REAERATION IN FLOWING SYSTEMS



REAERATION IN FLOWING SYSTEMS

by

G. J. BERNANS, B.A,Sc.

A Thesis
Submitted to the School of Graduate Studies
in Partial Fulfilment of the Requirements
for the Degree

Master of Engineering

McMaster University

January, 1971



ACKNOWLEDGMENTS

I wish to thank Dr, K., L, Murphy for his interest and guidance
during the research work and preparation of this thesis,

1 also extend my thanks to the National Research Council of Canada
for its support during the academic year and to both the N.R,C. and Department
of Energy, Mines and Resources for their financial assistance to this project,

A special note of appreciation is due to Miss Lydea de Jong who

typed the manuscript and also assisted in its organization.

ii



MASTER OF ENGINEERING (1971) MCMASTER UNIVERSITY

(Chemical Engineering) Hamilton, Ontario
TITLE: Reaeration in Flowing Systems
AUTHOR G. J. Bernans, B,A.Sc, (University of Windsor)

SUPERVISOR: Dr, K, L, Murphy
NUMBER OF PAGES: wvii, 99
SCOPE AND CONTENTS:

The literature on stream reaeration was reviewed, A recirculating
loop open channel system was designed and experiments were performed to study
the effects of average stream velocity and temperature on the mass transfer
coefficient for oxygen dissolution into "clean" water, The applicability of
the apparatus to the study of the effects of surfactants was also investigated.
The velocity ranged from 0.1 to 0,9 ft/sec and the temperature from
5.0 to 25.0%C. The results indicated that the mass transfer coefficient
varies approximately linearly with average stream velocity and that the temp-
erature coefficient is a variable which depends on mixing conditions, Further-
more, it was found that the temperafure dependency of the mass transfer coefficient
could be expressed as either a linear or power function. Correlations expressing
the mass transfer coefficient in terms of easily measurable stream parameters

were developed and compared to those found in the recent literature,



TABLE OF CONTENTS

ACKNOWLEDGMENTS

LIST OF FIGURES

LIST OF TABLES

CHAPTER 1 INTRODUCTION

CHAPTER 2 LITERATURE REVIEW

(A) Theoretical Developments

(B) Models for K, and the Influence of
Temperature and Surface Contamination

(C) Summary

CHAPTER 3 EXPERIMENTAL APPARATUS AND TECHNIQUES

(A) The Equipment
(B) Operating Techniques

CHAPTER 4 EXPERIMENTAL RESULTS AND DISCUSSION

(A) Introduction

(B) The Effect of Velocity
{C} The Effect of Temperature
(D) The Effect of Surfactants

CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS

(A) Conclusions
(B) Recommendations

1V

ii

vi

vii

10

30

34

34
42

46

46
49
54
66

67
67
68



REFERENCES

APPENDIX A:

APPENDIX B:

APPENDIX C:

APPENDIX D:

Orifice Plate Calibration Curves
Tele-Thermometer Specifications and
Calibration Curves

Experimental Data

Nomenclature

69

75

78
82

96



Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure

Figure
Figure
Figure

Figure

~N O T B WwN

LY < o o]

N
12
13
14

LIST OF FIGURES

The Apparatus

Entrance and Exit Sections
System Flow Diagram
Typical Data Record
Effect of Velocity on KL
Effect of Temperature on r and L
Effect of Temperature on KL-Linear

Effect of Temperature on KL-Geometric

Effect of Temperature on KL;
Arithmetic and Geometric.

Temperature Coefficient as a Function of the Level
of K
L

Orifice Plate Calibration (% inch dia. Orifice)
Orifice Plate Calibration (5/16 inch dia, Orifice;}
Tele-Thermometer Calibration (4 to 14 degrees C)

Tele-Thermometer Calibration (14 to 25 degrees ()

vi

35
36
38
47
50
57
61
62
63

65

76
77
80
81



Table
Table
Table

Table
Table
Table
Table

W

~N O O

LIST OF TABLES

Experimental Results

Correlations Showing the Effect of Velocity on K

Rate of Surface Renewal, r, and Effective Film

Thickness, L

Energy Dissipation
Effect of Surfactants
Experimental Data

Nomenclature

vii

48
51
55

59
66
85
97



CHAPTER 1

Introduction

Man has “polluted" natural water courses to such an extent that in
many cases the oxygen reserves rnecessary to maintain the normal plant-animal
balance have been seriously depleted, Oxygen depletion occurs directly
through chemical reaction when reducing agents are allowed to enter a stream
or indirectly through the oxygen demand of micro-organisms which tarive on
the organic material in effluents, Many situations could be alleviated by
controlling the quantity and quality of effluent discharged into a river.
Before such control can be effectively established the two parts of the problem
must be understood: the nature and quantity of poliutants added, and the
nature and quantitative effects of the factors governing the mass transfer
process of atmospheric oxygenation.

It was the purpose of the present work to design a flowing aeration
system which would hopefully simulate natural stream conditions, and to in-
vestigate some of the factors affecting tne mass transfer process of oxygen
dissolving into "clean” water, This would establish a base case for further
study on the effects of surface active agents, wind velocity, air temperature,
and other factors on the reaeration process. The effects of average stream
velocity and temperature were to be investigated in some detail. Experiments
were also performed to test the applicabjlity of the apparatus to studies on

the effects of surfactants,



CHAPTER 2

Literature Review

(A) Theoretical Developments

Adeney and Becker (1919) demonsirated that the rate of oxygen
transfer into water is directly proportional to the dissolved oxygen

deficit:

g.Q.:-KD (l)

dt ¢

where: K2 is the overall mass transfer coefficient, and

D is the difference between the oxygen concentration
present and tne concentration at saturation.

The Adeney and Becker equation may be written in terms of oxygen con-

centrations:

N (T (2)
where: C is the concentration of dissolved oxygen, and
CS is the oxygen concentration at saturation,

The two-film gas absorption theory of Lewis and Whitman (1924)

postulated the existence of adjacent, stagnant gas-liquid fiims at the



interface formed by the two phases, They reasoned that the surface of
the liquid film was substantially saturated with the solute gas and that
it was tnis liquid film which controlled the mass transfer process 1in
the form of steady state molecular diffusion, The equation describing

the mass transfer across the liquid film may be written:

1 dm _
N=-—— == KL (CS - C) (3)

AS dt

i

or expressed in terms of concentration change:
A
- () (4)

where: N is the rate of mass transfer per unit time per unit
area,

AS is the area across which the mass transfer can take
place,

KL is the mass transfer coefficient (which must be
distinguished from KZ)’

¥ is the volume of the liquid, and

m is the mass of solute gas.
The Lewis and Whitman two-film theory results in the relationship:
K, = (5)
L

where: Dm is the molecular diffusivity of the gas, and

L is the thickness of the stagnant liquid film,



[t is, perhaps, at this point that a matter of apparent confusion
among nast authors as to the basic parameter to be evaluated in aeration
systems should be noted., Consider the relationship which follows from

equations (2) and {(4):

a=
-~

K, =K ->=Ka=-— (6)

-
x

A
where: a is the specific area given by a = A , and
v
H is the mean depth given by H = L
A
S
Furtner, many authors have found it convenient to convert

integrated forms of equations tc terms of common logarithms, lower case

letters then being used to define coefficients, Then:

=
H

K,/2.303 (7)

and k,

L

K, /2.303 (8)

where: k2 and kL ara the respective coefficients ta the base 10,

Throughout the literature researchers have expressed mathematical models,

and develaoped theories of mass transfer in terms of k2 or K2

encompass the surface to volume ratio, Repeatedly, in the discussions

which implicitly

of these papers one or more of the critics have pointed out that the basic
parameter is KL‘ In particular, Dobbins {1964) noted that the literature
indicates a variation in k2 values of approximately five hundred fold,

while in KL the variation is of the order of ten fold. However, it must

be recognized that, in many instances, especially in stream reaeration studies



the surface to volume ratio cannot be evaluated accurately: consequently
k2 or KZ must be utilized.

Higbie (1935) abandoned the Lewis and Whitman film concept and
proposed a model in which the interface is continuously replaced by
eddies. The problem then became one of unsteady state molecular transfer
controlled by molecular diffusivity and the time of exposure of the ele-
ments at the interface. Fick's law is the basic equation for the rate
of transfer of a gas into solution by molecular diffusion, It may be
written as:

m._p X (9)

at m 3y

where: 3(C/ay is the concentration gradient in the direction
normal to the interface.

>

For the case of unsteady state where the concentration gradient is also
changing with y, the rate of concentration increase within an elemental
volume is then given by:

.2
Bm_aC:_D 3~ C (]0)

syat  at ™y

With the assumptions that the diffusivity was constant, the liquid depth,
infinite, and that heat, surface, and dilatation effects were negligible,

Higbie showed that the solution to equation (13) resulted in the relationship:

1.
D "2
K =2 n (11)
nt



where: t is the time of exposure of a surface element,

Danckwerts (1951) took Higbie's hypothesis one step further by
defining the age distribution of the liquid surface, The average rate of
absorption was assumed to be uniform over the surface area and the liquid
surface elements were assumed to be randomly and continuously replaced
by those arising from the turbulent motion of the body of the fluid,

Then for any given unit area of surface the age distribution ranges from
zero to infinity. The age distribution is defined by a function f(t)
in which f(t)d(t) is the fraction of area having ages between t and t + dt.

It was shown that:

f£(t) = re”"t (12)

where: r is the average rate of surface renewal with dimension
1

time™ ",
Using this approach Danckwerts found that when the dissolved oxygen

concentration throughout the body of water of infinite depth is uniform

one could derive the following relationshin:

1.
v o= 5
K (Dmr) (13)

The disparity between the two-filim concept of Lewis and Whitman
(KL varies directly with Dm) and the penetration theories of Higbie and

Danckwerts (K, varies directly with v Dm } was apparently resolved by

L
Dobbins (1956). He suggested that the stagnant liquid film may be assumed
to maintain its existence in a statistical sense no matter what the mixing

conditions. The film is considered to be always present but its composition



is continuously changed by the eddies rising to the interface from the

bulk fiuid. Dobbins incorporated the age distribution function of
Danckwerts for the surface film and substituting this function for the

unit area implied in Fick's law -- equation (9), with subsequent integration

between the limits t = 0 and t = =, he obtained:

m. . Dmrf et [dC dt (14)
at 0 dy y=0
and
Xe-pr (L (15)
at dy y=0

wnere: C is the Laplace transform of C,

For unsteady state the basic equation is Fick's law -- equation (10):

?_.C.=..D g...g..
m

at 3y

The boundary conditions which are applied during the time of oxygen

transfer are:

when: t = =Co at: 0 <y <L
t>0 C = CS y =0
t>0 C=Co y =

where: C0 is the initial oxygen concentration in the bulk liquid.

In the distance y = 0 to y = L the diffusion is molecular; below

y = L eddy diffusion controls. when equation (10) is multiplied by e rt



and integrated with respect to t between t = 0 and t = «» the result is:

2

O

aC )
= =0 (16)
st ™ ;;Z
Applying the boundary conditions it was shown that:
2\ 2% A
: P
Lot | 2 (¢ -0 (17)
ot D )
m
Comparing equations (17) and (4) we nave:
‘ 2\*
K, = (D_r)? coth no (18)
L m 0
m

The significant property of this equation is that at low values of the
averace rate of renewal (stagnant surface) KL approaches the Lewis and
Whitman model:

KL = Dm/L

At high rates of surface renewal (turbulent conditions) the mass transfer

coefficient, K, , approaches the Danckwerts' description:

L\

4
K Dmr)

L=
The implicit assumption to this point has been that the control

of the mass transfer process under consideration is at the surface of

the liquid. This can be justified by examining the continuity equation:

%_ﬂl =D ?.C. = [} §-C— =D 9-9 (]9)

at G 2y J 1 ™oy 5 E sv}) 3



where: ac is the concentration gradient through the gas film

3y

1 at the interface,
L is the concentration gradient through the liquid
3y

2 film,
L is the concentration gradient through the body of
3y

3

the liquid below the film,

D. is the molecular diffusivity of the gas tarough
the gas film,

D_ is the molecular diffusivity of the gas througnh
the liquid film, and

E is the eddy diffusivity of the gas through the
body of the liquid,

For sparingly soluble gases such as oxygen it has been shown that
both UG and DE are ordinarily larger than Dm by a factor of approximately

100,

Tnus the resistances of the gas film and the body of the liquid
may be considered neqligible.

An entirely different pnysical mechanism for the mass transfer
problem has been proposed by Kishinevski (1955). Abandoning the film
concept completely ne asserted that the absorption process is controlled
by turbulent diffusion, assuming that the surface layer is completely
and instantaneously saturated with solute gas. Although Kishinevski states

that molecular diffusion plays no part in the process, the proposed

formula:
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includes an effective diffusivity, Di’ that must include the effects of

molecular diffusion at the interface.

(B) Models for K, , and the Influence of Temperature and Surface Contamination

L’

With the aid of the physical theories developed since the time
of Adeney and Decker (1919) researchers nave developed mathematical models
for KL in terms of readily measurable stream parameters to assess the
assimilative capacity of streams. Along with these models in terms of
hydraulic characteristics, the influence of temperature, organic pollution
and surface active agents on the mass transfer coefficient also required
definition,

Streeter and Phelps (1923) were the first to apply the principles
developed by Adeney and Becker (1919) in the study of stream reaeration,

Equation (1) was extended to the form:

dD

;;—= K1B - KZD (21)
which when integrated gives:
]Bo -K.t -K,t -K,t
D= 22 (71" - e™27) + D0 e 2 (22)
KZ'K]

where: B is the remaining oxygen demand,
BO is the ultimate first stage or carbonaceous oxyaeen demand,
K] is the deoxyagenation coefficient, and

D0 is the initial oxygen saturation deficit,



N

It is to be noted that equation (22) cannot be used to predict
reaeration rates although field data can be used to calculate the overall
reaeration coefficient KZ’ As pointed out by Streeter (1926) the value
of K, from equation (22) will probably be too low when applied to streams
which have dissolved oxygen deficits due to organic pollution which has
collected on the stream bed, A large portion of the oxygen absorbed
will be withdrawn from the solution almost immediately and thereby fail
to be accounted for in terms of reserve oxygen or biochemical oxygen
demand. Also, as noted by Churchill et al (1962) other serious sources
of error in the application of equation (22) include experimental measure-
ment of velocity within the stretch of stream, determination of the dissolved
oxygen applicable to each mass of water studied, and the determination of
the carbonaceous oxynen demand.

Streeter and Phelps (1925) also suggested a form of mathematical
model to predict the mass transfer coefficient from hydraulic considera-
tions alone., MWorking with data of 1914, 1915 from the Ohio River the

writers found that the observed data was closely approximated by the equation:

n
v
n
where: U is the average velocity of the stream in feet per

second,

h is the mean depth of the stream above extreme low
water level in feet,

C' is a proportionality constant,
n is a constant, and

K, has units of days'],
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The values of C' and n are constants only for a given stretch of river and
depend on the turbulent flow regime. Although the empirical relationship
is valid for a given situation, a reaeration coefficient must be determined
in situ to define the constants of the relationsnip. Consequently the
practical application of the equation is limited. Many of the subsequently
established relationships have the same form as equation (23). Krenkel
and Orlob (1962) questioned this form of relationship, explaining that
velocity alone cannot account for the absorption phenomenon since systems
of the same average velocity miqht have completely different turbulence
characteristics and thus entirely different mass transfer properties,
Streeter (1926) utilized the substantial body of laboratory data
available to estimate the effect of temperature on the mass transfer

coefficient and developed the formulation:

} T-20 ,
Ka2(1%) = K2(20%) ¢© (24)

where: T is the temperature in degrees Centigrade, and

& = 11,0159, is the temperature coefficient.

The relationship indicates a geometric increase in K, at a rate

of 1.59 percent per degree Centigrade,.

To substantiate the earlier theory, Streeter, Wright and Kehr (1936)
set up two lab scale recirculation channels. Equation (24) was substan-
tiated in form but the constants were found to be vastly different, In
the larger of the two systems, recirculation was effected by a boat

propeller in one reqion of the channel,
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Krenkel and Orlob (1962) noted that much of the oxygen transfer

would probably have taken place at the point of energy input to the system.
In this study by Streeter et al (1936) the temperature effect was re-
evaluated and the value of & was found to be 1,047, 1In the Progress

Report of the A.S.C.E. (1961) it was noted that the data of these experi-
ments showed little basis for their use in the determination of tne
temperature coefficient s, For instance the data for axperiments in

wnich the temperature varied between 10°¢ and 20°C were plotted as 15°¢.
The paper also noted that surface contaminants in aeration systems

apparently lowered the mass transfer coefficient,

From this time, 1935, onward many extensive studies were carried
out on the effect of surface active agents (surfactants) on the mass
transfer coefficient, Notable among these were studies by Kehr (1938),
Holroyd and Parker (1952), Lynch and Sawyer (1954), Downing and Truesdale
(1955), Downing et al {1957), and Mancy and sarlage (1968). Kehr (1938)
found that severe depressions in K2 resulted when 30 percent sewage was
added to water and that varying degrees of depression occurred with the
addition of different surfactants, Lynch and Sawyer (1954) reported that the
different American synthetic detergents displayed vastly different
frothing characteristics and varying degrees of mass transfer suppression
when added to water in concentrations of 50 mg/1. Holroyd and Parker (1952)
concluded that at very high and very low turbulence levels surfactants
had little effect on the mass transfer process while in the middle

ranges of turbulence drastic reductions in X, resulted when the surfactant

L
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concentration was approximately 100 mg/1. These writers further suggested
that the effect of surfactants may be thought of as resulting from the
additional resistance added to the resistance of the surface film of

clean water. This suggested an expression of the form:

R = l___.. T e e (25)

where: R = 1/KLT is the total resistance to oxygen transfer,

1/KLC is the resistance due to the surface film of
clean water, and

I/KLS is the resistance due to the surfactant layer.

Downing and Truesdale (1955) and Downing gg_gl_(1957) reported drastic
reductions 1in KL with additions of very small quantities of surfactants,

For example, the reduction was in the order of 50 percent with the

addition of 1.0 mg/1 of alkylbenzenesulphonate, In these reports the
general conclusions were that surfactants decrease KL by an amount which
depends on their concentration, on the injtial mass transfer coefficient

in clean water, and on the manner in which tne water is agitated. Mancy
and Barlage (1968) discussed the surface chemistry involved when surfactants
are added to aqueous systems. The reduction in mass transfer is explained

as resulting from two distinct mechanisms:

(1) covering of the surface film layer thereby blocking
dissolution sites at the interface or distorting intermolecular

forces between the gas and water surface molecules, and
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(2) increasing surface viscosity, depressing fydrodynamic inter-

face activity and forming a viscous hydration layer,

The mechanism responsible in a given situation was reported to depend on
the physiocnemical characteristics of the surfactant molecule, Extensive
well-controlled laboratory experiments were carried out to support their
thesis,

A paper of major influence in the study of the reaeration was
presented by O'Connor and Dobbins (1958) . Based on theoretical considerations

of turbulence and the Dobbins (1956) equation for KL:

2 "
K = (D.r)? coth [rLl-
L m

Dm

these writers developed a semi-mechanistic model for the prediction of KL in
terms of easily measurable stream parameters., They assumed that for practical
cases the coth term of equation (18) was equal to unity; thus reducing

equation (18) to Danckwerts equation (13):

0'Connor and Dobbins reasoned that the rate of surface renewal at the

interface could be written

s (26)

where: /Vz is the root mean square of the vertical velocity

fluctuations, and
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2 is the Prandti's mixing length near the surface.

Then for non-isotropic turbulence (the case in which definite shear and
velocity aradients exist) the writers showed that, with the use of Prandtl's
mixing length hypothesis and von Karman's universal logarithmic velocity

law for pipes one could write:

2 _ %
, = _{{_ - du _ (HgS)® (27)
£ dy k'H

where: S is the slope of the channel,
k' is von Karmon's constant,
g is the acceleration due to gravity, and

du is the velocity gradient of tne flow.

dy
Substituting the value of r from equation (27) into equation (13), results
in:

K, = ¢ L. (28)

where: C' = [g%/(k')%].

For isotropic turbulence {the case in wnich shear and velocity aradients
are neqgligible) the writers assumed that the measurements of Kalinske

(1943) were generally applicable, That is that:

,{2—_ 2,1 U

——— R o e

2 J.1 H
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Then:
r=d (29)

Substituting into equation (13) one obtains:

pu
K, = iL (30)

As pointed out later by 0'Connor {1958) equation (30) was the most
qenerally anplicable and equation (23) could be discarded, To verify
the physical theory as described by equations (18) and (13) the.writers
conducted experiments in which water in a fixed vessel was aqgitated
by a vertically oscillating lattice-work of screens, They found that the
overall reaeration coefficient k2 varied linearly with the square root of
the frequency of oscillation. The average rate of surface renewal, r, was
presumed to be proportional to the frequency of oscillation (rpm).
Experiments by Downing and fruesdale (1955) and letzger and
Dobbins (1967) indicated that the reaeration mass transfer coefficient
varied linearly with fraquency {(rpm) of agitation, The results of the
latter study were obtained from an apparatus which was apparently very
similar to the equipment of 0'Connor and Dobbins (1953).
Another significant contribution to the literature was made by
Churchill, Elmore and Buckingham (1962), These writers reasoned tnat
the development of the 0'Connor and Dobbins (1956) relationship for the
average rate of surface renewal:

du

——

dy

ijs fundamentally incorrect because:



18

"equal velocity gradients do not necessarily indicate
equal states of turbulence".
The writers also noted that in previous stream studies:
(1) the oxygen deficits in the reaches investigated were due
to decomposing organic material,
{2) the contributions of oxygen from photosyntnesis were
neglected,
(3) some of the streams may have contained surfactants, and

(4) stream geometries and flow rates were variable.

To eliminate these sources of error the writers studied reaches of rivers
in which the water was relatively unpolluted, the oxygen deficits
resulting from prolonged storaqe at depth in reservoirs. The flows

from the reservoirs were controlilad at constant rates and only reaches
where the river geometries remained approximately constant were investi-
gated, Using dimensional analysis and multiple regression tecnniques
Churchill et al (1962) developed nineteen predictive equations for the
mass transfer coefficient which had approximately the same correlation
coefficient. The favored expression was:

U0.969
k, = 5,026 —

(31)
2
o1.673

or approximately, in terms of Kl:

2/3

K = 11.565 UjH (32)
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It should be noted however, that equation (32) is dimensionally incorrect,
and that even within the reaches studied by the writers, geometric
variations in stream cross-section were inevitable, In their work the
authors reported the temperature coefficient, 8, to be 1,0241 -- based on
extensive laboratory studies. Anotner pcint of merit in the work of
Churchill et al is that the vaiues of the oxygen saturation concentration

v mgte.

were determined in situ, thus avoiding errors caused by assuming the
"Standard Methods” (1965) saturation values whicn have since been shown to
be in error (Isaacs and Gaudy (1968) and Douglas (1964) ).

Proctor (1963) and Isaacs and Gaudy (1968) applied dimensional
analysis and multiple regression techniques on data obtained from different
types of laboratory scale channels to derive predictive equations for the

mass transfer coefficient. When reduced to terms of KL Proctor's (1963)

equation can be written:

where: R' is the nydraulic radius,

It should be noted that the practical application of this equation would
be limited, due to the difficulties in evaluating /vz. Isaacs and Gaudy
(1968) reported:

in which the constant represents the functional group:
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e (0 %718 g71/0) ar 20%

where: v is the kinematic viscosity.

The exponents for Um, v and g were assigned so that the functional group
would describe the effects of temperature according to Churchill's (1962)
value of the temperature coefficient (6 = 1.0241). The writers also

presented a correlation for the data of Churchill et al (1962):

K, = 8,611 Q%’ (35)

which they believed was valid for natural stream data.

In the paper presented by Isaacs, McCorkle and Lorang (1970)

it was reported that Isaacs, Chulavachana and Bogart (1969) obtained:

K = 6.524 gg- (36)
Equation (36) was developed using an experimental apparatus similar to
that of Isaacs and Gaudy (1968) and resulted from a composite analysis

of data obtained by varying the degree of channel roughness, Further,
the paper (Isaacs et al (1970) ) reported tnat a study by Isaacs and lMaag
(1969) employing the data of Churcnhill et al (1962) recommended the
following relationship:

Y (37)

K, = 6,863 ¢ d
H'z

i
s v

where: b ® 1,95, is a dimensionless velocity coefficient for

their channel, and
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by = 1.16, is a dimensionless cross-section snape

coefficient,

The experimental work of Isaacs et al (1970) resulted in the following
equation for KL:
K, = 6,750 V (383)
L = . ¢S ¢v ;F_;

wnere: 3. ¢, = 1.0907 for their channel,

Equations (35), (37) and (38) were apparently developed with
the a priori assumption that the functional form of equation (34) was
the most suitable. The approximate agreement between equations (37)
(from stream data) and (38) (from laboratory data) sugoests that the
factors ¢S and s, may account for geometry and velocity profile variations.
As can be seen from these studies, the nature of the temperature
dependency of KL is uncertain. uWhile Streeter (1926) showed that the
dependency could be written in the form of equation (24), writers who have
aqreed with this formulation (ceometric increase with temperature) have
differed in the value which they have assigned to the temperature coefficient

91

Streeter (1926): 6 = 1,016
Streeter et al {1936): 9 = 1,047
Churchi]]»g} gl_(]962): g = 11,0241

Other writers reported the temperature dependency to be linear (Downing
and Truesdale (1955), Downing et gl_(1957) ) and variable with mixing
conditions. The A.S.C.E, report (1961) resulted in endorsement for the

geometric relationship and, based on well-contreolled laboratory experiments,
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reported the temperature coefficient ¢ to be 1.0241, Since this report
(1961) other writers (Dobbins (1964), Metzger and uobbins (1967) )

have suspected that 6 is not a constant at all but varies with the level

of turbulence and temperature., Metzger (1968) showed that based on the
experiments of Metzger and Dobbins (1967) and on the author's own results,
the suspected variation was indeed true, Metzger also demonstrated that
this variation in the temperature coefficient is predictes by Dobbin's
equation (18). Metzger (1967, 1968) and Dobbins (1964, 1967) have proposed

mechanisms to explain the Dobbins equation (18):

1
kL = (Dmr) coth { ——-

Theoretical models for r and L were developed through consideration of
turbulence-enerqy relationships, Dobbins (1964) reasoned that turbulent
eddies are created at the channel bottom and drift into the main body of
the stream where they are broken to a smaller size by inertial forces,

The upper limit of the eddy size is equal to the scale of the main flow
(depth of flow) and the lower limit is determined by rate of dissipation
of energy and viscosity, It is mainly througn the small eddies that
kinetic energy is converted into heat, Larger eddies transfer most of
their energy to the smaller eddies of higher firequency:; the process

peing repetitive until the limiting small scale is reached. Within the
smallest eddies the flow is no longer turbulent and the predominant forces
are molecular, According to the Kolmogoroff Similarity Principle (con-
sidering possible variables involved and satisfying dimensional requirements)

1.
the lower limit of the scale of turbulence is proportional to (u3/E)“ and



23

is independent of the initial eddy size, E represents the rate of energy
loss ner unit mass of water, and v is the kinematic viscosity. Uy similar
reasoning the velocity scale for the smallest eddies is proporticnal to
(\;E)l‘i and by combining the previous two expressions the frequency of the
smallest eddies is shown to be proportional to (E/v)%. The source of
enerqgy for the flow process as a whole is equal to the rate of loss of

potential enerqgy per unit mass of liquid, Mathematically:

E = SUg

Although the above relationships for the limiting size, velocity, and
frequency may hold for the body of the fluid, they must be modified when
applied to surface layers. Additional molecular forces and specifically
surface tension <, must be overcome in order to accomplish surface
overturn. Tnhe rate of enerqy expenditure per unit mass required to overcome
surface tension should be proportional to vGLZ/QLB. This enerqgy must be
supplied by, and may be assumed to be proportional to, the turbulent
energy per unit mass of Tiquid in the vicinity of tne surface: ES.
Transforming proportionalities into equation form the following relation-
snins can be written:

pLES

r= 2 (39)

v

If ES can be assumed proportional to the rate of energy dissipation of

the fluid as a whole:

” .
~,
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In equation (42) L is shown proportional to the size of the smallest

or

-
|}

eddies. Consequently L cannot be considered an invariable but rather
an effective film thickness, that is, the effective value which offers
the same resistance to gas transfer as occurs in the actual process.

Further:

3/4.3/4
c3 oyt __ (43)

o}

- 3/4
r = C]C2

Co 374376

or ro= -—-3 (44)
a
(Cq)
. ¢ 9/4.1/4
rLZ = ._5.... 9.\3,.._.E (45)
C4 g
3 ov3
rt.” = C5~n- (46)

where: o is the density of the water,

It is important to note that rL3 depends only on fluid properties and thus
is a constant for a given temperature and pressure no matter what the
mixing conditions, As previously stated, the basic differential equation

describina the mass transfer process is equation (4):
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However, if tne surface area cannot be evaluated the following relationship

is used to facilitate the handling of experimental data:

A_=C, A (47)

where: Ao is the horizontal projection of the actual surface
area and

CA is the proportionality constant,

The following equations follow from equations (4) and (47):

K =K /C, (48)
ro= /et (49)
L=yl (50)
rl = r'(L‘)2 {51)
= e ), (52)

The values designated by the primes are apparent values of the corresponding
variables, To verify the proposed theory, experiments were carried out

with a number of different gases. The absorption vessel was cylindrical
with agitation provided by a vertically oscillating mechanism, By running
the absorption experiment under identical conditions of temperature and

agitation for two gases of different diffusivities the values of r' and L'
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could be calculated from equation (18):

K = (0r)%coth [
Tne calculations were carried out by inserting measured values of Ki and the
known diffusivities into equation (18) for nitrogen and helium and then
solving the two equations simultaneously, The result of this analysis indi-
cated a consistent relationship between r' and L' independent of the mixing
conditions, that is, a given value of r' was always accompanied by the same
value of L', This demonstrated that they were both controlled by the same
factors as is indicated by equations (39) through (46), From the experi-

mental results Dobbins {1964) obtained C. = 14,3, and from analysis of

5
available laboratory and stream data:

. 3 4
C, = 0.65 + 15000 (W7/E) (53)
H
vihen Cq is given by:
~ 2 .
C, =1.0+03F (54)

A
where: F is the Froude number,

Equation (54) is an empirical equation based on the "experience" of the
author, With these values of C5, C4 and CA the numerical values of r and

L can be calculated and substituted into equation (18) to predict KL.
Dobbins showed this correlation to be superior to the eguations of Cihurchill
t al (1962) and 0'Connor and Dobbins (1953) for a wide range of stream and

——— em—

laboratory data.
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The work of Dobbins (1964) was extended by Metzger and Dobbins
{1967). Equations (44), (45) and (46) were modified to account for the
presence of surfactants, which decrease tne surface tension o, and
qenerally also depress the value of KL' Tne equations as proposed by Dobbins
(1964) actually predict an increase in K, with a decrease in surface tension.
To revise the equations the writers introduced the concept of surface
elasticity. The surface pressure p, {(two dimensional, in the plane of the
surface) was aiven as:

D=a- a! (55)

where: %y ig‘the surface tension of the clean portion, and
' is the surface tension of the portion contaminated
with adsorbed molecules.

It is this surface pressure or the associated surface force which has a
definite effect on surface renewal, Uhen the vaiue of surface pressure

is used in conjunction with surface concentrations a two-dimensional
compressional modulus Ms (dynes per centimetar) relative to clean water

can be obtained from force-area curves., Witn a development similar to that

of Dobbins (1964) the writers derijved the following expressions:

DV? = ~§~ (55)
X
v V3
r=Cp =0y (57)
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1

v = 63 (vES)“ (58)
C]C33 5 Es3/4 v3/4
r = (59)
M
3
Es = CZE {60)
C]C23/4C33 o v3/4 E3/4
r = (61)
M
S
3,00k
L= C4 (v7/E)® (62)
3 v3
5 MS

where: v is the vertical component of eddy velocity, and

x is the depth of the surface region and must be distinguished
from L, the effective film thickness,

The value x represents the depth where resistance to surface overturn is
extant and could be much less than the size of eddy, The coefficients C2
and C, are the same as those used by Dobbins (1964). The others are
analagous to but numerically different than those of Dobbins, Equations (62)
and (60) are identical with (42) and (40) respectively. Equation (61) is

the same as Dobbins equation (43) with one notable exception -- MS is found

in the denominator of (61) while o is found in (43), This is in qualitative
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agreement with the observations that surfactants Jower the rate of surface
renewal r -- Ms increasing with decreases in surface tension, Absorption
experiments with an apparatus similar to Dobbins' were carried out, again

with different gases (nitrogen, argon and oxyagen) in order to calculate the
values of r' and L' from equation (18), When KL“ was plotted against the
frequency of oscillation (rpm) a straicht line relationship held until the
frequency reached the value at which the surface visibly rippled. Accordingly,
it was concluded that up to this critical value of frequency the apparent

mass transfer coefficient K, ' was in actuality identical to the true value

L
KL and that the deviation from linearity, after the critical frequency, was

due only to increases in surface area given by the value CA {CA = As/Ao)'
A plot of CA versus rpm yielded a straight line for each mixing condition
and a plot of CA versus KL' resulted in a single curve. Consequently it

was concluded that a value of KL' is always associated with a certain value

3

of CA reqgardless of mixing condition, The values r'(L')” were found to be

5

a constant (8.1 x 107 cm3/min) for a qiven temperature until the surface

began to ripple. The deviation from constancy was again attributed to the
increase in surface area. Plots of r'(L')3, L' and r' versus temperature were
in qualitative aqreement with equations (57) througn (63).

Metzger (1968) reported that the value CS/Ms in equation (63) could
be taken as equal to 1.3 secz/qm for distilled water as well as for water
with surfactants in the concentration range reported for natural streams.

Then the only impediment to the use of equation (18) as a predictive equation

for K, is the determination of C is a constant which

L 4 4
should be determined by the system or by a relationsnip such as equation (53),

in equation (62). C
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The development of theories to describe the mass transfer process
of oxyagen dissolution into a stream of water nas culminated in the search
for predictive models for the mass transfer coefficient KL' The following

is a list of some of the previously cited models proposed for KL:

1. 0O'Connor and Dobbins (1958):

1.

D U 2
K, = - (30)

2, Churchill et al (1962):
K =11.57 Y (32)

3. Proctor {1969):

2.65f L (33)
Rl

Pa
[{]

4, Tlsaacs and Gaudy (1968) (for laboratory data):

<
#

7.031 & (34)
12

5. Isaacs and Gaudy (1968) (for stream data):

K, = 8,611 ~p (35)



6, Isaacs et al (1969):

7. lIsaacs and Maag (1969):

U
kL = 6,863 ¢S¢v }—{L;
8. Isaacs et al (1970) :
K, = 6.750 6_¢. O
L . s?y g%

9. Dobbins (1956, 1964, 1967) and Metzger (1967, 1968):

1

2 ‘2
1.
K, = (0 r)%cotn | Th
m D
m
when used with:

3 v . 3, %
rl” = CB'*““ and L = C4 (v7/E)"

(36)

(18)
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It is interesting to note that only equations (30), (33) and (18)

are dimensionally correct and only equations (30) and (18) were mechanistic

in their derivation. Furthermore, equation (30) is only a special case of

equation (18). Accordingly it must be noted that in equations (32) to

the units which must be used are:

U: feet per second,

(38)
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H: feet, and

KL: feet per day,

‘Equations (34) through (338) can be presented in a dimensionally correct

form when the relationships are written as:

-1/ -
V) (o0

1
= ' y °
K= € o~ "

L
It must also be noted that equaticns {30), and (32) throuah (38), are
correctly expressed only when the mean depth is the ratic of the actual
surface area to volume, Except for equations {30), (33) and {18) K is
expressed as a linear function of averaae stream velocity. Metzgar and
Dobbins (1967) showed that as long as a linear dependznce holds tne
increase in surface area due to aqitation can be assumed negligible,
Accordingly, the transformation of the equations from terms of k2 to

terms of K, , the more fundamentally important parameter, appears to be

L

rational.
Some reasons for the variation in results of the studies on tne

problem under consideration sihould be mentioned, In the eariy stream

studies oiologicai action of oxyaen production and depletion were not

fully accounted for (Churchill g& 31) 1962), surfactants may nave been present,

oxygen concentrations were determined hy the Winkler method (about 10%

variability), flow rates and stream aeometries were variable, temperature

control was lacking, and incorrect values of oxygen saturation concentra-

tion were used (see Isaacs and Gaudy {1968) for tne importance of correct

oxyaen saturation values), The work of Churcnill et al (1962) apparently
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overcame most of these difficulties, however variabilities in stream geometry
could not have been completely eliminated. In laboratory work with mechani-
cally agitated fixe¢ hodies of water, conditions were so remotely related
to natural streams that their application to the latter is questionable,
Furthermore, some studies with laboratory scale flowina systems such as
those of Isaacs and Gaudy (1968} and Streeter, Wriqnt and Kehr {1936) have
been thought to inadenuately renrasent stream conditions (Thackston and
Krenkel, 1969, and Xrenkel and Orlob, 1962),

Another fype of correlation has been presented by Krenkel and
Orlob (1962) and Thackston ana Krenkel (1966) in which Ky is related to the
coefficient of longitudinal dispersion whicn is determined by tracer con-
centration stuaies. The desinn of the apparatus used in the present work

could not be adapted to such procedures because of its small scale, Con-

sequently these corra2lations were not considered,



CHAPTER 3

Experimental Apparatus and Technigues

(A) The EZquipment

The apparatus employed was basically a small scale open channel
witn a closed recycle loop and was erected in a controlled temperature
room, A pnotograph of the essential features of the equipment is given
in Figure 1, Since tne apparatus was uesigned for future application in
the study of tne effects of surfactants special care was taken in choosing
the materials of construction, Tuese included nylon, viton, teflon, 316
stainiess steel, ¢lass (pyrex and Q,V.F, vorosilicate), epoxy, neoprene and
black rubber, With the exception of epoxy, neoprene anu rubber the above
materials have been shown by Topp (1966) to pe extremely resistant to
chemical breakdown, The only components composed of necprene and rubber
were bottle stoppers wnich could be replaced by newly marketed teflion-
coated stoppers, Tne head chamber and impeller of the recirculation pump
and the adhesive used in the entrance section were composed of epoxy. Tnere
is a continuing search for more chemically inert materials for tnese appli-
cations,

The absorption or control section was a four foot length of Q.V.F.
borosilicate glass pipe with four inch internal diameter through which
water was recirculated at the half-diameter deptn, It was set in a nearly
norizontal position. The entrance and exit sections are shown in the photo-

araphs of Fiqure 2. Quarter-incnh teflon sheet and viton O-ring material

34
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FIGURE 2:

Entrance and Exit Sections

Entrance Section

Exit Section
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were used as dividers to restrict the water flow and to prevent the formation
of an air-water interface outside of the control section. In both tne
entrance and exit sections a half-inch diameter opening alloweu atmospheric
air to enter the control section. The liquid flow was uniformly dispersed

at the entrance by means of a "pack" of ten millimeter glass tubes about

four inches in length, The tubes were held in place by a stainless steel
mesn,

The major portion of the recirculation loop was a Q.V.F, borosilicate
glass pipe of one inch internal diameter, A twenty-six inch section of
one inch outside diameter stainless steel tube was utilized to provide a
neat exchange surface, Tne circuit as a wnole is shown in the schematic
flow diagram of Fiaqure 3,

The flow was provided by a variable discharge positive displacement
pump (marketed by Cole-Parmer, maximum discharge: 23 U.S, gal/min at 5 ft.
head). Pump vibrations were isolated from the control section by means of
teflon bellows inserted in the recirculation loop on botn sides of the
pump, In addition, vibrations were absorbed by quarter-incn rubber cushions
placed under the feet of the pump stand wihich was not itself in contact
with the recirculation loop.

In experiments a single stainless steel orifice piate (1/8 inch
thickness) with a % inch orifice diameter was utilized for flow measurement.
This was found inadequate at very low flow rates -- when the average stream
velocity in the control section was 0.1 ft/sec, the pressure differential
across the plates was only 0.7 cm of mercury. A 5/16 inch orifice provided

a pressure drop of 4.0 cm and was used for the low velocity runs. Single
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mercury filled U-tubes were connected to the manometer openings via teflon
nipples inserted in short tefion sections winicn formed part of the recircula-
tion 1oop on both sides of the orifice piate, The orifice plate calibration
curves are presented in Appendix A,

The heat exchanger consisted of % incn 0.0, soft copper tubing
wound around the stainless steel tube of tne recirculation loop. The coolant
was contained in a plastic cooler (about one cubic foot capacity) and was
kept at a low temperature by eitner ice or solid carbon dioxide, For all
runs above five degrees centigrade ordinary ice and water provided sufficient
cooling, At five degrees centigrade and at the nignest flow rate it was
found necessary to employ a glycol-based antifreeze solution as a coolant
to absorb the generated heat. For the otner flow rates at five degrees
centigrade, brine and ice were used. The cooler contents were continuously
agitated by a variable speed hign torque laboratory mixer,

A thermistor-based scanning "tele-thermometer" (ilodel 47, Yellow
Springs Instrument Co,) was utilized in combination with a millivolt re-
corder to provide continuous monitoring of temperature., In preliminary
experiments three channels of the automatic scanning feature were used with
two of the teflon-coated thermistor probes being inserted through neoprene
stoppers in tee sections on either side of the heat exchanger and one near
tne center of the controlled temperature room, The ambient room temperature
was also indicated on a rotating circular recorder -- part of the criginal
room equipment, Ho temperature difference was detected between the two
points in the recirculation Toop, and tne room's temperature recorder was
found to give accurate readings although it responded ratner slowly to temperature

changes, Consequently tne scanning mechanism of the tele-thermometer was
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not used with the temperature being monitored at one point only -- upstream
of the control section, Appendix 8 gives some details of the thermistor
tele-thermometer as well as calibration curves,

In preliminary experimznts the coolant flow was controlled by a
needie valve and short circuit throttling system, This required repeated
opening and closing of the door to tnhe controlled temperature room for valve
adjustments during the experimental runs, The temperature variations within
the loop could be kept to within = 0.506, and the ambient room t{emperature
within + 5.0°C, This flow contro) system was replaced by a variapie speed
pump, which was electrically controlled from outside of the constant tempera-
ture room, Tne temperature control improved considerably. The smallest scale
division on the tele-thermometer recorder represented about 0.045°C and tne
temperature within the loop did not vary more than nalf a scale division and
never more than one anc a half divisions during a run, The room temperature vari-
ations were normally less than 1.0°C and always less than 2.5%.

Other experimental difficulties encountered included bupbie formatiuns
at bends and under tne entrance and exit flow divider plates, and gradual da-
creases in the flow velocity. wusoth conditions occurred only during experimental
runs in which the average velocity in the control section was 0.1 ft/sec. The
latter problem was overcome by adjustments of the recirculation pump inpelier
during a run and the former was assumed to have a negligible effect,

The dissolved oxygen was continuously monitored with a lead-silver
galvanic cell oxyqen probe (Precision Scientific Co.) which has been
described by Mancy et al (1962). The probe which generates up tec 15 microamps

{when used with a standard polyethylene membrane) was connected to a variabie
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resistance voltage divider (zero to one thousand ohms). Tne voltage across
the variable resistance which is directly proportional to the dissolved
oxygen content was measured on a millivolt recorder., By adjustment of the
variable resistance any degree of scale deflection could be obtained on the

recorder for a given concentration of dissolved oxygen.
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(B) Operating Techniques

A1l of the components of the recirculation loop were thoroughly
cleaned before assembling the apparatus; all glass, teflon, and viton
pieces being rinsed several times in citromic acid, The assembled apparatus
was also rinsed several times witn distilled water before initiating the
experimental runs,

A1l reaeration experiments were continued until the oxyqen con-
centration remained unchanged for a period of about twenty minutes, at which
time a condition of saturation was assumed, The completion of one experiment
marked the start of the caliuration procedure for the next., The thermostat
of the controlled temperature room was set at tne value specified for tne
subsequent experiment and the temperature of the water was adjusted to thne
specified value by continuing the recirculation under an increasec or decreased
flow rate of coolant, ‘lhen thermal equilibrium was reached at the specified
temperature the apparatus could e “"turned off" and the experiment continued
at a later time or the calibration of the oxygen probe could be started
immediately. In either case, tie water was recirculated until a saturated
condition was again establisned for the specified temperature and tne 0.0,
probe recorder deflection was set at 90 percent of full scale by adjusting
the variable resistance of the voltage divider, The current output of the
probe was checked to insure tnat the minimum value recommended by the manu-
facturer was equaled or exceeded, When the current output was too low,
the probe was cleaned and the membrane replaced as outlined in the manu-
facturer's manual, Next the water was emptied from the apparatus and the

oxyagen probe placed in a beaker of distilled water to prevent it from drying



out during the deoxyaenation procedure,

In the following description of the deoxygenation procedure and
experimental run the alphanumeric symbols refer to Figure 3,

Initially all valves except valve V7 were closed, isolating tne
interior of the entire system from the atmosphere, Approximately nine
liters of distilled water were added to tne deoxygenation chamber, Valves
V1, V2 and V3 were opened allowing nitrogen gas (regular grade) to flow
through the entire apparatus and bubiole into the deoxygenation chamber
through a fritted glass diffuser, Tais deoxygenation process was continued
for approximately twenty minutes giving a residual oxygan concentration of
less than 1,3 mg/1. Another lead-silvar oxyqen probe OP2, in tne deoxygena-
tion chamber indicated relative decreases in oxysen concentration during the
deoxyaenation process., This probe was neitner calibrated nor rerijodically
reconditioned., uefore stopping the flow of nitrogen the oxygen probe OP1,
was replaced in the tee fitting. In removing tne stopper in the tee fitting
some nitrogen escaped but this outflow preventes tne inflow of significant
amounts of air, Valves V1, V2 and V3 were closed, Valves V4 anu Vo were
opened and witn the sgbsequent opening of valve Vo the water was uischarged
under pressure, from tne deoxygenation chamber into tnhe recirculation loop.
The displaced gas was forced out through valve V5 and water seal Wi, When
the water level reacned mid-diameter deptin in the control section the valves
were closed, Pump P1 was started at a hian flow rate to drive out any
bubbles wiich may have accumulated at the bend fittings or under tne teflon
divider plates of tnc entrance anu exit sections. The pump was stopped

and the water level was readjusted to exactly the nalf-diameter depth by
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adding a small additional amount of water from the deoxyqenation chamber,
The pump was restarted and the flow rate adjusted to provide the desired
average velocity in the control section., Tie variable speed peristaltic
coolant pump, P2, was started and its speeu adjusted to bring the temperature
of the water to the desired level, lnen thermal equilibrium was establishea
at the desired temperature by readjustments of the coolant pump speed, the
stoppers S1 and S2 were removed exposing the liquid surface in the control
section to the atmosphere, The concentration of oxyaen in the water was
continuously monitored on recorder 1, as was the temperature on recorder
KZ. During the run, tne temperature recorder was continually observed and
when the temperature plot began to show a deviation from desired level the
flow rate of the coolant was adjusted by rheostatic contro: of coolant pump
speed to bring the temperature back to the regquired level, The pump speed
control box CB, and recorders R1 anu R2 were situated gutside tne controlied
temperature room so that once tihe experiment had been started the door of
the room could usualiy be kept closed and the room isolated from exterior
thermal conditions. As mentioned previously, the experiment was continueu
until the saturation level was reached.

After the run a 100 ml sample was removed from tne recirculation
loop for measurement of surface tension and organic carbon content, Then
the temperature conditions were changed and the oxyaen probe recorder was
calibrated for the next run,

The initial startup of the system was accomplished vy merely
saturating distilled water in the recirculation system at the desired

temperature and velocity level as was done with the "used" water following
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subsequent experimentis, The water did not become significantly contaminated
during the experiments and thus the system water of one experiment was used
for the calibration procedure of the subsequent run, HNo effort was made to
completely empty out the recircuiation loop after an experimental run -- about
280 ml of saturated water was then remaining in the system from the previous
run,

After tne 100 ml sample had reached exterior room temperature the
surface tension was measured utilizing a DuNouy Tensiometer, The surface
tension of a control sample of distilied water was also determined at the
same time, The tensiometer was calibrated before each set of determinations,
A portion of the sample (about 80 ml) was acidified usinqg 2 drops of con-
centrated hydrochloric acid and stored for determination of organic carbon
content, A blank of distilled water was also acidified and stored in like
manner, After all experimentation was completed, the organic carbon level
of all samples was measured using a Beckman infrared carbon analyzer,

For the two experimental runs performed with surfactants, solutions
of sedium lauryl sulphate (U.S.P. grade) were made up to yield concentrations
of 50 and 100 mg/1 when added to the aeration system contents. The con-
centrated solutions were siphoned from a beaker through the air opening of
the exit section into the deaerated distilled water in the system, The re-

mainder of the experiment was carried out in the normal manner,



CHAPTER 4

Experimental Results and Discussion

(A) Introduction

Twenty-four experiments (excluding preliminary runs) were performed
in all. Two experiments were performed to investigate the applicability of
the apparatus to the study of tne effects of surfactants, Twenty-two
experiments were run with temperature and average velocity as the only
variables, The velocity ranged from 0,1 to 0.9 ft/sec and the temperature

from 5.0 to 25.0°C within a "32

factorial" experimental design. From the five
replicates at the center point (15.0°C, 0.5 ft/sec) estimates of the coefficient
of variation and standard deviation for KL values were calcuaited to be 5.4
percent and 0.017 cm/min, respectively,

A typical oxygen concentration and temperature curve is reproduced
in Fiqure 4, All data derived from such curves are presented in Appendix C,
The value of K2 was determined as the siope of the "least squares” straight
line drawn through the plot of the natural log of (Cs - C) versus time, The
value of KL was calcualted by multiplying K2 by the volume to interfacial
area ratio. These results are presented in Table 1.

The measurements of surface tension and organic carbon on water
samples taken after each experiment revealed that contamination could not

be detected by these methods, The average value of the surface tension for

the samples taken from the twenty-two experiments (66 determinations) was
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TABLE 1

Experimental Results

]

Temperature Velocity 52 (Base 10) -EL—£§2§9~51
¢ fr/sec cm/sec per day cm/min
i 25 0.90 27,432 63,092 0.6233
2 i 25 G.50 15,240 38,336 0.3787
3 25 6.50 15,240 37.757 0.3730
4 25 0.10 3.048 9,456 0.0934
5 20 ! G.50 15,240 36,143 0.3570
6 20 | 0.50 | 15,240 | 33,144 0.3274
7 20 ¢ 0.50 15,240 35,815 0.3538
8 15 0.90 27,432 53.950 0.5330
g 15 i 0,75 22,860 44 200 0.4366
10 15 0.50 15.240 32,135 0.3174
11 15 0.50 15.240 34,782 0.3436
12 15 0.50 15.240 32.172 0.3178
13 15 g.50 15,240 | 31,835 0.3145
14 15 0.50 15,240 30,858 0.3048
15 15 0.3% 10,668 20,256 0.2001
16 15 0.10 3,048 7.702 0.0761
17 190 0.50 15,240 27 .624 0.2729
18 10 5.50 15.240 28.155 0.2781
19 5 0.90 27 .432 46,280 0.4572
20 5 6,50 15,240 27.618 0,2728
21 5 0.50 15,240 27,249 0.2692
22 5 0.10 3.048 6.254 0.0618
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71.25 dynes/cm with a standard deviation of 0,235 dynes/cm, For the control
samples of distilied water the average value was 71,16 dynes/cm with a
standard deviation of 0,359 dynes/cm, As expected, the measurements of
organic carbon gave a random sequence of readings between 3 and 7 mg/1 for
both the sampies and distilled water controls. It is generally accepted
that infrared carbon analysis does not give meaningful resuits for carbon

concentrations less than 10 mg/i1.

{B) The Effect of Velocity

Figure 5 shows that the dependence of KL upon average velocity was
found to be approximateiy 1linear throughout the range of velocities used.
Metzger and Dobbins (1967} stated that increases in surface area with increased
agitation are negiigible until the degree of agitation is such that a linear
relationship no longer holds., Accordingly, increases in interfacial area
were considered to be negligibie for all experimental conditions and therefore
the results are presented in éerms of KL as well as kz. Actual observation of
the interface revealed rippling of the water surface which was barely
detectable at an average velocity of 0.5 ft/sec and more pronounced at a
velocity of 0.9 ft/sec,.

Multiple regression procedures were used to fit the data to
functional forms fcund in the recent literature, These results are given
in Table 2. Equations (65) through (68) were obtained using the data from
the nine experiments at 15°C. The data from all twenty-two experiments were

used to obtain equations (€9) and (70) in which Bo is the temperature co-
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TABLE. 2

Correlations Showing the Effect of Velocity on Kb—
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;jf
General Form ¢ Experimental Results Number of JCorrelation | Equation
Experiments {Coefficient | Number
- U
i k2 = 2,930 =~ (65)
k, =8, © W32 ) 0.998 | |
0 3/2 0
or (at 157°¢C)
b
? !
¢ =10.447 — (66)
e
y0.893
81 k2 = 2,777 =~ ’ (67)
k2= Fo = W/ g
° 3/
or 0 0.994
, (at 157C)
! y0.893
K, = 9,901 = (68)
L 1
H’Z
U0.874 T-20
8 ko, = 3.043 ~ (1.018) (69)
K =g U 1 _(T-20) 3/2
2 " B 82 H
3/2
or 22 0.997
U0.874 T-20
Ky = 10.871 = (1.018) (70)
W2
Note: k2 is to base 10, and
K, is to base e,

L
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efficient, Isaacs and Gaudy (1968) reported a correlation similar to

equation (69):
k. = 3.053 Y (1.0241)7-20 (71)

and Isaacs et al (1970) a correlation similar to equation (65):

k = 2.931 ¢4, ) (72)

20°¢ 4372

wnere the product ¢59, was equal to 1,0907,

It might be concluded that the mass transfer characteristics for the apparatus
used in this study were very similar to those which led to equations (71)
and (72). Equations (34) and (38) give the relationships of equations (71)

and (72) respectively, in terms of KL:

K o =7.031 U
20°C S
and .
: U
K = 6,750 ¢ ¢, 6 —
L20°C S’V H%

On the basis of KL the coefficients obtained in the studies of Isaacs and
Gaudy (1968) and Isaacs et al (1970) are between 30 and 40 percent less than
those obtained in the present work, The general agreement in terms of k2
and disagreement’ in terms of KL results from the trans-
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formation of k2 values to KL which has been previously
discussed. In the experimental system employed, the volume to surface area
ratio is not equivalent to the mean depth H as in streams since only the control
section was exposed to the atmosphere.

A possible explanation for the relatively high KL values obtained
is that small scale turbulence of high intensity may have been caused by the
entrance conditions, This would cause a higher rate of surface renewal than
would normally be expected for a given average velocity.

Although the K, values obtained appear to be significantly higner

L
than those obtained in lab scale studies with rectangular cross sections
(Isaacs and Gaudy, 1968, Isaacs et al, 1969, Isaacs and Maag, 1969 and

Isaacs et al, 1970) the values given by equation (35):

. U
KL 8.611 —

We
whjch was obtained by Isaacs and Gaudy (1368) for the stream data of Churchill
et al (1962) are less than 21 percent lower than the K, values obtained in
the present study. Since a natural stream cross section usually lies some-
where between a rectangular and semi-circular shape the present data suggest
that channel geometry might have a significant effect on KL'
Another possible explanation is that KL values are significantly

larger in a truly “clean® system -- a condition which may have been approached

in the present work,
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{C) Tne Effect of Temperature

The data obtained was compared to the predictions of the film
penetration medel advanced by Dobbins (1956) and refined by Dobbins {1964),

Metzger and Dobbins {1367) and Metzger (1968), Equation (18) gives:

K

L

2 3
= (Dmrficoth, 55—)

and equation (63):

where Cg/M_ = 1.3 sec’/gn (Metzger, 1968)

An initial estimate of the surface renewal rate, r, was obtained
by assuming the coth term equal to unity. Tnen using an iterative procedure
with equations (18) and (63) the values of r and effective film thickness, L,
were calculated for each experimental value of KL‘ The values for the density

viscosity of water were obtained from The Handbook of Chemistry and Physics

(49th Ed, 1968-69), The value of diffusivity of oxygen into water was
taken as 2.14 x ]0'5 cmZ/sec at 20°C and the Stokes-Einstein equation was
used to correct to other temperatures, The results of these calculations
are shown in Table 3,
The relationship of r and L to temperature was given by equations (61)

and (62) respectively:



TABLE 3

Rate of Surface Renewai, r and Effective Film Thickness, L
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Temperature Velocity Ky rL3 r L
o (cm/sec) {cm/min) cm3/sec X 10° V/min cm x 10

1 25 27.43 0.6233 0.923 257.33 5.99

2 25 15.24 0.3759 0.923 90.58 8.49

3 25 3.05 0.0934 0.923 5.31 21.85

4 20 15.24 0.3461 1.313 90,98 9.53

5 i5 27.43 0.5330 1.924 255,24 7.68

6 15 22.86 0.4366 1.924 171,05 8.77

7 15 15.24 0.3197 1.924 91.31 10,81

8 15 10,67 .2001 1.924 35,36 14,84

9 15 3.05 0.0761 1.924 4,76 28.94

10 i0 15.24 0,2755 2,902 79.40 12.99
11 5 27 .43 0.4572 4 556 270,04 10.04
12 5 15.24 0.2710 4,556 94 .87 14.23
13 5 3.05 _ 0.0618 4.556 4.89 38.25




56

c}c?3/4c33 L 3/4:3/4

r'*
il
(@]
N
|
]

Assuming as Metzger (1968) dees, that the effects of temperature on r and L

are due mainly to the V4 term in equations (61) and (62) the ratios of

the two quantities at any two given temperatures T] and TZ may be written:

r -
T R
__...}. = et o= .__].. (73)

-
i

~—

2

Figure 6 shows the relationship of r and L to temperature obtained from equation
(73) and also the experimental points calculated from the data of Table 3.
Although the data indicates that the relationship of L might be correctly
expressed in a form such as equation (73) no correlation is apparent for r --
which appears to be independent of temperature,

While the assumption that the energy dissipation per unit mass of
water, £, is relatively independent of temperature ma§ have been correct
for the mechanical aeration system used by Metzger (1968) -- for flowing
systems this is probably not the case. For open channel filow, E is defined

by the relationship:

E =S5 Ug (74)



FIGURE & EFFECT OF TEMPERATURE ON r AND L.
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and friction sicpe may be expressed:

f ]
S = — (75)
4R 2¢
winere T, the friction factor for smooth, fully turbulent flow

may be defined hy the Blassius equation:

where Re is the hydrautic radius Reynold's number which is normally

written as:

Re = U (77)

\

The Chezy-Manring equation nas alsc been used to calculate the

slope of the energy grade Tine which is then given by:

) 2
5 = w_____\ (78)
1.486 (R')&/3 ;

where N is the Manning coefficient and is taken to be 0.01 for
glass in further caiculations, The limited appiicability of the Chezy-
Manning equation has been described by Morris (1963). Table 4 gives the
values of E calculated using both equations (75) and {78) for the experimental
conditions used, The tabulation indicates that the two equations yield
resuits which can differ by a factor as high as 1.7, Since equation (75)

takes into account the effects of temperature it appears to be the more



TABLE 4

Energy Dissipation
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gTemperature g-Veﬁocity Enerqgy Dissipation Energy Dissipation
é ¢ (cmfsec) ! (Chezy-Manning Equation) | (Blassius Friction }
% dyne - cm Factor)
g gm - sec dyne - cm
gn - sec
1 % 25 27,432 27.0919 23.4996
2 25 15,240 4 ,6454 4,6673
3 25 3.048 § 0.0372 0.0558
4 : 20 15,240 % 4,6454 4,9384
5 15 27 .432 27,699 25,0672
6 15 22,860 15.6787 15.5454
7 15 15,240 4.,6454 5,0978
8 15 10.668 1.,5934 1.9116
9 i5 3.048 0,0372 0.0610
10 10 15,240 4 6454 5.2750
11 5 27.432 27.0919 27,5767
12 5 15,240 4.,6454 5.4770
13 5 3.048 0.0372 0.,0655
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generally appiicable. When equations (74) through (77) are combined with
equations (61) and {62} the temperature dependency of r and L may be expressed

in terms of kinematic viscosity as:

15/16
T VT
LI (79)
v
2 T
11/16
v
L Y (80)
Vv
2 o

The solid lines in Figure 6 were obtained using equations (79) and (80)

-5

|

-
——ef

[
——

|

—
—_

which appear to be more appropriate than equation (73) for flowing systems.
However, the use of equations (79) and {80) does not improve the agreement
between the predicted and actually observed values of r and L,

Figures 7 and 8 show that KL may be expressed as either a linear
or geometric function of temperature,.

Figure 7 is reproduced on a larger scale in Figure 9 for tne 5
data points which include replicates (16 experiments) at a velocity of 15.24
cm/sec. The geometric curve of Figure 8 is superimposed showing that both
the linear and geometric fit lie within the standard deviation of 0,017
cm/min estimated from the five replicates at the center point. When this
procedure was applied to the other 6 data points the geometric curve
did give a better fit but both curves were well within one estimated standard

deviation of the data points, This indicates that although the geometric
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FIGURE & : EFFECT OF TEMPERATURE ON K,
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FIGURE 9: EFFECT OF TEMPERATURE ON K_

(LINEAR AND GEOMETRIC)

VEL. 15,24 CM./SEC.
______ linear, faken from Fi3-7

3eom£¢¥'ﬂ.€, faken from 'Fi3.8

estimaled sotd. deviation

©.0\7 em/min

' ' ! 1 Y ’ T i
10 15
TEMPERATURE. ('C)

¥ 1 4 1

) ' L]

20

25 o

£



64

curve (which is generally accepted in the recent literature) may give a
slightly better fit, the arithmetic relationship may be used for practical
cases, especially in the Tight of the experimental error in calculating
KL'
The overall value of the temperature coefficient, ¢ for all

twenty-two experiments as calculated by multiple regression techniques was
given by equation (67) as 1.018, A linear least squares fit was applied to
each set of data at velocities 3.05, 15,24 and 27.43 cm/sec and the values
e, from the slopes of the straight lines, were calculated to be 1.0209, 1.0178
and 1.0157, respectively, These results confirm the contention of Metzger
and Dobbins (1967) that 6 varies with mixing intensity, The values of 6
ovtained in this study have been superimposed on the curves taken from Metzger
(1968) and those obtained using equations (79) and (80) instead of Metzger's
equation (73). These are shown in Figure 10 along with the e values
obtained by other investigators. The data appear to indicate that neither
set of curves apply for the experimental system used, at least in the range
of high KL values (KL greater than about 0.1 cm/min),

It should be noted that a disparity exists between the methods of
calculating the temperature coefficient ¢ and the comparison of 8 to the
theoretical values of Figure 10, When @ is calculated by taking the slope

of a geometric plot of K versus temperature, as is the general practice,

L
one must assume that 6 is independent of level of temperature. The theoretical
curves of Figure 10 indicate that 8 does depend on temperature level, Then

to compare observed & values to theoretical values, & should be calculated
from individual points rather than using the slope method, To do this

accurately a large number of replicates at individual points would be re-



FIGURE 1O:  TEMPERATURE COEFFICIENT AS A FUNCTION OF THE LEVEL OF K_

—— e USING EQN. 78
USING EQNS. 79£ 50

~—__ St FrRoMm 30 T0 20°

TAKEN FROM
METZGER (1966}

& STREETER {1526)

& BLMORE « WEST (1962)
0 DOWNING * TRUESDALE (1953)
O TRUESOALE® VANDYKE (1958)
B meTZGER (1969)

A PRESENT WORK

KL

1
.2

"CM./MIN) AT 20%C

S9



quired because the experimental error would probably be at*least 5 percent,

(D) The Effect of Surfactants

In an attempt to qualitatively evaluate the effect of surfactants
on the mass transfer coefficient in flowing systems, two runs were carried
out at 15.0°C and a velocity of 0.5 ft/sec with additions of concentrated
solutions of sodium lauryl sulphate which had been calculated to produce
overall concentrations of 50 and 100 mg/1. The values of KL were observed
to be depressed to 34.3 and 21.5 percent of the "clean" water values,

respectively, The results are given in Table 5 below.

TABLE 5

Effect of Surfactants

Overail Concentration of Surface Tension of Sample KL
Sodium Lauryl Sulphate (mg/1) | from Bulk (dynes/cm) (cm/min)
0 71.2 0.3197
50.0 67.1 0.1097
100.0 56.9 0.0688

These experiments, which were only of a preliminary nature, have
produced results which are in qualitative agreement with the general consensus
that surfactants usually reduce the rate of mass transfer of oxygen dissolving

P

into flowing water,
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CHAPTER 5

Conclusions and Recommendations

{(A) Conclusions

1,

The temperature coefficient ¢ depends on mixing intensity or level of
turbulence (indicated by the average velocity of the stream), However,
the dependency observed in this study did not follow the relationships
proposed by Metzger (1968).

With modifications to facilitate the introduction of additives to the
liquid phase, the apparatus appears to be suitable for studying the
effects of surfactants on the mass transfer process of oxygen dissolution
into water, .

The observed values of the mass transfer coefficient varied approximately
linearly with the average velocity of the stream for the range of velocities
used, The values of KL obtained were greater than those reported in the
recent literature for rectangular cross-sections, with these values being

30 to 40 percent less than those observed in this study for equal values

of average stream velocity,

67
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(B) Recommendations

1. If this apparatus is to be used in further work investigations on the
turbulence regime should be carried out. Hot wire anemometry techniques
may be appropriate for this., Because these probes are available in
minute sizes it is conceivable that they will not disturb the flow
pattern to a significant extent, The anemometer probes should be placed
in two or three positions along the control section well below the surface
in order to leave the interface undisturbed. Such an investigation may
provide an explanation for the rather high mass transfer rates observed.

2. A system of automatic temperature control within the recirculation loop
should be incorporated into the apparatus, A thermistor controlled
solenoid valve as the coolant flow regulator might accomplish this
purpose,

3. Air exit valves at the bends would be desirable. Such devices would
allow removal of bubbles which tend to accumulate in these locations
during low velocity runs,

4, Further study with varying depths of flow would indicate the dependence
of KL on mean depth in correlations such as equations (65) through (70).

5. A study with surfactants should be carried out to develop quantitative

expressions for their effect on the mass transfer coefficient,
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ORIFICE PLATE CALIBRATION CURVES
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FIGURE 11X ORIFICE PLATE CALIBRATION (12 INCH DIA. . ORIFICE)
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FIBURE I2: * ORIFICE PLATE CALIBRATION (516 INCH ORIFICE DIA)
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TELE-THERMOMETER SPECIFICATIONS AND CALIBRATION CURVES
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YSI Model 47 Scanning Tele-Thermometer

Specifications

1. Temperature range: 0.0 to 50.0°C.
2. Accuracy: (a) 1% of scale span at 259C ambient temperature

(b) at ambient temperature of 5° to 50°C, additional
error will not exceed 1% of scale span

3. Readability: approximately %% of scale span.

The calibration of the tele-thermometer increased the
accuracy to the limits of readability for the entire temperature
range used.

When connected to the recorder each scale division
represented between 0.040 and 0.050°C, depending on the level
of temperature. During experiments the temperature variations

usually did not exceed 0.025%C and never exceeded 0.075°C.



FIGUREI3: TELE- THERMOMETER CALIBRATION
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FIGURE 14: TELE-THERMOMETER CALIBRATION
(14 TO 25°C)
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(A) Choosing Points of the Data Record

At the beginning of each experiment a lag period of between
six to eight minutes preceded the normal first order oxygen absorp-
tion process. This was due, in part, to the time required for the
complete change of the atmosphere within the control section from
nitrogen to atmospheric air. It was also noted that when the
oxygen saturation deficit became less than 0.2 mg/1 considerable
"scatter" occurred on the plot of natural Tog (Cs - C) versus
time. This was due to semilogarithmic spacing - the "scatter"
of observed values of equal arithmetic error increase towards the
Tower end of the semilog scale. Consequently, these low values of
the saturation deficit are less useful for the accurate determination
of the slope of the 1ine. Accordingly, the portion of the oxygen
concentration curve used for analysis was taken from the reading
at eight minutes (called zero time in Table 6.) to a reading at
which the deficit was still greater than 0.2 mg/1.

Thirty points at equal time intervals were read off the
data record within this region of interest. In some preliminary
runs fifteen, thirty and sixty points were used in the calculations
but no significant differences were observed in the KL values
obtained. Taking sixty data points for the experiments at a
velocity 0.9 ft/sec was rather inconvenient because these runs
were completed in less than one hour. It was decided to take
thirty points for all experiments because only a small amount of

additional work was'required in using thirty rather than fifteen



points.

The data are presented in Table 6.
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TABLE 7

Nomenclature

specific area, defined by AS/V.

horizontal projection of actual surface area of gas-liquid
interface.

actual surface area of the gas-liquid interface.
remaining biochemical oxygen demand.

ultimate first stage or carbonaceous biochemical oxygen
demand,

concentration of dissolved oxygen,

concentration of dissolved oxygen at saturation,
defined by: CA = As/Ao'

proportionality constants.

defined by: D = CS - C, dissolved oxygen deficit.

eddy diffusivity of the gas through the body of the liquid.
molecular diffusivity of the gas through tne gas film,
molecular diffusivity of the gas through the liquid film,
an effective diffusivity,

rate of energy dissipation per unit mass of water,

rate of energy dissipation per unit mass of water near the
water surface,.

friction factor,



¥

K

VK, VK S T/K
L’ MLg” Ly

R!
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gravitational constant,

is the mean depth of the stream above extreme low
water level in feet.

mean depth of the stream,

first order 30D reaction rate constant,

von Karman's constant.

mass transfer coefficient for oxygen into water to the
base 10 and base e, respectively,

overall mass transfer coefficient for oxygen into water to
the base 10 and base e, respectively, Defined by:

K, = KL As/V.

2
apparent mass transfer coefficient for oxygen into water

calculated on the assumption that: As = Ao'

resistance to oxygen transfer due to the surface film of
clean water, due to the surfactant layer and the total
resistance, respectively,

effective liquid film thickness, and the apparent effective
liquid film thickness, respectively,

Prandti's mixing length near the surface,

mass ,
2 Ms
surface compressional modulus, defined by: pv- = =,
X

a constant exponent,
Manning's coefficient for open channel flow,

surface pressure, defined by p = Oy " a'.

the total resistance to oxygen transfer, equivalent to

/K 1.

hydraulic radius: ratio of cross-sectional area to wetted
perimeter,



Re

r, r'

Greek Symbols

80’81’82

b0
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open channel Reynolds' number based on hydraulic radius.

rate of surface renewal, and apparent rates of surface
renewal, respectively,

open channel friction slope,

time.

temperature in degrees Centigrade,

velocity in the direction of bulk fliow,

average velocity in the direction of bulk flow,
vertical component of eddy velocity.

root mean square of the vertical velocity fluctuations,
distance in the vertical direction.

"depth of surface region" -- where resistance to surface
overturn exists,

coefficients used in multipie regression analyses,
shape, and velocity profile factors, respectively,
density of water,

surface tension.

surface tensions ov contaminated and clean portions of
the liquid surface, respectively,

eT-ZO
20

temperature coefficient, defined by K, =K

LT L

kinematic viscosity.
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