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CONVERSION FACTORS

For the convenience of readers who may want to use Inch-Pound Units, the data 

may be converted by using the following factors:

Multiply SI units by To obtain inch-pound units

millimeter (mm) 0.03937 inch (in)

meter (m) 3.281 foot (ft)

kilometer (km) 0.6214 mile (mi)

2 2 
square meter (m ) 10.76 square foot (ft )

cubic meter (m 3) 35.31 cubic foot (ft 3)

kilogram (kg) 2.205 pound (Ib)

meter per second (m s~ ) 2.237 mile per hour (mph)

Temperature in degrees Celsius ( C) can be converted to degrees Fahrenheit

(°F) as follows:

°F = 32 + °C

V



AN ASSESSMENT OF STEADY-STATE PROPANE-GAS TRACER METHOD

FOR REAERATION COEFFICIENTS-COWASELON CREEK, NEW YORK

I/ ?/ 
by N. Yotsukura, D. A. Stedfast, R. E. Draper-^, and W. H. Brutsaert^-

ABSTRACT

Three tests were conducted in a straight 5.2-km reach of the Cowaselon 

Creek, Canastota, New York, in order to assess the feasibility of the steady-state 

propane-gas tracer method as a means of estimating in situ reaeration coefficients. 

In the summer of 1981, two replicate tests were conducted on two consecutive 

days, during which channel flow was steady and wind speed was low. The purpose 

of the tests was to examine reproducibilities of tracer data and of the propane 

desorption coefficient, which is proportional to the reaeration coefficient. In 

the fall of 1981, the third test was conducted employing, a 24-hour continuous 

injection of propane tracer, during which channel flow was slightly unsteady and 

wind speed was variable. A major purpose of the test was to evaluate the effect 

of wind shear on the desorption coefficient.

It is concluded that the steady-state method, which combines an instantaneous 

injection of dye tracer with a long duration injection of propane tracer, is an 

operationally feasible field technique and provides a very reliable means of determining 

the propane desorption coefficient in a steady channel flow. The effect of wind 

shear on propane desorption coefficients was not detected in any tests, apparently 

because of the sheltering effect of high banks.

I/ Sanitary Engineer, New York Department of Environmental Conservation, 
Albany, New York.

2/ Professor, School of Civil and Environmental Engineering, Cornell University, 
Ithaca, New York.



INTRODUCTION
i

Accurate estimation of reaeration coefficients in a natural stream is one 

of the basic factors in the modeling of dissolved oxygen concentration for the 

purpose of waste load allocation and water pollution abatement. Since its advent 

by Tsivoglou and others (1965), the gas tracer method has been considered as 

the most promising technique for estimating in situ reaeration coefficients in 

natural streams, because the method determines the desorption rate of dissolved 

gases at the air-water interface and is free of the; interference by biological 

and chemical reactions. Recently, the method has gained further acceptance

by the discipline as Rathbun and others (1978) introduced hydrocarbon gases as

i 
alternative tracers. These tracers eliminate the need for special training and

licensing necessary for use of the radioactive kry >ton tracer, which is exclusively 

used in Tsivoglou's method.

Despite increasing popularity and usage of ^as tracer method, some questions 

still remain concerning the accuracy and reproducjribility of field data and the 

soundness of field procedures (G. H. Jirka, 1978, Cornell University, written commun.: 

E. R. Holley, 1979, University of Texas, written commun.). An independent 

assessment of the gas tracer method is desirable based on the mechanics of turbulent 

mass transport and transfer so that this potentially useful method can be utilized 

with confidence for a wide range of environmental conditions.

This report is the first of a series of reports to be published on field assessments 

of the hydrocarbon gas tracer method, which are jointly undertaken by the School 

of Civil and Environmental Engineering, Cornell University, the New York Department

of Environmental Conservation, and the U.S. Geo 

of the three groups in Albany, New York, April 8,

field assessment should be conducted in a steady uniform channel flow, in

ogical Survey. The first conference 

1981, concluded that the first



which bulk hydraulic paramenters are relatively constant and accurately measurable. 

The preliminary survey indicated that a straight 5.2-km reach of the Cowaselon 

Creek near Canastota, New York, was a suitable site because of its size, alignment, 

and accessibility shown in figure 1.

The conference also concluded that only the steady-state method should 

be employed in the test namely, that the gas tracer should be injected continuously 

at a uniform rate for a long period to produce a steady-state gas-tracer concentration 

in a plume that would be mixed uniformly in a cross section. This is a deviation 

from the currently used procedures of Tsivoglou and Rathbun, which employ short- 

duration injections and measure transient gas concentrations. The expectation 

was that, because the gas concentration obtained under steady-state uniformly- 

mixed conditions will not require correction for dispersion effects, it represents 

a more direct measure of gas desorption than under transient conditions.

Even though the gas tracer method is sometimes called a "direct method" 

of reaeration estimation, its field procedure involves neither the measurement 

of dissolved oxygen concentration nor the calculation of reaeration coefficient 

directly. The entire procedures is concerned with determination of the desorption 

coefficient of a dissolved gas tracer along a test reach. The reaeration coefficient 

is estimated by applying a conversion factor determined from laboratory experiments 

to the gas desorption coefficient. The assessment of this conversion factor, which 

is currently conducted at the University of Texas at Austin (Rainwater and Holley, 

1983), is outside the scope of the present report.

Purpose and Scope

The purpose of this report is to develop and test steady-state method for 

the measurement of propane-gas desorption coefficients in a natural channel 

flow as the first phase of the field assessments of hydrocarbon gas tracer method
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for reaeration coefficients. Three field tests were conducted in a straight 5.2 

km reach of the Cowaselon Creek near Canastota, New York in June, July, and 

October, 1981.
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The desorption or volatilization coefficient of dissolved gases is a defined 

parameter not directly measurable in a natural stream. It is thus desirable to 

define the desorption coefficient starting with a model equation which employs 

the smallest number of assumptions. In the following section, the first model 

equation will be derived from two major assumptions namely, the first-order 

decay of dissolved gas concentration with time and the linear superposition principle 

for solute transport in a steady channel flow. However, because the first equation 

is not convenient for field applications, the second model equation will be derived 

in the following section by adding the assumption of a straight prismatic channel 

geometry. The second equation is the most commonly used equation which enables 

a direct calculation of the desorption coefficient. Use of these two equations 

in the present study is not only for theoretical interest but also for establishing 

the second equation as the feasible equation for nonstraight and nonprismatic 

conditions of a natural stream flow.

Basic Equation for Steady Channel Flow

Based on a number of mixing tank experiments, the desorption or volatilization 

of a certain class of dissolved gases through the air-water interface can be considered 

as a first-order transfer mechanism. In a typical tank experiment, the concentration

5



of dissolved gas is maintained uniform within the water depth by means of mechanical 

stirring so that the time rate of change of the gas concentration in the tank can 

be described (Tsivoglou and others, 1965; Rathbun and others, 1978) by

  = -KG (1) 
dt

i

where C is the dissolved gas concentration, t is time, and K designates the desorption 

coefficient expressed by

H (2)

Notation K, is the surface film coefficient of mass transfer and H is the water 

depth of a mixing tank (Holley, 1973). Note that the formulation of eq. 1 is to 

treat gas desorption, which takes place only at the water surface, as if it were 

equivalent to a first-order decay that occurs uniformly within the total depth 

of water.

As for gas desorption in natural streams, one may expect that a similar 

first-order transfer equation could be employed because most flowing streams 

maintain adequate intensity of turbulence within the flow. This turbulence, created 

by friction at the channel bottom and by the wind shear at the water surface, 

is essential in mixing dissolved gases in a stream just as the mechanical stirring 

is in a mixing tank.

Assume that a neutrally buoyant mixture of a dissolved gas tracer and a 

hypothetical conservative tracer is injected instantaneously into a natural stream. 

From well-estalished hydraulic experience (Yotsukura and Sayre, 1976), the reach

downstream from the injection site may be divided

to a different stage of the mixing process. In the first zone immediately downstream 

of the injection site, the mixing is three-dimensional and, while the conservative 

tracer is advected and mixed in an identical manner with the neighboring water, 

mixing of the gas tracer is not quite identical to that of the conservative tracer,

into three zones, each corresponding



primarily in the vertical direction, due to the desorption of gas through the water 

surface. However, the length of this zone is fairly short, being on the order of 

only 50 to 100 times the stream depth, and the concentration distributions of 

both tracers become vertically uniform at the end of the first zone.

When both tracers are in the second zone, the mixing proceeds in the longitudinal 

and transverse directions. Assuming that the surface desorption of gas tracer 

can now be treated as a first-order decay occurring uniformly within the total 

depth and also that the advection and mixing of both tracers become more identical 

with time, thereby eliminating small discrepancies of mixing in the first zone, 

one may relate the concentration of gas tracer to that of conservative tracer 

by the equation

C(x,z,t) = - G C (x,z,t) exp(-Kt) (3) 
c

where C and C designate the concentration of dissolved gas tracer and conservative
\-f

tracer, and M and M denote the initial masses of gas and conservative tracers, 

respectively. The longitudinal coordinate, x, is measured downstream from the 

injection site, the time, t, is measured from the instant of injection, and z designates 

the transverse coordinate. Note that eq. 3 assumes a linear relation between 

the total mass and concentration of a tracer. Also, eq. 3 utilizes the integrated 

form of eq. 1 so that K is assumed to be constant over a finite time, t.

Even though the length of the second zone is much longer than that of the 

first zone, the turbulent mixing eventually will produce an essentially uniform



distribution of tracer concentration in the transverse direction downstream of 

a certain cross section. This marks the beginning of the third zone or the uniformly- 

mixed zone, in which the mixing can take place only in the longitudinal direction.
i

Eq. 3 may then be simplified to

C(x,t) = C c (x,t) exp(-Kt) 
c

(4)

Note in eq. 4 that because the flow conditions remain idependent of time 

at any cross section, an instantaneous injection of mass, M , of conservative 

tracer at any time produces the same response, C (x,t), in which t is measured 

from the instant of injection. Note also that this steadiness assumption does 

not presume that the discharge is the same at all cross sections. Instead, the 

condition allows for some inflow in the reach such as ground water seepage as 

long as such inflow is small and steady and does not disturb the steady mixing 

pattern. Under such conditions, the normalized response function may be defined 

as

f(x,t) =
C (x,t) 

c
uu

/ C (x,t)dt
o c

(5)

Furthermore, the mass continuity for the hypothetical tracer requires that

Mr*if* J-i

(6)
Q «- V\^/ j

where the notation, Q(x), indicates that the discharge is independent of time 

but may increase in the downstream direction. Substituting eqs. 5 and 6 into 

eq. 4, the latter is reduced to

C(x,t) =
M__ 
Q(x)

f(x,t) exp(-Kt) (7)



Note that the normalized response function, f(x,t), represents the total effect 

of advection and mixing, which both conservative and gas tracers undergo after

their instantaneous injection at x = 0 and t = 0. It has the dimension of
i °° 

time" and its integration with respect to time, /f(x,t)dt, is equal to nondimensional
0 

unity in view of eq. 5.

When the gas tracer is injected continuously rather than instantaneously, 

the resulting gas concentration may be obtained by applying the principle of super 

position to eq. 7 (Wylie, 1951, Taylor, 1959). Assume that a mass of conservative 

tracer is instantaneously injected for the purpose of measuring the normalized 

response function, while the gas tracer is continuously injected at a uniform mass 

inflow rate, m, beginning at r= 0 and ending at r= T-J- . The notation T 

designates the time of tracer injection and has the same origin as t. Considering 

that each infinitesimal mdr represents an instantaneous mass, M, the superposition 

of all such injections leads from eq. 7 to (Yotsukura and Kilpatrick, 1973)

T I

/ 
I 
f(x,t-T) exp I -K(t-T)} dT 

.1 I }
(8) 

0

The normalized response function, f(x,t-r), is zero for negative values of (t-r) 

so that eq. 8 is valid for all t values including t < r

Introducing a new variable of integration p-t-r, eq. 8 is transformed to

C(x,t) = f(x,p) exp(-Kp) dp



In order to see what choices of t and T give a steady-state gas concentration, 

it is convenient to further transform eq. 9 to the form

C(x,t) =

t t"1U I

7^777 [ ff(x,p) exp(-Kp) dp - / f(K,p) exp(-Kp) dp (10)
^x) Uo Jo \ J

and to illustrate the integration by means of figure 

instantaneous injection of tracers and the resulting

2. Figure 2A describes the 

response functions, which

are assumed to be positive only between t., the time of leading edge, and t~, 

that of trailing edge, of a tracer cloud. Note also tjiat because of the steadiness 

assumption, another instantaneous injection of the same mass, say, at TJ will 

produce a response which is identical in shape and merely shifted in time to be 

between t. + T- and tp. + r
A I LJ I

Figure 2B illustrates the continuous injection of gas tracer by three figures. 

The top one shows that the continuous injection is broken up into a series of instantaneous 

injections, mdr. The middle figure shows that two component integrals of eq. 

10 can be expressed by means of a single curve. When t and Tj are chosen as 

shown in the figure, the notation,!., is the first integral from p = 0 to p = t and 

I- is the second integral from p = 0 to p = t-T . If t were chosen to be less than 

t., both t and t-T will be less than t. so that I. and I~ will be both zero. 

On the other hand, if t were chosen to be larger than t~, I. becomes constant 

and if t - T were larger than t~, I- likewise becomes constant.

The bottom figure of figure 2B shows a total response to the continuous 

uniform injection shown in the top figure of figure 2B. Note that the steady-

state gas concentration occurs between t = t~ and 1

of the response curve is exactly the same as the I, curve with I- being zero

10

= t. + T-r . The rising side
A 1
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and the declining side is simply given by Ii-I-> according to eq. 10. It is seen from 

figure 2B that the first condition for steady-state gas concentration is that 

t ^ tp)50 that the first integral, I., becomes constant. The second condition 

is that t - TT < tA so that the second integral, I-, remains zero. These two 

conditions may be combined to show that the duration for continuous injection, 

TT , must be greater than the duration of conservative tracer cloud, t^-t., and

that the duration of steady-state gas concentration

to estimate the required duration of tracer injection for steady-state gas concentration, 

one must know the cloud duration, t~-t . , for a conservative tracer, preferably
U A

at the most downstream location, and add some tin e length desired for collection

of steady-state data, which is equal to the duration

is . Thus, in order

of steady-state concentration,

TI - 'D + V

For the convenience of notation, the steady-state gas concentration, C(x), 

will be denoted by

/
CO 

f(x,p) exp(-Kp) dp

which is obtained by letting t and T, approach infinity simultaneously in eq. 9.

Equation for Straight Prismatic Channel

(11)

Eq. 11 derived in the previous section is not convenient for a direct calculation

of desorption coefficients because of integral form involved. Here, one may

add the assumption of a straight prismatic channel iin order to obtain an analytical 

form for the normalized response function, f(x,t). Consider the one-dimensional

advection-dispersion equation (Fischer and others, 1979),

9C 
_(
8t

+ U
9C 

(.Tx" = D

12

(12)



where U is the cross-sectional average velocity and D is the longitudinal dispersion 

coefficient. If the channel geometry is straight and prismatic, the parameters 

U and D of eq. 12 may be considered as constant. Then, for an instantaneous 

injection of tracer mass at x = 0 and t = 0, eq. 12 has the well-known analytical 

solution, which may be written as a normalized response function (Sayre, 1968)

ff ^ U f (x-Ut) 2 
f (x,t) =       exp " 4Dt

/ATTDt

Substituting eq. 13 into eq. 8 and integrating with respect to T from zero 

to infinity (Nuclear Regulatory Commission, 1977), one obtains

COO --   exp -jj-.- 

0/1+0

(14)

2 in which a is the nondimensional parameter, 4DK/U . Eq. 14 is also identical

to the analytical solution given by O'Conner and Lawler (1965) to the one-dimensional 

steady-state advection-dispersion-decay equation. Because the value of Q: is 

normally less than 0.1 in a turbulent channel flow, eq. 14 may be adequately approx 

imated (Fischer,1973) by

^f \ ra f \ C(x) = - exp (-   )

Eq. 15, in which Q is assumed constant, is the most commonly used form 

for the steady-state gas concentration and allows a direct calculation of K from 

observed data. Eq. 11, on the other hand, does not require a constant Q and is 

more general than eq. 15, however, its form is awkward for calculation of K. 

Mathematically, it is expected that, for a typical form of f(x,t), the integral
oo

of eq. 11 is closely approximated by exp (-Kt), where t = Ttfdt, with some restrictive"'O 

conditions similar to & being much smaller than unity. Because this mathematical

analysis has not been completed, the present study will use both eqs. 11 and 15 

for the calculation of K from observed data, employing a trial-and-error solution

for eq. 11.

13



In the above connection, it is worthwhile to note again that a K value calculated 

from eqs. 11 and 15 represents an averaged value over a test reach and /or tracer 

residence time. Therefore, such K values are limjited in the capacity of resolving 

the influence of flow variations observable at smaller distances and /or time 

scales than used in a field test.

DESCRIPTION OF FIELD TESTS

The feasibility of the steady-state gas tracer method was examined by 

three field tests conducted in a 5.2-km reach of the Cowaselon Creek. The first 

two field tests were made on June 30 and July 1, 1981. These two tests were 

primarily designed to examine the reproducibilty of tracer concentrations and 

gas desorption coefficients under steady channel flow conditions. The third field 

test made on October 20 to 21, 1981, was a single run of a 24-hour duration. 

This test was designed primarily to investigate the effect of diurnal wind speed 

variations on the desorption coefficient and secondarily to detect any effect 

of biodegradation on the propane gas tracer. The expectation was that a large

difference in water temperature between October and June-July could induce

a correspondingly lower biomass consumption of gas tracer in the October test.
i 

For all three tests, the injection site and thej three tracer sampling sites

remained at fixed locations as indicated in figure 1. The injection site was located 

70 m downstream from Hardwood Island Road where the creek narrows down 

to approximately 5 m in width and 1 m in depth. This site was chosen to obtain 

the best absorption and quick mixing of propane gets by taking advantage of constriction- 

expansion of the channel width. The three cross sections for tracer sampling 

were fixed at 610 m, 2740 m, and 5180 m downstream from the injection site.

These cross sections are referred to in this report as sections 1, 2, and 3, respectively.
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June 30, 1981, Test

At 8:20 a.m., June 30, 1981, approximately 0.4 liter of rhodamine WT 20 

percent solution, used as the conservative tracer, was released instantaneously 

at midstream as a 2-m long line source perpendicular to the flow direction. The 

midstream location was estimated by discharge and not by distance. A continuous 

injection of instrument-grade propane gas was also started at 8:20 a.m. and lasted 

for 7 hours and 40 minutes. The propane gas was injected from a 4-kg tank through 

a single stage regulator and rotameter to two different gas diffusers. These 

diffusers were flat-plate porous-tile gas diffusers with a 2-micron diameter pore 

size. The two diffusers were anchored on the streambed to form a 2-m line source 

as mentioned above. The gas injection rate was kept constant by maintaining 

the rotameter and line pressure gage readings at constant levels. Approximately 

6.9 kg of propane was injected into the creek during the study. Except for a 

2-minute interruption at about 12:10 p.m., when the injection was switched from 

one tank to another, the propane gas injection was maintained at a steady inflow 

rate.

River discharge measurements preceded the tracer sampling at the three 

cross sections. Based on these measurements, three transverse sampling locations 

were determined at each cross section on the basis of the cumulative discharge 

rather than the transverse distance. The relative cumulative discharge selected 

for sampling were at 10, 50, and 90 percent of the total discharge referenced 

from the left bank looking downstream. These locations were then marked on 

the tag line suspended across the channel width. The sampling locations in a 

cross section are designated as the left, center, and right location, respectively.

15



In order to verify that the stream flow remained steady during the field 

test, a temporary staff gage was installed at each cross section. Stage readings 

were taken throughout the day at all three sampling sections. A maximum stage 

change of less than 10 mm was observed during the entire test period so that 

the change in discharge was small. As an additional check on the discharge variation, 

a second discharge measurement was made at section 1 after the tracer sampling 

was completed. The difference between the two discharge measurements at 

section 1 was less than 4 percent, which is within the limits of measurement 

accuracy.

The sampling of rhodamine WT dye tracer was begun at 9:00 a.m. at the 

first cross section. Because section 1 was only 610m downstream of the injection 

site, the passage of dye cloud through the section was fast, requiring sampling 

at the three transverse sampling locations at 2-m|nute intervals on the rising 

side and past the peak dye concentration. As the time rate of change of dye 

concentration decreased on the falling side of dye| cloud, the sampling interval

was changed to 5 minutes and later to 10 minutes A portable Turner Design

Model 10 fluorometer  was set up at section 1 for an in situ concentration reading 

to monitor passage of the dye cloud, even though all dye samples were retained

for later laboratory analysis. The sampling of gas tracer concentration was started

at 10:30 a.m. at section 1, when the in situ reading of dye concentration dropped 

below 1 percent of the peak value. The dye sampling was terminated Vz hour 

later at 11:00 a.m. Gas samples were collected at the center sampling location 

at a 15-minute interval and at the left and right locations every 30 minutes. 

Propane sampling at section 1 ended at 2:00 p.m.

I/ The use of brand name is for identification purposes only and does not constitute 
endorsement by the U.S. Geological Survey.
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The tracer sampling at the second and third cross sections was done following 

a procedure similar to that for section I namely, only dye samples were collected 

at three sampling locations during the passage of dye cloud with the time interval 

varying between 5 and 30 minutes. The portable fluorometer was used to determine 

suitable time intervals for sampling by carefully observing the rate of change 

of dye concentration with time. Because the attenuation of concentration on 

the falling side of the dye cloud became increasingly slower as the distance from 

the injection site increased, the sampling of the gas tracer at sections 2 and 3 

was started when dye concentration dropped below 0.5 to 1 /mg L~ (microgram 

per liter) by the fluorometer reading. There was about a 1-hour period at section 

3, during which both dye and gas samples were collected simultaneously. The 

propane gas samples at sections 2 and 3 were taken at the similar 15-and 30-minute 

intervals as at section 1. These gas samples were collected at section 2 between 

3:15 p.m. and 6:30 p.m. and at section 3 from 7:15 p.m. until 10:45 p.m., when 

the field test ended.

Both dye and gas samples were collected by manually dipping a 40-mL (milliliter) 

glass vial into the water. No use was made of the dissolved gas sampler for gas 

sampling. However, the procedure for injection of formalin preservative and 

sealing of septum cap vial followed specifications given by Rathbun (1979).

The wind speed was measured at a station located 6 km upstream from 

the mouth of the Cowselon Creek at Oneida Lake and about halfway between 

sections 2 and 3. The instruments used for this purpose were cup anemometers, 

which had been carefully calibrated in a wind tunnel prior to the field experiment. 

As illustrated in figure 3A, two anemometers were mounted on a mast 0.56 m 

(POS 1) and 2.16 m (POS 2), respectively, above the water surface at the center 

of the channel. A third anemometer (POS 3) was mounted 6.30 m above ground
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level on the bank; ground level waj approximately 3.5 m above the water level 

of the Cowaselon Creek. The wind direction was measured by means of wind 

vanes 1.0 m above the water surface (WIND 1) and 6.3 m above the bank (WIND 

2). The Cowaselon Creek is essentially a straight channel with the direction 

of flow from ESE to WNW.

July 1, 1981, Test

At 6:50 a.m., July 1, 1981, approximately 0.4 liter of rhodamine WT, 20 

percent solution, was released instantaneously into the Cowaselon Creek at the 

same injection site and in the same configuration as the June 30 test. A continuous 

injection of propane gas tracer also started at 6:50 a.m. and lasted for 7 hours 

and 40 minutes. During the test a total of 6.9 kg of propane gas was injected 

into the creek. The control of gas injection rate followed the same procedure 

used in the June 30 test and again there was one interruption for one minute 

at 10:30 a.m. while the tanks were switched. The propane gas used in the July 

1 test was of commercial grade which was purchased at a local fuel store in the 

town of Canastota. The commercial grade propane was used because the June 

30 test exhausted the entire supply of instrument-grade propane gas prepared 

in advance for the 2-day test.

Because the July 1 test was designed as an exact repetition of the June 

30 test, all aspects of discharge measurements, stage observations, and dye and 

gas sampling were the same as the June 30 test. The only exception to this was 

that a second discharge measurement at section 1 was not made at the end of 

the July 1 study because the maximum stage variation during the day was again 

less than 10 mm. Because of the experience gained during the previous day, the 

field work was more efficiently carried out and the test was completed at 10:00 

p.m., July 1, 1981.
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As for wind measurement of July 1, beside the station installed on June 

30, a second station was set up approximately 8.5 km upstream from the mouth 

of the Cowaselon Creek, that is, between section;1 and section 2. At this station 

two anemometers were mounted 0.49 m (POS 4) and 2.25 m (POS 5) above the 

water surface on the mast located at midstream; a wind vane mounted 1.0 m 

(WIND 3) above the water surface was used to measure the wind direction. A 

general sketch of this second station is shown in figure 3B.

In addition to the steadiness of channel discharge, the weather conditions

remained very similar on June 30 and July 1, making the natural conditions ideal
j

for replicate tracer tests. Both days were hot and sunny with only a light breeze 

blowing all day. The air temperature on July 1, 1981, during the field test varied 

from 24°C in the early morning to 36°C by mid-afternoon and on June 30, 1981, 

from 22°C to 34°C.

October 20-21,1981, Test 

At 7:29 a.m., October 20, 1981, approximately 0.8 liter of rhodamine WT

20 percent solution, was instantaneously injected kt the same injection site as
i 

the June 30 and the July 1 tests. The slug release! of dye tracer was followed

immediately by the start of the continuous injection of propane gas tracer. A 

primary purpose of the test was to evaluate the eJ feet of wind shear on the gas 

desorption rate by taking advantage of an expected diurnal wind speed variation. 

For this reason the gas injection at the constant rate was continued for the duration 

of 24 hours until 7:35 a.m., Ocotber 21, 1981.

The same injection procedures and equipment were used during this field 

test as the summer tests, except that a slightly higher gas injection rate and 

a 45-kg propane tank were used. Approximately 30 kg of commercial grade propane
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gas was injected during the 24-hour injection period. There were no freezing 

problems with the regulator or rotameter during the injection, even though the 

air temperature was as low as 9°C. Indeed, the temperature of propane gas at 

the rotameter during all three tests seemed to stay at or slightly below the air 

temperature and thus kept the injection system completely free from freezing.

Discharge measurements were made October 20 at all three sampling sites 

prior to water sampling. However, as stage readings were taken at each cross 

section during the 24-hour field test, a decrease in stage of 30 mm was observed. 

Because this was a significant change in stage, the second set of discharge measurements 

was made on October 21 at the three cross sections. The river discharge was 

found to be declining with time and slightly unsteady during the study period. 

Therefore, a second instantaneous injection of rhodamine WT dye was made at 

7:31 a.m., October 21, 1981, to obtain data which could be appropriate for the 

latter half of the test.

In the October test, dye and gas samples were collected only at one sampling 

location at each cross section, which was located at the 50 percent cumulative 

discharge point. This decision was partly based on the observation in the June 

30 and July 1 tests that the transverse variations of the dye concentration-time 

curve and of the steady-state gas concentration were not significant at all cross 

sections. Even though the discharge for the October test was considerably higher 

than that for the summer tests and thus the distance for transverse uniform mixing 

was expected to be longer, an estimate based on the channel width of 10.7 m, 

depth of 0.46 m, velocity of 0.30 m sec" (meter per second), and shear velocity 

of 0.06 m sec" gave the mixing distance of 305 to 460 m from the injection site 

(Yotsukura and Cobb, 1972). The distance between the injection site and section 

1 was 610 m, which was longer than the estimated mixing distance.
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The collection of dye and gas samples was carried out by the same procedure

used in the summer tests. Because of experience gfained from the summer tests,
i 

however, all gas samples were collected by use of the dissolved gas sampler and

special precautions were taken to ensure that septum cap vials were sealed immediately 

to prevent gas venting and air bubble formation in :he sample. Also, some extra 

efforts were made in the October 20 dye injection 1:0 collect data for the falling 

side of dye cloud in order to delineate the effect of "long tail" on low order moments 

of the concentration distribution.

Because of the above additional effort and care in data collection, the overall 

quality of dye and gas data of the October test is judged to be better than those 

of the summer tests. On the other hand, the channel discharge was not as steady 

as in the summer tests so that it was anticipated that the analysis of the October 

test data would be a little more complicated than for the summer tests.

The windspeed measurements were made approximately 7 km upstream 

from the mouth of the Cowaselon Creek, that is, approximately 200 m downstream 

from section 2. The positioning of wind speed measurements in the October test 

was changed from that of the two summer tests. This was done in order to allow

an estimate of the wind velocity variation over the cross section of the air flow

channel enclosed by the steep banks and the water surface. As sketched in figure 

3C, three anemometers were mounted 0.35 m abov^ the water surface, viz, one 

at 1.5 m from the left edge of water (POS 1), one at midstream (POS 2), and 

one at 1.5 m from the right edge of the water (POS 4). On the center mast an 

anemometer was also mounted 1.54 m above the water surface (POS 3). A fifth

anemometer was mounted 6.30 m above the ground 

The wind direction was measured by means of wind 

channel 1.5 m above the water surface.

surface on the right bank.

vanes inside the sheltered
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One wind vane (WI-CE) was installed at midstream and the other one (WI-SI) was 

at the right edge of the water. A third wind vane (WI-BA) measured the wind 

direction 6.30 m above the ground level of the bank. The atmospheric stability 

is an important factor governing the shear stress exerted by the wind at the water 

surface. To allow the inclusion of this effect in the calculation, the temperatures 

of air and water were measured and recorded throughout the 24-hour test period.

PRESENTATION OF DATA 

June 30,1981, Test

After the test, all dye samples were brought back to the New York Subdistrict 

Laboratory, USGS, for fluorometer analysis by the standard procedure. Selected 

gas samples were shipped to the Central Laboratory, USGS, Atlanta, Georgia, 

for gas chromatograph anaylsis, the funding limitations being the reason for not 

shipping all gas samples.

Figures 4, 5, and 6 illustrate the variation of dye concentration with time 

observed at section 1, 2, and 3, respectively. Each figure contains three dye 

clouds observed at three transverse sampling locations in the cross section. Note 

also that the "long tail" of dye cloud is extrapolated. This was necessary because 

field data collection near the trailing edge of a dye cloud is always terminated 

before the concentration declines to a background level. The procedure for extrapolation 

is explained in the first section of the chapter "Analysis of data."

Figures 7, 8, and 9 show time series data of propane gas concentration at 

section 1, 2, and 3, respectively. In order to estimate the steady-state period

23
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for gas concentration, the superposition principle was applied with certain 

modifications. Namely, the dye cloud duration was determined from figures 

4, 5, and 6 as the time length between the arrival |ime of leading edge and the

time when the concentration declined to 2 percent of the peak concentration.

The beginning and end of a steady-state period for;gas, which are indicated in 

figure 2B as t~ and t» + TT, were determined from dye data by knowing that 

Ty was 7 hours and 40 minutes. The steady-state periods are noted on figures 

7, 8, and 9. Note that, while all concentrations in ::igures 7 and 8 are at steady 

state, some concentrations in figure 9 were measured either before or after the 

period of steady-state. The above method of determining the steady-state period 

for gas concentration from dye cloud duration was used uniformly for all data 

reported in the present report. A justification for this modification will also

be given in the next chapter "Analysis of data."

j 
The standard deviation of steady-state gas concentration was found to be

3 percent of the mean for all cross sections, based on 22, 19, and 12 data points 

at section 1, 2, 3, respectively. The majority of propane data in figures 7, 8, 

and 9 are from the center location at 50 percent cumulative discharge, even 

though some data observed at 10 and 90 percent cumulative discharge locations 

are shown for comparison. A detailed examination of all propane data showed 

that no systematic transverse variations in gas concentration was detectable 

at any cross section.

The Cowaselon Creek discharge was remarkably steady on June 30 and 

July 1, 1981, as described earlier. One or two discharge measurements made 

on each date at each cross section agreed within 3 percent, which is within the 

limit of accuracy in discharge measurements. The change of water surface elevation
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for two days was practically zero at sections 2 and 3, while the maximum change 

at section 1 was about 10 mm. However, the discharge accretion in the downstream 

direction was noticeable, amounting to almost 10 percent from section 1 to section 

3. Table 1 tabulates the discharge and channel geometries measured at the three 

cross sections, which were determined from the total of seven discharge measurements. 

These values are to be used for the analysis of data for both June 30 and July 

1 tests. Table 1 also lists the variation of water temperature as a function of 

time observed at the three cross sections on June 30 and July 1.

Table 2 shows the wind speed and wind direction data for half-hourly time 

intervals for the June 30 test. The wind speeds are given in m sec" . POS.l, 

POS.2 and POS.3 refer to the positions of anemometers shown in figure 3A; WIND 

1 and WIND 2 refer to the wind vane positions. Figure 10 illustrates the variation 

of wind speed with time at POS.l, that is, 0.56 m above the water surface at 

midstream; it can be seen that the wind speed was generally low on the order 

of 1 m sec" with a maximum of 2.2 m sec" around 4:00 p.m. and a minimum 

of about 0.1 m sec" around 7:00 p.m. The variation of wind speed outside the 

channel sheltered by the banks, that is, 6.3 m above the ground surface on the 

bank, is shown in figure 11. Comparison of figures 10 and 11 reveals that the 

banks of the creek provided considerable sheltering and therefore greatly reduced 

the effect of wind on the gas exchange rate at the water surface.

July 1,1981, Test

Figures 12, 13, and 14 show dye concentration as a function of time for 

the July 1 test at the three cross sections and are comparable with figures 4, 

5, and 6 of the June 30 test, respectively. The dye clouds are very similar between 

the two tests, except near the leading edges at section 3, where it is believed 

that discrepancies are mostly due to the sample timing.
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Table 1. Discharge, channel geometries, and water temperature at 
three cross sections, June 30 and July 1, 1981

Sec. 1

2

3

Discharge

Q . i
in m^s- 1

0.564

0.583

0.617

Cross- 

sectional 
area

A
in m^

3.30

4.16

2.47

Surface 
Width

in

10

B
m

.7

7.9

111 3

Depth

A/B
in m

0.31

0.53

0.22

Velocity

Q/A
in m s-1

0.17

0.14

0.25

Water temperature in °C, June 30, 1981

Time 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00

Sec. 1 22 23 24 25

2   23.5   26 2

.

5 26.5 - 26

3         26.5 27.5 27 27 27

Water temperature

Time

Sec. 1

2

3

8:00 9:00 10:00

20.5 21 22

21

 

11:

22

21

 

00

.5

.5

in °C,

12:00

23.5

24

 

July 1, 1981

13:00 14:00 15:00 16:00 17:00

26   25 26
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Table 2.--Temporal variations of wind speed and direction, June 30, 1981

No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23

Time

8:30-09:00
9:00-09:30
9:30-10:00
10:00-10:30
10:30-11:00
11:00-11:30
11:30-12:00
12:00-12:30
12:30-13:00
13:00-13:30
13:30-14:00
14:00-14:30
14:30-15:00
15:00-15:30
15:30-16:00
16:00-16:30
16:30-17:00
17:00-17:30
17:30-18:00
18:00-18:30
18:30-19:00
19:00-19:30
19:30-20:00

Wind speed
at

POS 1
in ms" 1

.71

.74
1.05
1.27
1.01
.95
.95
.95

1.07
1.15
.67

1.31
1.44
2.20
1.77
.83
.88

1.04
.43
.11

1.26
.40

Wind speed
at

POS 2
in ms" 1

1.23
1.22
1.41
1.64
1.27
1.25
1.30
1.33
1.33
1.22
1.25
1.42
1.86
2.52
2.20
1.27
1.43
1.54
.99
.26

1.81
2.40

Wind direc
tion at
WIND 1

*
*

E
E
E
E
E
*
*
*

E
E
SE
SE
E
E
E
ESE
ESE
ESE
VAR
WNW
*

Wind speed
at

POS 3
in ms" 1

_.
2.07
2.07
 
--
 
 
 
_-

2.46
2.62
1.81
1.99
2.39
3.12
2.89
2.08
2.10
2.16
1.70
.79

4.22
4.22

Wind direc
tion at
WIND 2

*
*
*

ESE
NE
E
NNE
N
*
*

SE
SE
SE
SE
S
S
SE
*

E
E
ESE
W
*

Note: * designates variable wind direction 
  designates no measurement
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Figures 15, 16, and 17 show time series data for propane gas concentration 

at the three cross sections. These figures are comparable to figures 7, 8, and 

9, respectively, of the June 30 test. The beginning and end of the steady-state 

period for each section were determined from the dye cloud data of figures 12, 

13, 14, and are noted in each figure. All gas concentrations in figures 16 and 

17 are seen to be at steady-state, except the one sampled at 10:00 p.m. at section 

3. Random variation of these concentrations is on the order of ± 5 percent of 

the mean and is about the same as in the June 30 test. Also, the transverse variation 

of gas concentration within a cross section was not discernible in the July test 

as it was not in the June 30 test.

As for the data at section 1 shown in figure 15, one notices that a 17 percent 

discrepancy in concentration exists between the set of samples collected before 

11:00 a.m. and those after 11:00 a.m. In view of all other data, which display 

steady-state values within a few percent variation, it is obvious that one of the 

two sets of samples was erroneous. Causes for this unexpected result at section 1 

were investigated by reviewing field notes, discussions with field personnel, and 

reanalyses of spare gas samples at the Central Laboratory. The conclusion was 

that the gas samples collected at section 1 on July 1 were not properly handled 

after 11:00 a.m. when a new field member took over the sampling. This was 

due to inadequate instruction given to him concerning the need for avoiding air 

bubbles and for immediate sealing of the gas samples. Further discussion on 

this sampling mishap will be given in the chapter "Discussion."

Therefore, the steady-state gas data at section 1, the July 1 test, to be 

used for analysis are limited to those samples collected before 11:00 a.m. Gas 

data obtained after 11:00 a.m. are shown in figure 15 to illustrate the magnitude

39



DC
 D

C
\-

 
LU

 
Z

 
Q

-

n
 <

 
n
^

\
J
 
r
n

 

L
U

 
O

<
g

O
. 
 

8
5

8
0 7
5

7
0

^
=

- 
6
5

6
0

5
5

o A

N
o

te
: 

C
o

n
ce

n
tr

a
tio

n
 w

it
h

 +
 s

y
m

b
o

l 
is

 
e
rr

o
n
e
o
u
s 

a
n

d
 n

o
t 

in
cl

u
d

e
d

 
in

 a
ve

ra
g

in
g

S
te

a
d
y-

st
a
te

 p
e

ri
o

d
: 

8
:3

0
^1

5
:3

0
 h

o
u
rs

 

.A
ve

ra
g

e
 c

o
n

ce
n

tr
a

tio
n

: 
8
0
.2

 ^
g

 p
e
r 

lit
er

^

S
a
m

p
lin

g
 s

ta
tio

n
 s

y
m

b
o
l:
 

x
L
e
ft
; 

o
 C

e
n
te

r;
 A

 R
ig

h
t

-h
 

+

9
:0

0
 

1
0

:0
0

 
1
1
:0

0
 

1
2

:0
0

E
A

S
T

E
R

N
 
D

A
Y

L
IG

H
T

 T
IM

E
, 

J
U

L
Y

 1
, 

1
9

8
1

F
ig

u
re

 1
5.

 
T

em
p
o
ra

l 
v
ar

ia
ti

o
n
 o

f 
p

ro
p

an
e-

g
as

 c
o
n
ce

n
tr

at
io

n
 a

t 
se

ct
io

n
 1

, 
Ju

ly
 1

, 
19

81

13
:0

0



Tfr

PROPANE CONCENTRATION, 
IN MICROGRAMS PER LITER
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of error one could anticipate from improper sealing of septum cap vials. As stated 

previously, discharge, channel geometries, and water temperature data for the 

July 1 test are tabulated in table 1.

Table 3 shows the wind speed and wind direction data for the July 1 test. 

POS. 1, POS. 2 and POS. 3 are the same as for the June 30 test and shown in 

figure 3A. The second station, operated only on July 1, has POS. 4 and POS. 5, 

and WIND 3, which were described previously and also illustrated in figure 3B. 

The wind speed at POS. 1 on July 1 is illustrated in figure 10 for comparison with 

that of June 30. The wind speed at POS. 3 for July 1 is similarly compared with 

June 30 in figure 11. Figure 18, on the other hand, illustrates wind speed variations 

on July 1 observed at POS. 4 of the new station located 8.5 km upstream of the 

mouth or between sections 1 and 2 as described previously.

October 20-21, 1981, Test

Figures 19, 20, 21 present dye concentration versus time data observed 

at the three cross sections. Each figure contains two dye curves, one observed 

from the October 20 dye injection and the other from the October 21 injection 

as described in the previous chapter. Note that the long tail of dye cloud was 

carefully monitored to the level of 0.05 ptgL" for the October 20 dye injection. 

The extrapolation of tail was done only for the October 21 dye data.

The top figures of figures 22, 23, and 24 illustrate time series data of propane 

gas concentration observed at section 1, 2, and 3, respectively. Because the 

October test employed a 24-hour continuous gas injection, the duration of steady- 

state gas concentration was supposed to continue for 23 hours at section 1, 22 

hours at section 2, and 21 hours at section 3.
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Even though the actual sample collection period did not exactly coincide 

with the steady-state period at every section, the large number of gas measurements 

in the October test present a better visual demonstration of the steady-state

tracer method than those of the summer tests. Use of 

in the October test was helpful in reducing the number

the dissolved gas sampler 

of discarded gas samples

containing air bubbles. In comparison, the proportion of discarded gas samples 

was higher in the summer tests.

The river discharge in the October test did not remain as steady as in the

summer tests. Table 4 lists the discharge and channel 

at each cross section on both days of the October test,

are time varying water temperature data at these cross sections.

When the discharge declined 10 percent or more

geometries as measured 

Also listed in table 4

over a 24-hour period,

it is more logical to consider the mass flow rate, QC, as suggested by eqs. 11 

and 15, rather than just the concentration, C. Because; the observed change of 

water surface elevation was gradual over the 24-hour >eriod, the channel discharge 

was assumed to vary linearly with time; the relation oJ: Q with time at section 

1, 2, and 3 is shown in the middle part of figures 22, 23, and 24, respectively. 

This assumption also is supported by the recession of measured discharge at section 

3 between October 19 and 21. The mass flow rate of dissolved propane gas, QC, 

was computed as the product of concentration and discharge at a given time 

at a given cross section. The mass flow rate is plotted against time at the bottom 

of figures 22, 23, and 24.

Particularly noticeable in these figures is the remarkable steadiness of 

QC observed at section 3 for a period of 16 hours starling at 4:00 p.m., October 

20, and ending at 8:00 a.m., October 21. As one move;; upstream to sections
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Table 4. Discharge, channel geometries, and water temperature 
at three cross sections, October 20-21, 1981.

Sec. 1

Sec. 2

Sec. 3

Date

Oct.

Oct.

Oct.

Oct.

Oct.

Oct.

20

21

20

21

20

21

Time

10:45

08:00

09:15

09:00

13:15

10:45

Discharge

in

1

1

1

1

1

1

Q 
mV1

.55

.37

.72

.47

.74

.59

Cross- 
sectional

area 
A

in m

5.30

5.00

5.08

4.81

5:11

5.65

Surface 
Width

in

11

11

8

8

11

12

B 

m

.3

.3

.5

.5

.6

.2

Depth

A/B 

in m

0.

0.

0.

0.

0.

0.

47

44

60

56

44

46

Velocity

Q/A 

in ms

0.29

0.27

0.34

0.31

0.34

0.28

Time

Sec.

Sec.

Sec.

Time

Sec.

Sec.

Sec.

Water

07:25

1 6.5

2

3

21:00

1 8.5

2

3

temperature in °C, October 20-21, 1981

10:59 12:00

7 7.5

7.5

-_

24:00 02:00

9 9.5

 

 

13:00

8

9

9

04:00

10

 

 

14:30

8.5

9

9.5

08:00

9

9

 

20:30

8.5

 

--

10:00

 

9.5

9
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2 and 1, however, the QC values appear to fluctuate more. Because the channel 

flow was slightly unsteady and section 1 was located rather close to the point

of uniform mixing in the October test, the effect of advection such as meandering

and variable travel time was probably responsible for the fluctuations of gas 

concentration at the upstream cross sections. Such J luctuations were mostly 

smoothed out by the diffusive effect when gas tracers reached section 3. One 

may note, however, that some high concentrations observed at section 1 between 

10:00 and 11:00 a.m. October 20, appear to be advected downstream to sections 

2 and 3 without being smoothed. The cause of this anomaly is not known. The 

standard deviation for the QC values at all three sections was less than 4 percent 

of the mean values.

In table 5 the wind speed and wind direction are shown for the October 

20-21 test. The wind measurement station, located approximately 7 km upstream 

from the mouth of the Cowaselon Creek at Oneida Lake, is 200 m downstream 

from section 2. For this station, POS. 1 through PO5>. 5 refer to the wind measurement 

positions as illustrated in figure 3C. Figure 25 show*; the wind speed variation 

obtained at POS. 2, that is, 0.35 m above the water surface at midstream and 

at POS. 5, that is, 6.30 m above the ground level of the bank. Comparison of 

these two graphs shows again that the 3.5 m high banks of the Cowaselon Creek 

provided considerable sheltering of the water surface. The same can be observed 

in table 5 by comparing the wind directions recorded just above the water surface 

with the wind directions recorded 6.3 m above the bank. Inspection of the temperatures 

in table 5 shows that both air and water temperatures displayed a diurnal variation 

with the maximum around 2:00 p.m. and the minimum at night. However, as 

expected, the variation in the air was much larger than in the water, the respective 

amplitudes being approximately 8°C and 2°C.
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ANALYSIS OF DATA

Calculations from Dye Data

Because rhodamine WT dye employed in field tests is not a truly conservative 

tracer, some explanations are needed to justify extraction of the information 

from dye data. As for the decay of dye in water, the fractional loss, L(x), relative 

to the injected mass, M , will be assumed to remain constant during the passage 

of dye cloud through a cross section. It is calculated by

CO

_ Mr - Q(K) I Cr fa,t)dt (lg)

M 
r

where C is the concentration of rhodamine WT. The relation between the nonconservative 

dye and the hypothetical conservative tracer may be represented by eq. 4 by 

substituting C and M to C and M, respectively. In view of eq. 16, however, 

the exponential decay term of eq. 4, which represents the fractional revovery, 

is also constant and equal to (l-L(x)). Assuming M = M , eq. 4 is simplified for

the dye as

C (x,t) (17)

For a dye cloud duration much less than 24 hours, eq. 17 is a very reasonable approximation 

because the dye loss involved is normally small (Smart and Laidlaw, 1977).

Another problem with a dye concentration-time curve is how to handle 

the long tail. Recent studies of the solute transport mechanics in natural channels 

indicate overhwelmingly that the long tail is due to the mechanism of solute 

storage in the dead water areas of channel boundaries. For example, the simulation
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study by Bencala and Walters (1983) shows that the Ipng tail of a chloride tracer 

plume behaves as if it is due to a first-order decay. Apparently a slow diffusive 

transfer of tracer from the storage area to the maini channel is the responsible 

mechanism, which causes the logarithm of concentration to decrease as a linear

function of time.
i

In the June and July tests, data collection for the long tail was continued 

until the concentration was about 1 percent of the peak dye concentration at 

section 1 and about 4 percent at sections 2 and 3. A. 1 of these tail data showed 

that there is one linear relation for the range of concentration between 70 and 

10 percent of the peak dye concentration and another one with a smaller slope 

for the concentration range between 10 and 1 percent of the peak concentration. 

In the October 20 dye injection, the tail below 1 percent of the peak concentration 

was monitored extensively and this range of low concentrations was observed 

to form a third linear relation with an even smaller slope, even though the scatter 

of data was considerable due to the extremely low level of concentration, which 

was close to the limit of fluorometer detection.

The effect of a long tail on low-order moments of the concentration-time 

distribution was studied empirically from all data. It was determined that the 

part of the tail with concentrations less than 2 percent of the peak did not significantly

affect calculation of the Oth and 1st order moments. Therefore, all concentration-

time curves near the trailing edge of dye cloud were extrapolated by means of 

a straight line drawn through a plot of the logarithm of concentrations below 

10 percent and above 1 percent of the peak against time. These extrapolated

data points are included in figures 4, 5, 6, 12, 13, 14, 

beginning of steady-state gas concentration, t~, was

19, 20, and 21. Also, the 

approximated by the time
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when the dye concentration declined to 2 percent of the peak. At this concentration 

point, the area under the concentration-time curve was about 98 percent of the 

area including the entire long tail. Thus at this time, the concentration was supposedly 

at 98 percent of the steady-state value according to the superposition principle.

Three moment-related quantities of a concentration-time curve are calculated

by the following equations
N 

Area of dye cloud: a = Z c (i)At(i)
1=1 r 

(Oth moment about t=0)

N
Mean time of dye cloud t=- ,Z t(i) C (i)At(i) (18-2)

3. l  -L i

(1st moment about t=0)

Variance of dye cloud: s 2 (t) =- S t 2 (i) C (i)At(i) -U) (18-3)
^ 1=1 r 

(2nd moment about t)

In the above equations, C (i) is the dye concentration observed at time t(i) after

the injection. Notation At(i) is the interval of sampling given by y2(t(i+l)-t(i-l)).
N 

The summation, J^ , indicates that the integer index, i, covers all of the samples
i=1 

from the leading edge, C (1)=0, to the trailing edge, C (N)=0, of a dye cloud. Except

for extrapolated data points on the tail, observed concentration vs time data 

were used in the calculation. The normalized response function, defined by eq. 5, 

was calculated in view of eq. 18-1 as

f(x,t(i)) =~ C (x,t(i)) 
3. r

_ 2 
In order to see that t, s (t), and f(x,t), calculated by eqs. 18-2, 18-3, and

18-4, correctly represent those of conservative tracer, it is only necessary to 

substitute eq. 17 to eqs. 18-1, 18-2, 18-3, and 18-4, and note that the recovery 

term, l-L(x), cancels out between the numerator and denominator.
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Calculation of Gas Desorption Coefficients

Calculation of desorption coefficients by eqs. 11 and 15 is facilitated by 

converting the equations to working forms which do hot involve the gas inflow 

rate, m, because the precise measurement of m is impossible due to bubbling 

losses immediately downstream of the injection site.! Writing eq. 11 for two cross 

sections, one upstream of the other, and eliminating m, the following working 

form is obtained

/Q fu (x,p) exp(-Kp)dp

(x,p) exp(-Kp)dp

where subscripts u and d designate upstream and downstream cross sections respectively. 

Likewise the working form of eq. 15 is obtained as

a d

(15')

in which t . and t replace x ,/U and x /U of eq. 15, respectively.

Eq. 15' provides a direct means of calculating the desorption coefficient, 

K, from observed data on steady-state gas concentration, C, channel discharge, 

Q, and the average travel time, t ,-t , which may be (determined from t defined 

by eq. 18-2. On the other hand, the evaluation of K By means of eq. 11' requires

the calculation of f(x,t(i)) values defined by eq. 18-4. A short computer program
N 

is needed to carry out the numerical integration, J^ f(x,t(i))exp(-Kt(i)) At(i),

for both upstream and downstream cross sections. TF 

employing a number of trial K values estimated from 

When the ratio of numerical integrations on the right

the best with the left hand ratio of observed data, this trial K is considered as 

the correct desorption coefficient.

e process involves calculations 

the one determined by eq. 15'. 

hand side of eq. II 1 agrees
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June 30,1981, Test

Three moment-related quantities calculated from dye data by means of 

eq. 18-1, 18-2, 18-3 are tabulated in table 6 for all transverse sampling locations. 

The area of dye cloud, a, is the Oth-order moment of the distribution and is related 

to the injection dye mass. When the average of a in table 6 is multiplied by Q 

listed in table 1 for each cross section, observed mass values are 98.7, 92.8, and 

97.3 grams at section 1, 2, and 3, respectively. Because of the exact weight 

of dye mass injected was not measured, the fractional recovery, (l-L(x), could 

not be calculated from the recovered mass, On the other hand, the loss of dye 

at sections 2 and 3 relative to section 1 is 6 and 1.4 percent, respectively. Since 

more dye was recovered at section 3 than at section 2, the calculation must have 

been influenced predominantly by measurement errors.

Another aspect of the area, a, in table 6 is its difference among three transverse 

locations of a cross section. Because of the principle of superposition, the area, 

a, is seen to be proportional to the steady-state concentration of dye, if the dye 

were injected at a constant rate for a long time. Noting that the maximum transverse 

variation is about 5 percent at section 2, it may be concluded that the uniform 

transverse mixing of dye tracer under steady-state condition was realized at 

all cross sections. This conclusion applies as well to the non-conservative gas 

tracer, which is subject to the same advection and mixing as the dye tracer.

The mean time of dye cloud, t, in table 6 is the Ist-order moment of the 

distribution and represents the time of travel from the injection site to a particular 

sampling location. The difference in t at three transverse locations is as large 

as 13 percent at section 1 but decreases to about 1 percent at sections 2 and 

3. This is a typical pattern in open channel dispersion. The dye clouds
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Table 6.--Moment-related properties of dye cloud, June 30, 1981

Area of dye cloud, a, in /u.g»L~ 1 «hr. (eq. 18-1)

Left

Center

Right

Average

Sec. 1

48.6

48.8

48.5

48.7

Sec

44

45

43

. 2

.4

.2

.0

44.2

Sec. 3

43.0

44.4

43.9

43.8

Left 

Center 

Right

Mean time of dye cloud

Sec. 1

0.94 

0.83 

0.93

, t,

Sec

4.: 

4.: 

4.'

Left 

Center 

Right

Average

Travel time between cross

Sec. 1 to 3

7.61 

7.64 

7.50

7.58

secti<

Sec. :

'n hr.

. 2

58 

56 

U

(eq. 18-2)

Sec. 3

8.55 

8.47 

8.43

>ns, Td

L to 2

3.43 

3.53 

3.48

3.48

1 - tu , in hr.

Sec. 2 to 3

4.18 

4.11 

4.02

4.10

Left

Center

Right

Variance of dye cloud,

Sec. 1

0.0545

0.0401

0.0547

S 2 (t),

Sec,

o./

0.!

0.'

in hr

2

95

18

22

 2 (eq. 18-3)

Sec. 3

1.18

1.11

1.11
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at section 1, though they obtained a uniform transverse mass distribution, are 

still advected under the influence of local velocities so that the center dye cloud 

is moving downstream faster than the left or right dye clouds.

For the present purpose, the travel time between cross sections, t ,-t , 

is of more importance than the mean time of dye cloud. The third item in table 

6 tabulates travel time between cross sections. The transverse variation of the 

travel time is seen to be less than 4 percent and the average travel time listed

at the bottom is to be used in connection with eq. 15'.

2 The variance, s (t), in table 6 is the 2nd-order moment of the distribution

with respect to the mean. This was calculated in order to estimate the dispersion

coefficient, D, of eq. 12 and the nondimensional number, a , of eq. 14. The transverse

2 variation in s (t) is from 4 to 36 percent and is much larger than that for the

Ist-order moments. The estimation of D and & will be discussed later in the 

analyses of the July 1 test, where the variances of the June dye clouds are combined 

with those of the July dye clouds.

The desorption coefficient was first calculated by eq. 15', which allows 

a direct calculation of K from the data. The gas concentration, C, was taken 

as the arithmetic mean of data at steady-state shown in figures 7, 8, and 9 and 

Q was taken from table 1. As for t ,-t , the averaged travel time given in the 

third item of table 6 was used. The calculated K values from eq. 15' are tabulated 

at the top of table 7.

As explained earlier, the evaluation of K by means of eq. 11' was a trial - 

and-error process employing the f(x,t(i)) vs t(i) data calculated by eq. 18-4. The 

best fit K values are tabulated as the second item in table 7. Note that K values 

are evaluated along the left, center, and right locations. This is because the
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Table 7.--Desorption coefficient of propane, June 30, 1981

Calculations by eq. 15

Qu c u Qd Cd Q

in gtmin' 1 in g^min" 1

Sec. 1 to 3 2.89 1.20 

Sec. 1 to 2 2.89 1.94 

Sec. 2 to 3 1.94 1.20

Calculations by eq.

Qu cu 
Measured -^   p  

Qd cd

Sec. 1 to 3 2.41 

Sec. 1 to 2 1.49 

Sec. 2 to 3 1.62

u Cu

d c d

2.41 

1.49 

1.62

td " tu 

in hr

7.58 

3.48 

4.10

K 

in hr" 1

0.116 

0.115 

0.118

i
11

Best

Left

0.117 

0.117 

0.117

fit K in

Center

0.116 

0.114 

0.118

hr' 1

Right

0.118 

0.116 

0.120

Trial-and-error calculations by eg. 11 for Sec. 1 to 3, Center

Assumed 
K in hr" 1

Calculated 
Qu c u

0.106 0.113 0.119

2.234 2.355 2.464

0.122 0.125 0.128

2.520 2.578 2.636
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normalized response function was measured independently at three transverse 

sampling locations. Therefore, K evaluated along the left, for example, represents 

the one along the stream line with 10 percent cumulative discharge.

An example of numerical solutions of eq. 11' is shown at the bottom of 

table 7. From these trial-and-error solutions, the best fit K for the center location, 

section 1-3, corresponding to the observed C Q /C ,Q , = 2.41 was selected as 

0.116 hr.~ . Other best fit K values were determined in a similar manner.

Note that the above calculations of K by eq. 15' utilized the cross-sectional 

average values of t ,-t while those by eq. 11' were made by utilizing three sets 

of the f(x,t(i)) vs t(i) data, which were measured at three transverse locations, 

each of which represented a different stream line longintudinally. The agreement 

of K values by eq. 15' and 11' is very satisfactory for all calculations and establishes 

that eqs. 11 and 15 are quite compatible with each other in a steady-flow natural 

stream. The representative desorption coefficient for the June 30 test is 

0.116 hr~ taken from the calculation between section 1 and section 3. The variation 

of K for short reaches such as section 1-2 and section 2-3 is seen to be less than 

1 percent of K for section 1-3.

July 1,1981, Test

Table 8 tabulates three moment-related quantities from dye data for the 

July 1 test and is comparable to table 6 for the June 30 test. The area of the 

dye cloud, a, in table 8 shows that the transverse variation in a cross-section 

is within 7 percent, indicating that both dye and gas tracer concentrations are 

uniformly mixed at all sections. The observed dye mass is 92.7, 90.8, and 88.5 

grams at sections 1, 2, and 3, respectively. The dye mass decreases in the downstream 

direction and the loss between section 1 and section 3 is on the order of 5 percent.
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Table 8. Moment-related properties of dye cloud, July 1, 1981

Area of dye cloud, a, in /Ltg«L"^hr.

Left 

Center 

Right

Average

Sec. 1

45.2 

47.5 

44.4

45.7

Sec* 2

43,8 

43,9 

42,0

43

Left 

Center 

Right

Mean time of dye cloud

Sec. 1

0.98 

0.85 

0.94

, t,

Sec

4. 

4.< 

4.<

Left 

Center 

Right

Average

Travel time between cross

Sec. 1 to 3

7.70 

7.78 

7.66

7.71

sec tii

,2

(eq, 18-1)

Sec. 3

39.8 

40.1 

39.6

39.8

in hr.

. 2

50 

&2 

16

(eq. 18-2)

Sec. 3

8.68 

8.63 

8.59

>ns, "td

Sec. 1 to 2

3. 

3. 

3.

52 

57 

53

3.54

- tu , in hr.

Sec. 2 to 3

4.18 

4.21 

4.13

4.17

Variance of dye cloud, s2 (t), in hr. 2 (eq. 18-3)

Sec. 1 Sec

Left 0.0598 0.

Center 0.0405 0.

Right 0.0636 0.

. 2 Sec. 3

163 1.15

*69 1.14

166 1.16
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As for the mean time, t, shown as the second item of table 8, a similar 

difference as in table 6 is observed at section 1 among the center, left and right 

sampling locations. However, these differences become insignificant when the

travel times between sections, t ,-t , are calculated as shown in the third item.
' a ir

By comparing tables 6 and 8, the average travel time between sections is about 

1.7 percent larger for the July 1 test than for the June 30 test. Because these 

travel times were determined from the Ist-order moment of 18 dye clouds, the 

reliability of measurement is statistically high. This level of accuracy in measuring 

a reach-averaged travel time can only be obtained by tracer tests. In comparison, 

a travel time, which was estimated from discharge measurement at three cross

sections, was 6 to 7 percent smaller than those listed in tables 6 and 8.

2 
The variance, s (t), of dye clouds shown at the bottom of table 8 shows

a large variability in a cross section. Because the present study is only concerned

with the order of magnitude of the longitudinal dispersion coefficient, D, the

2 _ 
plot of variance,s (t), against the mean time, t, shown in figure 26 combines

all data at three sampling locations and for the June 30 and July 1 tests. One 

may choose to draw two straight lines, namely the one between section 1 and

2. and the other between section 2 and 3. The slope of the straight line is steeper 

for the latter line. Assuming the average velocity, U, of 0.17 m sec~ and considering

D = (U /2)(ds (t)/dt), D is estimated to be 8.3 m 2sec between sections 2 and

2 13. and 6.2 m sec between sections 1 and 2 for these tests.

The desorption coefficient, K, for the July 1 test was calculated by means 

of eqs. 15' and 11' in a manner similar to the June 30 test. As mentioned previously, 

the gas data collected after 11:00 a.m. at section 1 were considered erroneous 

and were not included in the calculation. The results are tabulated in table 9.
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Table 9.--Desorption coefficient of propane, July 1, 1981

Calculations by eq.

Sec.

Sec.

Sec.

1 to

1 to

2 to

3

2

3

Q

in

2

2

1

u ^u

g«min~l

.72

.72

.78

Qd

in g

1

1

1

c d

 min~i

.07

.78

.07

Qu 

Qd

2

1

1

15*

~T

.54

.53

.66

td -
in

7.

3.

4.

tu

hr

71

54

17

K

in hr~l

0.121

0.120

0.122

Sec. 1 to 3

Sec. 1 to 2

Sec. 2 to 3

Calculations

Qu c u 
Measured 7;   r~ 

Qd c d

2.54

1.53

1.66

by eq. 11

Best

Left

0.122

0.121

0.123

fit K in \

Center

0.121

0.119

0.121

w"

Right

0.123

0.122

0.124
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These results in table 9 show that the agreement between the calculations by 

eqs. 15' and 11' is as excellent as in the June 30 test. Also, the variation of 

desorption coefficients for shorter reaches was insignificant relative to that 

for section 1-3, just like the June 30 test. The representative K value for the 

July test is 0.121 hr~ obtained for section 1-3.

This value is about 4 percent higher than 0.116 hour" obtained for the

June 30 test. This small difference may possibly be due to the difference in wind 

speed. A reference to figure 10 shows that the average wind speed was on the 

order of 1 m sec" on June 30 and 2 m sec" on July 1. Also a critical wind speed 

in the Cowaselon Creek was tentatively estimated to be 1 m sec" before the 

test. Further anaylsis of this problem, however, requires much more detailed 

examination of data because the perce it difference In desorption coefficients 

could be a purely random error.

Based on the data analyses presented in tables 6 through 9, one may conclude

that the average desorption coefficient, K, for the Jjne 30 and July 1 tests was

-1 -1
0.119 hr~ as calculated between section 1 and section 3. Using K=0.119 hr ,

21 1 D=8 m sec , and U=0.17 m sec , the value of a as defined in equation 14 is

on the order of 0.04. Therefore, the approximation of eq. 14 by eq. 15 is adequatey 

justified.

October 20-21,1981, Test

Table 10 tabulates moment-related quantities from dye data obtained from 

two injections. The recovered dye mass was 0.20, 0.19, and 0.18 kg at section

1, 2, and 3, respectively, for October 20, and 0.19, 0,

sections for October 21. For these calculations, Q at the time of dye peak was 

read off from the Q versus t curves of figures 22, 23,, and 24. The loss of dye

17 and 0.18 kg at these cross
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Table 10. Moment-related properties of dye clouds, October 20-21, 1981

Date

October 20

October 21

Area of dye cloud,

Sec. 1

35.5

37.9

a, in /Lig.L -hr

Sec. 2

31.1

32.9

-. (eq. 18-1)

Sec. 3

28.4

31.6

Date

October 20

October 21

Mean time of

Sec. 1

0.613

0.694

dye cloud, t, in hr. (eq. 18-2)

Sec. 2

2.28

2.41

Sec. 3

4.40

4.56

Travel time between cross sections, t^ - "ty, in hr.

Date

October 20

October 21

Average

Sec.

3

3

3

1 to 3

.79

.87

.83

Sec.

1

1

1

1 to 2

.67

.72

.69

Sec.

2

2

2

2 to

.12

.15

.14

3

Variance of dye cloud, s2 (t),

Date

October 20

October 21

Sec. 1

0.0456

0.0534

Sec

0.

0.

in hr2 (eq. 18-3)

. 2

242

126

Sec. 3

0.767

0.200
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mass at section 3 relative to section 1 is on the order of 11 percent on October 

20. This is a much larger dye Joss in comparison with the summer tests, in which 

the maximum Joss was Jess than 5 percent. On the other hand, the Joss between 

sections 1 and 3 on October 21 was only 6 percent. The cause of this discrepancy 

could not be explained.

The travel time between cross sections shown as the third item of table 

10 shows that its difference between the October 20 and October 21 dye injections

was only about 2 percent, despite the fact that the Channel discharge shown in

i 
table 4 declined between 10 and 17 percent over thei 24-hour period. The average

travel time was calculated as a simple average of two travel times measured 

on two days.
'i

There are large differences in varianc , s (t), of dye cloud, in particular, at section

3 between the October 20 and October 21 measurements. One obvious reason

for this was that the "long tail" of the dye cloud was 

October 20 whereas it was truncated on October 21. 

tail below 2 percent of the peak concentration moni

monitored extensively on 

Assuming that the long 

:ored in the October 20 dye

measurements is entirely due to storage and not to dispersion, the dispersion 

coefficient, D, was estimated using the October 21 data only. Noting that the

2 1 
slope, ds (t)/dt, was 0.05 hr and U was 0.33 m sec , D was found to be

2-1 ^ 9.8 m. sec. . This is about 20 percent larger than D calculated for the summer

data. Again, the scope of this study is only concerned with the order of magnitude 

of D, which affects the value of a in eq. 14. Thus no further analysis was considered 

necessary on this aspect.

The calculation of the desorption coefficient, 

one select the observed values of C Q and C .Q ,, v.

<C, by eq. 15' requires that 

hich are separated by the
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travel time,t ,-t . Because of the steadiness of QC values observed at section 

3, however, it was decided to calculate one representative value of K averaged 

over the period of 16.8 hours, which covers a substantial part of the test period. 

Considering that the average travel time is 1.69 hours for section 1-2, and 3.82 

hours for section 1-3, the average was calculated from observed QC values at 

section 1 between 12:00 a.m., October 20, and 4:50 a.m., October 21, at section 

2 between 1:40 p.m., October 20, and 6:30 a.m., October 21, and at section 3 

between 3:50 p.m., October 20 and 8:40 a.m., October 21. The number of QC 

values averaged was 30 for section 1, 28 for section 2, and 31 for section 3. These 

QC values, as well as the calculated K values by eq. 15', are listed at the top 

of table 11.

Two sets of trial-and-error solutions for K by eq. 11' were obtained from 

two independent dye clouds observed on October 20 and October 21. Because

the observed ratio, C Q /C ,Q , is common for the October 20 and October 21u u d d

calculations, two separate sets of the best fit K values demonstrate the sensitivity 

of K to different normalized response functions. Agreement between the solutions 

of eq. 15' and 11' is again excellent and one may conclude that, for a typical response 

function observed in a natural stream such as the Cowaselon Creek, eq.15 1 is 

a very satisfactory approximation of eq.ll 1 . In the October test, a of eq. 14 

is 0.009, which again justifies the approximation of eq. 14 by eq. 15.

A special remark is warranted for K values marked with asterisks in table 

11. These K values should be considered as fortuitous values. Suppose one had 

Q ,Cd = 2.35 at section 2, which is only 5 percent larger than 2.24 listed in table 

11. If this hypothetical value were used with Q C = 2.60 and t . - t = 1.69, 

K calculated by eq. 15' for section 1-2 would be 0.0598 instead of 0.0882 listed



Table 11.--Desorption coefficient of propane averaged 
over 16.8-hr, period, October 20-21, 1981.

Calculations by eq. 15'

Sec.

Sec.

Sec.

Qu Cu

in g min-1

1 to 3 2.60

1 to 2 2.60

2 to 3 2.24

Qd cd

in g min'l

1.87

2.24

1.87

Calculations by eq.

Date

Oct.

Oct.

Note:

Sec. 1 to 3

20 Sec. 1 to 2

Sec. 2 to 3

Sec. 1 to 3

21 Sec. 1 to 2

Sec. 2 to 3

Calculations for Oct 
response functions

Qu C
Measured Qd C(

Qu Cg t(j-tu
*** f* 1*

in hr

1.39 3.82

1.16 1.69

1.20 2.13

K

in hr~l

0.0863

0.0882*

0.0848*

11'

J 
j Best fit K i

1.39 0.0877

1.16 0.0894*

1.20

1.39

1.16

0.0871*

0.0854

0.0868*

1.20 0.0848*

. 20 and Oct. 21 an 
measured independer

i based on normalized 
itly on two days.

n hr

Note:* See p. 73 on K values with asterik.
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in table 11. In other words, a small error of 5 percent in measurements would 

produce a large error of 32 percent in calculated K. The problem of error propagation 

from measurements to calculations is discussed in the next chapter. The calculations 

for sections 1-2 and 2-3 are shown in table 11 only for the comparison of eqs. 11' 

and 15'.

Even though the above calculated K of 0.0863 hr appeared to be the best 

average for the entire test period, additional analysis by means of moving averages 

was considered useful because of the availability of a large number of steady- 

state data. The major interest was to try to detect any influence of wind shear 

on desorption coefficients in view of the availability of continuous wind data 

shown in table 5. For this purpose, an interval of 2 hours was chosen for averaging 

so that a set of 3 to 4 QC values could be selected from the gas data, which were 

mostly collected at JS-hour intervals. Defining the index time t. as located at 

the halfway point of the 3.83-hour travel from section 1 to section 3, QC values 

at section 1 were chosen between t,-2.92 and t,-0.92 hours and QC values at section 

3 were picked between t.+0.92 and t,+2.92 hours. The averages of these QC were 

then used together with the travel time of 3.83 hours in eq. 15' to calculate K, 

which was then referred to the average at t,.

The wind speed data shown in table 5 were first averaged by giving equal 

weight to three values at POS. 1, 2, and 4 assuming that each anemometer covered 

the same subarea of the water surface. The cross-sectional average wind speeds 

thus calculated were then averaged over the time between t,-1.75 and tj+1.75 

hours giving the wind speed averaged over 3.5 hours which was close to the travel 

time of 3.83 hours. This averaged wind speed was also referred to as the average 

at t.
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Figure 27 illustrates the variation of desorption coefficient and wind speed 

with index time t, for the period between 6:30 p.m., October 20, and 6:30 a.m., 

October 21. This was the period during which gas data collection interval was 

uniform at 30 minutes. Note that the 3.5-hour-averciged wind speed displays 

a smooth diurnal variation, whereas the desorption coefficient shows abrupt changes. 

This is because wind speed was measured by anemometer cups that rotated continuously, 

whereas the gas sampling was done only at 30-minute intervals. Correla ion 

of the desorption coefficient with the wind speed could have been improved if

the gas sampling were done with much smaller time ntervals than 30 minutes.

Despite this shortcoming of the data, it is difficult to detect an overall trend 

for the phase correspondence between high wind speeds and high desorption coefficients 

and vice versa in figure 27. For a channel such as thb Cowaselon Creek with 

a high bed slope on the order of 0.001 and the attendant high bottom shear, the 

effect of wind shear on gas desorption coefficients may not be detected at wind 

speeds of less than 2 m sec~ by a simple correlation as described above. The 

randomness in a small number of available gas data appears to overwhelm the 

steady but weak effect of wind shear.

DISCUSSION

As mentioned in the beginning of this report, the present assessment of 

the hydrocarbon gas tracer method was conducted to examine the accuracy and 

reproducibility of field data and the soundness of field procedure for a steady 

natural channel flow. The following discussion will consider the assessment of

field procedures separately from that of reproducibi

coefficients. Also, because the steady-state technic ue was employed as the most

ity and accuracy of desorption
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reliable means of assessment, most of the discussion and summary pertain to 

this specific technique and not to the currently practiced methods of Tsivoglou 

and Rathbun, which employ a short-duration tracer injection and data collection 

from a transient tracer plume. A comparison of transient and steady-state techniques 

will be presented in a future report.

Field Procedures

An important lesson learned from the Cowaselon Creek tests is that the 

field gas sampling should be done with use of the dissolved gas sampler and with 

strict conformity to procedures specified by R. E. Rcithbun (1979, U.S. Geological

Survey, writtem commun.) When a water sample with 

by means of grab sampling, the sealing of a vial must

dissolved gas is collected 

necessarily be done in air

and it is sometimes difficult to slide a Teflon coated Septum across the top of 

the sample water without entrapping an air bubble, during a few minutes spent 

in a repeated effort to remove air, considerable desorption of dissolved gas may 

take place from the surface of the sample water. This appears to have been 

the difficulty encountered by the sampling crew who took over the gas sampling 

after 11:00 a.m., July 1. Such a difficulty is eliminated by use of the sampler

because the vial and its content are totally immersed in a large volume of water

collected in the sampler and the sealing can be done without exposing the top 

of the vial to air.

It appears that commercial fuel-grade propane can produce as good results 

as the highly purified instrument-grade propane (R. E. Rathbun, 1979, U.S. Geological 

Survey written commun.). This can be seen by comparing gas data of the June 

and July tests. Freezing of the gas tank and resulting; interruption of steady 

gas inflow was not experienced in any tests, even though the air temperature

in the October tests was as low as 9 C. The propane
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15 gram min~ for the June-July tests and 21 gram min" for the October test. 

According to previous experiences, the freezing apparently took place at a much 

higher injection rate. In this connection, it would be highly desirable to have 

a means of weighing the propane tank from time to time to check the mass inflow 

rate. At the least, the propane tank must be weighed before and after a test 

(R. E. Rathbun, U.S. Geological Survey 1979, written commun.). This aspect 

will be important in the steady-state method because of the requirement of a 

long period injection compared to the short-duration injection method.

The absorption efficiency or the capacity of diffuser in dissolving gas into 

water observed in the present tests deserves a brief comment. Note that the 

steady-state mass flow rate of propane at section 1, June 30, was 2.89 gram 

min" from table 7. The fractional loss due to desorption between the injection 

site and section 1 may be estimated from L = l-exp(-Kt), with K = 0.116 hr~ 

and t = 0.9 hr, and is found to be about 10 percent. Therefore, the mass flow 

rate of dissolved propane immeditely downstream of the injection site but after 

the initial bubbling loss must have been 3.21 gram min" . Comparing this with 

the gas inflow rate of 15 gram min" at the tank, the absorption efficiency of 

the diff user is seen to be 21 percent, a value much higher than those quoted by 

Rathbun (1979). It should also be noted that the estimation of gas injection rate 

for the steady-state method employs the reverse procedure of the above calculation. 

Thus the calculation will be somewhat simpler than that of the transient method 

(R. E. Rathbun, 1979, U.S. Geological Survey, written commun.).

As for dye data collection, the explanation in the previous chapter theoretically 

clarified that the problem of dye loss does not affect the calculation of the information 

needed by the steady-state method. Nevertheless, the collection of dye loss 

data as well as the investigation of causes for the loss will become important 

as the tracer method is increasingly used for a simulation of nonconservative solutes.
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The present tests are not very conclusive about the dye loss. Although 

the June and July tests show about 5 percent dye loss between sections 1 and 

3 for the residence time of 7.5 hours, one of the October dye injections indicated 

11 percent loss for the same reach for the residence time of less than 4 hours. 

It appears that the observed loss is a combination of measurement errors and 

some physical decay, the cause of which is not well understood at the present

time. Remembering that the transverse variation of

high as 5 to 7 percent at some sections in the summer tests, the reliability of

the mass recovery calculation for the October test w

dye cloud area, a, was as

th only one transverse sampling

does not appear to be very high. In a comparable streiam test of rhodamine WT,

Smart and Laidlaw (1977) reported no loss for the resjdence time of 3.5 hours

and 2 percent loss for 7.4 hours, despite the fact that1 the stream contained a

large growth of weeds. The best current judgement Appears to be that the fractional

dye loss for the residence time of a few hours is on the order of 5 percent or

less.

According to empirical studies done in the present tests, there appears 

to be no need to collect dye data for the "long tail" beyond the concentration 

which declined to the level of 2 percent of the peak concentration. The area 

of the dye cloud and the mean time are hardly affected and also the beginning 

of the steady-state period can be estimated accurately by this practice. It is 

always helpful to bring semilogarithmic graph papers to the field so that in-situ 

readings of dye data can be plotted for assisting decisions on the extent of data 

collection.

As regards the wind velocity measurements, it appears that the procedure 

used was quite satisfactory for the conditions encountered at the Cowaselon 

Creek. The June-July tests showed that it is probably not necessary to measure

the wind velocity at more than one station, provided 

sufficiently uniform. Especially when the banks may

the surrounding terrain is 

cause a complex flow pattern

80



over the water surface, it is probably desirable to increase the measuring resolution 

at one station. Preliminary analysis of the data shows that air and water temperature 

measurements are highly desirable in order to permit the calculation of the atmospheric 

stability over the water surface. Actually, in future studies it will be worthwhile 

considering the measurement of the specific humidity as well in order to allow 

inclusion of the bouyancy effect due to water vapor stratification.

Desorption Coefficient

As for the reproducibility of gas desorption data under the same environmental 

conditions, the results from the June 30 and July 1 tests appear to be excellent. 

The calculated desorption coefficient for two tests agreed with a 4- percent difference. 

This is somewhat smaller than the coefficient of variation of propane desorption 

coefficient expected in mixing tank tests conducted under a controlled laboratory 

condition. According to the experiments completed at the University of Texas 

as part of the assessment of the gas tracer method (Rainwater and Holley, 1983), 

the coefficient of variation for propane desorption coefficient was found to vary 

from 5 to 13 percent. Some of this variation may have been due to slight changes 

in mixing speed and water temperature in the mixing-tank tests. In view of such 

a variability and considering that the summer tests consisted of only two replicate 

tests, the numerical agreement in calculated coefficients between the June 30 

and July 1 tests may be fortuitous. However, when the detailed reproducibility 

of dye and gas data is taken into consideration, the agreement betwen the June 

30 test and the July 1 test is considered to be excellent.

Concerning the accuracy of the desorption coefficient calculated from 

field data, there is no accepted method for evaluation. However, the following

analysis may be helpful in evaluating the effect of measurement errors on calculation
? 

errors. For this purpose, eq. 15 will be rearranged as
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K = In
C Q

U Ml
C19)

Eq. 19 indicates that a single value of K is calculated Rising the mean values of 

measured variables on the right-hand side, the upper hjar indicating the sample 

mean.

Assuming that the travel time, "t , - T , is measured without error and that 

the measurement errors of C , Q , C., and Q., are small, random, and independent

of each other, an approximate relation can be derived 

for the propagation errors (Ang and Tang, 1975),

a(K) =
K

following standard techniques

a2 (Cu) a2 (Qu)
2, 

(20)

(V (C,)

in which the notation a denotes the population variance of the quantity indicated.

The square root term on the right-hand side of eq. 20 represents the composite
i 

relative error of measurements of gas concentration and discharge.

For all practical purposes, one may assume that! the first and third items 

in the composite error term are the same and so are the second and fourth items. 

Noting furthermore that O($) = 0^0)/n A , where n^ j is the number of measurements 

of a variable 0 to calculate $ , eq. 20 can be simplified (Holley, 1977),

2a2 (Q) (21)

where n~ is the number of gas concentration measurements and n^ is the number 

of discharge measurements.
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In utilizing eq. 21 in an estimate of error in the present study, the relative 

error of gas concentration measurement, 0(C)/C, will be assumed to be 3 percent 

and that of discharge measurement, or(Q)/Q, to be 5 percent. For the June and 

July tests, in which n~ was 6 and nQ was one, the composite error is seen to 

be 7.3 percent. Thus, the relative error a(K)/K, for sections 1-3, 1-2, 2-3 are 

8, 18, and 15 percent, respectively, using K = 0.119 hr and t's tabulated in table 6.

As for the October test, for which n^ was 30 and n~ was 2, the composite 

error of measurements is 5.1 percent. Thus the relative error, a(K)/K, for sections 

1-3, 1-2, 2-3 are 15, 35, and 29 percent, respectively, using K = 0.0863 hr and 

t's tabulated in table 10. The above calculations by eq. 21 explain why the probable 

error of calculated K for sections 1-2 and 2-3 of the October test could be high 

as demonstrated numerically in the previous chapter in connection with table 11.

The important fact established by eq. 21 is that the transfer of error from 

measurement to calculation is singularly controlled by the nondimensional number, 

K(td-tu ), regardless of the method of estimating measurement errors. Apparently, 

this simple relation has never been clarified in the literature, even though the 

empirical knowledge existed for some time that the reach length or residence 

time must be large enough to make the ratio, QuCu/QjCj, larger than 2.72, which 

correspond to the above nondimensional number of unity (Rathbun, 1979). Any 

exponential decay model contains this intrinsic difficulty in obtaining an accurate 

estimation of decay coefficient from short reach measurements, whether the 

problem of concern is reaeration, gas desorption, surface heat exchange, or biochemical 

decay. Another aspect of eq. 21 is that the composite error of measurements 

is predominantly influenced by the error of discharge measurement. Under normal 

field test conditions, it is relatively easy to increase the number of concentration 

measurement, nr , while it is not very common to have the number of discharge 

measurement, nQ, beyond two or three.
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The desorption coefficients calculated from the three tests are defined

at water temperature, T, of the creek at the time of

these coefficients, K(T), to those at the standard temperature of 20°C, K(20), 

the well-known formula for temperature correction for the reaeration coefficient 

(Elmore and West, 1961) may be used for the desorption coefficient of propane 

(Rathbun and others, 1978).

K(20) = K(T)   1.0241
20-T

The average water temperature observed in the test reach sections 1-3 for the

June test was 25 C and 24.5 C for the July test. Th* 

6.5 to 10°C with an average of 8.5°C for the October

ield tests. In order to convert

(22)

temperature varied from 

test. Using the average 

temperatures as T in eq. 22, the average K(20) was fo|und to be 0.103 hr~ and 

0.109 hrs~ for the June and July tests, respectively, with an average of

0.106 hr" 1 . The K(20) for the October test was 0.114 hr" 1 . This high K(20) value

for the October test relative to the June-July Tests indicates that either biodegradation 

of propane was nonexistent or the higher desorption clue to higher discharge in 

the October test overwhelmed any effect of biodegraidation. The expectation 

of detecting biodegradation from the difference of wiater temperature alone 

was not fulfilled by the October test.

In order to compare the difference of gas description rates between the 

June-July and October tests, it is essential to converlt the desorption coefficient, 

K(20), to the surface film coefficient, K,(20), defined by eq. 2. For the June- 

July tests, K,(20) is 0.0371 m hr assuming H = 0.3> m, while for the October

-1
test, K L(20) is 0.0570 m hr with H = 0.50 m. Thus the surface film coefficient
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for the October test is about 50 percent larger than the June-July tests and appears 

to reflect the effect of a larger channel discharge in the October test. Further 

analysis on the relation of the surface film coefficient to bulk hydraulic parameters 

will not be pursued here. Two coefficients under two discharge conditions are 

not enough for any meaningful correlation work. Also, the depth given above 

is an arithmetic average of the depth measured at three cross sections and may 

not be indicative of the true reach averaged depth, which could be defined from 

the discharge, the mean travel time, and the total surface area of the reach pertaining 

to the live stream. Similarly, no analysis on the relation of surface film coefficient 

to wind speed and concomitant wind shear stress will be pursued here, because 

averaged wind was not variable enough to allow for a simple empirical correlation. 

The above aspects are currently under investigation and will be reported in separate 

reports.

SUMMARY

As a field method of measuring the desorption coefficient of dissolved propane 

gas, the steady-state method is a reliable and feasible technique. The reproducibility 

of desorption data and coefficients is very satisfactory. No systematic transverse 

variations in steady-state gas concentration were detected in a uniformly-mixed 

plume and the random variation of steady-state gas concentration was observed 

to be within ±5 percent of the mean value. It is highly desirable in gas sample 

collection to use the dissolved gas samplers and to strictly follow Rathbun's guidelines 

for field-site processing of gas samples. It is also desirable to locate the first 

measurement site far beyond the uniform mixing distance in order to obtain smoothed 

steady-state gas data; however, this may be in conflict with the desirable downstream
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reach length needed for obtaining QUC /QjC . larger than 2.7 for an accurate 

estimation of K. As for the monitoring of dye cloudi, it is recommended that 

the tail be measured until the concentration becomes 2 percent of the peak dye

concentration. The steady-state method used in this

dye loss in the study reach and no significant information was obtained on the 

loss of dye beyond what has been known in the literature.

Concerning the accuracy in determination of K 

11' and 15' are in excellent agreement so that eq. 15 

natural stream with confidence for the steady-state

establish the absolute level of accuracy of calculated K values from field data.

report is independent of

, the calculations by eqs.

can be used for a steady

method. It is difficult to

However, it was established that the i Dndimensionalj number, K(t ,-t ), is the

single parameter to control the propag ition of error from concentration measurements

to calculation of desorption coefficien s. In principle, therefore, the planning

of a tracer study should be done so that an estimated nondimensional number

is equal or larger than unity for the test reach. Division of the reach into several

subreaches as was done in the present tests may be useful in obtaining an additional

check on desorption data but a calculation based on subreach data may not be

reliable if the nondimensional number for the subreach is much smaller than unity.
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