to a
common 20°C base, ranged from 33.4 to 6.62 d~! using the area method, and
from 31.4 to 6.04 d~! using the peak method. \
|
I3
|
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Table 6.--Peak concentrations and traveltime of peak concentrations for
ethylene and propane tracer gases, and rhodamine-WI dye,
Yampa River, September 1976

Site Peak concentration Traveltime of peak concentrations
number (micrograms per liter) (minutes)
Ethylene Propane Dye Ethylene Propane Dye
3 10.3 6.64 10.7 85.5 85.5 86.5
4 3.62 2.42 9.56 156 156 160
5 .283 .285 6.74 325 333 340
6 @ eee—e- .035 L,or  -me-- 602 642
8 7.96 k.70 14.7 159 159 159
9 1.21 .815 4,51 292 295 290
11 .235 .203 2.53 529 529 524
13 6.06 3.23 5.01 100 100 102
14 1.16 .996 3.21 Lo2 402 408

Comparisons of Results to Empirical Formulas

Comparisons of the experimental reaeration coefficients with co-
efficients from predictive equations are given in this section. These
comparisons give some measure of the degree of uncertainty inherent in the
predictive equations. Two types of equations were used in the comparisons:
Semi-empirical equations, which include those based on the rate-of-energy
dissipation and those in which the reaeration coefficient (X,) is correlated
with the longitudinal-dispersion coefficient; and empirical equations of the
form:

where a,b,c=coefficients of a given equation,
U=mean velocity of stream, and
H=mean depth of stream.

A thorough discussion of the various semiempirical and empirical predictive
equations is given by Rathbun (1977).

\
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To compare the various equation results, it was necessary first to
calculate various hydraulic and energy-dissipation properties for the stream
subreaches studied (table 8). These hydraulic and energy-dissipation
properties then were used in the equation computations. Following is a short
summary of the selected equations used.

Semiempirical (Energy-Dissipation) Equations

Lau (1972): 37
k2=0.0126(g‘f) z (25)
)

where k,=reaeration coefficient, base 10 units, 20°C, in seconds™!;
U,=mean-reach shear velocity, in feet per second;
U=mean-reach velocity, in feet per second; and

=mean-reach stream depth, in feet.

Krenkel and Orlob (1963):

)0.408/ 0.66 (26)

= -4
ky=1.141x10 (UfmSg g 00,

fm
where ky=reaeration coefficient, base 10 units, 20°C, in minutes !;

S=slope of energy gradient, in feet per foot;

Ufm

gfm=acceleration of gravity, in feet per minute?2.

=mean stream velocity, in feet per minute; and

Parkhurst and Pomeroy (1972):

= 2 2 (7] 0.375
Kp=0.96(1+0.17F2)T_ 2(U S/Hm) , (27)

where Kr=reaeration coefficient, base e units, 20°C, in hours=1;
F=Froude number, defined as F=ﬁms/(gHm)0'5;
Tco=water-temperature correction factor;

Uﬁs=mean-reach velocity, in meters per second; and

Hm=mean-reach stream depth, in meters.
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Tsivoglou and Neal (1976):

=0.05hHeh/t

5 (20) £

where K2(20)=reaeration coefficient, base e units, 20°C, in hours™!;
Hch=reach elevation change, in feet; and

tt=reach traveltime, in hours.

Cadwallader and McDonnell (1969):
k2=25‘ 7Eo. B/H’ )

where k2=reaeration coefficient, base 10 units, 20°C, in days™l;
E=Usg, in feet? per second3; and

g=acceleration of gravity, in feet per second?.

Bennett and Rathbun (1972):
k2=h6.0550.l.”3 . 50.273/}]1 .408.

Thackston and Krenkel (1969):
k,=10.8(1+7°* )0, /8.

Churchill, Elmore, and Buckingham (1962):
-1.049 . H-2.262 " F

k,=1. 4470 ~0.823,
where f=flow-resistance factor, defined as fEBQHS/ﬁz.

Dobbins (1965):

oyt 00375 0.]26
k2=o.1zca(3o.osiv) A Coth(BE /04)’

1-5
Ch H
2

where C&=I.O+F 3

Cl.}=0' 9+F

A=9.68+0.054(£-20); where t=water temperature; in degrees Celsius;

B=0.976+0.0137(30-t)1'5;

E=30.OS15;

S]=s]ope; in feet per 1,000 feet; and

Coth=hyperbolic cotangent angle, in radians.
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Empirical (Velocity-Depth) Equations

Churchill,. Elmore, and Buckingham (1962):

k,=5.0265°- %%/ 673, (34)
Langbein and Durum (1967):
k2=3.3ﬁ/H"33. | (35)
Owens, Edwards, and Gibbs (1964):
(equation 1) k2=10.0950'73/H]'75. B (36)
(equation 2) k2=9.b150°67/H1'85. (37)

Isaacs and Gaudy (1968):

k,=3.7390/8" . | (38)
Negulescu and Rojanski (1969):

ky=h. 74(5/8) 085 % (39)
Bennett and Rathbun (1972): :

k,=8.767°+ 607 /1689 | (40)

0'Connor and Dobbins (1958):

_ =0.5,.1.5 |
k,=127.6(D.0)"°/H "2, | (41)

where DL=molecular—diffusion coefficient of oxygen in water, in feet? per day.

Padden and Gloyna (1971):
k,=2.98(T/m" %) %793, (b2)

Bansal (1973):

=0.6

_ 1.4
KZ(ZS)—0.219U /H

, (43)

|
where K2(25)=reaeration coefficient, base ¢ units, 25°C, 'tn hours

-1.
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Result Comparisons of Measured Reaeration Coefficients Versus
Predicted Values using Empirical and Semiempirical Equations

A summary of the comparisons of the averages of the measured reaeration
coefficients, and the reaeration coefficients predicted with the semiempir-
ical and empirical equations, are given in tables 9 and 10. The computed
values listed in the tables are in the same order, by column, as the predic-
tive equations listed above. A tabular listing of the individual errors of
estimate is given 1in table 11. The error of estimate (PE) is defined as
follows:

PE=(K,pred-K,exp)/Koexp, (4k)

where Kypred=reaeration coefficient by equation, and
Koexp=reaeration coefficient measured experimentally.

The average absolute errors of estimate were used in the computation be-
cause individual error values can either be negative or positive (table 11).
Results of the error analysis indicate that the Tsivoglou and Neal (1976)
equation average error of estimate of 0.1181 and the Thackston and Krenkel
(1969) equation average error of estimate of 0.1727 gave the lower error
results. Both of these equations are semiempirical energy-dissipation equa-
tions. The one extreme outlier was the prediction equation by Lau (1972)
with an average absolute error of estimate of 15.98.

Comparison of Traveltime and Reaeration Coefficients
with Results of Analysis of Waste-Load Assimilative Capacity

An analysis of the waste-load assimilative capacity of the Yampa River
from Steamboat Springs to Hayden, Colo., a distance of 38 mi (61 km), was
documented by Bauer, Steele, and Anderson (1978). That study was carried out
to assess the impacts on the stream reach from existing and projected waste
loadings, and involved the application of a steady-state water-quality model
(Bauer and Jennings, 1975). Two basic study-reach conditions were consid-
ered: Model calibration for measured water quality and flow data, and model
simulation based on 7-day low flows with a 10-year recurrence interval.
Reach traveltime for the calibration phase was estimated using cross-
sectional properties and mean velocities from discharge measurements. The
simulation-phase traveltime was related to mean discharges and streambed
slope by a regression-equation procedure described by Boning (1974).

A comparison of the simulated traveltime for the Yampa River wusing
results from the rhodamine-WT dye (figs. 9 and 10) and the methods used for
the waste-load assimilative-capacity analysis is shown in table 12. The
comparisons were made on the same reach boundaries as the Yampa River
traveltime study except for the lower Yampa River reach, river-mile 179.0 to
137.3 (river-km 288.2 to 221.1), which included only river-mile 179.0 to
159.6 (river-km 288.2 to 257.0). The index-discharge stations, station
numbers 09239500 and 09244410, were also the same stations as described for
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time study. Estimates of the traveltime for the waste-load assimilative-
capacity analysis agree within 6 percent of the model simulation results
(table 12).

The reaeration coefficient for the waste-load aBSImvlatlve capacity
analysis was computed using a velocity-depth equation dgscrlbed by Bennett
and Rathbun (1972). The comparison of the reaeration coeffIC|ent computed by
this predictive equation with the experimentally dgtermlned reaeration
coefficient indicated an average error of estimate of 0. 5995 (table 11). The
results of this analysis (table 11) indicated that the semlemplrlcal energy-
dissipation equations by Tsivoglou and Neal (1976) and Whackston and Krenkel
(1969) gave the lowest average errors of estimate for the studied subreaches
of the Yampa River. The amount of error induced by the use of the Bennett
and Rathbun (1972) reaeration equation for the earlier waste-load assimila-
tive-capacity analysis was not calculated.

\
i
\
\\
[\

The traveltime and unit-concentration versus index- dlscharge simulations
(figs. 9 to 12 and 15 to 18) provide a convenient means‘ of predicting the
arrival time and concentration of soluble contaminants aCC|dentally spilled
in a stream.

APPL1CATIONS

As an example, assume that a train accident occurred in Steamboat
Springs in which a tanker ruptured and spilled its contents of 1,000 pounds
(453 kg) of a soluble contaminant into the Yampa River near site 3 (fig. 2).
Assume the index discharge at gaging station 0923%500 is 1,000 ft3/s
(28 m3/s). One immediate concern would be to determine the arrival time and
peak concentration of the contaminant at the Hayden watpr plant, river-mile
159.6 (river-km 257) (site 16). For the index dlsch$rge of 1,000 ft3/s
(28 m3/s), the traveltime of the peak concentration from sites 3 to 16
[river-mile 190.5 to 159.6 (river-km 307 to 257)] would be 15.7 hours
(fig. 9). The leading edge of the solute could be expected to arrive at site
16 in 15.7/1.25=12.5 hours (equation 1). The curve of figure 15 for an index
discharge of 1,000 ft3/s (28 m3/s) at a traveltime of 15 7 hours indicates a
unit concentration for the peak of 1,580. The estimated' peak concentration
(equation 2, p. 15) for a conservative contaminant would‘be:

1,580 ug/L ft3/s 1,000 1b
b 1,000 ft3/s

¢ ,1,000 ft3/s=

epk

rticular contaminant
concentration, and

at 15.7 hours after the spill. Health standards for a
would indicate the potential toxic effects of such

=1,580 ugkp at Hayden, Colo.,
I
|
\

dictate whether water use would need to be curtailed. ‘
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As noted earlier, the dye-cloud leading edge travels faster than the
dye-cloud peak (equation 1) and, as a result, some concentration of the
contaminant would arrive sooner than the 15.7-hour peak arrival. Due to the
dispersive characteristics of the contaminant, it would also persist for some
time after the peak-concentration occurrence.

As a second example for the Little Snake River, assume that an accident
occurs near site 1 and 1,000 pounds (453 kg) of soluble contaminant has
spilled into the river with an index flow of 1,000 ft3/s (28 m3/s) at gaging
station 09253000. It is desired to predict the traveltime and concentration
of the contaminant at Baggs, Wyo. (site 10), 44.0 mi (70.8 km) downstream.
The predicted traveltime (fig. 11) is 13.8 hours and the peak concentration
(fig. 17) is 3,000 ug/L. The approximate leading-edge traveltime is
13.8/1.25=11.0 hours (equation 1).

On the main-stem Yampa and the Little Snake Rivers, several reservoir
projects have been proposed (Steele and others, 1979; Steele, 1978). The
proposed reservoirs have several uses, including irrigation, hydropower, mu-
nicipal water supply, and industry. Another application of the study results
would be to predict the average traveltimes for water released from the res-
ervoirs to given locations downstream. |t should be noted that this type of
application is restricted to situations where the flow change from reservoir
releases is small compared to the present downstream-flow conditions. The
relationships developed earlier were developed for mean water velocity and
assume steady flow-rate conditions. A large abrupt increase in flow causes a
flood wave in the stream channel. Flood waves normally travel approximately
1.5 to 2.0 times faster than the mean water velocity.

There are several wastewater-treatment plants along the Yampa and the
Little Snake Rivers. An earlier waste-load assimilative-capacity analysis of
the Yampa River from Steamboat Springs to Hayden, Colo. (Bauer and others,
1978) indicated possible nonionized ammonia-nitrogen pollution problems. The
length of stream for which a pollution problem of this type could persist is
of interest to water managers. Another application of this study would then
be to predict the length of stream and waste concentration, as a function of
waste-decay rate, with downstream traveltime from the wastewater-treatment
plant. For example, the length of stream required to reduce a waste with an
initial in-stream concentration of 20 mg/L (milligrams per liter) to a
concentration of 2.0 mg/L at some point downstream for the Yampa River is
desired. For this computation, assume an index flow of 100 ft3/s (2.8 m3/s)
at the Steamboat Springs gage, and a waste-decay rate of 1.0 per day. By
using an approximate first-order exponential formula of the form:

&Kt (45)

cone ,=cone .
wm

t t

where t=traveltime downstream of waste discharge, in days;
e=natural logarithm base e;
cone ,=concentration remaining after time (¢), in milligrams per liter;
concint=initial concentration of waste, after being mixed with the stream,
in milligrams per liter; and
k=waste decay rate constant, base e, days~!
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An approximate traveltime of 2.3 days, by a trial-and-error procedure
using equation 45, was determined to reduce the waste concentration from 20
to 2 mg/L. The length of stream required, from figure 9, for an index flow
of 100 ft3/s (2.8 m3/s), would include a reach approximately from site 3 to
site 16, for a traveltime of 55 hours or 2.3 days. This example computation
did, however, assume no additional waste or tributary |nflow into the stream
reach.
SUMMARY %
|

Traveltime, unit-concentration, and longitudinaﬁ-dISpersion charac~-
teristics were determined for stream reaches on the Yampa and the Little
Snake Rivers. The Yampa River study reach extended for 58 mi (93 km), from
approximately 5 mi (8 km) southeast of Steamboat Springs to Craig, Colo.;
whereas, the Little Snake River study reach extended' 77 mi (124 km), from
approximately 16 mi (26 km) east of Slater, Colo., and ending 33 mi (53 km)
southwest of Baggs, Wyo. Two data runs were made on, the Yampa River with
approximate average stream discharges of 3,400 and 100 ft3/s (95.2 and
2.80 m3/s), and three data runs were made on the Lnttle Snake River with
approximate average stream discharges of 1,600, 600, and 20 ft3/s (44.8,
16.8, and 0.56 m3/s). Measured stream veIOC|t|es varled as follows: 0. 26 to
3.6 mi/h (0.42 to 5.8 km/h) for the Yampa River and O. 04 to 3.5 mi/h (0.06 to
5.64 km/h) for the Little Snake River.

Sand and gravel operations along the Yampa River and large irrigation
diversions along the Little Snake River significantly affected stream
velocity patterns during low-flow measurements.

‘ I
Simulations of traveltime and unit concentrations for other stream-

discharge conditions were done using a mathematical 'model described by
McQuivey and Keefer (1976). The model includes two parameters--damping
coefficient and mean stream velocity. Four index-discharge stations were
used in the traveltime and unit-concentration simulations. The index
stations were as follows: VYampa River at Steamboat Springs, Colo.; Yampa
River below diversion, near Hayden, Colo.; Little Snake River near Slater,
Colo.; and Little Snake River near Dixon, Wyo. The simulation of traveltime
and unit-concentration data involves calibrating the model. Calibration is
achieved by varying mean velocity and damping coefficient until the model-
computed traveltime and unit-concentration results match the measured data.
Once the model has been calibrated, simulations of traveltime for hypotheti-
cal discharges may be made by the procedures described below:
\

1. Develop a relationship for shear veIOC|ty (U gage) and mean
velocity (U gage) versus discharge for each of the |ndex\d|scharge stations.

2. Determine the ratio for U, gage and U gage versus the damping
coefficient (D,) determined by the model and reach-computed mean velocity
(U comp).

3. Choose different index discharges and determine corresponding
U, gage and U gage values.

L. Compute respective D, and U comp values for the reach, assuming
ratios in procedure 2 are constant.
\
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5. Use these new parameter values in the model to obtain simulated
traveltime or unit concentration.

Traveltime simulations were based on all field-observation runs except
the Little Snake River 1low- and medium-flow runs. Unit-concentration
estimates are based only on the high-flow runs. Traveltime simulations for
the Little Snake River using the model-analysis scheme were compared to the
measured medium-flow Little Snake River data for May 1977. The simulation
results agreed within 5 percent of the measured field data. A similar
comparison also was made for the wunit-concentration data, with agreement
within 30 to 40 percent. Traveltime simulations based on 1linear-regression
relationships of mean stream velocity or discharge also are given for both
streams.

Traveltime-simulation results from the study were compared to traveltime
predictions used for a waste-load assimilative-capacity analysis for the
Yampa River from Steamboat Springs to Hayden, Colo. The waste-load
assimilative-capacity analysis used two traveltime-estimation approaches:
Cross-sectional reach properties and mean stream velocity from discharge
measurements, and a regression equation using streambed slope and stream
discharge as variables. The two traveltime-estimation techniques used for
waste-load assimilative capacity agreed within 6 percent of the model simu-
lation results.

The traveltime and unit-concentration simulations provide a convenient
means of predicting the arrival time and concentration of soluble contami-
nants accidentally spilled in a stream. The length of stream affected by
municipal wastewater-treatment discharges can also be estimated by the study-
simulation results. A third application is the estimation of traveltime for
reservoir water released for downstream irrigation, hydropower, municipal
water supply, and industrial uses.

Longitudinal-dispersion coefficients were computed for the Yampa River
high- and low-flow runs and the Little Snake River high- and medium-flow
runs. Coefficients ranged from 6,050 to 400 ft2/s (560 to 37 m2/s) for the
two streams.

Stream reaeration coefficients were measured, using a modified tracer
technique, for a reach of the Yampa River below Steamboat Springs from river-
mile 190.5 to 171.0 (river-km 306.7 to 275.3). Ethylene and propane were
used as tracer gases and rhodamine-WT dye was used as a dispersion tracer.
The basic premise of the reaeration-coefficient computation is that the ratio
of the rate coefficient for a tracer gas desorbing from water to the rate
coefficient for oxygen being absorbed by the same water is a constant, and is
independent of mixing conditions and water temperature. Measured reaeration
coefficients adjusted to 20°C ranged from 33.4 to 6.04 d-1 for the stream
reaches. A comparison of the measured reaeration coefficients to those
computed from semiempirical and empirical equations also was completed for
the study reaches. Semiempirical predictive equations by Tsivoglou and Neal
(1976) and Thackston and Krenkel (1969) gave the best comparisons with
absolute errors of estimate of 0.1181 and 0.1727.
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