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ABSTRACT

WIND WAVES AND THE REAERATION COEFFICIENT
IN OPEN CHANNEL FLOW

The reaeration rates with and without wind blowing
along the water surface have been studied in the laboratory.

The reaeration results, without wind, have been com-
pared with those obtained by previous investigators.

Based on the concept that the reaeration rate is con-
trolled by an effective turbulent diffusion coefficient at
the surface and by rate of surface renewal, an equation
was developed to predict reaeration rates in natural streams
and rivers with wind blowing over the water surface. The
state of turbulence, beneath the water surface, was con-
sidered as a good measure of the rate of surface renewal.
The experimental results gave support to the theoretically
developed equation.

The properties of water surface give good agreement
with the results reported by previous investigators.

Experimental results indicate that reaeration rates
are significantly increased when waves appear on the surface.
The increase is very much more than can be accounted for
by the increase in surface area. The increase was attributed
to the dynamic effect of separation, occurring at the lee
side of the waves.

Aziz F. Eloubaidy
Fluid Mechanics Program
Civil Engineering Department

Fort Collins, Colorado 80521
August 1960

iii



ACKNOWLEDGMENTS

Acknowledgment is made to Dr. J.D. Vaughn, Dr. J.C.
Ward, Dr. J. Gessler, and Dr. E.J. Plate for their contri-
butions to the completion of this study, and the financial
assistance afforded by the National Science Foundation.

A particular expression of appreciation is extended to
Dr. Plate, the author's major professor, for his able direc-
tion and guidance throughout the experimental study and
writing of this dissertation, and to Dr. Gessler, for his
stimulating and constructive discussions during the final
revisions of this work.

The scholarship given to the author by the Iraqgi
Government is gratefully acknowledged.

Special thanks is extended to Peter Liu for his help
in the data collection and to Carlos Oporto for his assis-
tance in reducing the data.

To his wife and family, whose sacrifices have made
it possible for him to complete his studies, goes the

author's deep gratitude.

iv



Chapter

II

TABLE OF CONTENTS

Page
LIST OF TABLES . . &« « « v & o « o« & « « o« . . 1iX
LIST OF FIGURES. . . « « « ¢ « o« o o o o« « o o x
LIST OF SYMBOLS. « « « 5 « s s 5 o« » » s » » »Xil
INTRODUCTION . 2 & o o o s o o s o o o o o o
Stream Reaeration . . . . « ¢« « ¢« + « o . .
Wind-Waves and Reaeration . . . . . . . . . 1
Research Objectives . . . . ¢« . « « « « « . 3
Research Procedure. . . « +. « « +« « « . . . 4
REVIEW OF LITERATURE . . ¢ ¢ ¢ ¢ « &+ o« « o « o« 5
Theories of Gas Absorption Mechanism. . . . 5

Basic equations of molecular diffusion. 5

The oxygen sag equation . . . . . . . . 7
The two film theory . . . . . . . . . . 9
The vpenetration theory. . . . . . . . . 11

Danckwerts' modified penetration

theory , O 1
The Kishinevski theory. . . . . . . . . 13
The Effect of Temperature on Reaeration . . 16
Previous Work on Stream Reaeration. . . . . 17
Summary on stream reaeration. . . . . . 28

Prediction of Longitudinal Dispersion
Coefficient . . . . . . . . . . . . . . . .29

Dispersion in open channel flow . . . . 29

The Wind-Water Surface Interaction:
Consequences. . . . . « & &+ @« @« « « « « . . 33



TABLE OF CONTENTS - Ccntinued

Chaonter Paace
Consecuences: Turbulence. . . . . . 33

Estimation of water surface

shear stress . . ¢« « ¢« &« « « « s« « « 34
I1I THEORETICAL ANALYSIS. . + « v ¢« o o« o« o o« = 37
Development of the Formula . . . . . . . 37

Bstimation of the vertical turbulent
diffusion coefficient, averaced over
depth: « « s « s« « s« & s« &« = & » » » 38

Estimation of the turbulent dif-
fusion coefficient at the interface. 43

The prediction eguation for
reaeration with wind . . . . . . . . 45

Iv EQUIPMENT AND PROCEDURES. . . ¢« o « « « o = 47
The Wind Tunnel Flume Combination. . . . 47

The flume. . . . . ¢ ¢« ¢« ¢« « « « « « 47

Bed roughness. . . . . . . . . . . . 50

Bi¥ Plow &« « = % & = = % & % & 5 & s » « 90

Measurements of Water Surfacse
Elevations . . . + « v v v« 4 4 e e e . . 53

leasurements of Dissolved Oxygen
Concentrations o « « »«» » « » « » = = =« s« 95

w
w

The 3ensor . .« .« ¢ ¢ ¢ v « o o o .

Calibration of the Beckman's
oxygen analyzer. . . . . . . . . . . 56

Measuring Devices. . . . « +« « « . . . . 62

Measurement of the Reaeration
Coefficient. . . . . . . . . . . . . . . 62

Experimental procedure . . . . . . . 63

Data Collections . . . . . v v v o « « . 64

vi



Chapter

\%

VI

TABLE OF CONTENTS - Continued

Reaeration with no air blowing.

Reaeration with the air blowing

DATA REDUCTION TECHNIQUES. . . . . .
Summary of Experiments. . . . . .

Determination of the Reaeration
Coefficient for a Given Section

Estimation of the Longitudinal
Dispersion Coefficient. . . . . .

Longitudinal dispersion coefficient
as a function of shear velocity . . .

Estimation of Surface Shear Velocity. . .

Surface shear velocity as a
function of wind velocity . .

RESULTS AND DISCUSSION . . . . . .

Reaeration with no Wind . . . . .

Reaeration as a function of velocity

and depth . . . . . . . . . .

Reaeration as a function of the

longitudinal dispersion coefficient

Reaeration as a function of shear

velocity. « « ¢ ¢« ¢« o ¢ « o .

Characteristics of the prediction

equations « « « « o s o s o @
Reaeration with Wind. . . . . . .
The developed formula . . . .

Advantages of the developed
equation. . . . . . . . . .

Applications of the equation.

Properties of the Water Surface

vii

68

68

70

72

72

73

73

74

74

74

78

79

85

86
86

89

90
92



TABLE OF CONTENTS - Continued

Chapter Page
Roughness Effect on Reaeration Rates . . 103

Dynamic effect of waves on

reaeration . . . . . . . . . . . . . 105

VII SUMMARY AND CONCLUSIONS . . « &« « « « « « o 107
SUMMAYYs « « o« « + s 5 s« » s« o s & & » « 107
ConclusionS, » s & = » = w s » =« @ « = »« 208
Reaeration with no wind. . . . . . . 108

Reaeration with wind . . . . . . . . 109

Properties of the water surface. . . 111

The effect of surface roughness

on reaeration. . « « +« +« ¢« ¢« « « « o 111
BIBLIOGRAPHY . v v 4 ¢ ¢ o o o o o o o o o o o o o =« 113
APPENDIX - TABLES g % % W % @ e % s e & s % 119

viii



Table

LIST OF TABLES

REAERATION WITH NO WIND . . . .
REAERATION WITH WIND. . . . . .
WAVES DATA. . . ¢ ¢ ¢ ¢ o « « =«

SUMMARY OF REAERATION WITH WIND

ix

121
122

123



Figure

10
11
12
13

14

15
16
17
18
19
20

21

22

LIST OF FIGURES

Velocity profile in the water. . . . . . . .
Forces on moving water with wind . . . .
Distribution of wind driven currents in a

standing water . . . . . . . . o . . .

Schematic diagram of the CSU wind-water

BONNEel « « ¢« & 5 = = o s s 5 & © & 5 & & &
The CSU wind-water tunnel. . . . . . « « « «
Calibration of capacitance wave gauge. . . . .

Characteristics of roughness meshes. . .
Sketch of capacitance probe. . . . . . . . .

Hydraulic circuit of the sample flow and
fitting of the sensor. . . .

The sampling probe . . . . ¢ ¢« ¢ ¢ ¢ « « « « &
Methods of sampling and connections. . . . . .
Calibration of Beckman's oxygen analyzer . . .
Location of sections in the flume. . . . .

Example of reaeration coefficient
determination. . . . . ¢ ¢ ¢ . 0 0 e e e . .

Reaeration coefficient as a function of U/R3/2

Observed versus predicted values of k2 ® &

Reaeration coefficient as a function of DL/RZ.
Observed versus predicted values of k2 & % W@ @
Observed versus predicted values of k2 3 8 an B
Reaeration coefficient as a function of u*b/R.

Reaeration coefficient as a function of
Rsh(u*c/h) e Y

Observed versus predicted values of k2 e W

44

48

51

51

52

54

57

58

59

61

69

71

76

77

80

81

83

84

87

88



quure

23

24

25

26

27

28

29

30

LIST OF FIGURES - Continued

Variation of wave height with fetch and air
VeloCitys s i & 5 + o o 5 =« &« = » s &

Variation of wave length with fetch and air
velocity: « « o = & © % & 4 w = % ® « %

Variation of wave frequency with fetch and
air veloCity: « « « o @ s © s w 5 ® = = s

Variation of the surface shear velocity,
wave height, and the reaeration coefficient
with fetch.: « « s & & o o o 5 & o o 5 & o =

Variation of wave height and wave frequency
with the surface shear velocity at a fixed
position in the flume . . . . . . . . . .

Observed wave speed compared with theoretical

Observed wave speeds as compared with other
investigators . . . ¢« ¢ ¢ . ¢ . 4 4 4. e .

Variation of reaeration coefficient with
wave height . . . . . . ¢ ¢ ¢ ¢ « ¢ o o o .

X1

94

96

98

99

101

102

104



o ¥

Ql

£ (t)

LIST OF SELECTED SYMBOLS

Definition

Radius of pipe
Area of gas-liquid interface
Width of channel

Measured wave speed relative to
fixed reference system

Theoretical wave speed based on
wave length

Ratio of actual surface area to
projected surface area

Concentration of gas in interface

Concentration of gas in main
body of liquid

Saturation concentration of gas
in liquid

Concentration of oxygen at time t
Dissolved oxygen deficit
Initial dissolved oxygen deficit

Turbulent diffusion coefficient,
averaged over depth

Longitudinal mixing coefficient
Molecular diffusion coefficient

Effective turbulent diffusion
coefficient

Energy dissipation per unit
mass of fluid

Wave frequency

Relative part of surface film
having ages between t and t + dt

xii

Dimension

L
L2
L

L/T

L/T

M/L3

M/L3

M/L3

M/L3
M/L3
M/L3

L2/T

L2/T
L2/T

L2/T

L2/T3

1/T

ft

ft/sec

ft/sec



Symbol

fasi]

=g

A A~ R

sh

LIST OF SELECTED SYMBOLS - Continued

Definition
Froude number
Acceleration due to gravity

Average wave amplitude

Normal depth, i.e., depth with
uniform flow

Henry's law constant
Wave number
Reaeration coefficient - base 10

Overall transfer coefficient
through liquid film

Eddy diffusivity or turbulent
mass transfer coefficient in

the y-direction

BOD rate constant - base e
Reaeration coefficient - base e
Prandtl mixing length

Biochemical oxygen demand
Thickness of liquid surface film
Initial biochemical oxygen demand

Mass of solute gas

Rate of mass transfer, during
time t , per unit surface area

Partial pressure of oxygen
Air pressure in tunnel above

Volumetric rate of discharge of
water in the channel

Rate of surface renewal
Hydraulic radius

Shear Reynolds number

xiii

Dimension

Units

L/T?2
L

L

1/L
1/T

L/T

L2/T

1l/T
1/T

M/L3

M/L3

M/TL?2

M/LT?2
M/LT?2

L3/T

1/T

ft/sec?

1b/ft?

ft3/sec



LIST OF SELECTED SYMBOLS - Continued

Definition
Jeffreys' sheltering coefficient
Slope of channel
Slope of energy gradient

Pressure adjusted channel

- 1 ap
Slope = SO + Ea—i

Time
Temperature
Shear velocity in a wide, open

channel as /To/p or /ghse

Bed shear velocity, by side wall
correction method

Shear velocity defined as /ghSc

Surface shear velocity defined

as /Ts/p
Average water velocity

Water-surface velocity

Root-mean-square velocity fluc-
tuation in the y-direction

Reference air velocity
Local air velocity

Distance in longitudinal, lateral
and vertical directions

Boundary layer thickness
Eddy viscosity, or momentum

transfer coefficient in y-
direction

Xiv

Dimension Units
T sec
i oc

L/T ft/sec
L/T ft/sec
L/T ft/sec
L/T ft/sec
L/T ft/sec
L/T fps
L/T ——
L/T ft/sec
L/T ft/sec
L -— -
L - -
LZ/T -



Svmbol

>|

LIST OF SELECTED SYMBOLS - Continued

Definition

Dimension

Units

von Karman turbulence coefficient -

Average wave length
kinematic viscosity
Mass density of water
Mass density of air
Surface tension

Average shear stress on flume
bottom

Boundary shear stress acting on
the body of water

Average shear stress on water
surface

Shear stress due to the channel
side walls

Xv

L2/T
M/L3
M/L3
M/T?

M/LT?2

M/LT?2

M/LT?

M/LT?



Chapter I

INTRODUCTION

Stream Reaeration

Absorption of atmospheric oxygen by natural bodies of
water is of major importance. Through atmospheric reaera-
tion a stream can recover its oxygen resources once they
have been depleted by bacterial decomposition of organic
impurities, such as municipal sewage and industrial waste-
water. To achieve successful pollution control, one must
know accurately this reaeration capacity. The evaluation
of the natural purification rate of a stream and therefore
its waste assimilative capacity are the necessary basis for
accurate determination of waste treatment requirements in
any specific situation, and are thereby the principal re-
quirements for accurate evaluation of the costs of pollution
control. The importance in determining waste treatment
requirements and associated costs makes the development of a
practical method for predicting oxygen absorption rate a

significant contribution to the waste disposal problem.

Wind-Waves and Reaeration

For an undisturbed bodv of water, where the only forces
acting on its free surface are a constant gravity field and
a uniform atmospheric pressure, the body is stagnant and
the water surface is level. However, there are other forces

that will tend to change this equilibrium position. Some



of these natural forces are: wind, rain, earthquake, and
change in atmospheric pressure.

When wind passes over a leveled water surface, a
current develops in the upper layer of the water in the
direction of the wind. If the wind is of sufficient inten-
sity, waves will form on the water surface; their fluid
mechanical behavior has been widely studied. However,
very few quantitative investigations have been made of the
effect of waves on interfacial mass transfer.

In turbulent water, reaeration is a physical process
that takes place by the combining effects of absorntion of
gas molecules into the surface of the liquid and the physi-
cel mixing of the water. In a stagnant body of water, the
reaeration is very slow because it depends on the molecular
diffusion of the dissolved gas molecules into the surface
film, and that is a slow process. But when wind blows over
the water surface a substantial increase in rate of reaera-
tion takes place. Two reasons could be given for this
increase. First, when waves are formed there is an increase
in the interfacial area. Second, and more important, in
this turbulent flow regime, at the surface, an energetic
and random agitation of the fluid takes place. This agita-
tion brings about a continuous interchange of the surface
water layer by fluid from the interior of the water and
thereby greatly increases both the net rate of entry of gas
molecules at the water surface and the subsequent rate of

diffusion throughout the whole volume. This movement by



turbulent diffusion of the gas molecules into and through
the interface is much faster than that of molecular
diffusion.

For the process of reaeration, without wind, in
streams and rivers, many models have been reported in the
literature; many of these models were tested by both labora-
tory and field investigations. A few quantitative studies
have been also reported on the effect of small ripples,
forming in falling liquid films, on the interfacial mass
transfer. Yet, no systematic experiments have been per-
formed that were designed to test quantitatively how much of
the increase in the reaeration would be due to the action

of wind on water in open channels.

Research Objectives

Briefly stated, the goals of this investigation were
to provide laboratory data and develop a practical method
to predict the rate of reaeration in natural streams and
rivers with wind blowing over the water surface. The
experimental data were obtained in a laboratory flume with
wind blowing over the surface of water flowing at normal
depth.

More specifically, the goals were to:

a. Explain the transfer mechanism of oxygen from
the air to flowing streams and rivers.
b. Develop a practical method for estimating

oxygen uptake rates in streams and rivers, with wind blowing.



c. A subsidiary objective was to test some of
the reaeration coefficient, with no wind blowing over the
water surface.

To accomplish these objectives the following research

procedure was used.

Research Procedure

The research procedure undertaken and its presentation
in this dissertation is as follows:

a. Examination of the models used by earlier authors
for explaining the gas absorption process, which is done
in Chapter II.

b. Development of a theoretical relationship between
gas absorption and the wind intensity, given in Chapter III.

c. Development and presentation of the experimental
procedures used for measuring oxygen absorption rates and
the water surface elevations in an open channel with wind
blowing over the water surface, given in Chapter IV.

d. Presentation, analysis and discussion of the
experimental data, given in Chapters V, VI and VII.

The experiments were conducted in the Wind-Water
Tunnel, Fluid Dynamics and Diffusion Laboratory, Colorado

State University.



Chapter II

REVIEW OF LITERATURE

This chapter begins with an examination of earlier
theoretical approaches to the gas transfer processes, and
a review of works on stream reaeration, which are relevant
to the problem at hand. Then a review of methods used for
predicting the longitudinal dispersion coefficient, in a
two-dimensional uniform open channel flow, is outlined.
And finally, an explanation is given of the interaction

processes between the wind and the water surface.

Theories of Gas Absorption Mechanism

Many theories of gas absorption are reported in
literature. These are presented in this section, and some
of these ideas will be adopted in the theoretical develop-
ment of this work.

Basic equations of molecular diffusion - For gases

which do not react chemically with water to any great
extent, the mass of the gas, which will dissolve in water at
a given temperature, is directly proportional to the partial
pressure of the gas in contact with the water. Under con-
ditions of eguilibrium and constant temperature, this re-
lationship, called Henry's law, may be expressed by the

equeation:

C = Kp (1)



in which C 1is the concentration of gas in the water, at
equilibrium; p 1is the partial pressure of the gas, and
K 1is a constant.

When water which contains less than a saturation
concentration of oxygen, is exposed to air, oxvgen is
immediately absorbed in the surface monolaver of water.
This thin layer of water is instantaneously saturated with
dissolved oxygen. As long as this saturated laver remains
on the surface, the oxygen molecules can peneE;ate into
the water only by the process of molecular diffusion. In
the case of a stagnant body of water, the rate of absoro-
tion is governed by the rate that oxygen is transferred,
by molecular diffusion, into the interior of the fluid

throughout the depth, as given by Fick's law of diffusion:

om _ 9C

3t =~ Pnm 3% (2)
where om/53t 1is the rate of mass transfer, by diffusion,
per unit area; ©98C/d%y 1is the concentration gradient in
the direction perpendicular to the cross section area; and
D is the coefficient of molecular diffusion (diffusivity).

For one-dimensional diffusion (in the y-direction)

0

5t 9Y (3)

pure

m_ g 8
Yy
then from 2, Fick's second law can be deduced

aC _
3t = Pm T, (4)



This equation states that the rate of change of concentra-
tion of the dissolved gas at any point v is proportional
to the rate that the concentration gradient, 3C/3y , is
changing in the y-direction.

Equation (4) is for the case of unsteady state trans-
fer; and knowing the boundary conditions, it could be
applied for any particular case of molecular diffusion.

Equations (3) and (4) are valid for a quiescent body
of water, and they have little application to stream flow
conditions. However, they are still of great importance,
because of the wide belief that the main resistance to
mass transfer occurs at the gas-liquid interface, where the

transfer process is by molecular diffusion.

The oxygen sag equation - Adney and Becker (1919) have

assumed that oxygen absorption into water is a first order
kinetic process; i.e., the rate of absorption is proportional
to the oxygen deficit. This process can be expressed by

the following differential equation:

dp
aE == K2D (5)

where D 1is the oxygen deficit below saturation (the differ-
ence between the dissolved oxygen saturation value, Cs , and
the concentration of oxygen, Ct , at time, t ); and K

is the reaeration rate constant.

2

Equation (5) could be deduced by integrating Equation

(4) over the depth, i.e.,



1 1 3 aC
o3t | Cv=§ |5y B, Ay
o o
or
&€ _ 1, ac)”
dt h m dy g
o
: ; 9
the boundary conditions requires that [Dm 5%10 = 0 and
ac, _ = . .
[Dm 5§]h = KL(CS C), thus, in terms of deficit where
D=cC_-2C,
s
K
db _ _ 'L _
& - " mPT KD

The solution to Equation (5) can be written

.
In g, = Kp(Eamty) = K%
from which
In D) - 1In Dy
K =
2 t
o
or
_ log D1 - log D2 -
ka t
o
where Ky, = 2.303 ky i Dy is the oxygen deficit at
station 1 at any time ty g D2 is the dissolved oxygen
deficit at station 2 at any time t, i and ty is the

time of flow between stations 1 and 2.
For Equation (6) it is assumed that the reaeration
coefficient is independent of the dissolved oxygen con-

centration at the time of measurement.



The two film theory - Lewis and Whitman (1923, 1924)

postulated that, at the interface of a gas and a turbulent
liquid, there are two stagnant thin films of gas and

liquid. Through these films the gas must pass by molecu-

lar diffusion. Below them the concentration of the dissolved
gas is uniform. Conditions at the interface are gas diffus-
ing through either film must also diffuse through the other
and that there is no accumulation of gas at the interface
beyond that corresponding to saturation. This steady state

rate of transfer across the film could be expressed by

C.-C
dm =D i L

Adt m T - X (C;-Cp)

(7)

from which the rate of change of concentration of oxygen
in the main body of the liquid is

E;% = Ky, g (¢;=Cp) 8

o

In the above two expressions, dm/dt is the rate of ﬁass
transfer of solute dissolved gas; Dm denotes the molecular
diffusivity of the gas in the liquid; Ci is the concen-
tration of gas at the interface; CL denotes the concentra-
tion of gas in main body of liquid; A is the area of gas-
liquid interfaces, Vo refers to the volume of the liquid;
KL s the overall gas transfer coefficient which is com-
monly referred to as the liquid film coefficient,

K2 = KL/h’ and L' denotes the thickness of liquid surface

film.
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In spite of the greater thickness of the gas film,
it offers less diffusion resistance to slightly soluble
gases, such as oxygen, than does the liquid film. For
this slightly soluble gas, there is practically no concen-
tration gradient in the gas film. Then, the concentration

at the interface could be determined from Henry's law,

Equation (1), or Ci =Cg . Equation (8) then becomes
dc
L _ A _
= - Koo GC) V2

The stagnant film theory, Equation (7), predicts that
the overall mass transfer coefficient varies as the first
power of the diffusivity, but the data of Sherwood and
Holloway (1940) for a packed tower, indicate that it varies
as the square root of the diffusivity. The main objection
to the stagnant film theory is the assumption of the steady-
state rate of mass transfer, where as in a turbulent liquid
the surface film is being continuously replaced by liquid
from below. According to Lewis and Whitman (1924), the
theory has its most precise application when conditions on
both sides of the air-water surface are turbulent; this and
the assumption of the stagnant film imply that close to the
surface, in the viscous sublayer, turbulence eddies becomes
so small that the mass transferred by molecular viscosity
exceeds that transferred by turbulent eddies. However,
because the molecular diffusion coefficient is much smaller

than the kinematic viscosity, the turbulent eddies still
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transfer substantially more solute gas than molecular

diffusion.

The penetration theory - A more realistic notion of

the process of gas absorption, and one that predicts that
KL , for the limiting case of short time of exposure, is
propcrtional to /5;, was introduced by Higbie (1935).
Higbie considered the mass transfer as an unsteady-state
process in which the concentration of solute at any place
in the film is controlled by penetration, by molecular
diffusion, of the dissolved gas molecules into the liquid
film and by bodily transport of the molecules owing to

the bulk motion of the film. He used, then, the word film
to describe the entire liquid layer, but not the hypotheti-
cal stagnant film of the Whitman theory.

Higbie's derivation is based on the following assump-
tions: (1) the film is in laminar motion, (2) the surface
of the film is moving at a uniform velocity in the horizontal
direction, (3) the interfacial concentration has a constant
value Cs' and (4) the effect of diffusion in the direction
of flow is negligible. With these assumptions, the pene-
tration theory can be valid only for times of exposure so
short and for turbulence so low that the diffusing gas does
not penetrate into those parts of the liquid which have a

velocity appreciably different from that at the surface.

According to Higbie the average rate of mass transfer

during the time ts is
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- - 10
N 2((:S cL) /Dm/nts (10)
with a corresponding liquid film coefficient

K, = To—ay = 2/D_/7E_ (11)

Danckwerts' modified penetration theory: Surface

Renewal Theory - Danckwerts (1951) modified the model of

Higbie by introducing a factor, r , which he defined as
the frequency of replacement of the liquid film. 1In a

turbulent flow regime, liquid elements at the surface,

which have been exposed to the gas for varying lengths of
time, are replaced by other elements arising from the tur-
bulent movements of the body of the liquid. Any part of
the surface liquid film may be replaced at any time after
its creation by the action of turbulence. Because of the
random nature of the turbulence, there is no correlation
between the age of an element and its chance of being
replaced. The transfer coefficient for the entire surface
must then depend upon the distribution of ages within the

film. Danckwerts defined this distribution by

£(t) = re ¥t (12)

where r 1is the mean rate of surface renewal.

The rate of absorption into the fractional portion of

rt

the area, re dt, having ages between t and t + dt, is

found from Equation (10) to be (CS--CL)re—rt /Dm/vt dt.
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The mean rate of absorption per unit area of turbulent

surface, having age, t, is

© -rt
_ _ re
N = (c,-c;) /D | = dt
o mt
= (C,~C;) /D r (13)
. _ N L m
from which K = T o - /D r (14)

Dobbins (1956), using a slightly different model for

film penetration, found the following expression for K.

e rL'?2
KL = /Dmr coth B

(15)

in which L' is the film thickness. This equation reduces

to Danckwerts' equation (KL = /5;?) as the argument of

coth becomes 3 or greater and approaches the stagnant film
equation (KL = Dm/L') as the renewal rate, r , approaches

zZero.

The Kishinevski theory - Kishinevski (1955), abandoned

the concept of a laminar surface film, and concluded that
mass transfer across the surface layer is determined by
turbulent diffusion. The experimental results of
Kishinevski and Serebnyansky (1956) shows that, although
the molecular diffusion coefficient is much higher for
hydrogen than for nitrogen or oxygen, the mass transfer
coefficient is the same for all these three gases. This

led them to conclude, in the experimental conditions they
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used, that molecular diffusion plays no essential part in
the mass transfer.
Kishinevski presented the following equation for the

absorption coefficient

_ 2 e
K = = /DTr (16)
m
where DT is the effective coefficient of diffusion
including both turbulent, Diurb ’ and molecular diffusion,
D .
m

Dobbins (1964) findings contradicted those of
Kishinevski, because he found the absorption coefficient,
KL » to be dependent on the diffusivity of the gas,
over a wide range of turbulent conditions.

The effect of molecular diffusivity on the oxygen
absorption process is usually expressed by showing how

the value of KL varies with Dm raised to an exponent,

K. « D (17)

where in the two film theory, n takes the value of unity,

while the theories of Higbie and Danckwerts' give values

of 0.5. The work of Dobbins (1964) shows that the value

of n can vary from 1.0 to 0.5, while Kishinevski shows

that it can fall to zero with conditions of high turbulence.
The concept of a single stagnant film constituting

the entire resistance, to interphase transfer of material,

is an oversimplification of the situation, and much of the
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resistance may be in the eddy zone or "core" of the turbu-
lent stream. Any analytical treatment of the whole process
may be subject to serious error if it does not allow for
the resistance to eddy diffusion which is a process funda-
mentally different in character from molecular diffusion.
For example, Stirba and Hurt (1955) made some measurements
of the absorption of pure gases in falling liquid films

at low Reynolds numbers, and substantiated the findings of

other investigators namely: that thée mass transfer rates

wWere many times greater than could have been predicted
if molecular diffusion were the only transfer process.

The assumption of an effective turbulent diffusion
coefficient, other than molecular diffusion, as the con-
trolling factor in the interface mass transfer suggests
itself for a better physical interpretation of the absorp-
tion process. However, Krenkel (1963), presented data
which demonstrated that some mechanism other than either
molecular or turbulent diffusion had a significant role
in the gas absorption process. He concludes that " ...
experiment evidence shows that some rate controlling factor,
much less than turbulent diffusion, plays the significant
role in gas transfer phenomenon."

If the rate of this interface mass transfer is a
function of some effective diffusion coefficient, at the
interface, and the rate of surface renewal, the reaeration
rate constant could be defined as follows [Krenkel (1960),

Krenkel and Orlob (1963), Thackston.and Krenkel (1965)]
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D
i (18)
AY)

ky <

where DT is an effective diffusion coefficient, at the
interface; v 1is the kinematic viscosity and r is the

rate of surface renewal.

The Effect of Temperature on Reaeration

An increase in water temperature leads tc an increase
in the reaeration coefficient. Temperature influences the
speed of the oxygen molecules in the water and in the air
at the air-water interface; this will lead to an increase
in the rate of molecular diffusion of oxygen at the inter-
face and, thus, an increase in the reaeration coefficient.

The effect of temperature on reaeration can be repre-

sented by the following equation (O'Connor and Dobbins

(1958))
blT
ky = a; e (19)
where a; and bl are constants, and T 1is the tempera-
ture.

Commonly, temperature effects are expressed by relating
the rate of reaeration to a value at 20°C; then

ks
_ 1, (T-20)
ka(r) = K2(200) (& 7) . (20)

H. W. Streeter (1935), G. A. Truesdel and Van Dyke
(1958) reported, experimentally, that the reaeration rate

varies with temperature according to the following equation
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= 20-T
kz(zoo) . kZ(To)(l.OIG) . (21)

Previous Work on Stream Reaeration

Streeter and Phelps (1925), in their classical studies
of data derived from observations on the Ohio River, assumed
that the biochemical oxygen demand in a stream was propor-
tional to concentration of oxidizable matter remaining in
the water; while the rate of reaeration, in accordance
with the Adeney-Becker relation, Equation (5), was assumed
to be directly proportional to the oxygen saturation deficit.

Based on these two processes, the following differen-

tial equation was formulated (e.g., Dobbins, 1964)
=— = K,L - K.D (22)

in which L and D represent the biochemical oxygen de-

mand and the dissolved oxygen deficit, at time t , respec-

tively. The equation implies that the rate of change in

the dissolved oxygen saturation deficit is equal to the

algebraic sum of the two independent rates, the rate of bio-

chemical oxidation and the rate of atmospheric reaeration.
The above linear, first-order, differential equation

was solved to give

KlLO =K.t -K
7K [e - e ] +D_e (23)

/e | &

D =

where Lo and D, are the initial biochemical oxygen
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demand and the initial dissolved oxygen deficit, respec-
tively; Kl is the deoxygenation coefficient, base e ,
and K2 is the reaeration coefficient, base e

Equation (23) has been used as the basis for calcula-

ing reaeration coefficients, for various reaches of the

Ohio River, from determination of biochemical oxygen demand
and cxygen distribution. They formulated, empirically,
the following relationship between the coefficient and the

hydraulic properties of a given reach of a river

b
alU 1
ky = (24)
h?_
where U 1is the mean stream velocity; a; and bl are

constant; and h designates the mean depth of flow. Be-
cause the empirical constants a and bl depend on the
hydraulic and physical properties of each reach, the above
equation is of limited practical application.

O'Connor and Dobbins (1958) reported a correlation
of the reaeration coefficient with the turbulence param-
eters of the stream, and the field application of that
correlation. In their theoretical approach they defined
the reaeration coefficient in terms of the rate of surface
renewal, r , where they assumed this surface renewal to
be the ratio of the vertical rms velocity fluctuation at

the surface, Vv'Z2 , to the Prandtl mixing length, 1 ,

.65,

- Y72
AL

(25)
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For streams having a significant vertical velocity
gradient, the following formula for nonisotropic turbulence

conditions was developed:

(26)

and for relatively deep channels, they assumed there is
no pronounced velocity gradient and hence, the turbulence

may approach an isotropic condition, the equation takes

the form
(DmU)2
k, = 127 . (27)
2 h372

In the above two equations, D is the coefficient of
molecular diffusion; Se is the slope of the energy gradi-
ent; U 1is the mean velocity of flow; and h is the normal
depth of flow.

The Chezy coefficient was used as criterion of the
state of turbulence. Isotropic turbulence was assumed
for Chezy coefficients greater than 17, and nonisotropic
turbulence for less than 17. When the Chezy coefficient
has a value of 14.2, the reaeration coefficients calcu-
lated, using both equations, are equal.

O'Connor and Dobbins concluded their work by com-
paring the coefficients, k2 , observed from the river

surveys and those computed from their proposed formulas.

They presented a surprisingly good agreement between
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the two values in spite of the criticisms that were made,
by A. N. Diachishin (1958) and E. A. Pearson (1958), to

the development and the applications of the two formulas.

Churchill et al. (1962), reported a field study of
30 selected stream reaches in the Tennessee Valley, where
efforts were made in gathering field data on stream reaera-
tion rates with the water being free of pollution. They
used dimensional analysis in forming different equations
relating k2 with various hydraulic parameters of the
stream, where the methods of statistical correlation
techniques was used in determining the coefficients of
these various equations. They recommended the following
equation, to predict the reaeration rate from the average

velocity, depth and temperature of the water

_ U T-20
ky(poy = 5 =73 (1.0241) (28)

where U denotes the mean velocity; R 1is the hydraulic
radius; and T 1is the water temperature in degrees
centigrade.

They also concluded that inclusion of other flow
variables, such as channel roughness and energy slope would
not greatly increase the accuracy of the predicted values.

Krenkel (1960) and Krenkel and Orlob (1963) intro-
duced a rational concept where they assumed that the rate

of reaeration is proportional to the rate of surface
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renewal, r, and that r beinag proportional to the longi-
tudinal dispersion coefficient, D, i.e., r =« DL/h2
Krenkel, adopting the concept that k2 « r, has, presumably,
assumed that for a laminar flow regime at the interface,

the diffusion coefficient DT in Equation (18) is propor-

tional to v. He has also reported fifty-eight values of

k2 and correspondinag values for D and proposed the

2

empirically derived equation

k. = 4.3 x 10—5 D1.15 h—l.95

5 L (29)

Krenkel adopted the longitudinal dispersion coefficient,
DL , and not the vertical eddy diffusivity, ky , because
the eddy diffusivity is a local parameter and it may vary
from point to point in a nonuniform flow and because of
it's limited practical application. Krenkel further stated
that "the longitudinal mixing coefficient, on the other
hand, reflects the mixing properties of the entire stream
section and indicates the effect of turbulence in the
section on mixing of absorbed surface layers of oxygen into
the main body of the stream. Moreover, determination of
the longitudinal mixing coefficient is practical and rela-
tively economical."

Krenkel also reported that the reaeration coefficient
was directly proportional to the energy expenditure per

unit mass of fluid, E , where he showed

k, = 1.14 x 1074 g-41

-.66

h (30)
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For open channel flow, the energy expenditure per

unit mass can be expressed as (Krenkel)
E=US g (31)
where Se is the slope of the energy gradient.

Dobbins (1956) presented a mathematical model explain-
ing the process of reaeration, where he assumed that the
surface film is always present, in a statistical sense, but
the liquid in this interfacial film is being continuously
replaced by liquid from the main body. This concept com-
bined with the use of basic transfer Equation (3) and the
age distribution function of Danckwerts, Equation (12), led
to the formation of Egquation (15), where

K. = /D r coth rL'’

L m Dm

(15)

Later, Dobbins (1964), modified the above equation by

relating r to L', and substituting into Equation (15)

gave:
K! (c,)3/2 C.v
= coth D (32)
CA/CSDm« 4" m
in which
Y0 R
[0}
~ p\)9/4}31/4

(0]
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= 2
CA = 1.0 + 0.3 F
1 pa—
By, = S5 %
and cy = 0.65 + 1500 [(vi/E)/4miz
In the above expressions, C is the ratio between the

A

actual surface area and the projected surface area; F is
the Froude number; Ki is the apparent exchange coeffi-
cient; p is the mass density; v denotes the kinematic
viscosity; o 1is the surface tension; and E denotes
the energy expenditure per unit mass of fluid, as defined
in Equation (31). C5 , in Equation (32), is a constant
with a value of 14.3. Dobbins obtained this value experi-
mentally with a laboratory mixer, and suggested the same
value would be applied for streams.

Thackston (1966), based his theoretical development
on a premise that the reaeration rate constant is propor-
tional to some function of surface renewal and inversely
proportional to some function of the depth. Then, he

extended this premise by adopting the concept, which was

first originated by Krenkel, that the vertical eddy diffu-

sion coefficient, Ky , as an indicator of r . Finally,
Thackston, formulated the following expression for k2
K
k2 o« —l . (33)
hZ
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To find an expression for Ky, Thackston, in his
development, assumed that the Reynolds analogy is valid,
according to which Ky and the eddy viscosity Ey are
used interchangeably. The analogy has been confirmed exper-
imentally by Kalinske and Pien (1944), G.I. Taylor (1954),
and Al-Saffar (1964). Also V.A. Vanoni (1946) shows dis-

tribution of both Ey and Ky to confirm that they are

nearly equal.

Thus, Thackston took Ey , the average of eddy vis-
cosity over depth, as a measure of the average rate of
vertical mixing of mass, and this rate is one of the con-
trolling factor in reaeration.

To find an expression for e , Thackston used the
von Karman universal velocity distribution for open channel
flow,

u

- * b &
Ugy =0+ L +1np (34)

in which « represents von Karman constant, usually taken
as equal to 0.4; U 1is the average water velocity; u, 1is
the shear velocity, and U(y) is the velocity at a distance

y from the bottom.
Using the above velocity distribution, the following

expression for Cy could be derived, Sayre (1968),

sy=.<u*y(l—%:-). (35)
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The expression for E& was obtained by integrating
the above equation with respect to y and dividing by

the depth h ,

—_ K
= = 36

€y ™ E h u, . (36)

Combining Equations (33) and (36), the following equation

was obtained

To verify Equation (37), Thackston prepared experiments
using a 60-foot long, two-foot wide, recirculating flume.

The final equation describing his laboratory data was

u

*
k2 = 0.000215 y 7y (38)

To compare his observations to those of Krenkel (1960),

Thackston used the following relationship,

D, = C h u, (39)
in defining the reaeration rate constant, k2 , in terms
of the longitudinal dispersion coefficient, DL , and
the water depth, h , this relationship is

D

ky = C L (40)

h2

Thackston, based on data obtained in his study,

suggested the following equation for k2 F
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PL
k, = 0.000015 —= (41)

2 h2

The corresponding equation from the data of Krenkel was

D

k, = 0.000052 = (42)
h2

The k2 values of Krenkel are about 3.5 times those
of Thackston. Both researchers used recirculating flumes
which were essentially identical except for channel width.
The same channel roughness was applied, but Krenkel used
a 1-ft wide channel while Thackston used a 2-ft wide
channel. This discrepancy, in the k2 values, was recog-
nized by Thackston (1966), who stated:

"The original data of Krenkel were examined
carefully, and several values of k were recom-
puted independently, using the oxygen saturation
values of Churchil. No mistakes in procedure or
mathematics were found, and the change in oxygen
saturation values had no appreciable effect. No

explanation for the apparent difference can be
found."

Unless the ratio of width to depth were approximately the
same in both cases, this difference could be attributed
to some kind of wall effect.

Isaacs and Gaudy (1968), developed a rational prgdic—
tion equation of k2 , using dimensional analysis, and the
constants in the equation were determined using observed
data which were obtained under controlled experimental con-
ditions. The experimental apparatus they used was a right

circular cylindrical torus-shaped tank. They placed inside
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the tank two right circular cylindrical shell walls which
were driven by two independently controlled variable-speed
motors. They claimed that "This arrangement permitted
attainment of a velocity profile representing a desired
experimental stream condition."

In developing a prediction equation of k2, they
proposed that k2 is a function of the following con-

trolling variables

k, = £(U, h, D, v, 9) (43)

Using the Buckingham theorem along with dimensional

analysis theory, the following equation was formed,

Dm(l-dl) 1
k. =C U
2 (al-di7 bl)
v g

(a1+2bl) (al—bl—2)

h (44)

in which ajr bl' C,; dl are constants.
They assumed that for constant experimental conditions

of temperature and pressure, the group

6 { == 7
\)(al—dl g L
be a constant, C' . Then they expressed Equation (44)
as
k, = C' U" nP (45)

Least squares analysis performed on the 52 experi-

ments yielded the predictive equation for k2 at 20°C
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_ U
k2 = 3.053 H§77 (46)

, is in day_l; U is in feet per second; and h

where k
is in feet.

When the natural stream data of Churchill et al. (1962)
are used to evaluate the constants in Equation (45), the

following equation is obtained,

_ U
k2 = 4.020 £§7§ (47)

The difference between the values of the constants, 3.053
and 4.020, can be attributed to the difference in channel

geometry.

Summary on stream reaeration - Churchill et al. (1962),

Krenkel and Orlob (1963), Thackston (1966), and Isaacs
and Gaudy have all presented empirically derived eguations
relating the reaeration rate constant to various hydraulic

variables.

O'Connor and Dobbins (1958), and Dobbins (1964), on
the other hand, have developed theoretical relationships
between the reaeration coefficient and the physical parame-
ters of streams and channels. In evaluating these theoreti-
cal relationships, M. Owens et al. (1964) stated "...
although these equations were derived by a rational pro-
cedure, there is a degree of empiricism in them." Using
Dobbins equation, Equation (32), it is most difficult to

evaluate the numerical values of the parameters involved,



29

and the results obtained using the O'Connor-Dobbins formu-
lation, Equation (27), did not always agree with those ob-
served in the laboratory and field studies, as noted by
Diachishin (1958). The discrepancy could be attributed to
some of the assumptions used in the development of the

equation (Pearson, 1958).

Thus, only the models of Isaacs and Gaudy, Thackston,
and Krenkel and the formulation of Churchill, will be
examined further, by testing them against the experimental

results from this investigation.

Prediction of Longitudinal Dispersion Coefficient

A subsidiarv objective of this investigation was to
test some of the models used by previous investigators
for prediction of k2 , with no wind blowing over the
water surface. To accomplish this objective, an empirical
equation is needed to predict the longitudinal dispersion
coefficient, in a two-dimensional uniform open channel
flow, using a measurable hydraulic parameters. In this

section a rather brief theoretical consideration will be

presented for predicting DL

Dispersion in open channel flow - G. I. Taylor (1954)

presented the first important study of dispersion in tur-
bulent shear flow, where he asserted that although the main
mechanism of dispersion in shear flow is the variation in

convective velocity within the cross section, the process
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could be described by a one-dimensional Fickian diffusion

equation,

aC 3C _ 32C
sE ¥ U gy =Py = (48)

where C is the concentration averaged over the cross
section; U is the cross-sectional average of the discharge
velocity; x denotes the distance coordinate in the direc-
tion of flow; t represents the time, and D, is the
longitudinal dispersion coefficient.

The agreement between the Fickian theory and experi-
mental observation is poor, according to Sayre and Chang
(1966), they found a discrepancy between the time-concentra-
tion curves predicted by the Fickian diffusion equation and
those observed by the laboratory investigations.

Taylor, using a 3/8-in.-diameter pipe, performed his
analysis using an empirical velocity distribution and
assumed that the turbulent eddy diffusivities were isotropic
and could be defined by the Reynolds analogy, which states

the equivalence of mass and momentum transfer. Tavlor

expressed the effective dispersion coefficient as,

Dy = 10.06 a u, (49)

where a is the pipe radius, and u, represents the
average shear velocity, /ro/p , wWhere Te denotes the

wall shear and p 1is the fluid mass density.
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Attempts have been made to extend Taylor's formula
to open channels by substituting 2R for a in the above
formula, in which R 1is the hydraulic radius.

Elder (1959), employed the von Karman-Prandtl loga-
rithmic velocity distribution, which applies to both smooth

and rough boundary conditions,

U, y
U(y) =U+ — (In gt (50)

and the Reynolds analogy, arrived at the equation

3 6

K

D. = [0'404+ﬁ}h u, (51)

where « 1s the von Karman constant and h is the normal
depth.
Sayre and Chang (1966), using a parabolic velocity

distribution function,

_ dx y? Y
U(y) = U + == (-3 T + 6 h - 2) (52)

and the eddy diffusivity

obtained the following expression for D,

_10.457 _ «
Dy = [ r + 6] hug (53)
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From their experimental data, Sayre and Chang reported
a close agreement with Equation (51) for conditions of a
logarithmic velocity distribution in the vertical and no
lateral velocity gradient.

To verify Elder's application of Taylor analysis,
Fischer (1967) reported his studies in flows which
approximated the two-dimensional infinitely wide assumption.
Experiments were done using channels with smooth bottoms and
rough bottoms. The bed shear velocity with rough bottoms
was obtained by application of the side-wall correction pro-
cedures given by Vanoni and Brooks (1957). Fischer pre-
sented the following empirical equation describing Dy s in

a two-dimensional open channel flow with a rough bed,

D, = 14.6 h u,, (54)

where Uiy, denotes the bed shear velocity, by side wall
correction method. The constant 14.6 represents the
average values of DL/hu*b , for the runs with a rough bed.
The discrepancy among Equations (49), (51), and (53)
is partly explained by the different velocity distribution
assumed by each investigator. When Taylor's empirical
velocity distribution is applied to an open channel,
DL/hu* is approximately 11.7. However, if Elder's loga-
rithmic distribution is applied to pipe flow, DL/au* is
5.84. Thus, the numerical difference between Taylor's
result and Elder's is primarily caused by the velocity

distribution. Equations (51) and (53) were obtained for
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two-dimensional flow, with the only difference being the

velocity distributions.

The Wind-Water Surface Interaction: Consequences““

The interaction between wind and a water surface seems

to have been considered in the literature from two points

of view. 1In one, the water surface is regarded as a bound-
ary of the same general nature as a solid boundary, with
negligible velocity relative to that of the air, with the
result of an interfacial shearing stress. From this point
of view the principle problem is to determine the charac-
teristic roughness length of the water surface.

On the other hand there is a growing body of litera-
ture (Eckart 1953; Ursel 1956; Phillips 1957; Miles 1957,
1959; Benjamin 1959) in which the problem of wave genera-
tion by wind is treated.

In this section a rather brief physical interpreta-
tion of the interaction between the wind and the water
surface is presented. The processes of wind induced
current and waves with their effect on the state of tur-
bulence in the water is presented first. Then a method to
estimate the shearing stress at the water surface is

outlined.

Consequences: Turbulence - When wind blows over the

surface of water, a tangential surface stress exists at
the wavy interface and the air drags water along. Because

of the non-vanishing viscosity of the water, this current



34

gradually deepens. The increase in water velocity, then,
could be associated with an increase of turbulence, and
with a corresponding increase in the turbulent diffusion.
The increase of turbulent diffusion, due to the wind induced
current, was observed by Masch (1963); he reported an ex-
ponential relationship between the surface current and the
diffusion coefficient.

If the waves grow to the point where they start
breaking, an increase in the turbulent intensity and
energy dissipation will occur, especially near the surface.
The turbulence near the surface is invigorated by the
injection of sporadic energetic bursts of small-scale
turbulence as the waves break. These bursts diffuse down-
ward to some extent, decaying as they go. The energy supply
from these motions can account for a substantial fraction of
the total energy flux from the wind.

Estimation of the water surface shear stress -

Sinusoidal traveling waves formed on the water surface,
due to wind, perturb the air flowing over them (in their
direction of propagation) by undulations. These produce
an air pressure distribution, which at any level is
greatest over troughs and least over crests. Just above
the water surface, the air is moving a little faster than
the wave velocity, but, as it creeps forward from over a
crest to over a trough, it is turned back by the higher
pressure, moves down and returns toward the crest. Quan-

titatively, the downflow ahead of the crest must be such
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as to provide a "vortex force," (an effective force per
unit volume of fluid equal to its density times vorticity,
w r times the vertical velocity, v , and directed at
right angles to the velocity), balancing the pressure
gradient. This force, induced by the pressure difference
between the wind-ward and lee side of waves, was called,
Jeffreys (1925), a form drag. To this form drag, Jeffreys
added the tangential drag, associated with skin friction,
to give the total drag imposed on the water surface.

For air velocities below the critical velocity, no
ripples will appear on the water surface and the skin
friction is the predominant part of the drag. With an
increase in air velocity, waves are generated and, con-
sequently, an increase in friction results, as reported
by Keulegan (1951) in his laboratory investigations. For
high wind velocities, the drag will consist mainly of form
drag, and could be expressed by the sheltering coeZficient,
s , of Jeffreys (1925) as

¥ = Sp Vz.d..?'_

s a dx ' (55)

where Pa is the air mass density; V is the air velocity;
a 1is the wave height, and da/dx represents the rate of
change of wave height with respect to distance. Munk (1955),
reported that da/dx 1is approximately proportional to V ,

and therefore,



36

According to Hidy and Plate (1966), for air velocities

greater than 2 meter/sec,

T /o, = ugs - 340 % 10~

v3 (56)
S a

where Uy g and V are given in meter/sec. The above
equation was deduced from a collection of data, determined
using the wind-tunnel facility at Colorado State University.

From Equation (56) one can express the surface shear

velocity as

3/2

u, = 0.0185 V (57)

where u, and V are given in meter/sec.
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Chapter III

THEORETICAL ANALYSIS

In this chapter a theoretical development of an equa-
tion for estimating oxygen absorption rates, applicable to

natural streams and rivers with wind blowing, is presented.

Development of the Formula

The literature review on the theories of gas absorp-
tion, Chapter II, revealed that the assumption of an effec-
tive turbulent diffusion coefficient, at the interface,
other than molecular diffusion, as the controlling factor
in the interface mass transfer suggests itself for a better
physical interpretation of the gas absorption process. Thus
the physical model that will be adopted in the development
of the equation consists of interfacial layers of water that
absorb gas at a rate proportional to an effective diffusion
coefficient at the interface, and that this surface water
is then carried into the main body of liquid by the action
of turbulence beneath the water surface. The rate of sur-
face renewal, r, is assumed to be directly related to the
state of turbulence occurring in the body of water. With
these concepts, an expression for k2, Equation (18), was
formulated [Krenkel (1960, Krenkel and Orlob (1963),
Thackston and Krenkel (1965)] as follows

D
k., o —
v

2 r (18)

where DT -is an effective diffusion coefficient at the



38

interface; v 1is the kinematic viscosity, and r is the
rate of surface renewal.

Adopting the physical concept that the interfacial
layers are carried into the main flow by the action of the
vertical turbulence in the water, Krenkel considered the
rate of surface renewal to be the turbulent diffusivity
divided by the square of appropriate length scale. The
channel depth was used as the most appropriate scale

parameter. The resultant expression for k was

2

o
{)kcl

I
k, = 5=

(58)

where B& is the average, over depth, of the turbulent
diffusion coefficient of mass, and h is the depth of flow.

Estimation of 5& - The Reynolds analogy, which states

the equivalence of mass and momentum transfer, implies that
the coefficient of turbulent diffusion of mass in the verti-
cal direction, Dy’ is approximately equal to the coefficient
of turbulent diffusion of momentum in the vertical direction,
Ey' Thus, E& can be considered as a measure of the
average rate of vertical mixing of mass. Employing the loga-
rithmic velocity distribution in a free open channel flow,

an expression for Ey could be formulated [Sayre (1968),

Al-Saffar (1964), Thackston (1966)]
—_ kh
e, = & Vrb7p (36)

where « denotes the von Karman constant; is the

b
channel bottom shear stress, and o 1is the mass density of

water.
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In the water, with wind blowing over the surface, we
assume a logarithmic velocity profile except in the thin
layer at the surface. At the water surface there is a
linear segment representing the drift current. A typical
velocity profile (from Drake, 1967) is shown in Figure 1
which shows a comparison of this postulated profile and data
from the Colorado State University Tunnel-Flume. The justi-
fication for the above shear flow come from the measurements
of Vanoni (1946) in free water flow in channels and Plate
and Goodwin (1965) in the wind water facility at Colorado
State University.

Plate and Goodwin found that the major part of the
velocity profile could be represented quite well by a

logarithmic law of the form

U
—4¥) _ 6,06 log L + C (59)
Uy h
where U(y) is the water velocity at a distance y from

the bottom; wu, is the water shear velocity, and C
denotes a coefficient that characterizes the roughness of
the channel floor.

In their evaluation of the above velocity distribution,
Plate and Goodwin stated that

"The velocity distribution should extrapolate
to reach the water surface drift velocity at
y/h = 1. This would require a more rapid increase
of the velocities near the water surface than can
be obtained from an extension of the logarithmic
distribution law. However, this increase is not
evident in the data. Therefore, the effect of the
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wind stress leads to a rapid increase of the veloci-
ties only within a thin layer close to the surface,
unless of course, the trend is hidden in the

scatter of the experimental data."

From their laboratory study of the influence of wind
on open channel flow, Plate and Goodwin reported further
that the shear velocity, u,, in Equation (59) did not agree
with the shear velocity calculated from the bottom shear
stress, Tt but agreed with a shear velocity based on the
net shear stress, T4 acting on the body of water. Thus,
and in view of Equation (36), the average, across depth,
of the momentum transfer coefficient, e, can be expressed

as

EY o VTd7p h (60)

where T4 denotes the net boundary-shear-stress acting on
the body of water.

To determine the boundary shear stress, Tqr the free
body diagram, Figure 2, showing the forces on moving
water with wind in a two-dimensional uniform channel flow,
is used.

The force summation in the x-direction per unit width

is:
2 A 2 P
” %T +Ph+ t  dx + yh S_ dx - y %7 = I = %§ dx)h

-ty dx - 2t ( % ) dx-= 0

which reduces to:
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h - 12k
T t er (S) -ty ™ g™ np (So + Y ax) (61)
dw

- v ]

where T is the bottom shear stress:; Tg is the water

surface shear stress; T denotes the shear due to the
weiqhT Yp = 62.4 lo/H?

channel side walls; vy is the specific grawvity of water;

SO is the slope of the energy gradient (slope of the

channel in uniform flow); g represents gravitational

acceleration; dP/dx is the air pressure gradient in the

longitudinal direction, and b is the channel width.

For economy in writing, we shall adopt the notation

N 1 dp
S5¢ =S, * o9 &« (62)
and
'q
u*c = —p— = —V ghSc & (63)
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It is worth noting that the right side of Equation (63)
consists of quantities which can be measured directly.
Substituting Equation 63 into Equation (60), the expres-

sion for Ey becomes

€t 2D au,h . (64)

Estimation of Dp - In order to express the effective

turbulent diffusion coefficient at the interface, in terms

of some hydraulic parameters that would characterize the
turbulent flow in the region, we assume [Monin (1959),

Levich (1962), Schlichting (1965)]

D, = «

T uref 1ref

where « 1is a constant of proportionality, and U..¢ and

1 are suitable velocity and length scales.

ref
In our case we consider the surface shear velocity

as a good measure of the intensity of turbulence at the

surface. Also, we consider the thickness of the boundary

layer, developing in the water due to the surface current,

as the reference scale.

To show the development of the water boundary layer,
and it's variation with fetch; let us take first the case
of a laterally enclosed body of water with the wind blowing
along it's surface. The drag exerted by the air flow first
gives rise to an acceleration of the water particles near

the surface. With increase in fetch, particles at deeper

layers are set in motion. Then, for this enclosed body of
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water, a return current is generated near the channel bottom,
which is required by conservation of mass. This wind in-
duced velocity distribution, and the variation of the resul-
tant boundary layer, & , with fetch is illustrated in the

following diagram (from Plate, 1969).

< Leading Edge
e

\\
\_\
S

MMr&mmw7 T —— "
Layer -

Figure 3. Distribution of wind driven currents in a
standing water.

The thickness, 6§ , is based on the height where the current
velccity u(y) is equal to the maximum water current
velccity, u -

When the wind blows over the surface of a free flow
of water, the velocity distribution in the water consists
of the interaction of the distribution shown in Figure 3
and a lcgarithmic velocity distribution. For long fetches,
the velocity distribution in the channel becomes indepen-
dent of fetch, with the exception of small depth changes

which are caused by the water surface condition. Then the
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boundary layer thickness, § , is almost constant. Conse-
quently, for a uniform flow, the ratio of & to h is
constant. 1In his recent study of water surface velocities
induced by wind shear, in a standing water, Plate (1969)
reported that in this region § * 0.9 h. Thus, if we
assume & is proportional to the mean depth of flow, h,

the expression for DT becomes

D h . (65)

< u
T *s

The prediction equation for reaeration with wind -

Comparing Equations (58), (64), and (65), the resultant

expression is

u, h u,
- S @
k2 s sy o (66)

where C 1is some constant of proportionality. Denoting

the group u*sh/v by msh, shear Reynolds number, then

k, = CR E:E . (67)
2 sh h

The above proposed formula is basically a prediction
equation, and not an explanatory equation. In developing
Equation (67), three separate assumptions were used. These
are represented by Equations (58), (60) and (65). The
development, with the assumptions used, is amenable to
experimental examination. If the hypothesis used in formu-
lating the equation is true, then C is a true constant

and should not vary with the flow variations.
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The surface shear velocity, u*s , will be calculated
from Equation (57); however, all other quantities in
Equation (67) will be laboratory observed. The constant,
C , will be evaluated by the statistical analysis of the

observed data.
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Chapter IV

EQUIPMENT AND PROCEDURES

This study was carried out in the Wind-Water Tunnel,
Fluid Dynamics and Diffusion Laboratory, Colorado State
University. The main objective was to determine the effect
of wind on the reaeration rate constant in open channel
flow. A subsidiary objective was to test the models used
by the previous investigators for prediction of k2, with
no wind blowing over the water surface.

The general procedure with and without wind, was first
to set up the desired uniform flow conditions in the flume.
Then the details of the flow field were measured. Individ-
ual reaeration runs were made by measuring the oxygen con-
centrations as a function of time at the beginning and the
end of the test section. For each run, with air blowing
over the water surface, the water surface displacements
were recorded at six different locations in the flume.

The equipment consisted of the basic facility, the
water surface gauge, a Beckman laboratory oxygen analyzer,

and the device for measuring air velocity.

The Wind Tunnel Flume Combination

The flume - The laboratory flume used in this study
is shown in Figure 4. It consists of truss supported
channel which has a 52-ft long test section. The trusses
can be rotated around a pivot by means of a screw driven

support at the end of the facility.
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Water enters the facility from the inlet section which
consists of honeycomb screens. The screens serve as an
effective diffuser for the incoming water, and at the same
time act as wave dissipating beaches. The water flow is
controlled by a pinch valve located in the supply pipe.
The water leaves the test section through a honeycomb
beach and returns to the sump through a metering orifice
which has been calibrated in place. The pinch valve in
the return pipe serves as a tailgate to control the depth
of water in the test section. From the sump, the water
is conveyed back into the channel by means by a three
speed pump. The pump is kept at stable operating loads
by means of a by-pass, controlled with a butterfly wvalve.
At the discharge end of the pump, there is a five foot
long piece of dredge hose which is capable of taking up
the tilting of the system and of damping vibrations which
are transmitted from the pump.

The air flow is controlled by a thirty-six inch
commercial fan which is directly connected to a 15 HP
induction motor. Wind speeds of 0 to 50 fps can be
obtained bv remotely adjusting the pitch of the fan
blades. The air is taken in from the laboratory building
into the entrance section. The entrance section has a
bell-shaped circular inlet, two screéns and a contraction
cone where the air is accelerated and shaped into a jet
with rectangular cross section. The contraction cone was

molded in fiberglass.



50

Downstream from the test section the air flow is led
through a honeycomb which eliminates asymmetry of the air
velocity distribution. The air passes into the fan through
a diffuser in which the duct cross section is changed from
square to round. The air is discharged through an outlet
cone into the laboratory building.

The air and water flows are both essentially three
dimensional. However, in order to avoid excessive com-
plications, we assumed a two-dimensional flow. In order
" to maintain the flow in the water as two-dimensional as
possible, the ratio of the water depth to the channel width
was kept small (to a maximum of 0.25), and the bottom of
the channel was roughened. A picture of the wind-water

tunnel is shown in Figure 5.

Bed roughness - Bottom roughness for the experimental

channel consisted of expanded meshes, as shown in Figure 6,
which were screwed to the plexiglass bottom of the channel.
The observed value of the Darcy-Weisbach resistance coeffi-
cient, for the bottom roughness used, is about 0.069, for a

flow depth of 0.385 ft and an average velocity of 1.02 fps.

Air Flow Measurements

A Dawyer 1/8-inch OD pitot tube was used to measure
the mean air velocity. The probe was placed about 10 ft
from the upstream end of the channel test section, and

about 30-inch above the channel bottom. The mean air
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Fig. 5 -The CSU Wind-water Tunnel
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Section
NOMINAL LENGTH | WIDTH | THICKNESS | DEPTH
WIDTH A B c D
.o" 2.00" 0.92" 0.093" 0.197"
Fig. 7- Characteristics of Roughness Meshes
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velocities measured at this location were used as reference
velocities. The wind data in this study were taken at
three reference velocities of 22 fps, 30 fps, and 38 fps.
To calculate the air flow, the pitot tube was con-
nected to an electronic micromanometer, Transonic Equibar
Type 120, which was calibrated against a standard water

manometer.

Measurements of Water Surface Elevations

A capacitance probe with a 32-gauge nyclad insulated
magnet wire was used to continuously measure the water sur-
face displacement at a given fetch as a function of time.

A sketch of this device is shown in Figure 8. The wire

was stretched vertically across the flume in the center

of the cross section. The water and the wire act as two
"plates" of a condenser, and the wire insulation as its
dielectric medium. The difference in capacitance, due to
the water depth, was measured by a capacitance bridge
developed in the Engineering Research Laboratory at Colorado
State University. The output signal of the CSU capacitance
bridge was recorded by a dual channel Brush chart recorder.

The output from the bridge was calibrated against the
water depth after each series of experiments. A linear
relationship between water depth and the output voltage of
the capacitance bridge was obtained by changing the water
depth slowly and steadily. Figure 6 illustrates this

linear relationship.
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From the wave records, the following wave properties
were computed: average wave height, H ; the average
wave length, X ; the frequency of significant waves, £ ,
and the wave speed relative to a fixed reference system,

. -
e

Measurements of Dissolved Oxygen Concentrations

Two Beckman oxygen analyzers, model 777, were used
in measuring the dissolved oxygen concentrations in the
water. One instrument was located at the upstream end of
the test section and the other at the downstream end of
the test section.

Two basic units - a sensor and an amplifier - form
the analyzer. The sensor detects the oxygen concentraticn,
and the amplifier amplifies and attenuates the sensor signal,
which may be read directly on the meter or used to drive a
0-50 mv recorder. In this study, however, the output
signal was fed to a Hewlet-Packard 3440 A Digital Voltmeter
and 3443 A High Gain Auto Range Unit, where a higher accu-

racy was attained in reading this output signal.

The sensor - The sensor, 2 1/2- inches long and

1/2-inches in diameter, was connected to the amplifier by
a 48-inch cable. The sensor consists of a gold cathode
separated by an epoxy casting from a tabular silver anode.
The anode is electrically connected to the cathode by a

layer of potassium chloride gel. The entire anode-cathode
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assembly is separated from the sample by a gas-permeable
Teflon membrane which fits firmly against the cathode
surface. The inner sensor body is contained in a plastic
housing and comes in contact with the sample only through
the Teflon membrane. When oxygen diffuses through the
membrane, it is electrically reduced at the cathode by an
applied voltage of approximately 0.8 volts. This reaction
causes a current to flow between the anode and cathode
which is proportional to the partial pressure of oxygen

in the sample.

The sensor was fitted into a l-inch plexiglass cube
so that the tip of the sensor ends at a 3/8-inch threaded
hole drilled in the cube, where the water sample passes
by. The sample was led from the sampling probe to the
sensor through a 2-ft plastic tubing. The sensor fitting
and the hydraulic circuit of the water sample is shown in
Figure 9.

A sketch of the sampling probe and its arrangement
in the flume is shown in Figure 10. To insure good averaging
over a horizontal plane, it was designed to have a 2 1/8"
x 5/16" opening, and the throat section was provided with
directing vanes to draw water at a uniform rate. The con-
nections of the sensor to the sampling probe is shown in

Figure 11.

Calibration of the Beckman's oxygen analyzer - Each

Beckman instrument was calibrated against the conventional
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Fig. Il -Methods of Sampling and Connections
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Winkler method for analysis of dissolved oxygen; such a
calibration curve is shown in Iigurc 12.

The general proccdurc used in collecting and analyzing
the sample by the Winkler method was:

a. Sample was taken in 300 ml volumetric flask,
by means of the sampling probe. The water was allowed to
flow into the flask until two or three volumes had been
displaced, after which the glass stopper was inserted.

b. The fixing regents were added. These regents
were one pillow of manganous sulfate powder and one pillow
of alkaline iodide powder.

c. The glass stoéper was reinserted in a manner
as to exclude all air bubbles. The bottle, then, was
shaken to dissolve the powder and mix the floc that is
formed. Then the floc was allowed to settle about half
way down the bottle.

d. The stopper was removed and one pillow of
sulfamic acid powder was added to the sample bottle. Then
the mix was reshaken until the floc was dissolved; a
yvellow color developed if oxygen was present.

e. A 200 ml graduate was filled with the solu-
tion from the BOD bottle. This solution was then poured
into a 300 ml erlenmeyer flask.

f. Using the standard PAO solution, the sample
was titrated until it was pale yellow.

g. A 2 ml of starch indicator solution was

added, and a blue color was formed..
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i. The titration was continued until the blue
color just disappeared. The ppm dissolved oxygen is equal
to the number of mls of PAO used.

When each sample was collected for analyzing by the
Winkler method, the Beckman output was recorded and thus
a calibration curve of the Beckman reading versus the

conventional Winkler method was obtained.

Measuring Devices

The water discharge was determined by measuring the
head drop across a calibrated orifice plate located in the
discharge pipe. Calibration of this orifice was accom-
plished by removing the discharge pipe, orifice and pinch
valve included, from the flume and installing the whole
system in a calibration stand designed for this purpose at
Colorado State University's hydraulic laboratory.

The water surface profiles, corrected for air pressure,
were read from a manometer board that indicated the change
in total pressure from thirteen equally spaced, 4-feet,
bottom piezometer taps along the length of the flume.

The water depth was measured directly from scales
attached to the side walls, with an accuracy of 0.02 inches.

The air pressure gradient was determined from pressure

readings taken from thirteen taps in the top of the tunnel.

Measurement of the Reaeration Coefficient

The Adeney-Becker equation, Equation (5), implies that
if the oxygen concentration at any point is continuously
measured, a plot of the log of the oxygen deficit, D, versus

time, results in a straight line.
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The reaeration rate constant , k2 , can be deter-
mined between any two points along the channel, separated

by a time of water travel, t_ , by applying Equation (6).

Experimental procedure -- A typical procedure for

measuring k2 was as follows:

a. In order to deaerate the water in the system, a
120-liter plexiglass auxiliary tank, with two hand mixers,
was used to mix the required amount of sodium sulfite
with a cobalt catalyst. The stoichiometric quantity of
sulZite ion required to react with the oxygen is 7.9 mg
of sodium sulfite per liter per milligram of dissolved
oxygen per liter. About 125 percent of the stoichiometric
quantity of sodium sulfite necessary was added.

b. The chemical solution was drained into the system
at the upstream end of the recirculating pump.

c. After closing the upstream pinch valve, the pump
was turned on, so that the water of the flume system re-
circulated from the reservoir through pump and by-pass
back to the reservoir.

d. When the auxiliary tank was completely drained,
the upstream pinch valve was opened to allowvthe deaerated
water to flow into the flume. Then the system was al-
lowed to run for 15 to 20 minutes to eliminate any steep
concentration gradients produced while pumping the water

into the flume and to oxidize any remaining sodium sulfite.
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e. The pinch valves and the butterfly valve of the
by-pass were adjusted to give a uniform flow at the de-
sired conditions.

f. After the uniform depth had been established, the
Beckman oxygen analyzer was used to observe the dissolved
oxygen concentration every fifteen minutes at the be-
ginning and the end of the test section. The dissolved
oxygen concentration was subtracted from the saturation
value for the existing barometric pressure and water
temperature during the experiment. The values of satura-
tion oxygen, given by Churchill (1960), were used in this

investigation.

Data Collection

After confirming experimentally that there was no
detectable dissolved oxygen variations in the vertical
direction, data was collected for runs with and without
wind.

Reaeration with no air blowing-- After establishing

a uniform depth for the desired conditions, the following
data were recorded in each run:

a. Dissolved oxygen concentrations were measured at
the entrance of the test section and at the second station
downstream in the test section. Readings were taken every

fifteen minutes over a period of 135 minutes.
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b. Barometric pressure and the water temperature
were read and recorded every fifteen minutes.

c. Water discharge was determined by measuring the
head drop across the calibrated orifice plate.

d. Channel slope. The slope was determined by closing
the entrance and exit pinch valves, with the pump off, and
filling the test section with water. Then the water depths
were measured at intervals and plotted versus distance. The
slope of the best fitting line through the data equals the
slope of the channel bottom. The static water surface
served as a perfectly horizontal datum. For water flowing
at constant depth, the channel slope was used as the slope
of the energy grade line. Two channel slopes were used
in this work, 0.001 and 0.00043.

e. Water depth was read from the scales attached
to the sidewalks of the flume. Six uniform depths were
used for each slope within the range of 1.90 to 5.73

inches.

Reaeration with the air blowing-- To establish nor-

mal depth with wind blowing and waves obscuring the aver-
age water level, an auxiliary procedure was adopted.
First, the manometer readings were taken for normal flow
with no wind, to obtain the slope which must be observed
on the manometer board when normal depth is reached during

wind conditions. When wind was started, the resulting
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action was a decrease in the normal depth, which necessi-
tates a little increase in the discharge to raise the deoth
until the manometer readings were the same for normal depth
with and without wind.

After establishing uniform depth for the desired
condition, the following data were taken in each run.

a. Oxygen concentrations.

b. Barometric pressure and the water temperature.

c. Water discharge.

d. Channel slope. The same two channel slopes as
in the case of no wind, were used.

e. Water depth.

f. Reference air velocity. For each channel slope,
three wind velocities were used, namely: 22 fps, 30 fps
and 38 fps.

g. Air pressure gradient. This was measured for
each wind velocity. A Transonics Equibar Type 120 pressure
transducer was used for determining the air pressure gradi-
ents from the 13 pressure taps in the ceiling of the
channel.

h. Distance between the two sampling stations. Three
distances were used, for each wind velocity, of 28-feet,
36-feet, and 44-feet. The beginning point of the test sec-
tion was the same for all three lengths (4-feet from the

channel inlet).
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i. Wave records. Six wave records were taken for

each run, at fetches of 8, 16, 24, 32, 40 and 48 feet.
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Chapter V

DATA REDUCTION TECHNIQUES

The purpose of this chapter is to describe the proce-
dure used in the reduction of the experimental data. A
summary of the experiments which were performed is given
first, and then the method used in computing k2 is pre-
sented. Finally the methods used in estimating the longi-

tudinal mixing coefficient, D and the water surface shear

LI

velocity, Uy g s is outlined.

Summary of Experiments

Reaeration studies, made with no wind, were desig-
nated by series 1 ; those made with wind are called
series 2.

In series 1, the reaeration rates were measured with
the use of one distance between the reference downstream
station of 44-ft.

In series 2, three distances were used of 28, 36 and
44-ft. The reference station for the measurements was
held at a fixed point in the flume ( 4-ft. from the flume's
inlet ). This reference point was labeled point 1. The
end points of the 28, 36 and 44- ft. distances were labeled

points 2, 3 and 4 respectively. Then, section 1-2, sec-

tion 1-3 and section 1-4 refer to the 28, 36 and 44-ft.

distances respectively. The locations of the points in the

flume are shown in Figure (13).
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Figure (13) -- Locations of Sections in the Flume

Since the air velocity and the wave properties
(height and length) varies with fetch, three short sec-
tions, where the variations of these parameters are

small, were used to define local wvalues of k These

2.
sections were : section 2-3, section 3-4 and section 2-4.

The local air velocities, V1 , in each section were com-
puted from the measured values of the reference air velo-
city, V, and the air pressure gradient, by applying
Bernoulli's equation. The representative value of wave
height in a section was taken to be the average of the

two values of "H" , measured at the two ends of the sec-

tion. To compute the k2 values in section 2-3 , for

example, the following simple relationship was applied

8 ky (2-3) 36 ky (1-3) 28 ky (1.2)



70

where k., (1-3) is the observed k, value in test section

1-3 with length of 36 ft.,at a given air velocity;

ko (1-2) is the observed value of k, in test section 1-2
with length of 28 ft.,at the same air vélocity; and

ko, (2-3) denotes the reaeration rate constant in section
2-3 with length of 8 ft., for the same air velocity. The
same technique was applied in computing the k2 in section

3-4 and section 2-4.

Determination of k, for a Given Distance

For a given distance, the concentration of dissolved
oxygen, at intervals of time, was observed at both ends
of the section. Knowing the existing barometric pressure
and water temperature, during each observation, the dis-
solved oxygen deficit was determined as a function of time
at each end of the section. A plot of log D versus time, at
the beginning of the section, on a semilog paper, results
in a straight line. The same plot for the end of the sec-
tion will result in a second line parallel to the first.

A least square analysis was performed, on all of the
data for each experiment, to determine the best fit line.
The deficit at the beginning of the section was determined
from the first line, at any time "t". The deficit at the
end of the test section, at a time t + to (to is the

time of flow between one end of test section to the other),

was determined from the second line. Then the reaeration
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rate constant was computed by applying Equation (6). The

results from a typical experiment are shown in Figure (14).

Estimation of Dy,

D;, as a function of shear velocity--It has been shown

in Chapter II that for two-dimensional open channel flow the
longitudinal dispersion coefficient is proportional to the
product of depth and the shear velocity. However, different
values for the constant of proportionality have been re-
ported. The discrepancy is partly explained by the differ-
ent velocity distributions employed and by the different
methods used in measuring the values of DL.
The depth-width ratios in this experiment were about
the same as in the experiment of Fischer (1967). In addi-
tion, the bed friction factor in this experiment was close
to those reported by Fischer for runs with rough flume
bottoms. Because of these hydraulically similar conditions,
the longitudinal dispersion coefficient for this investi-
gation was obtained by applying Fischer's empirical equa-
tions, describing DL in a two-dimensional open channel

flow with rough beds.

Dy = 14.6 R u,, (54)

In the above equation, Uy, Wwas calculated by apply-
ing the side-wall correction given by Vanoni and Brooks

£1957) s
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Estimation of Uy g

Uy, as a function of v3/2 . this investigation,

the water surface shear velocity was obtained by applying

Equation (57), where

3/2

u = 0.0102 Vl

g for VvV > 6.5 ft/sec. (68)

In the above equation Uy g and the local mean stream velo-
city, Vl , are given in ft/sec. This empirical formula
was originally given by Hidy and Plate (1966). They de-
rived it from a direct momentum balance relating the aver-
age slope of the water surface to the pressure gradient in
the air towards the downstream direction for a well devel-

oped pattern of small wind waves.
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Chapter VI

RESULTS AND DISCUSSION

This chapter begins with the presentation and
examination of the results of the reaeration studies with
and without wind. Then the results and discussion of the
water surface properties are given. Finally, the effect
of the water surface properties on reaeration are out-

lined.

Reaeration in Series I (Without Wind)

Reaeration as a function of velocity and depth-- A

correlation analysis of the laboratory data was performed

to evaluate the constants in Equation (45) , where

k, = C' g™ gP (45)

The preliminary analysis performed on the values of
the 12 different hydraulic conditions, depths and velo-
cities, gave m = 1.2063, and p = -1.3830.

To check the results from this investigation with

those of Isaacs-Gaudy (Equation 46) and those of Churchill

(Equation 47) , a second analysis of the data was performed
using
_ U
k2 = ¢ 372

The analysis performed on the 12 experimental results

yielded the equation:
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k, = 3.182 L. (69)
R3/2
where U is in feet per socond; R is in feet; and k2 is
given in day_l . The correlation coefficient for the

above equation was 0.869.

The constant, C , in Isaacs-Gaudy's formula is
3.283 and in Churchill's formula is 4.020. This indi-
cates the constant determined using the field data of
Churchill is higher than the constant derived from the
laboratory data of Isaacs-Gandy and of this investigation.

The difference between the values of the constants,
3.182 obtained from this investigation and 4.020 obtained
from the natural stream data, could be attributed to the
channel geometry. In this investigation, the data was
taken in a rectangular channel with uniform depths while
the natural stream data was taken in irregular shaped
channels. 1In these irregular shaped streams, the method
to obtain a representative value of depths defined by the
stream discharge and mean surface width, has not been
firmly established. In addition, some of the field data
could have been taken under a non-steady condition.

Because of the reasons mentioned above, the data of
this investigation is not comparable to the field data of
Churchill.

In Figure (15), values of U/R3/2 , as determined
during this investigation, are shown as plotted versus the

observed values of k2.
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Figure (16) shows a comparison of observed k2 and
computed k, , from Equation (69) , using the data of
this investigation and data reported by Isaacs-Gandy. The
figure indicates that both data fit the predicting equa-
tion. The values calculated from the equation are re-
ferred to as the "predicted" coefficients; those computed

from oxygen data, as the "observed" coefficients.

Reaeration as a function of DL -- Krenkel (1960)

was the first to show that the reaeration coefficient,

k2 , may be related to the longitudinal dispersion coef-

ficient, D The fundamental equation was assumed to

L .
have the form

2
k2 = C DL/ R

where he considered DL as a measure of the frequency of
collision of gas molecules with surface water layers.
The analysis on the data from this experiment yielded

the following predictive equation

- 2
k, = 0.000053 DL/ R (70)

Comparing Equations 41, 42, and 70, we note that the
k2 values of this investigation and of Krenkel are about
3.5 times those of Thackston. Krenkel and Thackston

noted the 3.5-fold difference in the constants, where
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Thackston stated that after checking over Krenkel's data,
no mistakes in procedures or mathematics were discovered,
and that no explanation for the apparent differences could
be found.

It is worth noting that the channel width used in
this investigation, 2-feet, is the same as that of Thack-
ston, but it is twice the width used by Krenkel. However,
the depth-width ratios used in this investigation are
several times larger than those reported by both investi-
gators. It is not clear why Thackston's data and those
of both Krenkel's and this investigation are significantly
different.

In Figure (17), values of DL/ R2 as determined
during this investigation are shown plotted versus the
observed values of k2' The high correlation coefficient,
which is 0.955, lends weight to the general validity of
Equation (70).

Figure (18) shows a comparison of observed k. and

2
predicted kz, from Equation (70), using the data of this

investigation and the data reported by Krenkol.

Reaeration as a function of shear velocity-- Thack-

ston formulated the following expression for kz, in rela-
tion with u, :

Uy
k2 = C g | (35)
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When the above equation was tested by correlation
analysis of the laboratory data, from this investigation,
the following equation was obtained:

u*b

in which Uy, is the water shear velocity calculated by
applying the side-wall correction procedure of Vanoni

and Brooks (1957). We adopted this method, in determining
u, , because of the relatively large depth-width ratios
used in this investigation and because of the roughened
channel bed employed in the experiments. It should be
noted here that a hydraulic radius corrected due to the side
wall effect, Rb’ should be used instead of R. However, to
be consistent with the parameters used by earlier investi-
gators, the hydraulic radius R was adopted in the correla-
tion analysis. The systematic error induced by using R
instead of Rb , was calculated to be within the range of
8% to 20% , depending on depth of flow.

The k2 values of this investigation are larger than
those reported by Thackston by a factor of about 3.6.
This discrepancy is illustrated in Figure (19). It can be
seen that the predicted values, using Equation (71) are
lower than the observed values of Thackston. As already
mentioned, no explanation for the apparent differences
could be found. It is only apparent that a recheck of
Thackston's laboratory investigation is needed, with a

hope that the results will lead to a- fundamental
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understanding of the functional relationship between k2

and the hydraulic parameters.
In Figure (20), values of u*b/R as determined during

this investigation were shown plotted against the ob-

served values of k. with a correlation coefficient of

2
0.955.
Characteristics of the prediction equations-- 1In
Equation (69) , the reaeration rate constant was expressed

in terms of the two basic variables, U and R. These two
variables are independent of each other and, therefore,
neither the exponent of R nor of U is influenced by the in-
clusion of the other hydraulic parameters in the multiple
regression analysis, such as the channel slope So *

In Equations (70) and (71) both D and u,, are
strongly dependent on R. None of the exponents of these
variables can be relied on to give a true indication of

the effect of the corresponding variables on k In addi-

2"
tion, and as previously mentioned, that for a uniform two-
dimensional flow with no lateral velocity profile, the
longitudinal dispersion coefficient is directly related to
the shear velocity, Uy 7 and the depth, h , as illus-
strated in Equation (54). Consequently, Equations (70)
and (71) differ by a constant factor only. Both equations

are valid prediction equations, though they offer no ad-

vantages over prediction Equation (69).



86

Reaeration in Series II

Reaeration as a function of u, and u,  -- In
s c
chapter III a functional relationship between k2 r Usg
and Uy, was derived, Equation (67) , to define the reaer-

ation rate with wind blowing along the water surface. To
test this functional relationship against the laboratory

data, the fundamental equation was assumed to have the

form

q (72)

in which C? p and g are constants.
A multiple correlation analysis was performed on
the tabulated experimental data to determine the value of

the constants. This analysis produced the equation

8) l.0414 Yo

sh

k, = (2.66 x 10~ 40582

2 R

(73)

for which the multiple correlation coefficient was 0.9943.

The rather high degree of correlation between the
variables and the fact that p and g values are close to
1.0, as was suggested by previous theoretical considera-
tions, gives support to a theoretical form of the relation-
ship

u*c
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A second analysis of the data was performed using

Equation (67). The analysis yielded the predictive equa-
tion
-8 Uxc
k2 = (3.13 x 10 ) Rsh n (74)
where k, is given in sec ; u, is ft/sec., and h is
in fz. in which the correlation coefficient was 0.989.

Figure (22) shows the observed data in relation to the
computed regression line. The constant in Equation (74) is

a general dimensionless constant of proportionality.

Advantages of the developed equation-- The ultimate

objective of this investigation was to develop a practical
method to predict the rate of reaeration in natural streams
and rivers with wind blowing over the water surface, using
easily obtainable hydraulic parameters. Referring to
Equations (63) and (68), it can be deduced that Equation
(74) is based only on the independent variables...V, h,
%E and SO. All these parameters, except, perhaps, the
parameter %E are some of the simplest hydraulic variables
to measure. In the field, however, one can ignore %E .
The high degree of correlation between the variables,
and the fact that p and gq , in Equation (72), are close
to their theoretical value, lends weight to the general

validity of Equation (74) throughout the range of data.
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Applications of the equation--Equation (74) was

developed under the conditions of two-dimensional uniform
flow. The constant was evaluated using laboratory data
taken under ideal conditions, where neither synthetic de-
tergents, containing anionic surface-active agents, nor
sdurces or sinks of oxygen were present.

Equation (74) should be applied only to reaches with
unifcrm flow, where the hydraulic variables are considered
constant.

In applying Equation (74) it should also be realized
that surface active agents, such as detergents, may greatly
affect the results. The percentage reduction in the rate
of aeration attributable to the surface active detergents
depends on both the initial value of the oxygen absorption
rate and on the concentration of surface active agent.
Gamoson et. al. (1955) reported as much as a 50% reduction
in k2 for a concentration of two parts of active matter
per million parts of water. A corresponding correction
factcr must therefore be applied after the basic value of
k, has been calculated from Equation (74).

Equation (74) should also not be applied to stream
reaclkes where a significant quantity of "white water"
exists, where entrainment of air bubbles results in a
greater rate of reaeration than that predicted by the

proposed equation.
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The absolute lower limit for the range of applica-
tion of the formula is that of V = 6.5 fps, below which
the predictive equation for wu,  , Equation (68), is not
applicable (Plate and Hidy (1967) ). The upper limit is
when the air flow is so intense that the waves start
breaking. The condition of breaking waves is not in-
cluded in the model used in developing the proposed form-
ula. It will cause the rate of reaeration to substantially
exceed the rate predicted by the proposed equation. This
increase is:'partly due to the increase of rate of surface
renewal, i.e. as the crests of the waves break off, a new
layer of water is exposed to the air, and is instantaneous-
ly saturated with oxygen, leading to an increase in the
rate of reaeration. Furthermore, as the waves break, the
mass of fluid from the crest of the waves disintegrates
into spray which gets saturated before it drops and mixes
with other masses of fluid onto the surface. The result
is an increase in mixing, due to the spray impact, and a
higher oxygen concentration directly due to the droplets'
high oxygen concentration.

The constant in the developed equation was based on
observations with neutrally stratified flow; thus the equa-
tion should be applied to reaches in which no vertical

stratification exists.
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Properties of the Water Surface

The condition of the water surface should be an impor-
tant factor affecting the rate of reaeration. The proper-
ties of the surface waves, determined for this investiga-
tion, are given in Table (3). The symbols have been de-
scribed in the list of symbols with the units which were
used to describe the parameters.

The growth with fetch of waves in the channels is
reflected in two characteristic lengths, the average wave
height, H, and the average wave length A . The varia-
tions with fetch and wind speed of H and 1 are shown
in Figures (23) and (24), respectively.

It appears from Figure (23) that there is an initial
linear growth of waves with distance, followed by an ex-
ponential increase and a "leveling off" of growth levels
for the large fetches. However, at the low wind speed,
the calculated waves amplitude shows _little deviation from
the linear rate of growth. The results demonstrate that
on a qualitative basis the rates of growth of wind gener-
ated waves are compatible with the theoretical proposals
of Phillips (1957) and Miles (1957), which predict an ini-
tial linear growth followed by an exponential increase. A
"leveling off" in the wave growth will be attained when
the rate at which energy is transmitted from the air to
the waves is balanced by the rate of viscous dissipation

in the liquid. The dissipation of energy in small gravity-
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capillary waves is probably related to the action of vis-
cosity and surface tension. The loss by viscous forces

is prcportional to (ak)2 (Lamb (1932)), where a is the
wave height and k is the wave number. Longuet-Higgins
(1962) proposed a theory for the transfer of energy from
gravity waves to capillary waves. As a gravity wave
reaches its maximum steepness, surface tension effects be-
come important as a sharp crest develops. These effects
result in the generation of capillary waves at or near the
gravity-wave crests. Longuet-Higgins calculated the
steepness of the capillary waves and also estimated the
dissipation of energy by the capillary waves. The energy
dissipated by a capillary wave with height a, and wave

numbexr kC was found to be proportional to (az

k). a
leveling out in the growth rate of waves will occur, when
the action of these dissipative processes is balanced by
the input of energy from the air motion.

Another phenomenon common to all the results observed
is the decrease of the average frequency of the significant
waves, as distance along the flume increases. Figure (25)
shows the variation of "f" with fetch and V. The tendency
for the frequency to assume a constant value--as suggested
by the leveling out of slopes of the curves--must be expec-

ted as the growth of the lower frequency waves becomes re-

stricted by the limited water depth used in the experiment.
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Presumably, on deeper water, the frequency would continue
to decrease as longer waves are generated.

To account for the effect of the wave height, H ,
on the surface shear velocity, the variation of H and
Usg with fetch are shown in Figure 26, and the effect of
Uy, oOn H and f at a fixed position, is shown in
Figure 27. There exist some coupling between H and Uy o
that is, the initial wavelets are generated and developed
by the shearing stress and the shearing stress is in turn
increased by the generation and development of initial
wavelets. The increase of Uy g with fetch is shown to
be approximately linear. The change of H and f was
comparatively large when the values of U,  Wwere small.

With independent measurements of the water mean
velocity, U , the average wave length, 1 , it is
possible to determine if the mean wave speed relative to
a fixed reference system is greatly different from the
theoretical. The classical wave celerity for small ampli-
tude gravity waves, accounting for a mean velocity in the

water, is, for finite depth h , given by (Kinsman (1965))

. ko ,
Cy " tanh kh + S (75)
onto which the mean water velocity must be superimposed.
In the above equation: h is the depth of water; o and

p denote the surface tension and density of the water,

respectively, and k = 2n/)X is the wave number. Possible
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effects of viscosity or turbulent shear stresses, as
reflected in the nonuniform velocity distributions, are
disregarded by the equation.

An investigation of wave speed deviation from classi-
cal theory for gravity waves in moving water was made by
Francis and Dudgeon (1967), who made an attempt to deter-
mine a relationship between measured wave phase velocity
and the theoretical wave velocity based on wave length,

vs ¢+ U
t e !

taken from their paper is shown in Figure 28a. A plot

calculated from Equation (75). The graph of «c

similar to that of Francis and Dudgeon, was prepared from
the data and is shown in Figure 28b. The theoretical wave
speed was calculated from Equation (75) using the measured
wave length, and was plotted against the difference Ee = W
In all cases, the measured phase speed of significant waves

were larger than the theoretical values, c¢ This devia-

£ -
tion could be attributed to the increase in wave velocity
associated with surface drift, and to the fact that the
waves are finite in amplitude.

In a recent thesis, Trawle (1969) discusses results of
an experimental study of wave speed deviation from classical
theory for gravity waves in moving water. Trawle presented
an empirical analysis in an attempt to develop a correction
factor for wind wave phase velocity which could be applied

to the theoretical phase velocity. He poétulated an addi-

tive model of the form
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c -c, =a, +a.U+a,V

where a;r a and ag are constant. For concurrent flow,

2’

his analysis yielded thc following empirical equation

Eé - Cc, = 0.270 + 1.469 U - .0076 V (76)
Using the data of this investigation, a plot of
(Ee - ¢,) versus (0.270 + 1.469 U - .0076 V) 1is shown
in Figure 29. The small deviations of the data from the

1l:1 correspondence, indicates a good agreement between

our results and those reported by Trawle.

Roughness Effect on Reaeration Rates

Experimental results clearly indicate that reaeration
rates are significantly increased when waves appear on the
surface. Figure 26 shows the increase of k2 with fetch,
for a given wind velocity. The variation of k, with H
is illustrated in Figure 30. The increase is often very
much more than can be accounted for by the increase in
surface area. An increase of surface area due to the
waves action has been estimated, by the author, by assuming
a sinusoidal waves with X = 10 H. The resultant surface -
area increase was about 15 percent. This amount of

increase was not enough to account for the total increase

of reaeration by the wavy surface. - The total increase in
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rates of reaeration ranged from 55 percent to 175 percent,
depending on the wind speed. Thus, the increase is to be
sought, rather, in the dynamic effect of waves on the

reaeration rates.

Dynamic effect of waves on reaeration - As waves

grow by wind action from ripples to the well-developed
gravity waves, the effect on reaeration and momentum
transfer may be considered in terms of an increasingly
rough surface. The process of interaction between water
waves and the turbulent shearing flow overhead is a highly
nonlinear one which appears to be basically equivalent to
the interaction of flow with a rough solid surface.
Because separation of flow near solid roughness elements
is krown to be responsible for modification of flow, it
is concluded that similar behavior is true for air-water
wave interaction.

Schooley's (1963) and P. Chang's (1968) flow visualiza-
tion experiments do suggest the presence of a separation
region and there are some physical grounds for expecting
this effect. 1In general, flow separation is found when
slowly moving air near the surface moves into a region of
adverse pressure gradient.

Many features observed in the air flow near the
waves can now be explained in the light of flow separation.
The lower portion of the air velocity profile deviates

from the logarithmic profile. 1In the presence of separation,
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the air, as it creeps forward from over a crest to a
trough, will be decelerated and turned back by the action
of adverse pressure gradient, moves down and returns
toward the crest. This orbital motion of the air in the
separation region results in a relatively large magnitude
of the vertical turbulent component near the surface. In
other words, the eddy diffusivity for momentum and mass,
being proportional to the turbulent velocity fluctuation,
is larger with separation near the waves, with a corres-
ponding augmentation of reaeration rate.

Since the turbulent diffusion coefficient, at the
surface, was given as a function of the surface shear
velocity, Upg 7 the increase in reaeration, due to the

dynamic effect of waves, is embedded in the term Usg
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Chapter VII

SUMMARY AND CONCLUSIONS

Summary

The investigation presented herein had three major
objectives: (1) to explain the transfer mechanism of
oxygen from the moving air to flowing streams and rivers;
(2) to develop a method for estimating oxygen absorption
rates in streams and rivers, with wind blowing; and (3) to
test some of the models used by predicting the reaeration
coefficient, with no wind blowing over the water surface.

Before starting the experimental investigation for
this problem a review of literature was a necessary step
to give a basis for the current investigation. An exami-
nation of the theories of the gas absorption process has
been presented, and some of the ideas proposed were adopted
in the theoretical development of this work.

The different theories agreed with the basic oxygen -

sag equation:

dbD

at -~ K

, D (5)

The differences were, however, in the definition of K2 i
The most reasonable definition of K2 was advanced by

Krenkel (1960), who formulated the following expression

for K2
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k @ —2 Y (18)

This expression was adopted in the theoretical develop-
ment of this work, resulting in the equation for predicting
k2 in natural streams and rivers with wind blowing over

the water surface:

ik "B (67)

u, h
*g

where R, = — . The development of Equation (67), with

the assumptions used, was tested against the experimental

data of this study.

Conclusions

The results of the study point to several conclusions
which may be drawn and some aspects which need further

research.

Reaeration with no wind - The analysis of the data

yielded the following predictive equations.

U
k, = 3.182 =373 (69)
2 R
DL
.k2 =0.000053 = (70)

R2
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u*b
k2 = 0.000776 e (71)

These results indicated that the data obtained from
this investigation are in good agreement with those reported
by Isaacs-Gaudy, Equation (46), and by Krenkel, Equation (42).
However, the values of this investigation were about 20
percent lower than those of the natural stream data of
Churchill, Equation (47), and larger than those reported
by Thackston, Equation (38), by a factor of about 3.6,

The discrepancy between the results and those of Churchill
was attributed to channel geometry. But, no explanation
for the apparent differences between the results of this
investigation and of Thackston could be found. It was
only possible to conclude that more laboratory investiga-

tions are needed, which might resolve the discrepancy.

Reaeration with wind - The experimental data were

analyzed using a multiple regression analysis, and it was
concluded that k2 was related to Reh and Uy, as

follows:

1.0583

1.0414 %*c

k, = (2.66 x 10'8) R -+ (73)

2

for which thé multiple correlation coefficient was 0.9943.
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The rather high degree of correlation between the
variables and the fact that the constants 1.0414 and 1.0583
are close to their theoretical values of 1.0, gave support

to the theoretically based form of the relationship

Uy
_ c
ko =CR -

5 sh (67)

A second analysis of the data was performed, using
Equation (67). The analysis yielded the predictive
equation

u
8) R

*c (74)

k, = (3.13 x 10 sh

2

in which the correlation coefficient was 0.989.

The advantages and the limitations of the developed
equation were outlined in the text of this dissertation.

Equation (74) constitutes the main contribution of
this investigation, and represents a significant step
toward including the fundamentals of the oxygen transfer
mechanism from the wind to flowing streams and rivers in
oxygen calculations. However, the development of this
equation does not imply that the problem of reaeration
prediction with wind is solved. It is the belief that
further work is needed, either to improve the formula, or
until the'phenomenon of gas transfer with wind is completely

understood.
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Properties of the water surface - The experimental

results demonstrated that on a qualitative basis, the rates
of growth of the wind generated waves are compatible with
the theoretical proposals of Phillips and Miles which pre-
dict an initial linear rate of growth followed by an expo-
nential increase.

All wave data have been presented and analyzed, and
the results are in good agreement with those reported by

previous investigators.

The effect of surface roughness on reaeration - It

was concluded that the reaeration rates are significantly
increased when waves appear on the surface. The increase
is often very much more than can be accounted for by the
increase in surface area. Thus, a dynamic effect of
separation, at the lee side of wave, was concluded to be
the major factor influencing reaeration rates.

It was not intuitively obvious how separation could
influence reaeration. One could argue, however, that
separation could be associated with a relatively large
magnitude of the vertical turbulent component near the
surface. In other words, the eddy diffusivity for momen-
tum and mass is larger with separation near the waves,
with corresponding augmentation of reaeration rate.

Although the phenomenon of separation has been used
in many places as a basis of physical explanation, it is

not clear whether or not flow separation of wind over
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water waves is a general occurrence. Thus, it is the
author's belief that the concept of separation at the

lee side of wave needs further investigation.
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TABLE 1 - SUMMARY OF LABORATORY DATA

Series 1 : Reaeration with no wind
Do h U 2 T

£t/ £t ft in fps sec™’ 5

x10*3 x10*4

1.000 158 \90 .656 3.85 21.7
.254 05 .770 3.63 20.8
.328 .94 1.000 2.89 22.6
. 385 462 4 1.021 2.93 21.1
.418 o o) 1.068 2.50 22.6
477 5.72 1.100 2.67 23.2

0.430 .185 A .546 2:52 21.9
.254 5.05 .649 2.45 23.0
337 4.04 .713 2.04 23.2
.385 460 — 5,735 1.67 23.2
.419 5.0 .775 1.93 22.6
.468 ¢ .904 1.88 23.9




TABLE 2 - SUMMARY OF LABORATORY DATA
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Series 2 : Reaeration with Wind
h = 0.385 ft-
” Test QR
bo Section v U dx 2 +

ft/ft fps fps 1b/ft> sec”! u

x13*3 x10*4 x10*4

1.000 1-4 22 1.039 - 4,52 3.89 21.0
1-4 30 1.089 - 8.17 6.43 20.7
1 -4 38 1.196 -14.87 8.89 20.6
1-3 22 1.039 - 4,48 3.84 21.8
1 -3 30 1.089 - 7.88 6.31 21.7
1-3 38 1.196 -14.45 8.05 21.5
1 -2 22 1.039 - 4,63 3.81 21.6
1 -2 30 1.089 - 7.41 618 21.8
1 -2 38 1.196 -13.75 7.50 21.9

0.430 1-4 22 0.765- - 4.41 2.72 21.2
1 -4 30 0.833- - 8.31 3.98 20.7
1 -4 38 0.987 -14.69 5.32 20.7
1-23 22- 0.765. - 4.27 2.64 21.8
1 -3 30 0.833- - 8.18 3.74 21.6
1-3 38 0.987 -14.41 4.79 21.5
1 -2 22- 0.765 . - 3.92 2.59 21.5
1 -2 30 0.833- - 7.80 3.55 21.8
1 -2 38 0.987 -14.05 4.48 21.8
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TABLE 3 - WAVES DATA

h = 0.385 ft.

S, % U Fetch H X f c, Ce
ft/ft fps fps ft in. in. cps fps fps
xlO+3
1.000 22 1.039 8 0.04 1.61 16.13 2.17 0.83

30 1.083 8 0.05 2.38 12.82 2.54 1.01
38 1.196 8 0.14 3.64 9.27 2.82 1.24
22 1.039 16 0.07 1.81 14.92 2.25 0.88
30 1.083 16 0.10 3.61 9.05 202 1.24
38 1.196 16 0.26 4.42 7.91 2.91 1.39
22 1.039 24 011 2.07 13.70 2.37 0.94
30 1.083 24 0.14 4.21 8.30 2.91 1.34
38 1.196 24 0.34 5.95 6.27 3.11 1.59
22 1.039 32 0.23 2.80 10.81 2.53 1.10
30 1.083 32 0.27 5.56 6.47 3.00 1.54
38 1.196 32 0.44 6.82 5.64 3.21 1.71
22 1.039 40 0.31 3.70 8.33 2:57 1.26
30 1.083 40 0.36 6.69 5.54 3.09 1.73
38 1.196 40 0.49 8.83 4.64 3.42 1.95
22 1.039 48 0.42 4.47 7.27 2.71 1.38
30 1.083 48 0.49 7.85 5.26 3.44 1.83
38 1.196 48 0.55 10.67 4.26 3.79 2.13
0.430 22 0.765 8 0.05 1.55 14.92 1.93 0.81
30 0.833 8 0.20 2.56 10.80 2.30 1.05
38 0.987 8 0.28 4.02 7.30 2.69 1.31
22 0.7€5 16 0.10 1.82 13.25 2.02 0.88
30 0.833 16 0.28 4.00 7.32 2.44 1.31
38 0.987 16 0.43 5.35 6.32 2.82 1.51
22 0.765 24 0.20 2.59 10.00 2.16 1.05
30 0.833 24 0.39 5.05 6.08 2.56 1.47
38 0.987 24 0.76 7.24 4.83 2:.91 1.76
22 0.765 32 0.27 3.61 7.52 2.27 1.24
30 0.833 32 0.62 6.09 5.44 2.76 1.61
38 0.987 32 0.99 8.99 4.18 3.13 1.96
22 0.765 40 0.32 4.26 6.67 2.38 1,35
30 0.833 40 0.82 7.71 4.63 2.98 1.81
38 0.987 40 1.13 10.61 3.80 3.36 2.13
22 0.765 48 0.53 4.65 625 2.42 1.41
30 0.833 48 0.90 8.49 4.46 3.16 1.91
38 0.987 48 1.19 12.22 3.44 3.50 2.29



TABLE 4 - SUMMARY OF DATA

Series 2: Reaeration with Wind

h 0.385
s, Section S_ v, H X £f o K20 ua, uag Ry,
ft/ft ft/ft fps in. in. cps fps sec fps fps
x10+3 x10*3 x10+4 x1074
1.000 3-4 1.074 24.24 0.37 4.09 7.80 2.64 4.12 0.115 1.22 4.593
3-4 1.128 32.95 0.43 7.27 5.40 3.27 6.94 0.118 1.93 7.280
3-4 1.183 42.31 0.52 9.75 4.45 3.61 12.10 0.121 2.82 10.638
2-3 1.074 23.90 0.27 3.25 9.57 2.55 3.97 0.115 1.19 4.497
2-3 «d.101 32.34 0.32 6.13 6.01 3.05 6.80 0.117 1.88 7.080
2-3 1.176 41.50 0.47 7.33 5.14 3.32 10.98 0.120 2.73 10.295
2-4 1.074 24.00 0.33 3.64 9.04 2.62 4.05 0.115 1.20 4,528
2-4 1.106 32.54 0.38 6.71 5.87 3.22 6.81 0.117 1.89 7.146
2-4 1.179 41.63 0.50 8.75 4.95 3.50 11.32 0.121 2.74 10.341
0.430 3-4 0.500 24.16 0.43 4.46 6.46 2.40 3.10 0.079 1.21 4.574
3-4 0.562 32.96 0.86 8.10 4.55 3.07 5.02 0.084 1.93 7.285
3-4 0.663 41.57 1.16 11.42 3.62 3.43 7.75 0.091 2.73 10.318
2-3 0.496 23.87- 0.30 3.94 7.20 2.33 2.79 0.078 1.19 4.489
2-3 0.558 32.39 0.72 6.90 5.09 2.87 4.43 0.083 1.88 7.107
2-3 0.658 41.44 1.06 9.80 3.99 3.25 7.06 0.090 2.72 10.272
2-4 0.498 23.92- 0.40 4.13 6.94 2.35 2.90 0.079 1.19 4.505
2-4 0.559 32.59 0.76 7.29 4.95 2.91 4.73 0.083 1.93 T«271
2-4 0.660 41.50 1.09 10.61 3.81 3.32 7.17 0.090 2.73 10.291
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