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PREFACE 

This investigation was conducted as part of the Environmental and 
Water Quality Operational Studies (EWQOS) Program sponsored by the Of-
fice, Chief of Engineers, U. S. Army. The EWQOS Program is being admin-
istered by the Environmental Laboratory (EL) of the U. S. Army Engineer 
Waterways Experiment Station (WES), Vicksburg, Miss. This contract was 
monitored by the Hydraulic Structures Division (HS), Hydraulics Labora-
tory (HL), under the direction of Messrs. H. B. Simmons, Chief of HL and 
J. L. Grace, Jr., Chief of HS. 

The investigation was conducted at the Georgia Institute of Tech-
nology, School of Civil Engineering, during the period October 1977 to 
September 1978 under Contract No. DACW-39-77-C-0079 in EWQOS Work Unit 
III A.2. The investigation was under the supervision of Dr. James R. 
Wallace, Associate Professor of Civil Engineering. In partial fulfill-
ment of the requirements for Masters of Science degrees in Civil Engi-
neering, Messrs. Steven C. Wilhelms and Lancelot Clark conducted the ex-
periments. Also assisting in the testing and analysis were Messrs. G. P. 
Utterbeck, L. M. Rennell, P. J. Mitchell, A. C. Waite, R. Starr, 
J. Ramos, S. Kwabbi, M. Holmes, and Mrs. S. M. Wilhelms. The report was 
prepared by Messrs. Wilhelms and Clark and was reviewed by Dr. Wallace 
and Dr. Dennis R. Smith, Chief of the Reservoir Water Quality Branch, 
HL, WES. 

During the investigation, Dr. Jerome L. Mahloch was Program Mana-
ger of the EWQOS Program, Dr. John Harrison was Chief of EL, and Mr. H. B. 
Simmons was Chief of HL. 

COL John L. Cannon, CE, and COL Nelson P. Conover, CE, were 
Commanders and Directors of WES during the investigation. Mr. Fred R. 
Brown was Technical Director. 

This report should be cited as follows: 

Wilhelms, S. C., Clark, L., Wallace, J. R., and 
Smith, D. R. 1981. "Gas Transfer in Hydraulic 
Jumps," Technical Report E-81-10, U. S. Army 
Engineer Waterways Experiment Station, CE, Vicks-
burg, Miss. 
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI) 
UNITS OF MEASUREMENT 

U. S. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows: 

MultiElY By To Obtain 

cubic feet per second 0.0283168 cubic metres per second 

feet 0.3048 metres 
feet per second 0.3048 metres per second 

feet per second 0.3048 metres per second 
per second per second 

inches 2.54 centimetres 
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GAS TRANSFER IN HYDRAULIC JUMPS 

PART I: INTRODUCTION 

Background 

1. During thermal stratification of lakes, oxygen stratification 

may also occur. Typically, the dissolved oxygen (DO) is high in the 

upper regions near the surface of the lake (epilinmion), decreases in 

the thermocline region (where temperature gradient is largest, metalim-

nion), and is low or zero in the lower region of the lake (hypolimnion). 

Depending upon the depth of withdrawal, releases from the lake may have 

low or zero DO. Because many kinds of aquatic life cannot survive in a 

low DO environment, it is necessary to evaluate and describe the various 

reoxygenation processes so that release structures may be designed to 

enhance release DO. 

2. One reoxygenation process is reaeration. It is the direct ab-

sorption of oxygen from the atmosphere and can be considered as two phys-

ical processes working together: molecular diffusion from the atmos-

phere across the air/water interface and subsequent dispersion through-

out the water due to turbulence and molecular diffusion. In most hy-

draulic systems, including hydraulic structures, turbulent dispersion is 

the dominant process determining the rate of reaeration. 

3. Turbulence is an extremely complex process and is influenced 

by the physical properties of the fluid, the geometry of the system, and 

the characteristics of flow. The complex combination of these factors 

essentially precludes accurate measurement and mapping of turbulence in 

the flow fields typically encountered in hydraulic structures. As a re-

sult it has not been possible to directly relate reaeration to turbu-

lence. The Federal Water Pollution Control Administration developed a 

procedure for directly and accurately measuring the gas transfer capac-

ity of flowing water (Tsivoglou et al. 1965). The technique, which 

employs a gaseous tracer, has been successfully applied to numerous 

streams (Tsivoglou et al. 1968; Tsivoglou 1967; Tsivoglou and 
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Wallace 1972) and is becoming accepted as one of the most accurate 

methods (Rathbun 1977) available for determining reaeration rates. How-

ever, the technique has been applied mostly to streams flowing in natural 

channels, leaving essentially untouched the subject of reaeration in man-

made structures such as stilling basins below dams or other reservoir out-

let structures. 

4. To develop generalized predictive techniques for reaeration, 

it will be necessary to identify and analyze the reaeration occurring in 

the various flow regimes encountered in a hydraulic structure. If the 

gas transfer occurring in each flow regime can be related to hydraulic, 

geometric, and/or kinematic features, it may be possible to physically 

or mathematically model the total gas transfer occurring in the struc-

ture by simple superposition. The tracer technique provides the means 

for accurately measuring the reaeration which occurs in the various 

reaches and flow regimes of a hydraulic structure. By making these mea-

surements in structure prototypes and models, the relationships men-

tioned may be developed. Once these relationships are known, it may be 

possible to develop techniques that would permit prediction of prototype 

gas transfer based on measurements made in a hydraulic model. 

5. Hydraulic jumps are flow phenomena that are part of the energy 

dissipation design at many hydraulic structures. Because of this prev-
alence, the gas transfer in hydraulic jumps was evaluated using the 

radioactive tracer technique. The results of the study are reported 

herein. 

Objective 

6. The objective of this study was to investigate the gas trans-

fer characteristics of hydraulic jumps and examine relationships which 

might provide a basis for quantifying the reaeration rates or gas losses. 

7. The gas transfer occurring in several hydraulic jumps with 
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Froude numbers ranging from 1.5 to 9.5 was measured with a gaseous 

tracer technique. Unit discharges of 0.261, 0.330, and 0.462 cfs* per 

foot were tested for the stated Froude number range. The relationships 

of gas transfer, Froude number, unit discharge, and Reynolds number were 
examined. 

* A table of factors for converting U.S. customary units of measurement 
to metric (SI) units is presented on page 3. 
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PART II: METHODOLOGY 

Tracer Technique 

8. The gaseous tracer method utilized in this study involves two 
tracers simultaneously and continuously injected into the flow at a 

steady rate. Krypton-85 (kr-85), as a dissolved gas, was the tracer for 
dissolved oxygen. Rhodamine-W'f fluorescent dye was the tracer for 
dispersion. 

9. At equilibrium, gas concentration in water is linearly depen-
dent upon the partial pressure of the gas in the overlying atmosphere. 
Henry's Law states 

where 

C = Kp s 

C = saturation concentration s 
p = partial pressure of the gas in the atmosphere 
K = proportionality constant 

In the saturated condition, there is no net gas transfer across the air/ 
water interface since the partial pressure of the gas in the water is in 
equilibrium with the partial pressure of the gas in the atmosphere. If 
the gas concentration in the water is different from the saturation con-
centration, the partial pressure of the gas in the water and atmosphere 
is unequal. This results in a force causing the absorption or desorp-
tion of the gas until equilibrium is established. For oxygen, if the 
actual concentration is less than saturation, the "saturation deficit" 
is defined by 

(1) 

where 

D = saturation deficit 
C = concentration in the water 

10. As long as the concentration of oxygen in the water is less 

than the saturation concentration, there will be a net movement of 
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oxygen from the atmosphere to the water. The rate of change of the sat-

uration deficit at any time is proportional to the deficit at that time, 

or, the greater the deficit, the greater the rate of oxygen transfer. 

This process can be represented by 

where 

t time 

dD 
dt = -K D ox 

K = a proportionality constant referred to as the "reaeration 
OX 

rate coefficient" 

(2) 

11. If there were no sources or sinks or factors other than re-

aeration affecting the oxygen concentration, integrating Equation 2 
would provide a means for determining the proportionality constant, 

K through the relationship ox ' 

where 

D D exp(-K t) 
0 ox 

D = saturation deficit at some initial time, (t = 0) 
0 

D = saturation deficit at some later time t 

(3) 

There are many chemical and biological processes which can affect DO in 

natural systems; therefore, to measure the reaeration coefficient it is 

necessary to use an inert gas as the tracer so that no gas is lost 

through such processes. The radioactive tracer technique meets this 

requirement. 

12. The concentration of krypton-85 tracer gas in the water is 

analogous to the saturation deficit, 

c s for krypton-85 is zero since the partial pressure of krypton-85 in 

the atmosphere is essentially zero (Henry's Law). There will be a 
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continuous loss of the gas to the atmosphere until equilibrium is achieved 

and the krypton-85 concentration is reduced to zero. Thus the gas loss 

process for krypton-85 is mathematically described by 

where 

C = C exp(-Kk t) o r 

C = concentration of kr-85 at some initial time, (t = 0) 
0 

C = concentration of kr-85 remaining in the water at some 
later time, t 

(4) 

which is identical in form to Equation 3, the description of the oxygen 

transfer process. Since krypton gas is inert, it is not subject to the 

chemical and biological processes which affect oxygen. This makes it 

possible to compute, through Equation 4, a gas exchange coefficient for 

krypton, Kkr , which reflects gas transfer independent of chemical or 
biological effects. 

13. It has been shown that the ratio of exchange coefficients for 

these two gases is equal to a constant (Tsivoglou and Wallace 1972) 

where 

= 0.83 ± 0.04 

Kkr = exchange coefficient for krypton 
K = exchange coefficient for oxygen ox 

(5) 

This relationship is not significantly affected by temperature (within 

the range of interest), degree of turbulent mixing, or the direction of 

gas transfer. This makes possible the calculation of Kkr from Equa-

ti on 4 and subsequent determination of K with Equation 5. ox 
14. Consider two points A and B which lie on a natural system 

such as a stream or channel. Let A be the upstream point and let a 

quantity of dissolved krypton gas be introduced upstream of A . If the 

tracer gas were introduced uniformly across the cross-sectional flow 

area and there were no vertical or horizontal velocity gradients in the 
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flow causing dispersion, and if there were no tributaries to cause dilu-

tion, then the exchange coefficient of krypton-85, Kkr , between points 

A and B could be calculated from Equation 4 in the form 

where 

CA, c8 = krypton gas concentration at stations A and B 

t = time-of-travel from A to B 

(6) 

15. Since dilution and dispersion are present, they must be con-
sidered. A correction which accounts for dispersion and dilution may be 

applied to Equation 6 by using flourescent dye concentrations. The flu-

orescent dye, in solution in the tracer mixture, is released simulta-
neously with the krypton gas. Since the tracers are injected simulta-

neously, the krypton-85 undergoes the same dispersion and dilution as 

the dye. Using the observed dye concentrations and krypton-85 concen-

trations, the krypton exchange coefficient, Kkr , can be calculated by 

where 

A, B 
= ratios of krypton concentration to dye 

concentration at points A and B 

t = time of flow from A to B 

With flow conditions such as those in these tests, the amount of dye 

which might be adsorbed on the flume or otherwise lost was assumed to 

be insignificant. 

(7) 

16. In the present study the two tracers are mixed together and 

injected simultaneously. Samples taken from the flow at stations A and 

B are analyzed in a liquid scintillation counter for krypton-85 content 
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and in a fluorometer for dye content. The travel time is obtained from 

brine (conductivity) tests described in paragraph 24. The observed 

data thus permit the calculation of the krypton exchange coefficient, 

Kkr , and subsequent determination of K
0

x for the reach AB. 

Testing Facilities 

Description 

17. The flume used in this study was glass-walled and 1.25 ft 

wide with a maximum flow of 0.6 cfs (Figure 1). A vertical sluice gate 

was used to control the depth of water in the headbay, thus controlling 

the velocity of the flow upstream of the hydraulic jump. A tailgate 

varied the tailwater depth creating the necessary sequent depth which 

caused a hydraulic jump to occur in the flume. The flow in the flume 

was determined with a calibrated elbow meter and manometer. 

Figure 1. Testing facilities 

Procedure 

18. Water samples were collected at two depths using two Master-

flex tubing pumps . Both pumps were driven by the same motor to assure 
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that their pumping rates were identical. The sample intakes were 1/4 in. 

stainless steel tubes connected to tygon tubing leading to pumps (Fig-

ure 2). Care was exercised to obtain identical lengths of tubing in the 

sampling system to assure simultaneous sampling. 

19. The radioactive dose (krypton- 85 and dye) was injected con-

tinuously into the headbay with a precision syringe pump (Figure 3). 

Figure 2. Sampler intakes 

Figure 3. Precision syringe pump 
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The injection location was just upstream of a Venturi section placed in 
the headbay (Figure 4). A 1/8-inch-diameter stainless steel tube with 
three small holes (0.0156-inch-diameter) was used as a manifold to dis-
tribute the dose across the width of flow. The dosed water then flowed 
through a confined section to the sluice gate. This prevented gas loss 
upstream of the sluice gate. 

20. The entire flume was covered with a blower at the 
downstream end of the flume which allowed the air space above the flow-
ing water to be exhausted to the atmosphere outside the lab. This pre-
vented any buildup of radioactive gas in the laboratory. 
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Figure 4. Venturi and diffuser 
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and give an impression of the different levels of turbulent mixing in-
volved. Unit discharges of 0.462, 0.330, and 0.261 cfs per foot of 
flume width were tested with jumps from. each of the classes. 

Procedure 

22. The particular flow condition to be tested was established 
and allowed to stabilize. The velocity of the supercritical flow up-
stream of the jump was determined using a Pitot-static tube and the 
relationship 

where 

v = 
Q = 
w = 
d = 

velocity upstream 
total flow in the 
flume width, ft 

v = g_ Wd 

of jump, fps 
flume, cfs 

depth of flow upstream of jump, ft 

Comparison of methods showed an insignificant difference. Equation 8 
was used to determine velocity. The Froude number was then computed 
from these data by 

where 

F = V 
(gd)l/2 

F = Froude number, dimensionless 
2 g = gravitational acceleration = 32.2 ft/sec 

(8) 

The depth of flow downstream from the jump (sequent depth) was computed 
from the equation (Chow 1959) 

= 1/2 [ 
2 1/2 ] 

(1 + SF ) - 1 
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where 

Y2 = downstream depth, ft 
Y1 = upstream depth, ft 

and checked with direct depth measurements in the flume. 
23. The jump length, L , was determined from an empirical rela-

tionship (Chow 1959) of L/Y2 and F The sampling locations were 
established by moving downstream from the leading edge of the jump. For 
most tests, samples were taken at stations A, B, C, and D which were 
located at the leading edge (Figure 5) and at distances of one, two, and 
three jump lengths from the leading edge, respectively. 

24. Time of flow between stations was determined using conduc-
tivity probes and a salt brine. The conductivity probes were placed at 
the leading edge of the jump and at one of the other specified multiples 
of the jump length. An "instantaneous" dose of brine was introduced up-
stream of the jump. The conductivity of the water increased and then 
decreased as the brine passed the sampling locations. The passing of 
the brine was recorded on a high-speed strip chart recorder (Figure 10). 
The lapse time between peaks on the recording was the time of flow 
between the leading edge and the station being tested. This test was 
repeated several times at each location to determine a mean travel time 
between stations. 

25. To efficiently and accurately locate sampling stations during 
a test the following method was used. The sampling pumps were mounted 
on a carriage which could be rolled along the length of the flume. The 
sampling system (pumps and carriage) was positioned at the leading edge 
of the jump (Figure 11). A small c-clamp chocked the rollers to prevent 
movement of the carriage. Other clamps were placed at multiples of the 
jump length downstream. When sampling was completed at one station, the 
clamp chocking the carriage was removed, and the carriage rolled down-
stream to the next clamp that positioned the sampling system at the 
correct location. 

26. Samples were drawn from the quarter-depths of the tailwater, 
i.e., at 1/4 and 3/4 of the tailwater depth, to determine if stratified 
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flow existed in the jump. The sample bottles were equipped with plastic 
tubing reservoirs (Figure 12) that provided the extra water needed to 

SAMPLE BOTTLE FILLING TUBE 

EXCESS FLOW 

RESERVOIR CAP 

SAMPLE BOTTLE 

I 

I -t-..... _ 
Figure 12. Sample bottle and reservoir cap 

assure full sample bottles when the tygon tubes were withdrawn. 
27. The tracer mixture was provided by the Georgia Institute of 

Technology, Nuclear Science Department, in a sealed bottle. The mix-
ture was transferred to a 50-cc glass syringe by using a second syringe 
to force the dose from the dose bottle into the 50-cc syringe (Fig-
ure 13). The 50-cc injection syringe was fitted with a 3-in.-long needle 
which extended well down into the bottle. The 50-cc syringe needle 
and a short needle attached to a 100-cc syringe were passed through a 
rubber stopper. The rubber stopper was fitted into the mouth of the dose 
bottle (Figure 14). The 100-cc syringe was plunged, forcing the tracers 
into the 50-cc syringe. This operation successfully prevented krypton 
loss from the mixture by minimizing air contact with the mixture. 

28. When a test was completed, the sample bottles were capped and 
taped shut with plastic electrical tape. They were placed in water for 
temperature stability and transported to the laboratory for analysis. 
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100cc 

, 

Figure 14. Dose transfer 
arrangement 

Figure 13. Syringe setup 

DOSE MIXTURE 
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Analysis 

29. The water samples withdrawn from the flume during each test 

were prepared for analysis by the method described by Cohen et al. 

(1968). The krypton-85 concentrations were determined in a liquid 

scintillation counter. Three replicates of each sample were prepared 

and cycled through three counting sequences to reduce the effect of any 

laboratory or counting errors. A fluorometer was used to determine the 

dye concentrations of the samples. 

30. The ratios of krypton-85 to dye and Equation 7 were used to 

determine the krypton-85 exchange coefficient for the particular jump. 

Applying a temperature correction (Tsivoglou 1967), 

where 

=KT l.022(20-T) 
ox 

= oxygen exchange coefficients at temperatures of 
20°C and T°C 

(9) 

the exchange coefficient for oxygen at 20°C was computed thus providing 

a basis for comparison. 
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PART IV: RESULTS 

31. Appendix A presents tables of the krypton-to-dye ratios and 

other pertinent hydraulic data for the jumps tested. Consider the data 

from Appendix A, Test 1. The gas fraction remaining in the water at 

station C was 

88.23 
104.70 = 0.843 

The gas fraction lost to the atmosphere was 

1.000 - 0.843 = 0.157 

That is, 15.7 percent of the gas in the water at station A was lost to 

the atmosphere by the time the flow reached station C, one jump length 

from A. Similar computations were made for the other tests. By applying 

Equations 7, 5, and then 9, the exchange coefficients for oxygen were 

obtained. 

32. Table 1 presents the observed gas loss and oxygen exchange 

coefficients computed from the data for the flume segment extending from 

the leading edge of the jump to one jump length downstream with a unit 

discharge in the flume of 0.462 cfs/ft. 

33. The data presented in Table 1 indicate that the reaeration 

rate coefficients, K20 vary greatly for replicate tests. This is a 
OX ' 

direct result of the large variability in observed travel times. For 

example, the travel time of flow in the hydraulic jump with 9.50 > F 

> 9.14 (4 percent variation) varied from 1.3 to 1.9 seconds (32 per-

cent variation). Time-of-flow measurement error was so great that it 

prevented using K for analysis. Instead, gas loss was evaluated and ox 
travel time was not determined for Tests 11-24. Equations 10 and 11 

were used to adjust the gas loss data to the common temperature of 20°C: 

rT = 1 - L (10) 

(11) 
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where 

rT ' r20 = fraction of gas remaining in water at T°C and 20°C 

L = fraction of gas lost to atmosphere 

T = observed water temperature, oc 
Tables 2, 3, and 4 present the gas-loss data after adjustment for tern-

perature for unit discharges of 0.462, 0.330, and 0.261 cfs/ft, 
respectively. 

Table 1 

Exchange Coefficients for One Jump Length from A, 

Unit Discharge = 0.462 cfs/ft 

Test F 

1 9.14 

2 9.46 

3 9.50 

4 5.98 

5 6.14 

6 3.34 

7 3.29 

8 2.65 

9 2.33 

10 1. 89 

11 9.24 

12 9.24 

Percenti• 
Gas Loss 

15. 7 

17.5 

17.0 

11. 7 

10.0 

4.3 

1. 3 

1.8 

2.0 

0.6 

26.0 

25.0 

Travel 
time-sec 

1. 93 

1.62 

1. 29 

1. 37 

1.32 

0.95 

0.99 

0.94 

0. 71 

0.47 

NA 

NA 

Note: NA = Not available or not taken. 
* Not adjusted for temperature. 

** Temperature corrected with Equation 9. 

25 

0.089 

0.119 

0.145 

0.091 

0.080 

0.046 

0.014 

0.019 

0.028 

NA 

NA 

NA 

20 ·.,'\,'\ 
K /sec 

OX 

0.098 

0.129 

0.163 

0.102 

0.090 

0.052 

0.015 

0.018 

0.026 

NA 

NA 

NA 



Table 2 
Gas Loss Data for One JumE 
Length from Station A1 Unit 
Discharge = 0.462 cfs/ft 

Percent 
Test F Gas Loss 

1 9. 14 14.5 

2 9.46 15.9 

3 9.5 16.0 

4 5.98 11. 0 

5 6.14 9.4 

6 3.34 4.0 

7 3.29 1.2 

8 2.65 1. 7 

9 2.33 1. 9 

10 1.89 NA 

11 9.24 27.2 

12 9.24 26.2 
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Table 3 
Gas Loss Data for One JumE 
Length from Station A1 Unit 
Discharge = 0.330 cfs/ft 

Percent 
Test F Gas Loss 

13 9.28 17 .5 

14 9.28 19.6 

15 6.52 7.1 

16 6.52 10.1 

17 4.51 6.9 

18 4.51 7.9 

19 3.35 3.3 

Table 4 
Gas Loss Data for One JumE 
Length from Station A, Unit 
Discharge = 0.261 cfs/ft 

Percent 
Test F Gas Loss 

20 9.85 11. 9 

21 9.35 12.6 

22 6.23 4.7 

23 6.23 6.8 

24 3.68 NA 
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PART V: DISCUSSION 

34. Gas loss occurred in the first jump length downstream from 

the leading edge (region of roller and high turbulence). Farther down-

stream, gas loss measurements apparently were within the experimental 

error, as the observed gas "loss" for most tests varied between +4.0 

and -4.8 percent for subsequent jump lengths. Gas transfer studies at 

the Enid Lake outlet works (Tate 1978) indicated similar behavior at 

the hydraulic jump that occurred in the outlet conduit near the flow 

control gate. A large fraction of the tracer gas was lost in the hy-

draulic jump in the conduit. This was expected since a large amount of 
energy was dissipated in this aerated turbulent region. 

35. Several experimenters and researchers (Tsivoglou and Wallace 

1972, Krenkel and Orlob 1963), working mostly with streams and rivers, 

have related gas transfer to energy dissipation. In a hydraulic jump, 

the energy loss is related to the Froude number of incoming flow. Fig-

ures 15, 16, and 17 show plots of gas loss versus Froude number on a 

semilogarithmic coordinate system for the three unit discharges tested. 

Gas loss was related to Froude number in a similar manner for each of 

the unit discharges tested. As energy dissipation and Froude number in-

creased, gas loss increased for a given unit discharge. There was a 

detection threshold for each unit discharge below which the energy loss 

was too small to cause any significant gas loss. 

36. For two of the high discharge tests at high Froude numbers 

(F > 9) and for the intermediate discharge tests there was more gas 

loss than expected based on previous tests (Figures 16 and 17). However, 

least squares regression and statistical analyses (Draper and Smith 1966) 

indicated insignificant differences in slope regression coefficients for 

the data plotted in Figures 15, 16, and 17; therefore the lines passing 

through the data in these figures were drawn on the same slope. Addi-

tional tests should be performed to isolate the factors causing the 

higher gas losses in these tests. 

37. The results presented in Figures 15, 16, and 17 clearly demon-

strate that a free hydraulic jump can be used to improve water quality 
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by enhancing gas exchange between the flowing water and the atmosphere. 

Dissolved gas concentrations in the water tend to equilibrate with 

atmospheric concentrations during flow through a jump. Consequently, if a 

DO deficit exists just upstream from a jump, the DO will increase through 

the jump. The magnitude of the DO uptake will increase with Froude num-

ber and unit discharge. 
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PART VI: CONCLUSIONS AND RECOMMENDATIONS 

38. Figure 18 shows a summary of results taken from Figures 15, 

16, and 17. This figure shows the relationship of gas loss, unit dis-

charge, and Froude number. These curves are empirical, confined to the 

experimental and hydraulic conditions tested, and should not be extrap-

olated beyond the ranges shown. The results presented in Figure 18 can 

be used to estimate the gas transfer that would occur in hydraulic jumps 

within the range of operating conditions investigated. 

39. Gas loss is related to changes in DO concentrations or defi-

cits through the computations in paragraph 31 and Equations 3, 4, and 5. 

Thus the results presented above may be used to estimate DO uptake in a 

hydraulic jump in terms of dimensionless parameters that are typically 

used to characterize the gas transfer process. The Reynolds number R 

of flow upstream of the jump is defined by the unit discharge divided by 

the kinematic viscosity of the water. Consequently, the ratio of 

upstream-to-downstream deficits can be related to the Froude number and 

Reynolds number of flow upstream of the jump. Avery and Novak (1975) 

and Avery et al. (1977) related dissolved oxygen measurements to F and 

R in the following manner, 

D 
0 

D - 1 = 1.0043 x 10-6 F2 · 1 Ro. 75 (12) 

Figure 19 shows a family of curves that indicate the relations described 

by Equation 12. Also shown is the range of data over which Equation 12 

was developed. 

40. Regression analysis of the data collected in this study re-

sulted in the following equation relating oxygen deficit to Froude num-

ber and Reynolds number: 

D 
0 

D - 1 = 4.924 x 10-8 F2.106 Rl.034 (13) 

After rearranging to predict 

shown in Figure 20. 

DID , the resulting family of curves is 
0 
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41. Initial comparison of Equations 12 and 13 suggests signifi-

cant differences in deficit predictions. The differences in the coef-

ficients and exponents reflect the result of regression analysis with 
data for a limited range of Reynolds numbers as indicated in Figures 19 

and 20. Additionally, the respective data bases were obtained with dif-

ferent experimental techniques. However, comparing Equations 12 and 13 
over the data range with which they were developed (Figure 21) shows 

only minor differences in predictions. Thus either equation may be used 
to estimate oxygen uptake for the hydraulic conditions investigated. 

The major limitation of Equations 12 and 13 is that they were developed 

over a small range of Reynolds numbers. Prototype Reynolds numbers are 
typically 106 or greater instead of on the order of 104 as in this study 

and Avery's (Avery et al. 1977) investigation. However, Equations 12 

and 13 demonstrate that Froude and Reynolds numbers may used to 
characterize reaeration in hydraulic jumps. The relationship of F 

R , and gas transfer must be further evaluated by increasing the range 

of Reynolds number to include prototype magnitudes. It is probable that 

there are critical Reynolds numbers above which gas transfer is insensi-

tive to turbulence described by Reynolds number. It is anticipated that 

prototypes will respond in a manner similar to those encountered in this 

investigation and once this relationship is established, quantitative 
predittive techniques may be available to convert hydraulic model data 

to prototype equivalents. 
42. Further testing is needed to verify the two-dimensionality of 

gas transfer in hydraulic jumps, i.e., comparison on a unit-discharge 

basis. Channel bottom and sidewall boundary effects must be evaluated 

to ascertain their influence on jump turbulence and gas transfer. Other 

parameters such as amount of entrained air, entrained bubble sizes, bub-
ble detention time in the jump, mass exchange between the roller and the 

remainder of the jump, and pressure conditions in the jump must be eval-
uated regarding their influence on the gas transfer process. 
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APPENDIX A 
KRYPTON-TO-DYE RATIOS AND PERTINENT 

DATA FOR HYDRAULIC JUMPS 



F = 9 .14 

Ratio 

Mean: 

F = 9.46 

Ratio 

Mean: 

* Data not 
** Stations 

A 

104.7 
"'k 

* 
* 

104. 7 

A 

90.55 
95.57 
90.49 
91. 79 
92.10 

Table Al 
Krypton-to-Dye Ratios 

V = 10.75 fps 

Test J-1.-i• 

Y1 = 0.043 ft 
Station 

B 

84.10 
84.10 
67.80 
70.40 
76.60 

Water Temperature: 23.9°C 

From To Mean 

A B 
A c 
A D 

Test 2*"'• 
V = 11. 00 fps y = I 0.042 ft 

Station 

B 

61.68 
57.78 
73.73 
71.60 
66.20 

Water Temperature: 24.7°C 

From To Mean 

A B 
A c 
A D 

available or not taken. 
located one-half jump length apart. 

A2 

L = 3.40 ft 

c 
89.70 
89.80 
87.40 
86.00 
88.23 

Time of Flow! 

0.611 
1.928 
4.383 

L 

c 
75.36 
76.00 
74.80 
77. 74 
75.98 

Travel Time, 

0.53 
1.62 
3.96 

sec 

D 

86.00 
85.30 
87.80 
87.90 
86.75 

= 3.43 ft 

D 

79.19 
76.28 
74.36 
79.95 
77.45 

sec 



F = 9.5 

Ratio 

Mean: 

F = 5.98 

Ratio 

Mean: 

A 

75 .03 
74.18 

* ··k 

74.61 

Table Al (Continued) 

V = 11.00 fps 

Test 

y = 0.042 ft 1 

Station 

B 

i'\ 
·;'\ 

··k 
;', 

c 
60.89 
61.59 
62.59 
62.53 
61. 90 

Water Temperature: 23.15°C 

L = 3.31 ft 

D 

61.00 
61.26 
59.84 
62.36 
61. 12 

From To Mean Travel Time, sec 

A 
A 
A 

B 
c 
D 

Test 4 

0.70 
1.29 
2.87 

V = 8.11 fps y = 0.057 ft 1 L = 2.76 ft 

Station 

A B c D 

91.09 79.70 80.21 80.51 
92.11 82.72 80.49 80.65 
91. 73 '"k 82.89 83.35 
92.85 ;'\ 81.82 83.14 
91.95 81. 21 81.36 81. 91 

Water Temperature: 23.2°C 

From To Mean Travel Time, sec 

A B 1. 37 
A c 2.80 
A D 5.84 

A3 



F = 6.14 

A 

79.61 
80.60 

Ratio 80.31 
83.35 

Mean: 80.97 

F = 3.34 

A 

96.54 
94.43 

Ratio 97.04 
97.64 

Mean: 96.42 

Table Al (Continued) 
Test 5 

V = 8.25 fps y = 0.056 ft 1 

Station 

B 

73.28 
73.61 
71.54 
72.94 
72.85 

c 
74.11 
74.82 
72.55 
71. 72 
73.30 

L = 2.68 ft 

D 

72. 71 
72.53 
71.83 

* 
72.35 

Water Temperature: 23.15°C 

From To Mean Travel Time, t sec 

A B 1.32 
A c 3.70 
A D 5.82 

Test 6 

V = 5 .SO fps yl = 0.084 ft L = 1. 90 ft 

Station 

B 

90.46 
91.09 
92.62 
94.88 
92.26 

Water Temperature: 

From To 

A B 
A c 
A D 

A4 

c 
93.46 
91.54 
93.31 
93.90 
93.06 

23.4°C 

Mean Travel Time, 

0.95 
1.96 
3.57 

t 

D 

92. 79 
92.01 
90.61 
91. 61 
91. 76 

sec 



F = 3.29 

A 

91.64 
95.64 

Ratio 93.47 
93.12 

Mean: 93.47 

F = 2.65 

A 

94. 72 
95.15 

Ratio 96.13 
95.34 

Mean: 95.33 

Table Al (Continued) 

Test 7 

v = 5.44 fps y = 1 

v 

Station 

B 

90.92 
93.16 
92.82 
91.92 
92.21 

Water Temperature: 

From To 

A B 
A c 
A D 

Test 8 

= 4. 71 fps y = 1 

From 

A 
A 
A 

Water 

Station 

B 

95.36 
* 92.63 

92.85 
93.61 

Temperature: 

To 

B 
c 
D 

AS 

0.085 ft 

23.0°C 

Mean 

0.098 ft 

23.4°C 

Mean 

L = 1. 93 ft 

c D 

* 93.11 
;'\ 93.09 
.. k 92.19 
* 90.54 

92.23 

Travel Time, t sec 

0.99 
;'\ 

4.17 

L = 1.68 ft 

c 

91.39 
91.64 
93.26 
90.52 
91.70 

Travel Time, 

0.94 
2.25 
3.57 

t 

D 

92.07 
89.12 
92.54 
93.22 
91.74 

sec 



F = 2.33 

Ratio 

Mean: 

F = 1. 89 

Ratio 

Mean: 

Table Al (Continued) 
Test 9 

v = 4.32 fps y = 0.107 ft 1 
Station 

A B 

87.75 84.51 
89.06 85.99 
86.07 84.80 
84.46 85.03 
86.83 85.08 

Water Temperature: 23.4°C 

From To Mean 

A B 
A c 
A D 

Test 10 

v = 3. 76 fps y = 0.123 ft 1 

A 

19.46 
19. 71 

* 
19.59 

From 

A 
A 
A 

Water 

Station 

B 

19.57 
19.34 
19.54 

* 
19.48 

Temperature: 22.8°C 

To Mean 

B 
c 
D 

A6 

L = 1. 41 ft 

c D 

81.81 86.37 
84.19 83.16 
86.97 83.20 
86.52 84.94 
84.87 84.42 

Travel Time, t sec 

0. 71 
1. 42 
2.61 

L = 1.11 ft 

c 
20.14 
19.63 
19.60 
19.24 
19.65 

Travel Time, 

0.47 
0.99 
1.48 

t 

D 

20.09 
19.67 
19.89 
18.37 
19. 51 

sec 



Table Al (Continued) 
Test 11 ;'\;'\ 

F = 9.24 v = 10.58 fps yl = 0.041 ft L = 3 .12 ft 

Station 

A B c D 

73.2 50.4 59.3 ;'; 

* 54.7 56.7 ·-,'\ 

Ratio * 57.0 52.3 ... k 

74.6 53.0 52.6 ;'; 

Mean: 74.2 53.8 55.2 
Water Temperature: 17.5°C 

Test 12;';;'; 

F = 9.24 v = 10.58 fps yl = 0.041 ft L = 3 .12 ft 

Station 
A B c D 

69.5 53.3 51. 1 ·k 
"'k 52.7 50.7 * Ratio * 56.2 55.6 ;'; 

72.9 53.7 56.4 ;'\ 

Mean: 71. 2 53.7 53.2 

Water Temperature: 17.5°C 

Test 13 
F = 9.28 v = 9. 71 fps yl = 0.034 ft L = 2.64 ft 

Station 
A B c D 

37.3 32.1 35.2 ... k 

43.4 33.6 34.1 ;'; 

Ratio 37.3 28.1 30.7 ·.,'\ 

41.4 38.9 32.8 ...,., 

Mean: 39.8 33.2 33.1 

Water Temperature: 18.4°C 

A7 



Table Al (Continued) 
Test 14 

F = 9.28 v = 9. 71 fps yl = 0.034 ft L = 2.64 ft 

Station 

A B c D 

"'k 33.0 33.9 ;': 

47.5 32.6 38.1 ;'; 

Ratio 42.0 30.0 34.5 ... k 

46.6 31.3 38.5 '"k 

Mean: 45.0 31. 7 36.3 
Water Temperature: 18.4°C 

Test 15 
F = 6.52 v = 7.67 fps yl = 0.043 ft L = 2.29 ft 

Station 
A B c D 

69.7 59.0 67.3 ·k 

70.5 76.1 64.6 
Ratio 71.5 61.2 68.0 ,., 

75. 1 69.3 67.9 ·k 
--

Mean: 71. 7 64.2 66.9 

Water Temperature: 19.5°C 

Test 16 
F = 6.52 v = 7.67 fps yl = 0.043 ft L = 2.29 ft 

Station 
A B c D 

62.6 55.2 55.3 "'k 

63.4 54.6 55.6 -:, 
Ratio 63.6 51. 7 56.4 "'"' 63.0 54.8 59.3 "'k 

Mean: 63.2 54.1 56. 7 

Water Temperature: 19.5°C 

AB 



Table Al (Continued) 
Test 17 

F = 4.51 v = 6.00 fps yl = 0.055 ft L = 1. 93 ft 

Station 

A B c D 

·k 55.2 55.9 '"k 

61.8 57.5 54.1 ·-;'\ 

Ratio 59.0 .. k 57.8 ;'\ 

60.4 58.3 "'k ·k 

Mean: 60.4 56.9 55.9 
Water Temperature: 20.6°C 

Test 18 
F = 4.51 v = 6.00 fps yl = 0.055 ft L = 1. 93 ft 

Station 
A B c D 

;'\ 57.6 55.9 * 59.9 59.0 53.8 ;'\ 

Ratio 57.5 53.7 53.4 "'k 

59.7 58.9 53.8 "'], 

Mean: 59.0 57.3 54.2 

Water Temperature: 20.6°C 

Test 19 
F = 3.35 v = 4.93 fps yl = 0.067 ft L = 1.58 ft 

Station 
A B c D 

46.8 51. 7 47.6 -!\ 

51.1 49.5 53.8 "']\ 

Ratio 49.3 46.9 47.2 * 53.2 48.9 45.5 ;'\ 

Mean: 50.2 49.3 48.5 

Water Temperature: 20.8°C 

A9 



Table Al (Continued) 
Test 20 

F = 9.85 v = 9.36 fps y = 0.028 ft L = 2.19 ft 1 
Station 

A B c D 

112. 03 99.75 96.29 98.81 
112. 64 97.49 96.75 99 .14 

Ratio 110. 48 94.01 97.21 96.67 
110. 95 99.47 97.03 97.74 

Mean: 111.52 97.68 96.82 98.09 
Water Temperature: 22.2°C 

Test 21 
F = 9.35 v = 9.03 fps y = 0.029 ft L = 2.27 ft 1 

Station 
A B c D 

112. 04 99.09 98.82 96.12 
115.95 98.15 98.05 94.89 

Ratio ..,., 98.29 97 .65 96.00 
112. 98 99.18 99.31 96.14 

Mean: 113. 66 98.68 98.46 95.79 

Water Temperature: 22.2°C 

Test 22 
F = 6.23 v = 6.89 fps yl = 0.038 ft L = 1. 93 ft 

Station 
A B c D 

89.79 84. 75 84.43 -:, 
88.61 85.25 83.61 * Ratio 88.53 82.76 83.88 * 89.24 85.78 84.28 

Mean: 89.04 84.64 84.05 

Water Temperature: 22.2°C 

AlO 



Table Al (Concluded) 

Test 23 

F = 6.23 v = 6.89 fps YI = 0.038 ft L = 1. 92 ft 

Station 

A B c D 

92.41 87.28 87. 72 "'k 

95.58 88.42 87.63 ;'\ 

Ratio ;'\ 86.32 88.87 ·-,'\ 

92.02 88.55 88.39 .. ,'\ 

Mean: 94.34 87.64 88.15 

Water Temperature: 22. 1°C 

Test 24 

F = 3.68 v = 4.85 fps YI = 0.054 ft L = 1. 46 ft 

Station 

A B c D 

89.95 89.70 86.64 ,., 
97.61 91. 61 89.10 ;'\ 

Ratio 89. 77 89.22 85.66 i'; 

92.44 89.94 85.35 ,., 

Mean: 89.94 90.12 86.69 

Water Temperature: 22.2°C 

All 
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